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Abstract

Early odor preference learning offers a unique paradigm for the study of natural

mammalian learning. Week-old rat pups form an approach response to an odor that is

paired with a tactile stimulus such as stroking. In this associative conditioning paradigm,

norepinephrine (NE) input to the olfactory bulb from the locus coeruleus serves as the

unconditioned stimulus (UCS) while olfactory nerve stimulation by odor input serves as

the conditioned stimulus (CS). ~-adrenoceptors are critically implicated in NE·mediated

UCS effects. The p-adrenoceptor agonist, isoproterenol, can substitute for stroking to

induce early odor preference learning. Activation ofp-adrenoceptors in the olfactory bulb

is both necessary and sufficient to induce early odor preference learning. The effects of

isoproterenol exhibit an inverted-U curve; while a moderate dose of isoproterenol is

effective in inducing odor preference Icarning when paired with an odor, both higher, or

lower doses of isoproterenol fail to induce learning. Serotonin (5-HT) depletion shifts the

isoproterenol ues curve to the right. In an earlier model for odor preference learning,

Sullivan and Wilson proposed that early odor preference learning results from the NE

disinhibition of mitral cells from granule cells via ~-adrenoceptors. This strengthens the

mitral to granule cell synapses and increases mitral cell inhibition during memory

retrievaL

In the present thesis, I propose a new model for early odor preference learning. I
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suggest that a cAMP cascade activated by the NE UCS, likely via J3j-adrenoceptors,

directly modulates the olfactory nerve to mitral cell connections and results in CREB

transcriptional activation in the mitral cell which underpins long-term memory formation.

The new model is based on the following evidence: effective es and ues pairing

enhances phosphorylated CREB (PCREB) expression in mitral cells of the olfactory bulb

and potentiates the olfactory nerve evoked field potentials of mitral cells (Chapter 2).

Odor preference learning produces long-lasting increases in blood flow at the level of the

olfactory nerve to mitral cell synapses which are observed during memory retrieval. and

which support the hypothesis of a stronger odor input signal during memory. This is

demonstrated by intrinsic optical imaging showing an enhanced response at the level of

glomeruli 24 hrs after odor conditioning (Chapter 3). PI-adrenoceptors and 5-HT1A

receptors co-localize in mitral/tufted cells. 5·HT depletion decreases NE·induccd

elevations of cAMP in mitral cells. 5-HT appears to promote NE-induced learning

through convergence on the cAMP cascade in mitral cells (Chapter 4). CREB plays a

causal role in early odor preference learning. Manipulations of CREB levels by a viral

vcctor injection directly into the olfactory bulb change the likelihood of learning and this

is reflected in alterations in pCREB (Chapter 5).
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Chapter 1 Introduction

This introduction reviews, first., OUT understanding of the early odor preference

learning IiteralUre up to the beginning of the experiments thai comprise the thesis. The

next sections review two additional topics of particular relevance for the present set of

experiments: (I) the newer methodology of optical imaging and (2) the role ofeRED as a

putative "universal" memory molecule. The final section outlines the experiments

undertaken here.

1.1 Odor preference learning in neonate nIIts

New born rat pups can not open their eyes until po5tn:ltal day (pND)IQ-12. During

this early period of their life, they depend heavily on smell to locate and attach to the

mother's nipples. In order to survive, a newborn has to develop an attachment to its

mother, regardless of the quality ofcare.giving (Sullivan et 81., 2000a). The first postnatal

week, therefore, has special meaning in the life of rats: they rely exclusively on olfactory

and somatosensory stimuli to develop their initial relationship with their envirorunent;

their immature central nervous system (eNS) determines their potential for plasticity.

both behaviourally and ccllularly.

An approach response to an odor cue can be easily obtained by classical



conditioning in neonatal rats. This approach response in rat pups is quite stereot}-ped.

Multiple stimuli, even aversive ones, such as foot shock and tail pinch, can produce a

conditioned approach response to an odour (Camp and Rudy. 1988; Wilson and Sullivan.

1994; Sullivan et aI., 2000a). The approach response can be tested 24 hr later by either y.

maze or two-odor testing protocols. This kind of learning is called odor preference

learning. The classical conditioning paradigm of odor preference learning enables us to

explore the neural substrates underlying learning associated changes. It provides

information not only about the mechanisms of synaptic plasticity in the olfactory system

but also about the mechanisms of learning and memory in generaL

1.1.1 Behayioural paradigm

In 1986, Sullivan and Leon reported thaI early olfactol)' learning produced by

pairing a novel odor with a reinforcing tactile stimulus from PND I 10 18. led to an odor

preference and enhanced 2-deoxyglucose (2-DG) uptake in specific areas of olfactory

bulb glomeruli to subsequent presentations of that odor. In this paradigm, the tactile

stimulus serves as an unconditioned stimulus (UCS); the odor itself serves as a

conditioned stimulus (CS). The same changes were reported later by the same group after

one-trial olfactory training (Sullivan and Leon, 1987). In this simplified paradigm, PND 6

rat pups are simultaneously subjected to a 10 min odor exposure and to a reinforcing

lactile stimulation. stroking of their bodies using a brush. The control groups receive



either the odor only (CS only), or the stroking only (UCS only), or neither of these stimuli

(naive). The next day, when the pups are assessed by a two odor choice test, the

odor+stroking conditioned group demonstrates a preference for the conditioning odor,

while the other groups fail to show approach responses.

Different strategies and stimuli have been explored since the initial work by

Sullivan and her colleagues. A diversity of stimuli, including stroking, milk, tail pinch,

the odor of maternaI saliva, high humidity, mild foot shock, heat and intracranial brain

stimulation have been used as UCSs (Wilson and Sullivan, 1994). An interesting

characteristic of this early olfactory learning paradigm is that there is a sensitive period,

during which various brain structures involved in emotion and learning are still immature

and undergoing maturation. This sensitive period ends around postnatal day 10. During

this period, rat pups have a high potential for acquiring approach behaviour, even when

an aversive stimulus such as foot shock is used. After postnatal day 10, pups start to

develop avoidance responses. Interestingly, young pups «PND10) and older ones

(>PNDlO) have similar responses to foot shock (vocalization, vigorous physical response

etc.), although they show striking differences in the learned behaviour. Furthermore, the

amygdala, a brain structure critically involved in the emotional aspect of learning and

memory, does not demonstrate a change after shock-induced odor preference in PN08

pups as measured by 2-00 (Sullivan et aL, 2oo0a), suggesting learning may occur

primarily in the olfactory bulb itself during this sensitive period. This hypothesis is



reinforce<! by the observation of metabolic and electrophysiological changes in the

olfactory bulb which will be discussed in 1.1.2.1.1.2.

1.1.2 Neural substrates for odor preference learning

1.1.2.1 Neuroanatomieal structures and functions

1.1.2.1.1 Main olfactory bulb

In odor preference conditioning, as mentioned, learning associated changes have

mainly been observed in the main olfactory bulb (MOB) (Wilson and Sullivan, 1994).

The MOB is a simple cortical structure which receives direct sensory input from olfactory

receptor neurons in the olfactory epithelium. The clear laminar structure and limited

synaptic circuitry make it an excellent model system to study learning associated synaplic

plasticity (Figure 1.1).

1.1.2.1.1.1 Basic structure

The sensory organ of the main olfactory system is the olfactory epithelium. The

olfactory receptor neurons (ORNs) transmit the information of volatile compounds of

odorants to the olfactory bulb via the olfactory nerve (ON). Localed deep to the olfactory



nerve layer are distinctive spherical structures called glomeruli. Glomeruli are where the

axons of ORNs synapse onto the apical dendrites of olfactory output neurons­

mitral/tufted cells. The secondary dendrites of mitral cells form dendroclendritie synapses

with the dendrites of inhibitory neurons •• granule cells in the external plexiform layer

(EPL, Figure l.lA). In rats, the ON forms glutamatergic synapses with the apical

dendrites of mitral cells (Ennis et aI., 1996; Aroniadou Anderjaska et aI., 1997), the

excitation of which is regulated by the GABAergic granule cells. "l1te interaction between

mitral cells and granule cells is through dendrodendritic synapses. The mitral cell releases

glutamate onto granule cell dendrites upon activation; whereas granule cell dendrites, in

tum, release gamma-amino butyric acid (GABA) back onto mitral ccll dendrites to

prevent their funher excitation (Figure 1.1 B). The chemosensory information is

extensively processed and refined within the MOB before it is sent to the olfactory conex.

The axons of mitral and deep tufted cells of the MOB project via the lateral

olfactory tract (LOT) to the olfactory conex (Schoenfeld et aI., 1985; Scott, 1986). In

rodents, the olfactory conex includes the anterior olfactory nucleus; the piriform eonex;

conical and medial nuclei of the amygdala; the olfactory tubercle and the transitional

entorhinal cortex. Olfactory information is also relayed to the thalamus and the

orbitofrontal cortex via secondary and tertiary connections. The projection to the

amygdala is importantly implicated in the mediation of the emotional and motivational

aspects of smell and smell behaviour. Afferent projections to the orbitofrontal cortex via



Figur~ 1.1 Th~ basi~ structure orthe main olra~tory bulb (A) and the synaptic

circuitry within the olfactory bulb (8). Adapted from Kandel et al. The Principles of
Neuroscience.pp631.



the thalamus are thought to be responsible for the pcrcc;ption and discrimination of the

odors (Kandel et al. 2000, pp 633). At the present lime no extrabulbar structures have

been directly implicated in mediating early odor preference learning.

In addition to the editing of chemosensory infonnation within the olfactory bulb

through inhibitory intemeurons, the multiple inputs to the olfactory bulb from the

olfactory cortex as well as from the basal forebrain (horizontal limb of the diagonal band)

and midbrain (locus coeruleus and raphe nuclei) also play modulating roles in olfactory

bulb function. The same odor input can take on different behavioural significance

depending on the physiological state of the animal (Kandel et al. 2000, pp 633). The

activities of some of these systems play important roles in early olfactory conditioned

learning which will be discussed in 1.1.2.2..

1.1.2.1.1.2 Changes at the bulbar level following odor preference learning

Neural changes occur at the level of the olfactory bulb following odor preference

training. Rat pups that undergo odor conditioning show enhanced focal2-0G uptake in

the glomerular layer when subsequently exposed 10 the same odor (peppennint) compared

to control pups (Coopersmith et al.. 1986; Coopersmith and Leon, 1986; Sullivan and

Leon, 1986). The increased 2-00 uptake is limited to the 2-00 foci in the midlateral

region of the olfactory bulb, but not the ventrolateral 2-00 foci. The enhanced focal 2-



DO uptake may be related to training associated structural changes. For example,

increased numbcrs ofjuxtaglomerular cells around the glomeruli and increased dendritic

processes within glomcruli are also seen following odor conditioning (Woo et aI., 1987;

Woo and Leon, 1991). Furthermore, early odor preference training increases the density

of Fos-immunopositive cells in midlateral glomerular regions underlying the high uptake

2·0G foci secn upon subsequent exposure to the leamed odor (Johnson et aI., 1995).

These results suggest specific regions in the olfactory bulb that encode the conditioned

odor are modified following the learning of that odor.

The olfactory responses to odors can be measured by single-unit recording of

mitral/tufted cells. Wilson et al reported that granule cell suppression of mitral cell

responses to a conditioned odor is increased by conditioning (Wilson ct aI., 1987; Wilson

and Leon, 1988). The increase occurs in the region of the olfactory bulb that responds to

thc odor. The inhibition that is increased after conditioning may occur via lateral

inhibition. The increased strength of lateral inhibition may refine the pattern of mitral cell

activity induced by the learned odor (Brennan and Keveme, 1997).

The functional and structural changes in the olfactory bulb associated with odor

preference learning occur only during the critical period; the changes cannot be induced

aftcr the second postnatal weck although preferences can still be established (Woo et aI.,

1987). The olfactory bulb undergoes extensive growth after birth, the maturation of which



depends greatly on sensory input, which is analogous to the development ofother

systems, such as binocularity and orientation column fonnation in the visual system. In

this sensitive developmental period, enriched odor envirorunents enhance olfactory

neuron survival and synapse fonnation, whereas unilateral naris occlusion leads to

decreased surviving neurons in the deprived olfactory bulb (Meisami and Safari, 1981;

Najbauer and Leon, 1995; Mclean et al., 2(01). Neonalal pups in this period thus have a

high potential for neural, as well as behavioural, plasticity.

1.1.2.1.2 Other brain regions involved in odor preference learning

The MOB appears to be the major brain substrate for the acquisition of early

conditioned odor preferences and for the processing of odor information during odor

learning in general. HO....'ever, a variety ofother brnin structures play roles in various

aspects of odor learning in both neonate and adult rats (Brennan and Keveme, 1997).

These will be briefly reviewed below.

The amgydala appears to be involved in neonate rat odor learning. Bilateral

electrolytic lesions of the amygdala on PND5, mainly the conical nucleus of the

amygdala, disrupt the conditioned odor approach responses obtained on PND6, although

rat pups still show conditioned behavioural activation (Sullivan and Wilson, 1993).

However, the loss of the conditioned odor approach response can be compensated by



ovenraining. With sufficient ovcrtmining, pups can acquire ooth conditioned activation

and an odor approach response, suggesting that the amygdala is not essential for this early

odor preference learning, although it can facilitate the acquisition of an odor preference.

Interestingly, the amygdala is involved in a differential response to odor-shock

conditioning as reported by Sullivan (2000). As mentioned in 1.1.1, there is a critical

period for neonate odor preference learning. Odor-shock conditioning induces an

approach response in rat pups before postnatal day 10, but results in odor aversion

response after this critical period. Amygdala 2-DO uptake after odor-shock conditioning

is enhanced in PND12 pups that develop an aversion response; but is nOI changed in

PND8 pups that form an approach response following odor-shock. The olfactory

projections to the amygdala arc present near birth. Why the amygdala is not critically

involved in the early odor-shock induced approach response is not clear. hO....'CveT. it

seems to be necessary for the acquisition of an odor aversion in older rats when the same

training protocol is used.

In addition 10 lhe amygdala, increases in 2-00 uptake have been found in ooth the

anterior olfactory nucleus (Cierpial and Hall, 1988; Hamrick et al., 1993) and piriform

cortex (Cierpial and Hall, 1988) following odor learning in rats. Long-term potentiation

(LTP), a synaptic phenomena which has been suggested to be closely associated with

long-term memory formation, can be induced in the piriform cortex in adult rats (Roman
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etaL,1993).

Mediodorsal thalamus and hippocampal areas appear to play roles in adult odor

learning. In an odor reversal learning model, water-deprived rats are trained on a go, no­

go two-odor olfactory discrimination task to respond to one odor (S+) with water as a

reward and to suppress responding to the other odor (S-). The rats are then tested for their

ability to reverse the stimulus association. Lesions of mediodorsal thalamus disrupt odor

reversal learning in rats (Slotnick and Risser, 1990), but odor discrimination is well

preserved. The mediodorsal thalamus projects to the orbitofrontal cortex where olfactory

infonnation converges with gustatory and visual inputs and fonns associations with

rewards (Rolls and Baylis, 1994). In contrast, the parahippocampal areas are more

involved with transient olfactory memory (Otto and Eichenbaum, 1992), Disruption of

the olfactory input to the hippocampus does not affect odor reversalleaming (Slotnick

and Risser, 1990). The hippocampus is implicated in supporting the representations of

relations among odor stimuli such as the ronnation of the spatial memory for odor cues

(Eichenbaum, 1998). Interestingly, lesions to the above structures, as well as lesions to

the amygdala, do not seem to disrupt a previously learned olfactory discrimination

(Slotnick and Risser, 1990; Staubli et al., 1995; Brennan and Keveme, 1997).

II



1.1.2.2 Neurotransmitters implicated in early olfactory learning

As mentioned, the olfactory bulb receives a strong input from neuromodulatory

systems: noradrencrgic input from the locus coeruleus. se:rotonerg,ic input from the raphe,

and cholinergic input from the horizonlallimb of the nucleus of the diagonal band. There

are also many intrinsic dopaminergic neurons in the glomerular layer of the olfactory

bulb. Different trnnsmitters including NE, 5-HT, dopamine (DA), GABA and glutamate

have been shown to play important roles in mediating odor preference learning which will

be discussed in the following sections.

1.1.2.2.1 Norepinephrine

Noradrenergic neurons are located in the locus coeruleus. The locus coeruleus

projects diffusely throughout the cortex, cerebellum and spinal cord (Kandel et al. 2000,

pp 283). In mammals, ascending noradn:nergic neurons project directly to the MOB and

accessary olfactory bulb (AOB), which is present to a significant extent at birth (Mclean

and Shipley, 1991). NE lerminals have the highest degree of laminar specificity in the

MOB of any brain structure (Mclean et al., 1989). Most NE fibers terminate in deep

layers of the MOB, including the internal plexiform layer (IPL) and the granule cell layer

(GeL) and to a lesser degree in the EPL, but it is sparse in the glomerular layer (GL). The

ascending NE system is involved with attention and Olher complex cognitive funclions

12



(Hasselmo, 1995). The role ofNE in early olfactory learning has been extensively

investigated.

1.1.2.2.1.1 Behaviouralasp«t

In rat pups, the pairing ofa novel odor with tactile stimulation or stroking, which

mimics maternal care. produces a conditioned odor preference for that odor. In this

model, odor serves as the CS and stimulates the glutamatergic ON via olfactory receptor

activation, while the tactile stimulus used as the UCS has been shown to activate the

locus coeruleus (Nakamura'et ai., 1987) to release NE in the olfnclOry bulb (Rangel and

Leon. 1995). The convergence ofCS and UCS in the olfactory bulb is hypothesized to

resuJt in the structural, biological and physiological changes reponed both at the level of

glomeruli and the output neurons (as discussed in 1.1.2.1.1.2.).

Associative odor learning in neonate pups requires an intact NE input to the bulb.

Bilateral lesions of the locus coeruleus by 6-hydroxydopamine (6-DHDA) significantly

impair olfactory learning in rat pups (Sullivan et al., 1994). Systemic (Sullivan et aI.,

1994) or local bulbar (Sullivan et aI., 1992) injection of the ~-adrenoceptor antagonist

propranolol, or timolol, prior to training blocks odor preference learning in a dose­

dependent manner. This effect is not due to the loss of odor sensitivity or discrimination

(Dotyetal., 1988).
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Stimulation of the NE input to the olfactory bulb is sufficicnt to induce an odor

preference (Sullivan et al., 2000b). Putative stimulation of the locus coeruleus by

idazoxan or acetylcholine produce an odor preference which could be blocked by a

pretraining injection of propranolol. Association of odor with either systemic (Sullivan et

aL, 1989b; Sullivan et aL, 1991) or intrabulbar (Sulllvan et aI., 2000b) injection of the p.

adrenoceptor agonist isoproterenol can substitute for stroking to induce an odor

preference in rat pups. Systemic injection of isoproterenol also results in the same

enhanced 2-DG uptake within the olfactory bulb as that seen with the stroking+odor

conditioning (Sullivan et aL, 1991). p-adrenoceptor agonist and antagonist studies

together suggest p-adrenoceptor activation is both necessary and sufficient for early odor

preference learning. The evidence that intrabulbar p.adrenoceptor activation alone paired

with odor is sufficient to induce an odor approach response also suggests that the critical

CS-UCS seems to converge in the olfactory bulb during early odor preference learning

(Sullivan et al., 2000b).

NE is not only involved in the acquisition, but also in the consolidation of odor

preference memories in rat pups. Post-training injection of propranolol up to I hr after

training blocks learned odor memory acquired through odor-milk association. NE does

not appear to be necessary for expression of the learned response; propranolol injection

immediately before testing (24 hr after training) does not affect memory (Sullivan and

14



Wilson, 1992).

While ~-adrenoceptors have been extensively studied, other adrcnoccptor

subtypes have not been directly assessed in early odor preference leaming.

1.1.2.2.1.2 p-adrenoceptor activation and tbe inverted U-eurve for early odor

preference learning

Interestingly. although the association of an odor with either stroking or

isoproterenol results in an odor approach response. the effect is dose-dependent. The

dose-response curve for this effect has an inverted V-shape function. Only an optimal

activation of~·adrenoceptorproduces learning (Sullivan et al., 1989b; Sullivan et al.,

1991; Langdon et aI., 1997). A moderate dose of isoproterenol, 2 mg/kg. when paired

with an odor, can substitute for stroking to induce an approach response; whereas higher

doses, 4 mglkg and 6 mglkg, or a low dose, 1 mglkg, of isoproterenol fail to produce odor

learning. These outcomes have suggested that the balance between inhibition and

disinhibition of output cells of the olfactory bulb may be critical as will be discussed in

1.1.3.1.3 and Chapter 2. Additionally, a critical window for calcium and cyclic adenosine

monophosphate (cAMP) coactivation of intracellular phosphorylation pathways may

occur with a moderate levcl of Il-adrcnoceptors stimulation as will be discussed later in

Chapler2.

15



The effect of isoproterenol is additive to stroking in supporting early odor learning

(Sullivan el aI., 1991). An odor paired with a moderate level of either of these stimuli

produces learning. However, a combination of2 mgfkg isoproterenol slimulation with a

nonnal magnitude of stroking does not produce learning. Combination of suboptimal

levels of both of these stimuli results in learning. These outcomes suggests that ~­

adrenoceptor activation and the stroking UCS share a common substrate for inducing

early odor learning.

1.1.2.2.1.3 Physiological effects ofNE implicated in early odor preference

learning

Early olfactory learning depends on MOB noradrenergic neurotransmission as

discussed earlier. Studies ofNE actions in the MOB are controversial (Jiang et aI., 1996).

In early work, NE was found to inhibit mitral cell discharge in rabbits and cats

(Salmoiraghi et aI., 1964; McLennan, 1971), although no pharmacological studies on

receptor subtypes wcre donc. More recently, NE was reported to disinhibit mitral cells in

the adult turtle olfactory bulb slice preparation (Jahr and Nicoll, 1982). Trombley et al

demonstrated the same disinhibition effect on cultured mitral cells from the rat MOB

(Trombley, 1992: Trombley and Shcpherd, 1992). This disinhibitory effect is mediated by

an a-, but not a ~-adrenoceptor, presynaptic mtthanism (Trombley, 1994). NE

application results in the disinhibition of mitral cells from granule cells through inhibition
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of presynaptic calcium influx in the mitral cells. In vivo Jiang et al (1996) reported thai

locus coeruleus activation increased mitral cell responses to weak olfactory bulb

stimulation, which is consistent with the disinhibition hypothesis. More imponantly, in

present concern, an in vi\'O study in rat pups reported activation ofp.adrenoceptors in the

olfactory bulb decreased granule cell inhibition (Wilson and Leon, 1988). By examining

the effects of the p-adrenoceptor agonist, isoproterenol, and the antagonist, propranolol,

on paired-pulse inhibition at the granule celVmitral cell reciprocal synapse, Wilson and

Leon (1988) found activation ofll·adrenoceptors caused disinhibition of mitral cells,

while its blockade resulted in increased inhibition. The conflicting results may be

attributable to methodological differences (Jiang et aI., 1996). Differences in drug

concentration, duration and sites of action in different preparations may all influence the

actual NE effect obsen'ed. More work is needed on the phannacology and mechanism of

NE modulation of inhibition in the rat pup. The in vitro work suggests there is NE

mediated disinhibition via o..adrenoceptors, but the role of o.·adrenoceptors in early

olfactory learning is unknown. o.-adrenoceptors disinhibition has bttn implicated in

another fonn of olfactory learning (Brennan and Keverne. 1997).

Early odor preference learning in the MOB is blocked by p-adrenoceptor

antagonists. Norepinepminc has been proposed to promote learning-dependent

behavioural and neural changes tmough p-adrenoceptors (Wilson and Sullivan, 1994).

The results of Wilson and Leon in the rat pup support a p-adrenoceptor-mediated

17



disinhibition as possibly playing a critical role in early odor preference learning. Based on

the physiological results logether with the behavioural results and bulbar changes

following behaviour, Sullivan and Wilson (1994) proposed that during associative odor

preference learning, the UCS aClivates NE input to the olfactory bulb, resulting in

disinhibition of mitral cells via a ~.adrenoeeplor effect. This UCS disinhibition facilitates

the excitalion of mitral cells and could produce an enhancement of the CS excitatory

effect on milrol cells. Ho....'Cvcr. in the Sullivan and Wilson model, the criticalleaming

related change is hypolhesized 10 be a sttengthening of the mitral cell g1utamatergic input

to the granule cell such that stronger inhibition ofminal cells is SCC1 with retrieval of the

odor memory. This parallels other odor learning models as will be discussed in 1.1.3.1.

The discrepancy between the n·, and ~·adrenoceptormediated disinhibilion

again, may result from different experimental preparations (Brennan and Keveme. 1997).

However, the presence of multiple receptor types for NE in the olfaelory bulb suggests

their roles in odor preference learning might be diverse and meril further investigation.

For example, besides a possible inhibitory role, another me<:hanism ofNE action might

be to directly enhance mitral cell excitability (Jiang et aI., 1996; Hayar et aI., 2001) by

blocking spike accommodalion (Jiang el aI., 1996). In addition, ~-adrenoceptormediated

activation of the cAMP cascade has also been hypothesized to be critically involved in

early preference learning as will be discussed in I. [.3.2.1 and Chapter 2. 4, and 5.
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1.1.2.2.2 Serotonin

Another olfactory bulb modulating system is the 5-HT input from the dorsal and

median raphe nuclei (McLean and Shipley, 1987). Serotonergic fibers are extensively

distributed in the olfactory bulb, however, only 5-HT2AI2C receptor subtypes have been

examined in early odor preference learning. 5-HT2A receptor mRNA (Mclean et aI.,

1995) and protein (Hamada et aI., 1998) are localized in mitral and tufted cells, and to a

lesser extent, in periglomerular and granule cells (Hamada et aI., 1998).

Earlier work from McLean's lab suggested that 5-HT acting through 5-HT2AflC

receptors promotes noradrenergic-induced plasticity (McLean et al., 1999). Although NE

input appears to act as the critical ues for odor preference learning, the effect depends on

an intact serotonergic input. 5-HT2 activation itself does not induce learning, but depletion

of olfactory bulb 5-HT fibers by 5,7-dihydroxytryptamine (5,7-dHT) injection into the

anterior olfaclOry nucleus on PND2 prevents the acquisition of odor preference induced

by a normally effective dose of isoproterenol (McLean et aI., 1993). Sufficient Il­

adrenoceptor activation using a higher dose of isoproterenol can overcome the

requirement for S-HT input during acquisition (Langdon et aI., 1997) and an increase of

5-HTl receptor activation using the receptor agonist 2,5-dimethoxy-4-iodoamphetamine

hydrochloride (DOl) can promote learning when a subthreshold isoproterenol is given

(Price et aI., 1998).
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These results led us to the hypothesis that noradrencrgic and serotonergic inputs

may act synergistically on the same cells to promote a cAMP/protein kinase A (PKA)

phosphorylation cascade which has been critically implicated in other memory system

such as in Aplysia and Drosophila models (Silva et aI., 1998). 131-adrenoceptors stimulate

adenyl cyclase induced cAMP production via a G-protein (Prisco et aI., 1993; Mclean et

al., 1999). In contrast, S-HT receptor activation by itself does not increase cAMP

expression (Morin et aI., 1992; Rovescalli et aI., 1993), which is consistent with the

behavioural failure to induce learning by 5·HT activation alone. However, 5-HT2

activation can enhance isoproterenol-induced intracellular cAMP expression through

other second messenger systems (Rovescalli et al., 1993). Therefore, 5-HT could playa

pennissive role in conditioned odor learning induced by norepinephrine; 5-HT appears to

set the stage for an effective noradrenergic action.

1,1.2.2.3 Othertransmitlcrs

1.1.2.2.3.1 Dopamine

There is a large population of DA neurons in the olfactory bulb glomerular layer:

the cells surround the glomeruli and are known as periglomerular cells (Wilson and

Sullivan, 1994). The role of DA in the odor preference learning has been investigated in

one study. Systemic injection oflhe D] antagonist SKF 83566 immediately after
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odor+stroking blocks odor preference formation. However, the effects of pretraining

injections of SKF 83566 are blocked by post-training injections of the DA agonist

apomorphine (Weldon et a)., 1991). Thus, the role ofDA in the odor preference learning

may be limited to the post-training consolidation phase. However, more experiments are

needed to clarify the role and mechanism of dopamine in early odor preference learning.

1.1.2.2.3.2 GADA

The granule cell GABAergic intemeurons may play an important role in the

olfactory circuit by providing modulation to the output neurons. mitral cells, during odor

preference learning as suggested in the previous section. Granule cells inhibit mitral cells

by releasing GABA onto mitral cells through dendrodendritic synapses between these two

cell types. Blockage of GADA activation in the olfactory bulb by a pretraining injection

of picrotoxin, which blocks GABA" receptor, disrupts early odor preference learning

(Wilson and Sullivan, 1994).

Work with GABAergic antagonists in older pups suggests a possibly complex

relationship between level of inhibition and learning. A study ofGABAergic control of

olfactory learning in 14-day-old rats (Okutani et aI., 1999) showed that a low dose of

bicuculline, a GABA" receptor antagonist, when infused into the olfactory bulb, induces

an odor preference; whereas a high dose induces an odor aversion. A moderate dose of
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bicuculline, however, is ineffective in inducing odor learning of either type. This result.

argues for a eritical balance of inhibition vs. disinhibition in initiating odor preference

learning.

Since NE has also been proposed to induce odor learning through the promotion

of disinhibition of mitral cells from granule cell intemeurons, NE and GABA regulating

pathways may share common local mechanisms (Brennan and Keveme, 1997).

1.1.2.2.3.3 Glutamate

The role of glutamate and glutamatergic receptors have been extensively studied

in long-term synaptic plasticity such as LTP formation in the hippocampus. There are two

classes of receptors: ionotropic glutamate receptors (iGluR) that are linked directly to ion

channels (N-methyl-O-aspartate (NMDA) receptors, alpha-amino-3-hydroxy-5-methyl-4­

iso-xazole-propionic acid (AMPA) receptors and kainate receptors) and metabotropic

glutamate receptors (mGluRs) that are linked to G-proteins (6533).

The glutamatergic olfactory nerve synaptic input has both an AMPA receptor

medialed component and an NMDA component (Aroniadou Anderjaska et aL, 1997).

Mitral/tufted cells are also glutamatergic neurons. which release glutamate onlo GluRs on

granule cells. However, the role of glutamate and glutamalergic receptors in olfactory
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learning has only been eXlensively studied in the AOB pheromonalleaming system. The

pheromonalleaming paradigm in mice is known as the Bruce effect. in which exposure of

newly mated female mice to males, different from those that they bad been mated with.

causes pregnancy failure (Kaba et 31., 1989).

In parallel with the effect ofbicuculline, AOB infusion of iGiuR antagonists cause

disinhibition ofmilml cells and can influence pheromonalleaming. However, only the

non-selective antagonist y-O-glutamylglycine (OGG) or a combination oflhe seleclive

NMDA antagonist 0-2-amino-S-phosponovaleric acid (APV) and the selective AMPA

antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX) disrupt pheromonal memory

fonnation, while blockade of either receptor alone, only results in p.regnancy failure

without disrupting memory fonnation (Brennan and Keveme, 1997).

In early olfactory preference learning dependent on the MOB, systemic injection

of amino-S-phosphonopentanoic acid (AP5) for the first 18 days blocks the acquisition of

an odor preference. Pre-training APV injection suppresses both the behavioural

preference and enhanced olfactory bulb response to the learned odor (Lincoln, et at.

1988). However. NMDA antagonists may disrupt normal bulb function (Wilson and

Sullivan, 1994; Brennan and Keverne. 1997), therefore more work should be done to

clarify the role of the NMDAIAMPA receptors in olfactory preference learning.
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Among the many subtypes of mGluRs. lhe role of mGluR2 is most studied in the

AOB. mGluR2 are located in the dendritic spines of grnnule cells in AOB (Hayashi et al.,

199]). By using the specific mGluR2 agonist (2S,2'R,J'R)-2-(2']'-dicarboxycyclopropyl)

glycine (OCG-IV), it was reported that DCG-IV markedly reduced Ute GABA-mediated

inhibitory CUJTent from granule cell activation in slices of mt ADB (Hayashi et aI., 199]).

Kaba et aI (1994) investigated wheUter AOB infusions ofDCG·£V could promote

pheromonal memory formation by reducing mitral cell inhibition from granule cells.

Their results showed that DCG·!V infusions into AOB result in memory formation for

male odors without mating. Figure 1.2 summaries the neural circuitry of the mGluR2 in

the AOB.

mGluR2 also occurs in Ute main olfactory bulb (Petralia et al., 1996). One recent

study soo\\.'Cd that OCG·IV infusion into the MOBs of I·wcck-old mt pups, induced an

odor preference for Ute conditioned odor, peppermint (Rumsey et aI., 2(01). In both

cases, OCG·IV acts as a UCS. 1bese results suggest mGluR mediated disinhibition of

mitraJ cells is an additional mechanism for the induction of early olfactory preference

learning.

1.1.3 Candidate mechanisms underlying odor preference lellrning

Research on mechanisms of the neurobiology of learning and memory luis focused
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Figure 1.2 Neunl drc:uitry and neurotnnsmiUers between tbe mitral and gnnule
cells in tbe AOB. Abbreviations: aAR.., a-adrenergic receptor; CF, centrifugal fiber of
norepinephrine projection from locus ceruleus; GABA, gamma.aminobutyric acid;
GABAAR, GABAAreceptor; OC, granule cell; Glu, glutamate; GluR, glUlamate receptor;
mGluR, metabotropic glutamate receptor; Me, mitral cell; NE, norepinephrine; VN,
vomeronasal nerve. Adapted from Kaba et al. Science. 265(5169):262-4 (1994)
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on two levels: intercellular synaptic plasticity and intracellular signaling pa!hways. In

terms of intercellular plasticity, in early odor prefemlce learning, neuronal circuits

~n olfactory bulb output neurons and intemeurons, especially !he interaction

between mitral cells and granule cells via dendrodcndritic synapses has been studied

extensively. A disinhibition model has been proposed in bo!h pheromonal learning in the

AOB and odor preference learning in the MOB.

In terms of intracellular signalling, long-tcrm memory formation rcquires gene

expression and new protein synthesis. cAMP response element binding protein (CREB)

and eRE-mediated gene expression pathways have been critically implicated in long-term

memory formation in animals as diverse as Aplysia, Drosophila, rots, and mice (Silva et

aI., 1998). A role for Ca!·/cAMP-mediated phosphorylation signalling and protein

phosphatase-mediated dephosphorylation has been suggested in a variety of olfactory

learning paradigms (Brennan and Keveme, 1997).

1.1.3.1 Inten:ellular synaptic plasticity

This section briefly revisits the evidence for a role of disinhibition in olfactory

learning. Reduction of inhibitory ncurotransmission by manipulations of either NE, or

GABA or mGluR2 appears to be a common feature for the induction of different types of

olfactory memory mechanisms. such as pheromonal memory formation in mice and odor

26



preference learning in rat pups, both of which have been characterized by an initial

disinhibition of mitral cells from granule cell inhibition during the acquisition of the

memory, followed by an enhanced inhibitory gain of the mitral- granule cell reciprocal

synapses during the retrieval of the memory (BrelUlan and Keveme, 1997).

1.1.3.1.1 The AOB disinhibition model

In the ADS, the association of a mating male's pheromones with increased levels

ofNE after mating is thought to result in a long-lasting increase in the inhibitory gain of

the mitral/granule cell synapses (Kabaet al., 1994; Brennan and Keveme, 1997). During

subsequent pheromonal exposure, the mitral cells responding to the mating male's

pheromones would be subject to greater self-inhibition and thus prevent the signal of the

mating male's pheromones from being transmitted to activate central neuroendocrine

mechanisms that cause pregnancy failure. The disinhibition effect of NE in AOB

pheromonal learning system is mediated by a-adrenoceptor activation (Kaba et al., 1994).

1.1.3.1.2 The MOB disinhibition model

In the MOB, ~-adrenoceptoractivation induces a disinhibitory effect on granule

cell inhibition during LOT (Wilson and Leon, 1988) stimulation. Norepinephrine has

been proposed to promote learning and learning-dependent changes in the MOB by

27



disinhibiting mitral cells (Wilson and Sullivan, 1994). Odor learning induced changes

include an increase in inhibitory neurotmnsmission upon odor re--exposure (Figure 1.3),

Single-unit recording shows increased depression of mitral cell activation to the

conditioned odor (Wilson et al., 1985; Wilson et aI., 1987). The increased inhibition

during odor re-exposure may be due to increased lateral inhibition, sharpening the mitral

cell signal induced by the learned odor (Brennan and Keverne, 1997).

1.1.3.1.3 Disinhibition 3nd the inverted U-eunte

A simple disinhibiton model would not explain all the findings in early olfactory

learning, such as the inverted U dose dependency curve observed with the ~-adrenoceptor

agonist isoproterenol, or the behavioural consequences resulting from different doses of

bicuculline infused into the olfactory bulbs (Okutani et al., 1999). There may be a

requirement for a critical balance between inhibition and disinhibition for learning to take

place. Increased reciprocal inhibition induced by an increased intensity of mitral cell

activation may override increased excitability resulting from granule cell disinhibition.

1.1.3.2 Intr3cellular signalling

ea 2' and cAMP-dependent signalling cascades have been implicated in long-term

memory formation in a variety of species in numerous studies which will be discussed in
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Figure 1.3 The disinhibition model for early odor preference learning proposed by
Wilson and Sullivan. Adapted from Wilson and Sullivan. Behavioral and Neural
Biology 61,1-18 (1994)
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1.3. Below is the hypothesis for the convergence of Ca 2' and cAMP..<Jependent

signaJling cascades in inducing the CREB pathway in early odor preference learning.

1.1.3.2.1 The cAMPfPKAlCREB hypothesis or ellrly odor preference learning

McLean et al. (1999) proposed an intracellular model for odor preference learning

in which a calcium signal initiated by the odor input via the olfactory nerve and a cAMP

signal initiated by NE are required synergistically in mitral cells 10 elevate phosphorylated

CREB (PCREB) and produce olfactory learning. The proposed model fits a Hebbian

mechanism in that simultaneous activation in both the pre- and postsynaptic cells results

in a long-lasting synaptic facilitation (Hebb, 1949; Kandel et aJ. 2000, ppI260). While the

disinhibition model ofNE in odor preference learning predicts that granule cells are the

critical substrates for learning, McLean et al (1999) hypothesized that mitral cells are the

postsynaptic substrate for odor preference learning. The NE effect results from Il·

adrenoceptor activation of cAMP cascade in mitral cells. The association of Ca l' entry

through NMDA channel activation by odor input and cAMP signalling results in an

enhanced olfactory nerve EPSP in the postsynaptic mitral cells and may promote a

selectively enhanced mitral cell response to ON input during the memory phase.
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1.2 A new strategy to study odor preference leltrning - optiCltI imltging

The development of advanced new techniques has enriched our knowledge of

olfactory coding and information processing within the olfactory bulb. The topography of

the olfactory bulb has been explored with various techniques that permit visualization of

the activity of olfactory neurons from metabolic mapping of 2-0G (Coopersmith and

Leon, 1984; Johnson and Leon, 1996; Johnson et aI., 1998) or immediate-early gene c­

Fos expression (Matsuda et aI., 1990; Guthrie et aI., 1993; Guthrie and Gall, 1995), to

recent utilization of optical imaging (Katz and Rubin, 1999; Uchida et al., 2000;

Belluscio and Katz, 2001; Meister and Bonhocffer, 2001), and functional magnetic

resonance imaging (fMRI) (Yang et aI., 1998; Xu et aI., 2000). Among these techniques,

optical imaging provides high spatial (intrinsic imaging) and temporal resolution (calcium

imaging) (Galizia et aI., 1999; Katz and Rubin, 1999). This method permits fast,

noninvasive in vivo visualization of neuronal activity and repeated measurements from

the same animal. Its utilization has been extensively explored in the visual system, the

barrel cortex, and recently, in the olfactory system. It provides a new methodology to

explore neuronal changes following odor learning.

1.2.1 Olfactory encoding

Olfactory encoding is particularly amenable to optical imaging because the initial
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encoding of odor information takes place in the glomeruli, which is immediately below

the surface of the bulb. An odorant is first detected by olfactory receptor neurons located

in the olfactory epithelium. In the mammalian olfactory epithelium, each sensory neuron

expresses only one olfactory receptor gene. In rats, a large multigene family codes for

more than 1000 olfactory receptors. Neurons expressing an olfactory receptor are

confined to one of the four olfactory receptor expression zones in the epithelium, where

they are scattered throughout the zone with neurons expressing other olfactory receptors

(Dudai, 1999; Kandel et al. 2000, 1'1'630). The receptor neurons transmit odor information

via unmyelinated axons to the glomeruli of the olfactory bulb (approximately 1000

glomeruli in mouse olfactory bulb, 2000 in rat bulb. Dudai. 1999). In the bulb, axons of

receptor neurons expressing the same olfactory receptor converge onto a few· glomeruli.

Glomcruli are considered as the functional units of the olfactory bulb. Information about

different odorants arc coded in the glomeruli, in the sense that one odorant is coded by a

combinational activation pattern in glomeruli: 1) each glomerulus recognizes one

component (molecular feature) of the odorant; and 2) the pattern of the presentation of an

odorant in a group of glomeruli determines odor coding. Therefore, the first slep in

central olfactory processing involves transformation of a chemical code (molecular

features of an odorant deciphered by its binding 10 the olfactory receptors) into a

distributed place code (Dudai, 1999).
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1.2.2 Intrinsic signal imlging

Intrinsic signal imaging is a po....'efful method of analysing activily-dependcnt

patterns of neuronal populations in the brain. Since Rubin and Katz (1999) first employed

this technique to explore olfactory encoding in !he rat. numerous studies have

endeavoured to decipher odor coding in the olfaclOry bulb. Intrinsic signals are due to

activity-dependent neuronal changes, which are reflected as optical changes of the imaged

tissue. Activity-dependent changes involve hemodynamic changes such as a change in

blood volume, oxygenation of hemoglobin. or light scancring changes caused by the local

movement of ions and released tnlnsmilters (Dudai, 1999). Intrinsic imaging has an

excellent spatial resolution «50I-\m) which allows the measurement of neuronal changes

at the level of glomeruli on the dorsal surface of the olfactory bulb.

Optical imaging ofintrinsic signals in the rat olfactory bulb has revealed detailed

spatial patterns of glomerular activation representing different odorants, !he concentration

dependence of glomerular activation, and !he molecular receptive range of specific

glomeruli (Dudai. 1999; Katz and Rubin, 1999; Uchida et al .• 2000). The functional

representation of odorant molecules revealed by intrinsic imaging conforms to a series of

basic principles: 1) bilateral symmetry of odor representations; 2) local clustering of

glomeruli activation; and, 3) local variability of ador presentations between animals (Katz

and Rubin, 1999; Uchida et a!., 2000; Belluscio and Kal2, 2001).
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Intrinsic optical imaging has its limits. One shortcoming is that only odor-induced

activity changes on the surface of the olfactory bulb are revealed, not the cellular source

of the activity (Dudai, 1999). The odor representation patterns reported from intrinsic

imaging studies are postulated to occur in glomeruli base<! on the location, size, and shape

of the active regions. However, a combination of optical imaging with voltage-sensitive

dyes or electrophysiological measurement would help identify the cellular source of the

neuronal activity. Another limit of intrinsic imaging is its relatively slow temporal

resolution (seconds after odor application). In contrast, calcium imaging, has better

temporal resolution.

1.2.3 Implications of optical techniques for the study of odor learning

Dudai, in his review paper (1999), predicted that the power of intrinsic optical

imaging in the olfactory bulb is not only in illuminating the functional architecture of the

bulb, but it is a promising technology to visualize the olfactory brain in action. As

mentioned previously, one characteristic of intrinsic imaging is its non-invasiveness.

Activity-depcndent changes can be visualized through thinned bone or intaci dura and

repeated imaging can be applied to the same animal over a protracted period. Therefore, it

would be especially beneficial for exploring expericncc-depcndent modification of odor

representation in the olfactory bulb, which may underlie odor learning and memory.

Recording brain activity in vivo during learning is fundamental to understanding how
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memories are formed (Faber et al., 1999).

Aetivity-dependent changes with odor experience have been reported in honeybee

antennallobes (an equivalent structure to the olfactory bulb in mammals). Faber et

al.( 1999) trained individual bees to discriminate a rewarded odor from an unrewarded

odor. The rewarded odor (CS) is paired with sucrose solution (DCS), applied to the

proboscis. Acquisition of the odor-reward association leads to an increase of the

representation of the rewarded odor and differem activity patterns representing rewarded

and unrewarded stimuli. This is promising for similar research in the mammalian

olfactory bulb. The present thesis takes advantage of this methodology to explore odor

encoding following memory fonnation in early odor preference learning.

1.3 CRED. synaptic plasticity and memory

Leaming and memory are strongly associated with synaptic plasticity in the CNS.

Long-term memory formation requires new protcin synthcsis. CREB- dependent

intracellular pathways are thought to be pivotal in mediating the transition from short­

term memory, which lasts only 1-2 hours, to long-tenn memory. which lasts days. or even

a lifetime. In a variety of species from Aplysia, Drosophila to mice and rats, CREB­

dependent transcription appears to be a crucial oomponent underpinning long-tenn

memory formation (Silva et al., 1998). CREB levels appear to be delicately regulated in
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memory systems; disrupting nonnal CREB functioning impairs long-term memory.

1.3.1 CREB and transcription

CREB is a member of a large family of transcriptional factors that bind to

promoter cAMP responsive elemem (CRE) sites (Silva et aI., 1998; Walton and

Dragunow, 20(0). Thc CREB transcriptional family of proteins consists of three

functional domains: a leucine-zipper domain (bZIP) that mediates dimerization, a DNA­

binding domain, and the transcriptional activation domain. Based on the differentiation of

bZIP, members ofthe CREB family can be divided into three groups: activator CREB.

repressor cAMP response element modulator (CREM), and activating transcription factor

(ATF). CREB protein has three alternatively spliced isofonns, n, ~ and.o.. The repressor

CREM gene consists of at least four ditTerent factors: CREM ll, ~, Y and inducible cAMP

early repressor (lCER).

CREB has been implicated in the transcriptional control of numerous genes, such

as immediate early genes c-Fos, c-jun, Egr-I, Bcl-2 (Walton and Dragunow, 2000). Many

of these genes arc expressed rapidly in response to an elevation of intracellular eAMP or

Ca2' levels. The transcriptional control of CREB on gene expression has been shown to

be involved in a variety of biophysiological phenomena such as neuronal survival

(Walton and Dragunow, 2000), learning and memory (Silva et aI., 1998), drug addiction
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(Lane-Ladd et aI., 1997) and tumorogenesis.(Xie et al., 1997).

1.3.1.1 CREB phosphorylation and transcriptional activation

The transcriptional activation of CREB is crucially dependent on phosphorylation

ofSer 133 by various protein kinases such as PKA, Ca2-/CaM kinases, ribosomal S6

kinase 2, or mitogen-activated protein-kinase activated protein kinase 2 (MAPKK2)

(Silva el aI., 1998). The phosphorylation ofCREB by different kinase pathways may be a

mechanism for the convergence of these pathways to regulate downstream gene

expression (Sheng et aI., 1991; Silva ct aI., 1998).

CREB phosophorylation has been postulated as an initial step in the

transcriptional control of synaptic plasticity underlying learning and memory (McLean et

aI., 1999). In invertebrates such as Aplysia, multiple pulses of 5-HT result in an increase

in cAMP in the sensory neuron. This in tum activates the catalytic subunits of PKA to

translocate into the nucleus, where they phosphorylate CREB and thus activate the

transcription of lEGs. lEG activation may tum on the transcription of late response genes

such as cytoske1etal proteins, adhesion molecules and neurotrophinslreceptors which

might encode proteins necessary for long-term synaptic plasticity (Frank and Greenberg,

1994).
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CREB activation in the mammalian hippocampus appears to be more complicated

than that observed in the invertebrate CNS. Studies from Bito's lab (Bito et aI., 1996;

Deisseroth et aI., 1996) have focused on the cellular processes that regulate the

phosphorylation state ofCREB in hippocampal neurons. When pCRES was monitored at

the single-cell level with an antibody specific for the Scr-133 phosphorylation site, they

reported two important occurrences. First, NMDA· dependent synaptic stimulation, but

not action potential firing, results in CREB phosphorylation, suggesting that CREB

phosphorylation is a specific synaptic signalling marker engaged by both NMDA

receptors and L-type calcium channels (Dcisseroth et aI., 1996; Mermelstein et al., 2000).

Second, phosphorylation o(CREB is necessary, but not sufficient, for the stimulation of

CRE-mediated gene expression in the hippocampus; only sustained phosphorylation of

CREB by a prolonged stimulus (5Hz for 180s instead of 18s) induced gene expression

such as c-Fos and ss-14 (Bito et al., 1996). Furthermore, they provided strong evidence

for the involvement of the Ca2+/CaM pathway in inducing CREB phosphorylation in

hippocampal neurons. CaM kinase IV (CaMKIV) is expressed in the nucleus at a time

consistent with the appearance of pCREB (Bito et aI., 1996) Both pCREB-eREB binding

protein (CBP) formation and CaMKJV were blocked by the CaMK inhibitor KN-93, bUI a

PKA inhibitor, KT5720, failed to block CREB phosphorylation (Sito et aI., 1996;

Deisseroth et al., 1996).

In contrast, Impey et al. (1996) argued for a critical role ofPKA in activating
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CREB-dependent transcription in hippocampal slices from transgenic mice, CRE-LacZ.

PKA inhibitors blocked CREB-dependent transcription in hippocampal slices from the

CRE-lacZ mice (Impey et a!., 1996). PKA facilitates the MAPK (ERK) pathway

phosphorylation of CREB (lmpey et al., 1998a). The controversial outcomes may be

explained by the different kinetics of protein kinases (Impey et aI., I998a). CaMKIV may

mediate an early phase of CREB phosphorylation, while the sustained or late phase of

CREB phosphorylation may require PKAlMAPK co-activation. Alternatively, different

protein kinase pathway interactions may exist. For example, CaMKlV can also activate

MAP kinases (Enslen et al., 1996). It is likely that CaMKlV and MAPK-dependent

pathways co-opcrate to induce pCREB mediated gene activation (Silva et al., 1998).

1.3.1.2 Transcriptional repression

Two processes are responsible for regulating CREB phosphorylation and CRE­

mediated gene expression.

First, dephosphorylation of pCREB at Serl33 is important for the inactivation of

CREB. The protein phosphatases, calcineurin and protein phosphatase-I (PP!), are

thought to be involved in dephosphorylation ofCREB (Blitzer et aI., 1995; Liu and

Graybiel, 1996; Blitzer et al., 1998; Winder et al., 1998). Treatment wilh FK506, a

calcineurin inhibitor, enhances the duration ofCREB phosphorylation and therefore
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induces c-Fos and ss-14 expression by a previous ineffective brief stimulus (18s) in

hippocampal cultures (Bito et aI., 1996). One role ofPKA is thought to be to "gate" the

Ca2~/CaMK phosphorylation pathway by suppressing phosphatase calcineurin via

inhibitor-I (Blitzer et a!., 1998; Winder et aI., 1998).

Second, CREB repressors such as CREM u, p, "( and ICER block thc activation of

CREB. CREM a, Pand"( do not have the transcriptional domain, but compete with

CREB to bind CRE sites (Foulkes et aI., 1991). CREB repressors can be upregulated by

CREB activation or CREB mutation (Silva et aI., 1998). The ratio of CREB activator to

repressor appears to be important in regulating memory formation (Silva et aI., 1998).

1.3.2 The role of CREB in memory

Rapid progress has been made in understanding the molecular mechanisms of

learning and memory by advanced genetic, pharmacological, and eletrophysiological

techniques. For example, synaptic plasticity such as the phenomena of LTP was reported

decades ago (Bliss et aI., 1973). A briefhigh~frequeney train of stimuli (a tetanus) to any

of the three major synaptic pathways of the hippocampus increases the amplitude of the

excitatory postsynaptic potentials in the target hippocampal neurons. Results from

different studies all suggest that the intracellular cAMP-regulated CREB pathway plays a

key role in these forms of LTP and in the long-term memory formation.

40



1.3.2.1 Long-term facilitation in Aplysia

The early studies on the invertebrate mollusk Aplysia have been invaluable for our

understanding of the basic forms of associative learning. Aplysia withdraws its gill and

siphon when a noxious stimulus is applied to its tail. A single stimulus produces a short­

term sensitization (mins) to a subsequent stimulus, while repeated stimulation leads to

long-tenn (hours to days) sensitization. The facilitation of the synapse between the

sensory and the motor neurons is thought to be critical in mediating behavioural

sensitization. The neurotransmiuer serotonin, released from interneurons after stimulation

of the Aplysia tail, leads to an enhanced synaptic transmission between the sensory and

the motor neurons (Montarolo et aI., 1986).

This Aplysia model for learning can be replicated by a reduced preparation in

vitro. When a single Aplysia sensory neuron is co-cultured with a motor neuron, the two

cells fonn a synapse. Multiple applications of 5-HT lead to both a long-tenn facilitation

(LTF) of synaptic function and a long-tenn sensitization (LTS) behaviourally. Serotonin

application results in the activation of adenylyl cyclase, which in tum, activates thc eAMP

second messenger system. cAMP activation ofPKA leads to the subsequent translocation

of the catalytic subunits of PKA to the nucleus 10 active CREB-depcndcnt transcription of

genes, which eventually leads to the growth of new synaptic connections (Frank and

Greenberg, 1994; Silva ct aI., 1998). Direct injection of cAMP into the sensory neuron
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triggers both short- and long-term facilitation (Schacher et aI., 1988), which can be

blocked by PKA inhibitors (Ghirardi et al., 1992).

The first study to suggest that CREB is require<! for this LTS formation was

reported by Dash et al (1990). Oligonucleotides with CRE sequences injected into

cultured sensory neurons selectively blocked LTF, but not short-term facilitation (STF). A

more recent study also showed that induction of LTF triggers CREB activation and CRE­

mediated transcription by using a lacZ reporter gene transferred into individual Aplysia

sensory neurons (Kaang et aI., 1993)

The repeated pulses of5-HT initiate a gene activation cascade that leads

ultimately to the growth of new synaptic connections (Martin et al., 1997). Several genes

have been identified in this process, including apCREB I, apCREB2, apCCAAT/enhancer

binding protein (CIEBP), and the cell adhesion molecule apCAM. ApCREB2 represses

ApCREBI-mediated transcription (Bartsch et aI., 1995). Opposing forms ofCREB

(activator CREB1a vs. repressors CREB Ib and CREB2) produce opposite effects on

long-term facilitation (Bartsch et aI., 1995; Bartsch et al., 1998). The injection of

antibodies to ApCREBI or antisense oligonucleotides to ApCREBI into the sensory

neurons selectively blocked long-term facilitation. On the other hand, injection of

phosphorylated CREB-I into the cell body (Barco et al., 2002) or injection of an

antiserum against a ~REB repressor (ApCREB2) (Bartsch et al., 1995) gives rise to long-

42



tenn memory by one pulse of serotonin, which nonnally only results in short-term

facilitation in nonnal conditions. With five pulses of5-HT, PKA recruits MAP kinase

and both translocate to the nucleus, where they activate ApCREB I and de-repress

ApCREB2, leading to the induction of a set of immediate-early genes which are

associated with late genes that are responsible for the growth of new synaptic connections

(Martinet aI., 1997).

1.3.2.2 cAMP and Drosophila

Thc importance of cAMP signalling and the CREB pathway for memory

fonnation has been demonstrated in the fruitfly, Drosophila. Drosophila fonn robust and

reliable olfactory discrimination memories. When Drosophila are exposed to two odors, if

one is paired with an electric shock, they learn to avoid the paired odor in aT-maze test

(fully, 1991).

The involvement of the cAMP pathway has been shown in Drosophila olfactory

learning by genetic manipulations. Four mutants that showed abnonnallevels of cAMP

also exhibited learning deficits: I) Dunce, which lacks phosphodiesterase, an enzyme Ihat

degrades cAMP and therefore has a high level of cAMP; 2) Rutabaga, which is defective

in adenylyl cyclase and therefore has a low level of cAMP; 3) Amnesiac which lacks a

peptide transminer acting on adenylyl cyclase, and, 4) PKA-Rl which is defective in
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PKA (Kandel et a!. 2000, ppI257). Furthermore, when Drain et al.(1991) generated a

transgene that blocked the catalytic subunit ofPKA under an heat-sensitive inducible

promoter, they found that even transient blockade of PKA interfered with the fly's ability

to learn and form short-term olfactory memories. These outcomes from Drosophila

mutants suggest an important role for cAMPIPKA involvement in Drosophila olfactory

learning.

Long-term associative memory in Drosophila requires CREB pathway activation

and new protein synthesis. As in Aplysia, Drosophila has both a CREB activator and a

CREB-2 rcpressor. Overexpression of the CREB activator enhances long-term memory,

whereas over-expression of the repressor selectively blocks long-term memory without

disrupting short-term memory (Yin et aI., 1994; 1995).

1.3.2.3 CREB in transgenic mice

The role ofCREB in synaptic plasticity and memory formation has been greatly

advanced by neurogenetic manipulations in mice. The role of eAMP/PKA signalling in

LTP and long-term memory was demonstrated by using a transgenic approach to reduce

PKA activity in the hippocampus by using R(AB), a dominant negative fonn of the RI..:J

regulatory subunit ofPKA (Brandon et aI., 1995). Recordings from slices ofR(AB) mice

showed impaired Late-LTP (L-LTP, lasts for at least 24 hours) but not Early-LIP (E·
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LTP, lasts only for 1-2 hours) induced in the Schaffer collateral pathway. In parallel,

when R(AB) mice were tested for their memory function, they exhibited nonnal short­

tenn memory, but deficient long-tenn memory for contextual fear oonditioning. These

results suggest that L-LTP and long-tenn memory require cAMPIPKA second-messenger

pathways in the hippocampus.

In CREBu.d· mice, a neomycin resistance gene insertion causes the loss of the two

main CREB isofonns a and!:J.. However, CREB ~ and CREM isofonns showed enhanced

expression levels in CREBIl<1- mice (Hummler et al., 1994). The issue of whether the

CREBu.d- mutation affected memory was tested in three behavioural tasks, each thought to

be dependent upon hippocampal function (Silva et aI., 1998): contextual fear

conditioning, the Moms water maze, and the social transmission of food preferences.

CREBM
' mice showed severe contextual memory deficil~ when tested 24 hr, but not 30

min, after training (Bourtchuladze et aI., 1994). Also, the CREBM
- mice in the social

transmission of food preference task showed impaired long-tenn, but not short tenn

memory (Kogan et al., 1997). CRESo./l- mice demonstrated profound spatialleaming and

memory deficits in the Morris water maze test, but not in a visible platfonn version of the

water maze, which does not depend on hippocampal function (Silva et al.. 1998).

Importantly, these behavioural deficits did not appear to result from the more generalized

impact of the mutation on CNS development (Bourtchuladze et aI., 1994).
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Unfortunately, dilTerent isoforms of CREB as well as CREM up-regulation and

the potential developmental and general impact of such mutations have made the

interpretation of behavioural results complicated. Restricted and regulated expression of a

constitutively active fonn of CREB, has been constructed in hippocampal CA I neurons

ofVPI6-CREB micc (Barco el aI., 2002). The induction of the VPI6-CREB transgene

lowers the threshold for eliciting Late-LTP in the SchalTer collateral pathway. Synaptic

tagging and capture have been outlined as a novel property of hippocampal LTP (Frey

and Morris, 1998; Barco et aI., 2002). The induction of LTP is associated with the setting

of a "synaptic tag" at activated synapses, whose role is to sequester plasticity-related

proteins that then serve to stabilize temporary synaptic changes and so extend their

persistence (Frey and Morris, 1998). Pharmacological and two-pathway experiments

suggest a model in which VP 16-CREB activates the transcription of CRE-driven genes

and leads to a cell-wide distribution of proteins that prime the synapses for subsequent

synapse-specific capture ofLate-LTP by a weak stimulus. This result argues that

activation of a CRE-drivcn pathway may be sufficient for consolidation of LTP (Barco et

a!., 2002).

1,3.2.4 CREB studies in rats

The design of CREB antisense oligonucleotides enables the acute modulation of

CREB levels in specific brain areas in rats. Intnthippocampal infusion of these
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oligonucleotides prior to tmining does not disrupt short-term spatial memory, but docs

affect long-term memory for the water maze tested two days after training (Guzowski and

McGaugh, 1997). This is consistent with other studies showing CREB pathway

involvement in long-term memory. Furthermore, the same study shows the critical period

of CREB function is shortly after training, since infusion of the oligonucleotides one day

after training does not affect memory two days after training. In another study (Lamprecht

ct al., 1997), the neural mechanisms of a conditione<! taste aversion were investigated in

amygdala. Local injection of CREB oligodeoxynucleotide antisense into the rat amygdala

several hours before conditioned taste aversion training transiently reduces the level of

CREB protein during training and impairs memory when tested 3-5 days later. CREB

antisense in the amygdala has no effect on retrieval of a conditioned taste aversion

memory once it has been acquired and does not affect shon-term memory.

Long-term memory foonation requires de novo protein synthesis and CREB may

be one of the transcription factors which is required for the new protein synthesis. It

therefore is proposed as a molecular switch for the formation of long-term memory. From

invertebrates (e.g., Aplysia and Drosophila) to mammals, spaced training (repeated

training trials presented with optimal rest intervals) is more effective than massed training

(the same training protocal presented with no or shoner rest intervals) in producing long­

term memory. Massed fear conditioning in rats produces no or weak long-term memory.

However, increasing CREB levcls, specifically in the basolateral amygdala via viral
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vector- mediated gene transfer, significantly increases long-term memory after massed

fear training (Josselyn et aI., 2002). In contrast, overexpression of CREB does not alter

shorHerm memory produced by massed training or long-term memory produced by

spaced training.

As mentioned before, the levels of CREB are controlled at both the activation

level (phosphorylation vs. dephosphorylation) and the transcription level (activator vs.

repressor). At the first level, it has been reported that it takes 3-8 min for synaptic

activation to trigger maximal CREB phosphorylation (Moore et al., 1996). Additionally,

the longer intervals between training trials may result in optimal inactivation of

phosphatases (e.g. calcineurin), which may produce longer CREB phosphorylation (Bito

et aI., 1996; Liu and Graybiel, 1996; Silva et aI., 1998). The duration, but not necessarily

the amount of CREB phosphorylation, is critical in producing CRE-mediated gene

expression (Bito et aI., 1996). At the second level, massed training may result in

excessive activation ofCREB repressors, reducing the ratio of activator/repressor

activation. Application of additional CREB activator into the amygdala by virus vector

injection therefore enhanced learning from massed training by enhancing

activator/repressor ratio (Josselyn et aI., 2002). Alternatively, activators can assume the

role of repressors on occasion. An excess of activator may overwhelm the upstream

kinases and result in excessive nonphosphorylated CREB which can act as a repressor of

CIEBP- induced transcription (Vallejo et aI., 1995; Silva ct aI., 1998).
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Phosphorylation of CREB is thought to be important in processes underlying

long-term memory. Overexpression of mutant CREB, with a single point mutation at

Serl]], does not facilitate long-term memory (Josselyn et aI., 2002). Moreover, CREB is

phosphorylated in the CA I pyramidal cells following electricaJ stimuli that induce LTP

and after training in hippocampal..dependent tasks (lmpey et aI., 1998b).lncreased

pCRES is also present in the olfactory bulb shortly after conditioned odor preference

training (Mclean et aI., 1999). CREB can be phosphorylated by various cascades, such as

PKA, CaMKIV. MAPK, all of which have been implicated in late·LTP. Therefore, CREB

is a strong candidate for the activation of eRE-driven gene expression observed during

memory formation (Barco ct aI., 2002).

1.4 Rationale and hypotheses for the present thesis

Mclean et al (1999) hypothesized an intracellular model for early odor preference

learning. Thcy proposed that NE and 5-HT interact in mitral cells of the olfactory bulb to

elevate cAMP levels, which in tum, synergise with a calcium signal initiated by the odor

input to activate the CREB phosphorylation pathway crucially implicated in memory

formation. In addition to suggesting that mitral cells are the primary target ofcs-ues

interaction, the model implies that the strengthening of the odor input to mitral cell

connection and a subsequent increase in mitral cell response to the es is a critical aspect

of the memory representation. The work in this thesis evaluates and refines this model.
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As previously reviewed, pairing odor with stroking or ~adrenoceptoractivation

induces early odor preference learning. Mclean et al (1999) had demonstrated that

stroking-induced preference learning was associated with increased levels ofpCREB in

mitral cells. In first series ofexperimenls (Chapter 2), we hypothesize that NE and 5-HT

act synergistically to increase CREB phosphorylation during odor conditioning and that

their interaction potentiates olfactory nerve input to mitral cells. In this set of

experimenls. we ask if significant pCREB increases are also associated with

isoproterenol-induced learning and whether pCREB follows thc inverted U pattcrn seen

with learning (Sullivan et aI., 1991) or is simply dose-dependently related to ll­

adrenoceptor activation. Electrophysiological indices of odor nerve input before and after

injection of isoproterenol in both nonnal pups and olfactory bulb 5-HT depleted pups are

also evaluated.

1be second series of experiments focuses on identifying changes in the response

to odor input that occur during memory retrieval using intrinsic optical imaging. These

experiments test the hypothesis that a strengthening of the CS-mitral cell input in the

glomerular layer characterizes the memory representation. Previous work on the early

odor preference model (Wilson and Sullivan. 1994) and in the accessory olfactory bulb

(Brennan and Keveme, 1997) suggested instead that increased inhibition of mitral cells

was the primary associate of the memory representation. The second series of

cxperiments (Chapter 3) uses intrinsic optical imaging to examine odor-induced
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activation at the glomerular level at the time of retrieval to further evaluate this issue.

In the third series of experimems (Chapter 4), the hypothesis that NE and 5-HT

interact synergistically to produce an optimal cAMP level in the mitral cells of the

olfactory bulb in early odor preference learning is examined. The changes in cAMP

associated with stroking and isoproterenol-induced learning are examined with particular

attention to the effects of 5-HT depletion. In earlier experiments it had been shown that

prior depletion of5-HT in the olfactory bulb prevems learning (Mclean et al.. 1993)

unless a higher, nonnally ineffective dose of isoproterenol is used (Langdon et aI., 1997).

In these 5-HT depletion experiments the 5HT1AllC receptor was identified as playing a

critical role, both by using DOl as an agonist to restore nonnallearning (Price et a!.,

1998) and ritanserin as an antagonist to prevent nonnalleaming (Mclean et al., 1996).

Experiments in rat neocortical slices had demonstrated that cAMP activation by

isoproterenol is enhanced by activation of the 5HT2AOC receptor and that in the presence

of a 5HTUJ2C antagonist there is reduced production of cAMP induced by isoproterenol

(Morin eta!., 1992). These results paralleled the 5·HTcffects seen in the rat pup with the

same drugs. Thus, we ask here, if cAMP levels relate to the behavioural effects of

stroking and isoproterenol in nonnalleaming and whether 5·HT depletion alters cAMP

levels in the olfactory bulb and, specifically, in the mitral cells as predicted by our

hypothesis.
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The final set of experiments (Chapter 5) evaluates the causality ofCREB's rote in

early odor preference learning by directly manipulating CREB using an HSV viral vector.

Although previous work (McLean et at.. 1999) demonstrated CREB phosphorylation

following odor preference learning, the evidence for a role for pCREB was correlational

rather than causal. We hypothesize in this study that increased CREB substrate would

shift the isoproterenol dose-dependent learning cUlVe to the left, and mutant CREB

substrate would interefere with normal learning. The relation of {he effects of CREB in

early odor preference learning to pCREB levels is also assessed.
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Chapter 2. Isoproterenol Increases CREB Phosphorylation and

Olfactory Nerve Evoked Potentials in Normal and Bulbar

5HT-Depleted Rat Pups only at Doses that Produce Odor

Preference Learning

(Published in Learning & Memory 7:413-421, 2000)

2. t Introduction

The neonate rat fonus an odor preference to odors that are paired with either

tactile stimulation (stroking) or 2 mglkg of the Il·adrenoceptor agonist isoproterenol

(Sullivan et aI., 1989b; Sullivan and Wilson, 1991; Langdon et aI., 1997). In this early

olfactory learning paradigm. stroking has been shown to activate the locus coeruleus

(Nakamura et aI., 1987), which releases norepinephrine in the main olfactory bulb, and

engages p·adrenoceptors (Sullivan and Wilson, 1994; Woo et al., 1996). Intrabulbar

infusion of the p-adrenoceptor antagonist, propranolol, prevents the development ofthe

conditioned odor preference (Sullivan et al.. 1989b). Co-activation of the g1utamatergic

olfactory nerve input (Berkowicz et al.. 1994; Ennis ct al., 1996) and Il-adrenoceptors is

hypothesized to be critical for triggering the long-term change in olfactory bulb

processing which mediates conditioned odor preference learning (McLean et aI., 1999).

The pairing of odor with the Il-adrenoceptor agonist exhibits an inverted U-curve with
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both a lower dose (I mglkg) and a higher dose (4 mglkg) of isoproterenol being

ineffective relative to the moderate dose (2 mglkg) that is optimal for learning (Sullivan

et aI., I989b; Langdon et al., 1997). Selective serotonin (5-HT) fiber depletion in the

olfactory bulb of rat pups shifts the isoproterenol inverted U-curve sueh that a higher dose

(6 mglkg) is now required for learning while the nonnal optimal moderate dose (2 mglkg)

is ineffective (Langdon et al., 1997).

Electrophysiological recordings carried oul in the olfactory bulb of rat pups that

have undergone conditioned odor preference training have revealed a significant decrease

in the ratio of excitation to inhibition in single unit mitral cell activity recorded in the

olfactory bulb (Wilson and Sullivan, 1991). However, it was not possible in the unit

recording studies to know if the mitral cells enC<lding the learned odor were selectively

sampled. The increased inhibition might reflect increased lateral inhibition concomitant

with stronger signalling in the conditioned odor pathway. Disinhibilion of mitral cells

from granular cell GABAergic effects at dendrodendritic granule cell-mitral cell synapses

has been suggested to playa critical role in conditioned olfaclOry learning (Jahr and

Nicoll, 1982; Okutani et al., 1999). Such an effect might be expected 10 potentiate, rather

than inhibit olfaclory nerve (ON) throughpul during acquisition. The occurrence of

disinhibition is supported by evidence that norepinephrine (NE) applied to the external

plexiform layer (EPL) decreases inhibitory postsynaptic potentials recorded in the

granular cell layer by stimulating olfactory nerves (Jahr and Nicoll, 1982). Paired pulse
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inhibition of the mitral cells is also suppressed by injections ofNE or isoproterenol (Jahr

and Nicoll, 1982; Wilson and Leon, 1988).

In another direction, extensive researeh has been carried out to identify the

molecular components of synaptic plasticity underlying memory formation. Emerging

from these studies, cAMP response element binding protein (CREB) has been identified

as an imponant modulator of memory formation (Silva et aI., 1998). Its activation is

required to initiate the cellular events underlying long-term memory formation in a

variety of species (Yin and Tully, 1996; Abel and Kandel, 1998; Bansch et aI., 1998;

Silva et aI., 1998). CREB phosphorylation at ser 133 by different protein kinases has been

implicated as the initial step ofCRE-related gene transcription (Walton and Dragunow,

2000). Down regulation of phosphorylated CREB (pCREB) or of related protein kinases

impairs long-teon memory formation (Silva et aI., 1998). Electrophysiological evidence

in hippocampal cultures (Bito et al., 1996; Deisseroth et aI., 1998; Mermelstein et aI.,

2000) suggests CREB phosphorylation responds to specific synaptic signals engaging

both NMDA receptors and L-type calcium channels. Increased pCRES activation has

been shown to occur in the mitral cells of ral pup olfactory bulbs that are pre-treated with

effective pairings of odor and stroking (Mclean et aI., 1999).

In the present study, we asked, first, whether the pairing of odor with a

behaviourally effective dose of isoproterenol (2 mglkg) could produce the same pCREB
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increase seen previously with stroking. Funher, we examined whether a higher dose of

isoproterenol (6mglkg), which cannot induce preference learning in normal rat pups,

when paired with odor, could still increase pCREB. Then, the imponance of pCREB in

the mediation of serotoncrgie modulation ofNE-induced odor preference in rat pups was

examined by using selective serotonergic depletion of the olfactory bulb. IfpCREB is

specifically involved in learning, a higher dose of isoproterenol (6 mglkg) should now be

required to enhance pCREB expression. This would parallel the previous behavioural

model in which selective 5-HT depletion of olfactory bulbs shifted the effective dose of

isoproterenol, so that a higher dose (6 mglkg) was required to induce odor preference

learning.

Second, to illuminate possible changes in synaptic transmission in olfactory

circuitry, which may trigger the subcellular signal transduction underlying associative

learning, or functionally suppon such learning, we asked whether behaviourally optimal

doses of isoproterenol altered ON-evoked potentials. Normal rat pups. and pups with

bulbar 5-HT depletion, were again tested.

If pCREB is critical for odor preference learning, and odor preference learning

alters the response to ON input, we expected that only behaviourally optimal doses of

isoproterenol would selectively change both peREB expression and the ON-evoked

potential in rat pups with either normal or 5-HT depleted olfactory bulbs.
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2.2 Experiment J. Increased pCREB expressions following manipulation of NE

and S-HT inputs to the olfactory bulb correlate with odor preference

learning in neonate rats.

To test the hypothesis that pairing odor with a behaviourally effective dose of the

I}-adrenoceplor agonist isoproterenol triggers phosphorylation of CREB (a postulated

signalling substrate for learning), we subcutaneously injected isoproterenol into nonnal

tat pups 40 min before conditioned pairing with odor (Experiment I a). Isoproterenol can

completely substitute for stroking as an unconditioned stimulus during odor conditioning

(Sullivan et I'll., 1989b). This effect is consistent with the observed activation of locus

coeruleus neurons, the source ofNE in neonate rat olfactory bulbs, by somatosensory

stimulation (Nakamura et I'll., 1987). Since a selective pCREB increase was observed in

olfactory conditioned preference learning (increased peREB in the bulbs of odor

conditione<! pups, but not in the bulbs orthe pups that were trained by odor or stroke

alone, Mclean et i'lL, J999), we hypothesized that the intracellular cAMP second

messenger system, activated by NE inpm to the ~-receptor, works synergistically with the

Ca'-~ entry triggered by glutamatergic olfactory input, to influence CREB phosphorylation

and the downstream gene transcription which are necessary for long.tenn memory

formation. In the present study, direct activation of the ~-receptor by isoproterenol should

have the same effect as the tactile stimulation in odor preference learning. In addition,

given the observation that 5-HT normally promotes the efficacy of rl-adrenoceptor agonist
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isoproterenol as an unconditioned stimulus during olfactory learning, we predicted that a

higher dose of isoproterenol would be required in 5·HT depleted animals to induce a

comparable increase in peREB to that observed in nonnal animals (Experiment 1b).

2.2.1 Methods

In Experiment la, a total of95 Sprague-Dawley rats of both sexes from 8 litters

were used. In Experiment Jb, 33 rat pups from 6 litters were used. Three groups were

included in eaeh experiment: a saline group, a 2 mglkg isoproterenol group and a 6 mglkg

isoproterenol group. Litters were culled to 12 pups/litter on PND I (the day of birth is

considered PNDO). The dams were maintained under a 12hr light-dark cycle, with ad

libi/urn access to food and water. All experimental procedures were approved by the

Memorial University Institutional Animal Care Committee.

2,2,1.1 Odor conditioning and drug injection

The procedure for conditioning has been described previously (Langdon et aI.,

1997). Briefly, on PND6, saline or isoproterenol 2 mglkg or 6 mglkg (Research

Biochemicals) was injected subcutaneously into nonnal pups (Experiment la) or bulbar

5-HT depleted pups (Experiment Ib) 40 min prior to odor exposure. The treated pups

were removed from the dam 30 min after injection and put on fresh wood bedding. Ten
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minutes later, pups were placed on peppermint-scented bedding (0.3 ml peppermint/SOO

ml bedding) for a period of 10 min. Following training, one normal pup from each

treatmcnt condition was sacrificed at various intervals (lOmin, Ihr, 2hr, experiment la),

whereas S-HT depletcd pups wcre sacrificed only at 10 min after odor conditioning

(experiment Ib). After sacrifice, both olfactory bulbs were removed quickly from the

skull, immediately frozen on dry ice and subsequently stored ai_70°C in microcentrifuge

tubes. Other treated littennates were used for odour preference testing the next day

(PND7).

2.2.1.2 Preference testing

A stainless steel tcst box (30x20x 18cm) with a polypropylcnc mesh screen insidc

was placed on two trays, which were separated by a 2 em neutral zone. One tray

contained fresh bedding; the other contained peppermint-scented bedding. Each pup was

removed from the dam and placed in the neutral zone of the test box. The amount of time

the pup spent on either peppermint bedding or normal bedding was recorded for five I

min trials. A timer was started when a pup moved its nose and one paw into one side of

the test box. The percentage time the pup spent on peppermint bedding over the five

minute period was calculated. One-way analysis of variances (ANOVA) were used to

compare different treatment groups, and post hoc tests were performed using the Tukey-

Kramer lest.

59



2.2.1.3 5-HT depletion

The procedure for 5-HT depletion of the olfactory bulb has been described

elsewhere (Mclean eta!., 1993). Briefly, PNOI pups were removed from the dams,

pretreated with 10 mglkg desipramine by intraperitoneal injection and placed on fresh

bedding. Fony fivc min later, after being anaesthetized by hypothennia on ice, the pups

were placed in a modified stereotaxic instrument, and 150 nl of 5,7-dihydroxyttyptamine

(5,7-dHT) in Ringer's solution plus 0.02% ascorbic acid were injected bilaterally into lhe

anterior olfactory nucleus. The pups were returned to the dams after recovery.

Immunocytochemistry was perfonned on the brains of some of the animals to confinn

depletion of 5-HT. This procedure has been shown to produce greater than 80% 5-HT

fiber depletion in the olfactory bulb and is specific for the serotonergic fibers (McLean ct

aI., 1993).

2.2.1.4 Protein determination and Western blot analysis

peREB protein expression was detennined by Western blot using previously

published methods (Mclean et aI., 1999). Briefly, each pair of olfactory bulbs were

placed in microcentrifuge lubes and ground in 100 ,ullysis buffer containing 0.1% SOS,

1% NP-40, 20 mM PMSF, 10% glycine, and 1.37 mM sodium chloride with 1 ,ullml

leupeptin, 2 mM PMSF, 8.9 D/ml aprotinin, and I mM sodium onhovanadate. The

6<l



homogenate was placed on a rotator for 30 min and then centrifuged at 13,500 rpm for 15

min at 4"C. The clear lysate supernatant was stored in 50,u1 aliquots at ·70"C. A

bicinchoninic acid (SCA) protein assay kit was used to determine the protein

concentration from each pair of olfactory bulbs.

After protein determination, 20 ,ul of prepared samples were boiled, cooled on ice

and loaded into each lane of a SDS-PAGE gel for each blot. In each sample, 4 ,ul of 5x

sample buffer (0.25 M Tris-HCL, 10% SDS, 50% glycerol, 0.025% bromophenol blue,

and 0.5 M dithiothreitol added prior to use) and sufficient water were added to volumes

of lysate that contained equal amounts of protein. 10,u1 of colour coded molecular

standard (Bio-Rad) was loaded into a separate lane for each blot. Following sample

loading, each gel apparatus was attached to a Bio-Rad power supply set to 100 mV for 10

min, then the voltage was reset to 150 mV until all the samples were loadedcomplecely.

The gel running buffer contained 25 roM Tris, 250 roM glycine, and 3.5 mM SDS (pH

8.3). Protein transfer 10 nitrocellulose paper (Hybond ECL, Amersham) was performed at

0.2 A for I hr in transfer solution (25 roM tris, 192 roM glycine, and 20% methanol).

After transfer, the nitrocellulose blots were processed for detection ofpCREB. Briefly,

after 3x5 min rinses in PBS contains 0.05% Tween-20 (PBST), the blots were blocked for

non-specific proteins using 5% milk in PBST for I hr. Following 3x5 min rinses in

PBST, the blots were treated with a rabbitpolyclonal pCREB antibody (111,500, Upstate

Biotechnology) in PBST overnight at 4"C. The specificity and sensitivity of this antibody
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has been shown before (Mclean et aI., 1999). After 3"5 min rinses in PBST and

incubation in anti-rabbit IgO conjugated to horseradish peroxidase for 1 hr, the blots were

rinsed and visualized by ECL chemiluminescencc (Amersham). Then, the blots papers

wcre immersed in Poncean S solution to determine if equal amounts of protein wcre

loaded.

The analysis of Western blots was carried oul using a Chemilmager (Alpha

Innotech Corp.). The average optical density (AVO'" integrated density value/area) was

recorded in the dcfined region ofthe pCREB bands. The background intcgrated optical

density was automatically subtracted from each defined area. One way repeated measure

ANOVAs were used to compare different treatment groups at various intervals.

2.2.2 Results

Experiment la Figure 2.1 shows the change of pCREB in the olfactory bulbs

produced by pairing two doses of the ~-adrenoceptor agonist isoproterenol with odor, and

the odor preference results in normal rat pups. Behavioural results showed that 2 mglkg

isoproterenol induced significant odor preference learning compared to either the saline

group (p<O.OI) or the 6 mglkg isoproterenol group (p<O.05XFig.2.IA). Correspondingly,

the olfactory bulbs of pups that were trained by pairing odor with 2 mglkg isoproterenol

injection showed increased pCREB expression 10 min after training compared to pups
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from other treatment groups (Fig.2.1 B & 2.1 C). Statistical analysis revealed a significant

treatment effect. (F2.21=3.87, p=O.046). In the post hoc Tukey.Kramer tests, the 2 mglkg

isoproterenol group (AYG=58.0) showed significantly higher pCREB (p<O.OS) than the

saline group (AVG=31.2), whereas there was no significant difference between saline and

6 mglkg isoproterenol (AVG=36.3). Analysis of Westem blots from longer time durations

(1 he and 2 hr) after conditioning did not show any significant difference among the

various treatment groups (Fig.2.1 B).

Experiment] b Odor preference tests showed that only the 6 mglkg isoproterenol

group exhibited a signific&u increase in odor preference when compared to either the

saline or the 2mglkg isoproterenol groups (p<O.O I, 2.2A) in bulbar 5-HT depleted pups.

The same pCREB measurements on bulbar S-HT depleted animals were only examined at

thelO min interval after training for Western blots because we had not shown any

difference of peREB expression at longer time intervals in experiment Ia. In the present

experiment, we found the 6 mgfkg isoproterenol group, but not the 2 mgfkg group,

showed significantly increased pCREB (Fig.2.28 & 2.2C). Following a one-way ANOYA

analysis (Fw =S.61, p=O.OIS), Tukey.Kramer tests revealed a significant difference

(p<O.05) between the 6 mgfkg isoproterenol group (AVG=6S.1) and the saline group

(AVG=34.6). No significant difference was found between the saline and the 2 mgfkg

isoproterenol group (AVG=42.3) (Fig.2.2B).
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2.2.3 Discussion

Enhanced pCRES expression has been shown in neonate rat olfactory bulbs

following pairing of odour with stroking (Mclean et a!., 1999), a procedure demonstrated

to induce reliable preference learning (Sullivan et al., I989a&b; Sullivan et al., 1991;

Mclean et al. 1992). It is hypothesized that the observed increases in pCREB induced by

stroking were the result of tactile stimulation enhancing NE release from the locus

coerulcus and activating Il-adrenoceptors in the olfactory bulb concomitant with

glutamatergic receptor activation by odor input. Here we demonstrate that exogenous

injection of 2 mglkg isoproterenol, a dose that completely substitutes for stroking in odor

preference learning, when paired with peppermint odor. increased pCREB expression in

the olfactory bulbs of nonnal pups.

In contrast, a higher dose of isoproterenol, 6 mglkg was required to increase

pCRES, as well as to induce odor preference, in bulbar 5-HT depleted animals. These

results corroborate our previous work suggesting that 5-HT acting through 5-HT~

receptors nonnally promotes noradrcnergic-induced plasticity in the olfactory bulb

(Mclean et at., 1999). In the mammalian model, 5-HT receptor activation does not by

itself increase cAMP (Morin et aI., 1992), but 5-HT2 activation potentiates isoproterenol

or adenylate cyclase induced cytoplasmic cAMP levels through the phosphatidyl inositol

system (Rovescalli el al., 1993). The localized increases of pCREB in mitral cells in the
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previous study (Mclean et ai., 1999) suggest that the 5-HT and NE interaction might

occur in mitral cells.

Although a late phase of pCREB was observed in another hippocampal LTP

plasticity paradigm (Schulz et aI., 1999), we failed to show a 211<1 peak of pCREB during

the later time. It is possible that the high level of stimulation used in the previous

hippocampal LTP paradigm may have led to seizure activity, thus recruiting the second

peak of pCRES activation. Double peaks have not yet been reported in a naturallcaming

paradigm.

Our previous study showed that an effective conditioning pairing, odor plus

stroking, or in the present experiment, odor plus 2 mgfkg isoproterenol, but nOl odor

alone or stroking alone, enhances pCRES expression. These data suggest both a

glutamate-initiated calcium signal (Bozza and Kauer, 1998) triggered by odor input, and a

cAMPIPKA signal initiated by Il-rcccptor activation are required to significantly elevate

pCRES. The striking result in the present experiment. however, is that odor plus 6 mglkg

of isoproterenol is ineffective in producing either odor preference learning or enhanced

pCRES expression. This outcome argues that a critical window for calcium and PKA 00­

activation of phosphorylation events has been exceeded by pairing odor and the 6 mgfkg

dose of isoproterenol in the normal rat pup. The argument that 6 mglkg isoproterenol

might be producing pharmacological effects that directly interfere with odor learning is
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countered by the effectiveness of this dose in bulbar 5-HT depleted pups. The notion of

critical windows for intracellular plasticity cascades is not novel. Long·term depression

and long-term potentiation occur variously as a function of specific levels of intracellular

calcium (Foehring and Lorenzon, 1999; Yang et al., 1999). Competition at the level of

CREB factors leading to a failure of plasticity (Ptashne, 1988) has been described, but it

has not been suggested previously that a narrow band window exists for the events

triggering CREB phosphorylation itself. The present data demonstrate a strong correlation

between effective conditioned stimulus plus unconditioned stimulus pairing and pCRES.

Experiments are under way to probe a causal role for pCREB in this learning model.

2.3 EJ:periment 2. Increased ON-evoked synaptic potentials following

manipulation ofNE and 5-HT inputs to the olfactory bulb correlate witb the

requirements for conditioned odor preference learning in neonate rats.

We have established that a ~-adrenoceptor agonist, isoproterenol, can completely

suhstilUte for tactile stimulation as the unconditioned stimulus in olfactory preference

learning, while bulbar serotonin appears to facilitate this noradrenergic action (Langdon

et a!., 1997). In experiment I, we hypothesized, and further showed, that the interaction

ofNE and 5-HT to produce odor preference learning might act through the cAMP 2nd

message system to induce CREB phosphorylation, which in tum, would trigger

transcriptional activation of downstream proteins. Here we examined the
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e1ectrophysiological changes induced by these modulating neurotnmsminer interactions

in the olfactory bulb. We hypothesize that the e1ectrophysiological changes we observed

reflect critical changes underlying odor preference learning.

2.3.1 Method

A total of65 Sprague-Dawley rats of both sexes were used in this study. Thirty

three rat pups had their left olfactory bulbs depleted of 5·HT on PNDI or 2 prior to

e1ectrophysiological recording on PNDS·1O (see 5-HT depletion method in experiment

I). In Experiment 2a, normal pups were divided into four groups: a saline group, a 2

mg/kg isoproterenol group, a 6 mglkg isoproterenol group and a 20 mglkg propranolol

group. In Experiment 2b, three groups as above (the propranolol group was excluded)

"'ere included using bulbar S-HT depicted pups.

2.3,1.1 Surgery

On PND 5-10, pups were anaesthetized with a 2.25 glkg intraperitoneal injection

of20% urethane. Each pup was placed in a modified stereotaxic apparatus using pressure

exerted by the reverse side of normal ear bars to hold the head. The body was supported

in a polymer mould through which water warmed to 37°e was continually pumped to

maintain the body temperature of the pup. The nasal bone overlying the left olfactory bulb
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was removed using a dental drill.

2.3.1.2 Electrophysiology

A bipolar twisted Teflon coated stainless electrode (MS303, Plastic One) was

placed on the rostrolateral surface of the exposed olfactory bulb to stimulate the ON. The

stimuli consisted of three square bipolar 40V pulses of 0.2 ms duration, 10 sec apart.

Extracellular field potentials were recorded at varying depths with a saline filled glass

electrode with a tip diameter around 50 .urn. After a depth profile, the recording electrode

was usually placed in the EPL, approximately 200.3oo.um deep to the dorsal surface, to

maximize the ON·evoked field potential (EFP). Either saline, or 2 mglkg or 6 mg/kg

isoproterenol, or 20 mglkg propranolol in 50 .ul volume was subcutaneously injected into

the pup. Starting from time zero (the time of injection), three recordings with a 10 sec

interval were taken every 10 min for a total time of 80-90 min using a Labmaster A-D

board. Asyst software was used to deliver the stimulation and collect and store the EFPs.

Kruskal·Wallis nonparametric ANOVA tests were performed to compare the EFP areas

of each group at every time interval.

2.3.2 Results

A characteristic waveform of a field potential in the EPL of nonnal olfactory bulb
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stimulated by olfactory nerve stimulation is shown in Fig.2.3. The field potentials

recorded 200-300 J./m below the surface were long lasting (>50 mscc) and displayed N1

(kainate/AMPA receptor mediatcd) and Nl (NMDA receptor mediated) components

comparable to those described in vitro by Aroniadou-Anderjaska et al (Aroniadou

Anderjaska et aI., 1997). Bulbar 5-HT depletion did not appcar to alter the ON-evoked

potential (Fig.2.3)

In Experiment 28, 2 mg/kg isoproterenol produced long-lasting increases in

olfactory nerve EFP area that were evident beginning 30 min after injection and most

prominent at 60 min (Fig.2.4A & 2.4B). ON-EFPs showed little change following

injections of saline, 6 mg/kg isoproterenol or 20 mg/kg propranolol. At 60 min, the 2

mglkg isoproterenol group showed significantly increased pcrcentage EFP area from 0

min (F);!1=5.897, p=0.D03) compared to either the saline group (p<O.Ol), or the 6 mglkg

group (p<0.05) or thc propranolol group (p<O.05). Waveform changes suggest both NI

and N2 components (Aroniadou Anderjaska et al., 1997) contributed 10 the increase of

EFP area. NI and N2 change ratios were separately estimated in the 2 mg/kg

isoproterenol group by selecting a time point and assessing increases at that time point

relative to the same point during the initial measurement (0 minutes). The average effect

of 2 mglkg isoproterenol on ON-evoked potentials at 0 min and 60 min is illustrated in

Fig.2.4C.
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In Experiment 2b, 2 mglkg isoproterenol was ineffective in S.HT·depleted bulbs,

as was saline, in producing increases in the ON-EFP area (Fig.2.5A). In contrast, 6 mglkg

isoproterenol produced a significant increase in EFP area at 60 min (Fuo:4.3l7, p=0.02S)

when compared to the saline group (p<O.OS, Fig.2.5B).

2.3.3 Discussion

Isoproterenol at a dose, 2 mglkg, which nonnally produces an effective

conditioned odor preference in the S-IO day old rat pup, and which also increases peREB

expression in olfactory bulbs after conditioned odor preference training (as shown in

Experiment 1), potentiates the ON-EFP in urethane·anesthetized pups ofthe same age.

This effect was specific for the 2 mglkg dose of isoproterenol. The 6 mglkg dose of

isoproterenol, which does not produce effective odor preference learning in the rat pup,

did not potentiate the ON-EFP. Hov.>tver, in the olfactory bulb of rat pups depleted of

bulbar S·HT, 6 mglkg of isoproterenol, but not 2 mglkg isoproterenol. was required to

potentiate the ON-EFP. This change in the effective potentiating dose ofisoprotcrenol

with S-HT depletion parallels thc result produced by bulbar S-HT depletion on the

acquisition of early conditioned odor preference learning and the activation of peRES in

the olfactory bulbs. These results also suggest that during early conditioned odor

preference acquisition the glutamalergic ON input is potentiated.
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Potentiation of the N, component of the ON glutamatergic input by its pairing

with an effective J3-adrenergic activation, for example, enhancement of ON depolarization

(Kawai et al., 1999), enhancement of postsynaptic glutamate responses (Segal, 1982),

possibly through increases in membrane resistance, or increased synaptic glutamate

through decreased reuptake (Hansson and Ronnback, 1991). Potentiation of the N:

component of ON synaptic input may be related to those factors and also to enhanced

phosphorylation ofNMDA channels related to cAMP elevation and to disinhibition of the

mitral cells as the result of J3-adrenergic suppression of granule cell feedback (Wilson and

Leon, 1988).

An important result of Experiment 2 was the failure of the 6 mglkg dose of

isoproterenol to increase the ON-EFP in nonnal rat pups. This outcome suggests that the

electrophysiological potentiation of ON input is in some way dose dependent. While

dose-dependency has not been described for the direct actions of l3·receptor activation, it

has been suggested that NE alters mitral cell excitability primarily by indirect actions

(Jam and Nicoll, 1982). NE decreases GABA release from granular cells resulting in less

inhibition from granule cells to mitral cells, whereas glutamate released from mitral cells

enhances GABA release from granular cells and increases feedback mitral cell inhibition

An increase in the glutamate released onto granular cells that in turn enhances GABA

release at the higher dose of isoproterenol may overcome a net disinhibition produced by

a lower isoproterenol dose. Calcium influx through NMDA receptors also directly evokes
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GADA release in olfactory bulb granular cells (HaJabisky et al., 2(00). The balancing of

inhibition and disinhibition in olfactory bulb cireuitry may explain lhe failure to induce a

potentiated ON-EFP response using a higher dose (6 mgfkg) of isoproterenol in normal

olfactory bulbs.

The effectiveness of 6 mglkg isoproterenol in increasing the ON-EFP in bulbar 5­

HT--depleted ral pups suggests that phosphorylalion cascades are critical for the

electrophysiological effects. If potentiated responses depend on phosphorylation of ion

channels, then the failure to recruit intracellular phosphorylation would impair the

production of electrophysiological potentiation as well as lead to the failure in CREB

phosphorylation.

The present data suggest !he ON input mediating a specific odor is strengthened

by preference training during acquisition and, likely, more enduringly (Hebb 1949).

Combined with the observed pCREB increase in Experiment I and earlier evidence that

pairing of stroking with peppermint odor seleclively induces pCREB increases, the

electrophysiological data suppon the hypothesis that an enhancement of the odor

representation is pan of odor preference learning.

72



2.4 General discussion

We have investigated the 5·HT and NE interactions underlying olfactory

preference learning from behavior to synaptic transmission to post synaptic biological

signal transduction. Among numerous lines of evidence, we are one of the few research

groups to look at changes in pCREB during naturalleaming. In the present study, we

have also tried to illuminate the nature of the clcctrophysiological changes in the olfactory

circuitry that accompany acquisition of odor preference in the neonate rat by pairing an

electrical odor input (stimulation of olfactory nerve) with behaviorally effective doses of

isoproterenol. This procedure mimics the biological components underlying natural

learning. We found a remarkably robust correlation in which a bdmvioral effective dose

(2 mglkg), but not a higher ineffective dose (6 mglkg), ofisoprotercnol potentiated the

EPSP induced by glutamatergic olfactory nerve input, and selectively enhanced CREB

phosphorylation in neonate rat olfactory bulbs. A bulbar depletion of 5-HT shifted the

dose-dependent effect ofNE so that a higher dose (6 mg/kg) of isoproterenol was

required to overcome 5-HT deficiency in the olfactory bulbs for both the

electrophysiological change and the increased CREB phosphorylation triggered by

behaviorally effective pairing.

There are at least two ways in which the inverted U curve for isoproterenol might

be understood. (I) The factors that determine the failure to produce electrophysiological
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potentiation to olfactory nerve input are the critical factors in understanding the inverted

U curve for CREB phosphorylation. The failUl'e to phosphorylate CREB is a simple

consequence of the failure of potentiation. (2) there are two parallel actions of ineffective

pairings of odor input and IJ-receptor activation: one that influences the electrophysiology

of the bulb; and one that influences the ability of intracellular cascades to promote CREB

phosphorylation. The parallel mechanism hypothesis is less parsimonious and seems less

likc:ly.

In attempting to understand the failure of electrophysiologieal potentiation to

occur, we have entenained two hypotheses. The failure to produce odor preference

learning may relate to an imbalance in mitral cell inhibition/disinhibition accompanying

ineffective doses of isoproterenol. Alternatively. since the kno~l1 effects of isoproterenol

are mediated via G-protein activation and recruitment of adenylate cyclase. another

possible node for the failure to produce elecuuphysiological potentiation ....'Quld be a

failure to enhance cAMP levels. It is likely that cAMP sensitive ion channels are involved

in the early membrane effects of isoproterenol. Evaluating the dose dependency ofcAMP

increases in this system ....'Quld test this hypothesis.

The site of interaction between ~-adrenergic and serotoncrgic input remains to be

identified at the cellular leveL However, we suspect the interaction occurs in mitral cells

because localized pCREB increases were observed in mitral cells in the olfactory bulbs
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after conditioning (McLean et aI., 1999). The results of the present study seem to suggest

that electrophysiological alterations in functional circuitry will always accompany

acquisition of odor preferences and other learning paradigm.

75



Normal Pups

c '"
,0

~~
0,'

Kdo
r:/~e

<j, ~,#'
5>- -..
38~
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A: Odor preferenl:e lest in nonna! pups from the saline. 2 mglkg llIld 6 mglkg isoproterenol group
after odor onJy training. up<O.OI B: Western results showing the average optkal density (mean
± S.E.M.) of pCREB in the olfactory bulbs ofnonnal rat pups. -p<O.OS C: Representative
Western bioI showing pCRES levels in the nonna! olfactory bulbs from different treatment groups
at 10 min after odor exposure. pCREB bands locale al 43 kD. (Iso) Isoproterenol.
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Figure 1.4 EFP rKordings in normal rat pups
A: percentage change ofEFP areas from baseline (0 min) amongdifferenl treatment groups of
nonnal pups al various lime interval. (mean:l:S.E.M.) B: percentage change ofEFP area al60 min
in nonnal pups. ·p<O.05 C; average effect of2 mglkg isoproterenol on ON-cvoked potentials at 0
min and 60 min. (Iso) Isoproterenol
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Figure 2.5 EFl' re<:ordings in olfactory bulb S-HT depleted rat pups
A: pen::entage change ofEFP areas from baseline (0 min) of bulbar 5-HT depleted pups at various
time interval. (mean±S.E.M.) B: percentage change ofEFP areas at 60 min in bulbar 5-HT
depleted pups. "p<0.05 (Iso) Isoproterenol
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Chapter 3 Optical Imaging of Odor Preference Memory in the Rat

Olfactory Bulb

(Published in J.Neurophysiology. 87; 3156-3159, 2002)

3.1 Introduction

Neonate rats rapidly (one-trial learning) form a preference to an odor that is paired

with a reinforcing tactile stimulus (Sullivan and Leon. 1987) that activates the locus

coeruelus (Nakamura et aI., 1987) or that is paire<! with the beta adrenergic agonist,

isoproterenol (Sullivan et ai., 1989a&b). Several lines of evidence suggest thai the

olfactory bulb itself is sufficient to mediate this early odor preference learning: activation

ofbeca receptors locally in the bulb, concomitant with peppermint odor presentation, is

both necessary (Sullivan et aI., 1989a&b) and sufficient (Sullivan et aI., 2000b) for odor

preference learning to occur. Previous work has shown that odors induce focal uptake of

{1'C]2- deoxyglucosc (2.00) within the glomerular layer of the olfactory bulb (OB) and

that focal 2-00 uptake in the glomerular layer increases after early odor preference

learning (Sullivan et ai., 1991; Johnson and Leon, 1996). Effective odor preference

training protocols increase cAMP response element binding protein (CREB)

phosphorylation (McLean et aI., 1999; Yuan et aI., 2000b) in the bulb and sel~tively

increase the field EPSP to olfactory nerve stimulation (Yuan et aI., 2000b). Both the
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NMDA and AMPA components of the olfactory nerve field EPSP are enhanced.

Furthennore, odor conditioning enhances single-unit responses in mitral-tufted cells in

areas that exhibit enhanced 2-00 labeling following exposure to a previously conditioned

odor (Wilson and Leon, 1988).

Recent advances in optical imaging have facilitated our understanding of the

spatial representation of odors in the olfactory bulb (Uchida et aI., 2000; Belluscio and

Katz, 2001; Meister and Bonhoeffer, 2001; Rubin and Katz, 2001). Responses to odors

can be measured directly by optical recording of intrinsic signals from the dorsal surface

of the OB (Uchida et aI., 2000; Belluscio and Katz. 2001; Meister and Bonhoeffer. 2001;

Rubin and Katz, 2001). Representations of odorants within the OB can be visualized at

the level of glomeruli. The patterns of odor-induced optical signals are similar among

different animals (Belluscio and Katz, 200 I).

Intrinsic optical signals are due to activity-dependent hemodynamic changes and

light scattering (Malonek ct al., 1997; Meister and Bonhoeffer, 2001). Intrinsic signal

imaging enables in vivo recording and multiple manipulations on anesthetized animals.

Therefore, it may serve as a useful tool to explore training-dependent changes in

stimulus-induced patterns of neuronal activity. In this study, we investigated the

feasibility of using intrinsic signal imaging to detect training-dependent changes within

the 08 24 hr after conditioned odor preference training. We perfonned intrinsic optical
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imaging on the aBs of both trained and control one-week-old rat pups. An enhanced

optical signal was observed in trained animals to the trained odor. The result

demonstrated that intrinsic signal imaging could monitor training induced changes in

neuronal activity.

3.2 Methods

3.:1.1 Odor preference training

Eighteen Sprague-Dawley rat pups from five liners were used in this study. The

procedure for conditioning has been previously described in detail (McLean et al., 1993;

McLean et a!., 1999). Briefly, on postnatal day 6 (PND6, the day of birth was considered

PND 0). rat pups were removed from the dam and put on fresh bedding 10 min before

odor exposure. In one group, pups were placed on peppermint-scented bedding (0.3 ml of

peppermint/SOO ml bedding) and stroked vigorously on the hind region using a sable

brush every other 30 s for 30 s over a 10 min period (odor + stroking). In another group,

the pups were only exposed to the peppermint bedding without being stroked (odor only).

lnunediately after training or odor exposure, the pups were returned to the dams. Previous

studies (Sullivan and Leon, 1987; Sullivan et aI., 1989a&b; Sullivan el aI., 1991; McLean

et aI., 1993) have shown that rat pups subjected to the above conditioning procedure

develop a predictable odor preference for the odor used.
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3.2.2 Optical imaging

Rat pups were subjected to optical imaging the day after training. Rats were

anesthetized with a 2.25 g1kg intraperitoneal injection of 20% urethane. Anesthetized rat

pups were placed in a stereotaxic frame and the bone overlying the dorsal surface of the

olfactory bulbs was carefully thinned until the blood vessels underneath the bone were

visible (Uchida et aI., 2000; Rubin and Katz, 2001).

The stereotaxic frame with the anesthetized rat pups was mounted below optics

consisting of a Ix objective and a 1.6x projection lens. Odorants were diluted in glycerol

and delivered by computer controlled pressure pulses into a stream of fresh air blowing

over the rat's nose (Fig.3.1A). The bulbs were illuminated with red light (630 nm) via

two light guides positioned lateral to the objective (Uchida et a!., 2000; Rubin and Katz,

2001). The lighl was focused just below the blood vessels at the level of the glomeruli.

Images (640 x 480 pixel) were acquired by a cooled CCO system (Sensicam. PCO

Computer Optics GmbH, Gennany) under control of Axon Imaging Workbench software

(Axon Instruments, Inc., Foster city, CAl at a frame rate of2 Hz. Different odors and no­

odor recordings were interleaved and repeated 5-10 times. Odors were presented for 4 s

with a 60 s intertrial interval. Time series of images were averaged (n= 5 to 10) and

responses were expressed as odor-induced fractional change in reflected light intensity

(b.RIR, see Fig.3.IB). Thresholding (Uchida et aI., 2000; Rubin and Katz, 2001) or spatial
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filtering techniques (Meister and Bonhoeffcr, 2001) were not applied in order to avoid

any interference between these data transformations and data quantification. Data

processing and analysis were performed using Origin software (Origin Lab Corporation,

MA) and custom-made software written in Interactive Data Language (lDLS.4, Research

Systems, CO). The experimental protocol was approved by the Experimental Animal

Committee of the RIKEN Institute (Wako Shi, Japan).

3.3 Results

Figure 3.IA shows a schematic illustration of the experimental design for imaging

of OB responses to amyl acetate and peppermint. The dorsal surface of the OB was

imaged and reflected light was sampled from the medio-rostral, latero-rostral, medio·

caudal and latero-caudal quadrants. As shown in Figure 3.1 B application of peppermint

(lQl'Io) for 4 seconds induced a transient change in light reflectance after a delay of about

3 s. Peak amplitudes of these responses amounted to 0.2 % up to I % of the baseline light

intensity. Signal sizes of the four quadrants did not differ significantly and, therefore,

signals from the four quadrants were averaged in subsequent analysis.

The preceding experimental design was then applied using odor trained and

controllittermate pups (Fig.3.2A). Control animals exhibited amyl acetate and

peppermint-induced intrinsic optical signals of comparable peak amplitudes (0.414% ±
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6.6lxlO-4, and 0.354% ± 1.08xI0-3, respectively; mean ± SE). Trained animals,

however, exhibited larger signals to the trained odor (peppermint, 0.991% ± 2.26xI0-3)

as compared to the control odor (amyl acetate, 0.521 % ± 1.5x I0-3) applied to the same

animals (Fig.3.2B). Trained animals also responded with significantly larger intrinsic

signals to the trained odor than did controllittermates to the same odor (Fig.3.2B).

Furthermore, odor preference training significantly enhanced the ratio between the

responses induced by peppermint and amyl acetate (Fig3.2C).

3.4 Discussion

In the present study, we investigated whether odor preference memory can be

accessed by imaging of intrinsic signals at the level of the glomeruli and found that this

was the case. This outcome is consistent with the earlier reports of enhanced'2-DG uptake

at the glomerular level in the 08 following peppermint preference training. It has been

established that odor-induced intrinsic signals imaged from the 08 involve "global", i.e.

spatially less confined components as well as components that can resolve single

glomeruli (Meister and Bonhoeffer, 2001). Thc present odor-induced responses were seen

over the dorsal surface of the 08, i.e. at the "global" level, and only occasionally more

localized response patterns emerged (not shown). There are several reasons we might

expect primarily "global" signals in these experiments. The first is the age of the

subjects. Intrinsic optical signals in the somatosensory barrel fields of rats less than 7
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weeks of age arc more diffuse than thosc in adults (Yazawa et aI., 2001). This is

attributed to hori7.ontal interactions. Similarly only diffuse intrinsic optical signals are

seen initially in the visual cortex of young ferrets when orientation maps are studie<l and

there is considerable individual variation in the development of the more specific patterns

(Chapman et aI., 1999). Thus, the olfactory maps in week old rat pups may be more

diffuse than in older rats even though glomerular organization has already developed at

this age (Bailey et al., 1999). On the other hand, the same concentration of peppennint

used here produces discrete 2-00 spots in week-old pups (Sullivan and Leon, \987). 2­

00 peppennint representations are, however, less sensitive to odorant concentration than

optical signals appear to be (Carmi and Leon. 1991). Signals for amyl acetate, for

example. have been measured at similar concentrations with both methods (Stewart et al.,

\979; Rubin and Katz, 200t) and focal pattcrns are more discrete for higher

concentrations with 2-00 (Stewart et al., 1979). In addition increased 2-00 uptake over

the entire glomerular layer, as well as enhanced focal uptake, oceurs following

peppennint preference learning even in older pups (Johnson and Leon, 1996). It is

unlikely the global increases seen here are due to respiratory changes to the learned odor

since previous studies have found no change in respiration with peppennint preference

learning (Sullivan et aI., 1988). Finally, in 19 day old pups, 2-00 and c-Fos foci

following extended odor preference training are primarily in the midlateral bulb (Woo et

al., \987; Johnson ct al., 1995) that was not sampled here. In week old pups 2-00

(Sullivan and Leon, 1987; Yuan et al. 2000a) and pCREB (McLean et al., 1999) imagcs
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show dorsolateral foci as well. Thus a portion of the focal peppermint representation was

included in the present study, although visualization of the midlateral bulb might have

increased the probability of capturing a focal response.

These data are consistent with the evidence from earlier experiments showing an

increase in the field EPSP to olfactory ncrve input in pups of the same age that receive

learning effective training conditions (Yuan et al., 2000b). The intrinsic signal change at

the level of the glomeruli 24 hr later in the present study may indicate that the synaptic

modification seen during acquisition conditions is sustained.

Creation of an olfactory preference in the rat pup may therefore be intimately

related to an increase in synaptic strength at the level of the glomeruli. Such a hypothesis

is consistent with the recent report of a Drosophila mutation that concomitantly produces

an increase in glomerular synapses and the appearance of a behavioral preference for a

normally neutral odor (Acehes and Fcrrus, 2001). Transduction of the odor is not altered.

Other evidcnce supporting a special role for the glomerular layer in odor preference

learning is the report of increased glomerular size (Woo et aI., 1987) (as in the Drosophila

model) and of increased numbers of juxtaglomerular cells (Woo and Leon, 1991)

following peppermint preference training.

Future studie~ might examine glomerular intrinsic signal changes at a longer

88



interval after training to assess focal alterations and to ask if the generalized response

seen here is enduring as reported for 2-00. Within-pup analysis of optical signals in an

acquisition paradigm might permit an assessment of training-induced changes in discrete

foci when they occur. This was precluded in the present between-group study due to the

variability in the occurrence of discrete signals.
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Figure 3.1 Intrinsic imaging setup and peppermint nsponse neordjngs (rom the OB
A: Schematic illustration showing the experimental design (or imaging of olfactory bulb (08)
responses to two different odors (amyl acctate, AA, and pcppennint, PP). Thc dorsal surface of
the OB was imaged and reflected light was sampled from the medio-roslral, latera-rostral, media­
caudal and latera-caudal quadrants. B: Responses obtained with application ofpeppennint (l{)%)
for 4 seconds. Individual traces were obtained from the 4 quadrants indicated in A.
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Figure 3.2 Optical imaging of DB responses to AA and PP in control and trained pups.
A: Intrinsic OB responses to amyl acetate (AA) and peppennint (PP) in control and trained pups
Note larger response 10 PP in trained pups as compared to control animals and control odor (AA).
Time courses of responses did not differ between the populations of control and trained pups. B:
Statistical analysis of data (mean :!:S.c.m.). C: Ratio of responses 10 PP and AA in control and
trained rat pups. Asterisks indicate significant differences (One-Way ANQVA).
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Chapter 4 Mitral Cell PI and 5-HT1A Receptor co-Localization and

cAMP co-Regulation: A New Model of Norepinephrine­

Induced Learning in the Olfactory Bulb

(Accepted by Learning & Memory, 2002)

4.1 Introduction

The olfactory bulb is an excellent preparation for demonstrating classical

conditioning. Odor preferences can be produced in rat pups as young as one week when

an odor (conditioned stimulus or eS) is paired with any ofscveral unconditioned stimuli

(UeS) including milk, stroking or evcn mild foot shock (Sullivan and Wilson, 1994;

Sullivan et aI., 20ooa). The learning is localized to the olfactory bulb (Sullivan et aI.,

2000b) and modifications ofthe electrical (Wilson et aI., 1987; Wilson and Leon, 1988)

and metabolic (Sullivan and Leon, 1987; Sullivan et al., 1991) activity of the olfactory

bulb are observable after conditioning. Olfactory bulb norepinephrine (NE), acting

through p-adrenoceptors, is both necessary and sufficient as neural substrate for the ues

(Sullivan et al.. 2000b).

BllSed on these data and others, Sullivan and Wilson (1994) suggested that

learning results from the disinhibition of mitral cells, whieh pennits activation ofNMDA
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receptors and could promote long-tenn potentiation-like changes in the granule cell­

mitral cell connection (Wilson and Sullivan, 1994). In this scenario NE input from the

locus coeruleus to the olfactory bulb acts as the UCS by inhibiting granule cell

intemeurons in Ihe bulb through /3-adrenoceptors to produce disinhibition.

In contrasl to the disinhibition model, other data suggest the action of the UCS

occurs directly on mitral cells rather than through the intennediary granule cells (McLean

et aI., 1999). Granule cells show only weak responses to the p·adrenoceptor agonist,

isoproterenol, but show much larger responses to a-adrenoceptor agonists (Trombley,

1992; Trombley and Shepherd, 1992; Trombley, 1994; Mouly et al., 1995; Czesnik et al.,

2002) and disinhibilion of mitral cells is also driven by u-adrenoceptor agonists

(Trombley, 1992; Trombley and Shepherd, 1992; Trombley, 1994; Czesnik et al.. 2002;

but see Wilson and Leon, 1988; Okutani et al., 1998).

Stroking (tactile stimulation that increase NE levels, Rangel and Leon, 1995) or

isoproterenol paired with an odor produces learning (Langdon et al., 1997), and the same

parameters induce phosphorylation of cAMP response element binding protein (CREB)

in the mitral cells (Mclean el al., 1999; Yuan et aL, 2oo0b). CREB phosphorylation is

significantly increased in the olfactory quadrant thai received the odor input (Mclean et

aI., (999). Likewise the conditioning procedure produces potentiation of the

glutamatergic olfactory input to the mitral cells (Yuan et aI., 2000b). An interesting
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feature of the isoproterenol induced odor preference learning is that it benefits from co­

activation of the serotoncrgic system. 5·HT depletion of the olfactory bulb prevents

learning with typical doses of isoproterenol, but higher doses of isoproterenol, 4 mg/kg

(Langdon et aI., 1997) or 6 mg/kg (Yuan et aI., 2000b), can overcome the deficit.

Pharmacological studies using ritanserin and DOl suggest that the 5HTJAnC receptor is the

critical receptor mediating the serotonin effect (Price et aI., 1998), but 5HT2Af1C receptor

activation by itself does not produce learning (McLean et aL, J996). 5-HT acting through

5HTW2C receptors, as assessed with ritansedn, ketanserin and 001, has been observed to

potentiate ~-adrenoceptor activation in ral neoconex, resulting in enhanced cAMP

production (Morin et aI., 1992; Rovescalli el al., 1993).

We hypothesize that the critical UCS event in olfactory learning is the production

of cAMP in mitral cells. CREB phosphorylation resuhs from the convergence of the UCS

cAMP signal and the CS arising from the odor stimulus and travelling via the olfactory

nerve. This model parallels that proposed for sensory learning in Aplysia (Kandel et al.

2000).

In the present study we pursue three lines of evidence in support of a direct action

ofNE on mitral cells as the neural substrate for early olfactory learning. First, selective

antibodies for the p,-adrcnoceptors and the 5-HTlA receptor are used to examine the

localization and co-localization of these two receptors in the olfactory bulb. Second, the
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expression of cAMP following odor preference conditioning is examined with a cAMP

assay. The dependence of ~.adrenoccptorsactivation of cAMP signaling on 5-HT input

was also tested using 5·HT depletion. Third, the localization of cAMP increases

associated with odor preference conditioning is examined immunocytochemically in the

olfactory bulb.

We predicted we would find mitral cell co-localization ofl},-adrenoceptors and 5­

HT1... receptors in Experiment I. We had three predictions with respect to variations in

cAMP levels in Experiment 2. First, an effective UCS (e.g., stroking or 2 mglkg

isoproterenol in normal rat pups) would produce an increase in cAMP. Second, in rat

pups with 5-HT depletion in the olfactory bulbs, thesc UCSs would no longer increase

cAMP. Third, an ineffectivc UCS in normal pups (e.g, saline or 4 mglkg isoproterenol)

would be associated with lower levels of cAMP.

While I}·adrenergic and serotonergic receptor localization on mitral cells, together

with cAMP synergism, are key requirements of the presem hypothesis, a more convincing

demonstration of the hypothesis would include localization ofthe cAMP increase itself to

the mitral cells. This is undertaken in Experimem 3 with cAMP immunocytochemistry

following odor plus the learning-effective 2 mglkg dose of isoproterenol. In the same

pups one bulb was depleted ofS·HT. cAMP increases would not be predicted in mitral

cells of the 5·HT depIcted bulb.
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4.2 Experiment I 5-HT2... receptor and 131- adrenoccptor localization

4.2.1 Materials and methods

All experimental procedures were approved by the Memorial University

Institutional Animal Care Committee and conform to the standards set by the Canadian

Council on Animal Care.

4.2.1.1 Animals and sacrifice

Both young (postnatal day 6-12, PND 6-12) and older (PND 30-50) Sprague.

Dawley rats totaling 26 rats from 22 litters were used in this study. The rats were

anesthetized with an overdose of sodium pentobarbital and perfused as described

previously (McLean et al., 1999).

4.2.1.2 Immunocytochemistryllmmunonuorescencc

Frozen sections were cut coronally through the olfactory bulbs al 30 Ilrn using a

cryostat. The sections were either melted directly onto subbed slides or collected floating

in cold PBS. The sections were processed for the lll-adrenoceptor andlor the 5·HT2A

receptor using immunocytochemistry or immunofluorescence.
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For the ~l-adrenoceptor immunocytochemistry, briefly, cryostat·mounted sections

were air·dried at room temperature for 5-10 min, then incubated in primary antibody (~I­

adrenoreceptor Ab, 1:1000, Oncogene, Cambridge, MA) in 0.2% Triton X-lOO, 2%

nonnal goat serum (NOS) in PBS at 4°C overnight. Secondary antibody processing and

visualization using diaminobenzidine dihydrochloride (DAB) was as described previously

(McLean et aI., 1999).

For fluorescence double-labeling, the sections were collected free floating in 0.1

M PBS, followed by incubation overnight at 4°C in primary antibodies. Both the 5-HT1A

receptor antibody (1 :500, Phanningen, Mississauga, ON) and the ~I-adrenoceptor

antibody (1: I000) were dissolved in 0.2% Triton X-I 00 and 2% nonnal goat serum

(NOS) in PBS. After 3><10 min rinses in PBS, the sections were incubated in goat anti­

mouse IgO conjugated to CY3 (1 :400, Jackson ImmunoResearch, Mississauga, ON) and

goat anti-rabbit IgO conjugated to FITC (I :50, Sigma, Mississauga, ON) or Alexa 488

(1: IODD, Molecular Probes, Hornby, ON) dissolved in 2% NOS and 0.2% Triton X-I 00 in

PBS for 1 hr. The sections were rinsed 3x10 min in PBS and mounted on subbed

microscope slides.

To improve the results of immunocytochemistry and immunofluorescence, a heat­

induced antigen retrieval protocol was employed. Heat assists in unmasking the epitopes

or antigens that are hidden as a result of protein cross-linking induced by fonnaldehyde
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fixation (Shi et aI., 1991; Cattoretti et al., 1993; Jiao et ai., 1999). In this study,

microwave irradiation was used before the commencement of immunostaining. Briefly,

both slide-mounted sections and free-floating sections were placed in a microwave in

containers containing 0.1 M PBS solution (pH 7.4). Irradiation at the maximum selling for

1-2 min raised the temperature of the PBS solution to 90-95 °C after which the power

setting was adjusted to kecp the solution at a constant temperature of90-95°C for 10 min.

The sections were kept in the PBS for another 20 min to cool down. Standard

immunocytochemical staining as described above was perfonned after the microwave

irradiation. To exclude the possible non-specific staining resulting from microwave

irradiation, sections with no primary antibody incubation were also included in the

experiment.

4.2.l.3Image processing

For DAB-stained sections, the olfactory bulbs were examined using bright-field

microscopy. For fluorescence, two-ehannels ofa confocal microscope (Olympus

Fluovicw) or an epifluorescence (mercury lamp) microscope were used. The confocal

processing provided scans of 0.25 p.m thickness, which enabled unequivocal cellular

localization of the label. Images were captured digitally with either the Fluoview

confocal software or with a Spot® digital camera.
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4.2.2 Results

4.2.2.1 Microwave irradiation and lll-adrenoceptor labeling

We observed substantially improved immunocytochemical labeling of Ill­

adrenoceptors in olfactory bulb sections by using the microwave procedure described in

the Methods (Fig.4.IA vsA.IB). Strong immunocytochemical staining was observed in

the mitral cells and tufted cells. Label was mainly confined to the cytoplasm of the

somata. Fainter label was observed in periglomerular cells and small subsets of granule

cells. Without microwave irradiation. only faint. punctuate labeling of cells was observed

(Fig.4.IA). Thus, microwave treatment produced enhanced visualization of cells

immunoreactive for Ill-adrenoceptors within the bulb. To control for possible non-specific

staining resulting from microwave irradiation. some sections were incubated without the

presence of the primary antibody. This procedure served as a negative control for Ill­

adrenoceptor immunocytochemistry and produced no cellular label in the olfactory bulb.

although non-specific label of fiber bundles within the deep granule cell layer was present

(data not shown).

4.2.2.2 Immunofluorescence double label

To investigate the targets ofNE and 5-HT action, immunofluorescence double
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labeling of ~l-adrenoceplorand 5·HT2A receptors was performed. Consistent with

previous studies (Pompeiano et aI., 1994; McLean et aI., 1995; Hamada et aI., 1998;

Cornea·Hebert et aI., 1999), the mitral cell and external plexiform layers were intensely

labeled by the 5-HT2A receptor antibody (FigA.2D). Labeled tufted cells were also found

in the main olfactory bulb. Figure 4.3 shows CY3 immunofluorescence label of mitral

cells in a PND 35 rat. In a few cells, both cell bodies and their dendrites were clearly

labeled for the 5-HTlA receptor.

By using two-channel confocal imaging, we observed substantial ~,·adrenoceptor

and 5·HT2A receptor double labeling of mitral and tufted cells in both young (eg. PNDIO,

Fig.4.2A,B) and older animals. The label of both receptors was mainly cytoplasmic as

shown by punctuate label within the cytoplasm of mitral cells as illustrated in Figures

4.2C & D. This observation is consistent with the observation that G.protein coupled

receptors are normally internalized (Tang et aI., 1999; Chakraborti et aI., 2000).

4,3 Experiments 2A and 28 cAMP expression following odor preference

training

4.3.1 Materials and methods

In Experiment 2A, 63 Sprague-Dawley rat pups of both sexes from 9 litters were
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used. Seven training groups were included in this experiment. In Experiment 2B, len rat

pups from 5 litters were subjected to unilateral 5-HT depletions of the olfactory bulbs on

PND 1 and given either 2 mglkg or 6 mglkg isoproterenol (p-adrenoeeptor agonist,

Sigma) injections before lraining. All litters were culled to 12 pupsllitter. No more than

one pup of either sex from each litter was assigned to each training group.

4.3.1.1 Odor condilioning and drug injeclion

The procedure for conditioning has been described in detail before (Langdon et

ai., 1997; Price et al., 1998; McLean et ai., 1999; Yuan et aI., 2000b). Briefly, on PND 6,

saline or isoproterenol (I mglkg,2 mglkg, and 4 mglkg for Experiment 2A; 2 mglkg and

6 mglkg for experiment 2B) was injected subcutaneously into nonnal pups (Experiment

2A) or pups with unilateral 5-HT depletion of olfactory bulbs (Experiment 2B) 40 min

before their exposure to odor conditioning. The odor conditioning was perfonned by

placing the pups on peppennint-sccntcd bedding for a period of 10 min (0.3ml

peppennint extract in 500 ml of fresh wood-chip bedding). Also, in this study,

serotonergic fiber depletion was perfonned unilaterally in the olfactory bulbs. Either the

low (2 mg/kg) or the high (6 mglkg) doses ofisoprotcrenol was injected systemically into

the pups to investigate the synergistic effect of Il-adrenergic and scrotonergic receptor

interaction in inducing cAMP cascade activation (Experiment 2B).
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In Experiment 2A, some pups from the same litters were taken from their dams to

min before they were subjected to one of the following three training conditions:

odor+stroking (the pup was stroked by a sable brush every other 30 seconds for a period

of 10 min while the pup was placed on peppermint-bedding), stroking only (the pup was

subjected to stroking while it was placed on fresh bedding), and naive (the pup was

placed on fresh bedding for 10 min). The purpose of this grouping was to investigate the

cAMP levels when using a more natural learning paradigm than the isoproterenol-induced

learning.

Immediately after training, the pups were sacrificed by decapitation, both

olfactory bulbs were removed from the skull and frozen on dry ice. In Experiment 2A,

each pair o[olfactory bulbs from a pup was placed in 1.5 ml centrifuge tubes, whereas in

Experiment 28, olfactory bulbs from each pup were put individually into a

microcenlrifuge mbe because in each pup one bulb was subjected to 5-HT depletion while

the other was not. All samples were subsequently stored at -70 Q C until they were assayed

for cAMP content.

4.3.1.2 5-HT depletion

Unilateral 5·HT depletions of olfactory bulbs were performed in order to provide

intra-animal controls for the effect of 5·HT on isoproterenol induced cAMP expression.
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The procedure of 5·HT depletion has been previously described in detail (Mclean et al.,

1993; Mclean and Darby-King, 1994). Briefly, PNDI pups were remove<! from the dams,

pretreated with 10 mglkg desipramine by intraperitoneal injection, and placed on fresh

bedding. Forty-five min later, after being anesthetized by hypothermia on ice, the pups

were placed in a modified stereotaxic instrument, and 150 nl of 5,7-dihydroxytryptamine

(5,7-dHT) in Ringer's solution plus 0.02% ascorbic acid was injected unilaterally into the

anterior olfactory nucleus. Immunocytochemistry performed on the olfactory bulbs of

some 5-HT depleted pups confirmed 5-HT fiber depletion.

4.3.1.3 eAMP .ass.ay

Olfactory bulb samples were homogenized in 300 J.ll distilled water containing 4

mM EDTA. The homogenate was heated for 5 min in a boiling water bath to coagulate

the protein, then centrifuged at 10,000 rpm for 5 min at 4°C. After centrifugation, the

supernatant was removed and placed in a microcentrifuge tube. The pellet was kept for

protein assay. cAMP in the supernatant was assayed using a radiolabcled cyclic AMP

eH) assay kit (Amersham, Baie d'Urfe, PQ). The protein pellet was reconstituted by 500

J.l1 ofdHp. The protein contem of the samples was determined by a BCA protein assay

kit (Pierce. Rockford, IN). cAMP coment is presented as pmoleJrng protein.
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4.3.2 Results

cAMP expression in the olfactory bulb is increased by effective odor preference

training protocols (FigAAA). It is also increased by protocols that do not produce odor

preference learning. The groups receiving 2 mglkg isoproterenol and 4 mg/kg

isoproterenol paired with odor had significantly more cAMP than the odor only control

group (Repeated measures ANOVA FJ""3.20, p<.05; least significant difference tests,

p<.05). The I mg/kg isoproterenol group was intennediate. From the histogram

(FigAAA) it also appears that isoproterenol increases cAMP in a dose-related manner.

Pups receiving stroking paired with odor also had significantly more cAMP than

the naive control group (p<.OI, paired tl"';!<d-test). Pups with stroking alone had the same

mean cAMP levels as those with odor pairing and were also different from the naive

control group (p<.05, paired tl.tliled-test). The mean cAMP levels of the odor only pups

also did not differ from that of naive pups. This indicates tlull slroking, acting as the

unconditioned stimulus, is sufficient to activate the cAMP cascade, while the

conditioning stimulus (peppennint odor) appears to have no further influence on the level

of cAMP expression during odor preference learning.

In 5-HT depleled olfactory bulbs, the level of cAMP was significantly (p<.05, 1.,.

w!<d°test) reduced compared to non-depleted sides in both 2 mg/kg and 6 mglkg
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isoproterenol groups (Fig.4.4B). However, the dose-dependent profile of cAMP increase

following isoproterenol injection was maintained. This indicates that S-HT and

norepinephrine act synergistically to activate cAMP during odor preference learning.

4.4 Experiment 3A and 3D cAMP immunocytochemistry following unilateral 5­

HT depletion and isoproterenol injection

4.4.1 M.aterials .and methods

4.4.1.1 Animal prepanltion

Twelve Sprague-Dawley rat pups of both sexes from 4 litters were used in this

experiment. All pups were given S-HT depletions of left olfactory bulbs on PNDI as

described in Experiment 2. On PND6, in Experiment 3A, seven pups were subjected to 2

mglkg isoproterenol injections (s.c.) 40 min before being placed on peppermint-scented

bedding for 10 min. The pairing of2 mglkg isoproterenol and odor on PND6 normally

induces odor preference in pups (Sullivan et al., 1989b; Langdon et al., 1997).

Immediately after odor exposure, pups were sacrificed by decapitation. The brains were

removed from the skulls, fixed in icc-cold 4% paraformaldehyde in 0.1 M phosphate

buffer for one hour, then kept overnight in 20% sucrose and 1.5% parafonnaldehyde in

0.1 M phosphate butler. The next day, the brains were transferred to a 20% sucrose
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solution for one hour and then cut frozen at30 lUll using a cryostat. In Experimenl3B, 5

pups ",-ere sacrificed directly on PND6. to lest whether unilateral 5-HT depletion itself

affects the basallcvel of cAMP in the olfactory bulb. Immediatcly aftcr sacrifice. the

brains were removed from the skull. and processed as described in Experiment 3A.

4.4.1,21mmuDocytochemislry

Olfactory bulb sections were thawed onto subbed slides and processed using

immunocytochemistry for cAMP and 5-HT (to confirm 5-1'IT depletions of the left

olfactory bulbs). The cryostat-mounted sections were air-dried at room temperature for 5­

10 min followed by I hr incubation in 20/. NOS, 0.2% TritonX-IOO in PBS at room

temperature to block non-specific binding. Sections "'-ere incubated in the primary

antibody (cAMP, Chemicon. Mississauga, ON, diluted I :500; I: 1000; 1:3000; 1:5000 ; 5­

HT. INCStar, Stillwatcr, MN, diluted 1:3000) in 0.20/. TX-IOO. 2% NOS in PBS at 4°C

overnight followed by standard inunuJ\OC)1ochemical methods.

4.4.1.3 Image processing and analysis

The 5-HT depletions were confirmed under bright·field microscopy. Consistent

with previous results (Mclean and Darby-King, 1994), it produced more than 80%

depletion of tile 5·HT fibers of the left olfactory bulb as shown by immunocytochemistry.

106



For cAMP immunocytochemistry, the relative amount of cAMP expression was

quantified sYSlematically by comparing the optical density (darkness) of label in the

mitral cell layer from both bulbs. In each bulb. five sections at even intervals through the

entire olfactory bulb were examincd.

Image analysis was performed by tracing the medial region of the mitral cell layer

and an adjacent background region in the internal plexiform layer. Relative optical

density was achieved by determining the difference of optical density between the region

of interest and the background region divided by the optical density of the background

region. All the slides from Experiment 3A and 38 were coded so that the person

analysing sections was blind to the treatment. The regional optical densities from both

olfactory bulbs were compared statistically using the paired Student totes\.

4.4.2 RtSults

Consistent with !.\l-adrenoceplor and 5-HT1A immunocytochemical localization.

strong cAMP immunocytochemical staining was observed mainly in the mitral cells

(Fig.4.5) and tufted cells. Only a few periglomerular cells and granule cells were stained.

This suggests that NE action through the J31-adrenoceplor observed here increases cAMP

mainly in the output cells of the olfactory bulb. To support our hypothesis that NE and S·

HT act synergistically to enhance cAMP signaling in the CREB phosphorylation pathway,
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quantitative anaJysis of the relative optical density of the medial regions of mitral cell

layer.; was perfonned on both the 5·HT depicted bulbs and the conlfOl sides. Figure 4.6A

sho\\'S that after the pairing of isoproterenol and odor exposure, in 5·HT depleted

olfactory bulbs there was significanliy (p<.01, paired tl......... test, n=7) less cAMP staining

in the milral cell layer (reflected by relative optical density in medial regions) compared

to that in the control side of the same animals. To detennine if unilateral 5-HT depletion

itself reduces the basal level of cAMP expression in mitral cells, cAMP

immunocytochemistry was also performed on the olfactory bulbs of non-isoproterenol

injected pups. Fig.4.6B shows that there is no significant difference in the relativc optical

density of cAMP immunocytochemical staining in mitral cells in the 5-HT depleted sides

and the control sides. Comparison wen: only made within animals to avoid variability due

10 differences in the overall immunocytochemical reaclion.

Therefore, in the present data set 5-HT depletion does not by itself reduce the

basal level of cAMP expression, but it impaires the ability of isoproterenol to enhance

cAMP signaling. This is consistent with our hypothesis thal!l-adrenoccptors and 5-HT)

receptors are critical in early odor preference learning and interaci via a synergistic

promotion of cAMP in mitral cells of the olfactory bulb.
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4.5 Disculiliion

The major findings of this study arc that tI.-adrenoceplors and 5-HTu receptors

arc localized on mitral cells in the olfactory bulb and that interaction of these receptors

affects cAMP processing in mitral cells. cAMP expression is oot direclly affected by the

loss of serotonin but its up-regulation by either tactile stimulation or by stimulation of til­

adrenoceptors in the rat pup is impaired. Below we discuss the potential relevance of

such interactions for early olfactory preference learning.

4.5.1 Cellular localization oflhe tll·adrenoceptor and the 5-HTJ... receptor

Localization of 5·HT1.\ receptor protein (Hamada et aI., 1998: Comca-I'lebert et

al., 1999) and mRNA (McLean et aI., 1995) has been previously shown in mitral and

tufted cells. Our result using immunofluorescence to label the 5-HTu receptor is

consistent with these previous studies.

With the increased sensitivity ofthe present heat-induced antigen retrieval method

for immunocytochemistry. we are the first to report substantial neuronal localization of

the f3,-adrenoceptors in the olfactory bulb output cells. The finding that the receptor is

localized primarily in the output cells of the bulb (mitral and tufted) and co-localized with

5-HT1... receptors is consistent with the demonstrated functional interaction of these
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receptors in the olfactory bulb ofille neonate rat and supports the present model ofcrilica1

neural substrates.

Our finding that lhe two receptor sublypes remain co-Iocalized in older animals

implies possible funetional5-HTINE interaclions in adult rat olfactory bulb that merit

funher investigation.

I3I-adrenoceptor localization in the olfactory bulb of rat has been briefly described

in two survey papers (Wanaka et ai., 1989; Nicholas et aI., 1993). Both papers suggested

weak localization of l}1-adrenoceptors (in situ hybridization, Nicholas et al., 1993) or 13­

adrenoceptors (inununoclyochemistry, Wanaka et al., 1989) in the grnnule cell layer of

the bulb as also seen in a small SUbsel ofcells in the present study. A developmental

binding study targeted to the olfactory bulb also suggested most l}1-adrenoceptors binding

occurred in layers other than the mitrnl cell layer and increased developmentally (Woo

and Leon. 1995). In a later study the same authors reported locus cacruleus lesions

increased l3-adrenoceptors density in the glomerular layer (Woo et aI., 1996), suggcsting

this region mighl be most responsive 10 locus coeruleus input. Such receptors could be on

the dendrites of mitral cells projecting to the glomerular layer.

The reasons for the failure of the binding studies to identify mitral cells as

important sites ofl3l-adrenoceptors are unclear. As noted by Woo and Leon (1995),
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iodopindolol is biased toward the detection of ~2-adrenoceplors,thus even examining

radiolabeling in the presence of a ~l·adrenoceptor antagonist may not be sufficient to

eliminate some binding of ~2-adrenoceptors.which are numerous in the olfactory bulb.

The profiles of the two receptors seen in the binding studies were identical except for

additional external plexifonn labeling for ~2·adrenoceptors. Mitral cells also have

prominent internalized ~l-adrenoceptor labeling in the present study. Internalized

receptors have low binding affinity (Flugge et aI., 1997) and their demonstration may

depend critically on ligand concentration. Finally, Leon's laboratory, in a briefrepon

(Ivins et aI., 1993) using in situ hybridization methodology, identified ~l·adrenoceptor

mRNA in mitral cells, consistent with the present observations.

Isoproterenol interacts with ~1' as well as ~l-adrenoceptors, in the olfactory bulb.

The present study does not rule out a role for the fl,·adrenoceptors in olfactory preference

learning. In situ hybridization study demonstrated that f}2-adrenoceptors are more widely

expressed than fl,-adrenoceptors in the olfactory bulb, including the mitral cell layer

(Nicholas et aI., 1993), and can up-regulatc cAMP. Their specific contribution to early

olfactory learning remains to be identified.
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4.5.2 fuoctionalsignificance of cAMP activation via p.-adrenMepton and 5-HTlA

receptors in output nib of the olfactory bulb

cAMP increases accompanied both stroking and 2 mglkg isoproterenol. the t....,o

effective UCSs. as predicted by the presem hypothesis. However, odor+stroking did not

produce increases greater than those of stroking alone, although the odor+stroking group

was less variable. In contrast to the present failure to detcct an increase in cAMP with

odor pairing. the studies of pCREB using Western blots showed higher levels in the

odor+stroking than the stroking only condition (Mclean et al., [999), With 10%

peppennim as the odorant, cells involved in the odor representation appear widespread

and were sufficient to demonslnlte the pCREB effect. lbe pCREB result may argue that

the failure to see pairing associated cAMP change is real. If cAMP is not incrused by

odor pairing, it suggests thal, unlike the Aplysia model in which sensory input and a

monoaminergic input converge on adenylyl cyclase activation, in the rat pup olfactory

bulb the sensory input influences learning by convergence on the pCREB pathway (see

FigA.7).

The hypothesis of receptor synergism in cAMP recruitment was tested in

Experiment 2. As mentioned, 5-HT depletion prevents early olfactory preference learning

produced by pairing odor with the nonnally optimal 2 mglkg dose of the p-adrenoceptor

agonist, isoproterenol. A higher, 4 mglkg or 6 mg/kg dose of the ~adrenoceptors. can,
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however, overcome the depletion effect and produce learning (Langdon et at., J997; Yuan

et aI., 2000b). The higher 4 mglkg dose of isoproterenol is nonnally ineffective as a UCS

in nonnal pups (Langdon et al., J997). A dose of 6 mglkg has also been shown to be

ineffective in learning and in producing CREB phosphorylation in nonnal pups (Yuan et

at., 2000b). Thus, isoproterenol-induced learning and CREB phosphorylation show

parallel inverted U curve profiles with increasing doses of isoproterenol. A similar

inverted U curve profile has been described for stroking-induced learning (Sullivan et al..

1991), suggesting it is a basic property of the learning system.

The dose-dependent increase in cAMP with increasing isoproterenol did not

support the initial hypothesis that biphasic agonist control of cAMP explains the inverted

U curve seen behaviorally, elccuophysiologically and biochemically. Although biphasic

cAMP control of behavior has been reported in other mooels (Ozacmak et aI., 2(02), the

present data suggest instead that there is an optimal level of cAMP activation which can

be exceeded. In the present model three possibilities suggest themselves: (a) higher levels

of cAMP recruit increased calcium entry which might favor calcineurin-induced

dephosphorylation; (b) higher levels of cAMP promote greater phosphodiesterase 4

(PDE4) activation through PKA (Ang and Antoni, 2002) and this may critically shorten

the duration of the eAMP signal; and (c) elevated cAMP promotes faster cAMP extrusion

(Wiemer et al., 1982) which again would shorten the signal duration. CREB

phosphorylation has been shown to be enhanced by longer durations of eAMP signaling
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(Barad et al., 1998). Manipulation of ca.lcineurin and measuremen[S of the time course of

cAMP elevation with varying doses of isoproterenol would test these hypolheses.

cAMP-regulated signaling pathways and the associated phosphorylation of CREB

have been postulated as imponant mechanisms underlying learning and memory (Davis et

al., 1995; Abel etal., 1997; Impeyet aI., 1998b; Monset al.. 1999; Wong eta!., 1999).

Aversive olfactory learning in the Drosophila depends critically on this cascade (Zhong et

al., 1992; Davis et aI., 1995; Mons et al.. 1999) and has several parallels with the rat pup

model of olfactory learning. Both cAMP increases and CREB phosphorylation are

thought to mediate the acquisition of odor aversion in Drosophila. Although cAMP levels

in Drosophila have not been measured directly with training as in the present study.

systematic manipulations of the components of the cAMP cascade produce predictable

deficits in olfactory learning and memory (Zhong et 81., 1992; Davis et 81., 1995). In

addition, in the dunce mutants with reduced phosphodiesterase. cAMP levels are

increased above nonnal and olfactory learning and memory are deficient (Byers et al..

1981). As in lhe present study an impairment of the normal temporal dynamic of cAMP

has been suggested to underlie the impairment in olfactory learning in Drosophila mutants

with higher levels of cAMP.
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4.5.3 A new model of noradrenergic-mediated early olfactory preference learning

in the rat pup

In the present study, we demonstrate that mitral cells, the main output cells in the

olfactory bulb, are the postsynaptic cellular substrate for olfactory preference learning.

Immunocytochemistry demonstrated the co-localization of~l-adrenoceptors and 5-HT2A

receptors in mitral cells. Manipulation of ~-adrenoceptorand 5·HT receptor activation

affected cAMP levels in mitral cells in a predictable pattern. This profile of results

supports the hypothesis that the ~,·adrenoceptors and SHT1A1X" receptors, imeract in early

odor preference learning via a synergistic promotion of cAMP in mitral cells in the

olfactory bulb, as they do in neocortex (Morin el a1., 1992), and that the critical learning

change occurs in the mitral cell processing of olfactory nerve input.

This new model of olfactory preference learning mediated by ~l-adrcnoceptor

activation is illustrated at the circuit and intracellular level in Figure 4.7. This model

accounts for several aspects of what we have seen.

Isoproterenol paired at a learning effective dose with olfactory nerve input will

potentiate the olfactory nerve EP8P including both NMDA and non-NMDA components

(Yuan et al., 2000b). Such potentiation may be mediated by cAMP-initiated

phosphorylation ofNMDA and AMPA channels. Phosphorylation ofL-Cal
' channels
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could also contribute to membrane depolarization and potentiation ofNMDA currents.

Closing ofK' channels following isoproterenol which has been reported in othcr systems

(Karle et a!., 2002) is another mechanism by which depolarization might occur. The

failure of higher doses of isoproterenol to produce the electrophysiological potentiation

would again be related to an excess of dephosphorylation activity or a shortening of the

elcvation of cAMP.

Either odor-stroking pairings or odor-isoproterenol pairings also produce CREB

phosphorylation (Mclean et aI., 1999; Yuan et aI., 2000b). For this component an

interaction of the cAMP cascade and Cal'l calmodulin cascade is suggested to occur. In

particular Ca1'/calmodulin activates calmodulin kinases while PKA prevents phosphatase

activation resulting in a net phosphorylation ofCREB (Impey et aI., 1998a; Wong et al.,

1999). PKA may also enhance activity of the MAPK pathway (Impey ct aI., 1998a; Poser

and Storm, 2001), but we have not yet characterized the role of this pathway in early

olfactory learning. Again excessive activation of the cAMP pathway that fails to activate

CREB phosphorylation may truncate the duration of the cAMP signal or have

phosphatase promoting consequences.

The approach behavior of rat pups 24 hr following odor-UCS pairing is thought to

be linked to these initialing events. Oplical imaging experiments in trained pups suggest

increased activation in the olfactory bulb to the conditioned odor. but not to a control
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odor,24 hr after training (Yuan el al., 2002). It is clear thai pairing odor with local

infusion ofisoprolerenol in the rat pup is sufficient to produce the approach ~ponse

(Sullivan el aI., 2000b). It appears that a change in the representation of the odor in the

olfactory bulb determines the response. However, we do not even know why some odors

are inherently attractive. A study of the bulbar representation of such odors might be

helpful. Our data suggests the odor representation potentiates, both NMDA and AMPA

components of olfactory nerve input are strengthened during acquisition procedures

(Yuan et aI., 2000b), while activation probed by optical imaging is stronger 24 he latcr

(Yuan et al., 2000). How this incrcased activation is coupled to approach behavior is

unknown.

The present model with its emphasis on the role of the p,-adrenoceplor on mitral

cells does not rule out a role for disinhibition in nonnalleaming. ~adrenoceplormediated

disinhibition (Wilson and Leon, 1988; Okutani et aI., 1998) has been reported in pups and

adults in the olfactory buJb and might occur via the pz-adrenoceplor on granule cells

(Nicholas el aI., 1993). Other o.-adrenoceptor-mediated disinhibitory effects have been

docwnented (see introduction). Such disinhibition would funher support the PI­

adrenoceptor mechanisms identified here.

Finally. the present model is closely related to the learning model well..<Jescribed

for Aplysia. Indeed, Kandel et al. originally suggested that norepinephrine in mammals
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might play the role of serotonin in the Aplysia (Brunelli et aI., 1976). The present model

follow'S that suggestion. A key difference between the two models would appear to be in

the co-inddence detection mechanism. In Aplysia adenylyl cyclase itself is the c0­

incidence detector for the CS and UCS and higher levels of cAMP detennine the

occlllttnce of learning. In the present model high levels of cAMP alone do not produce

learning and the CS pathway appears 10 interact with the UCS pathway at a later stage.
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Figure 4.1 Localization of the p,-adrenoceptor in the olfactory bulb by
immunocytochemistry.
A: Visualization of the receptor without the use of microwave heating.
B: Visualization ofthe receptor after the use of microwave heating
Note the faint label ofmitnll cells in A and lhe clear labeling ofmirral and tufted cells and a
small number of granule and periglomerular cells in B
Abbreviations, epl, external plexiform layer; gel, granule cell layer; 81, glomerular layer; mel,
mitral eelliayer;. Bars, 100 JUll.
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Figure 4.2 Confocal images ofthe olfactory bulb from a PNO to pup.
Note the double labeled mitral cells (eg. at white and blue arrows) at low (A) and higher
magnification (8·0). A&B show the combined label of PI & 5-HT1.\ receptors. Double label was
also observed in tufted cells (arrowheads) near the glomerular layer (A). Bars. 50 11m.

120



Figure 4.3 Immunonuore:se.nce label of mitral cells in a PNDJ5 rat using an ntibody to the

5-HTu receptor. Note the mitral cell body (arrows) and dendritic label. Bar, .so ~m_
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Figure 4.4 cAMP expression in the olfactory bulb of PND 6 pups immediately after
varioustrainingsessionl.
(A). An increase in cAMP expression is observed with increasing ~adrenoceptor activation
(isoproterenol) compared to saline.injected controls exposed to odor only at the time of training
(N=9·, p<O.05 compared 10 the saline group). The act of stroking the pup appears to activate
the cAMP to levels equivalent to pups given stroking plus odor(N--9·, p<O.05; ••, p<O.OI).
(B). 5-HT depletion reduces the isoproterenol induced cAMP expreuion which can be partially
overcome by inducing more activation of ~adrenoceptors(via isoproterenol).• , p<O.05; 5-HT
depleted bulb compared to normal control bulb. N"'4 for 6 mglkg iso control group. N-.. 5 for
other three groups. Abbreviation: iso,isoproterenol.
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gel

mel
epl

figure 4.5 cAJ\tP immunocytocbemistry shows the eellulu location of cAJ\lP in the
olfactory bulb. The immunocytoehmuca1 methods employed here showed selecthoe cAMP
expression in mitral cells of the mel Arrows indicate aJtifacl labeling of blood vessels.
Abbreviations. epl, external plexifonn layer; gel, granule cell layer; mel, mitral cell layer.
Bar,50~
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Figure 4.6 Relative optical density (ROD) measures of cAMF showing the innuence of
isoproterenol (iso) andlor unilateral bulbar S-HT depletion on cA1'o1P npression in the
mitral cell layer.
(A). ROD of cAMP immunocytochemical staining in the S-HT depleted olfactory bulbs and the
control bulbs oflhe same animals after pairingof2 mglkg isoproterenol injections with odor
exposure. Significantly less cAMP level is seen in S-HT depleted olfactory bulbs compared to
the control sides (N=7. p<O.OI).
(8). ROD of cAMP immunocytochemical staining in the S-HT depleted olfactory bulbs and the
control bulbs afthe same animals without isoproterenol injections or odor exposure. Note Ihat
there is no difference between these Iwo groups (N=5, p>O.05) which suggests that5-HT
depletion by itself does not affect cAMP leve]s.
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Flgure 4.7 Propo5td intercellular and intracellular pathways In the olfactory bulb
activated by PI .lind 5-HT1..1. receptors.
(A). Schematic diagram indicating the major circuitry in the olfllCtory bulb especially as it relates
to the present odor leaming model llI1d identifying the convergence ofodor input (via olfactory
receptor cells), and noradrenergic and serotonergic input onto mitral cells.
(8). Intracellular circuitry ofthe mitral cell. ~1-adrenocePtors mediate the unconditioned
stimulus (UeS) via either laCtile stimulation or a IJ-adrenoceptor agonist The conditioned
stimulus (CS) is provided by odors which stimulate glutamate receptors on mitral cells. When
proper stimulation occurs the pathways induce phosphoryllllion ofCREB and learning.
*cAMPfPKA "gating" oCthe calcineurin dephosphorylation pathway ofCREB (see discussion
for further details ofthe pathways).
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Chapter 5 Early Odor Preference Learning in the Rat:

Bidirectional Effects of CREB and Mutant CREB

Support a Causal Role for pCREB

(submitted to 1.Neuroscience., 2002)

5.1 Introduction

Early odor preference learning offers a unique paradigm for the study of natural

mammalian learning. In th~ neonate rat, neural circuitry changes that are critical for odor

preference memory occur in the olfactory bulb (Wilson and Sullivan, 1994; Sullivan et

aI., 2000b). A change in the first synapse, the olfactory input to mitral cell connection,

appears to underlie both the acquisition and expression of odor preference (Wilson et aI.,

1987; Woo et a!., 1987; Wilson and Leon, 1988; lohnson et aI., 1995; Woo et aI., 1996;

Yuan et aI., 2000b; Yuan et aI .• 2000). Phosphorylation of cAMP response element

binding protein (CREB), proposed as a universal "memory molecule" (Silva et aI., 1998),

is seen in mitral cells following olfactory preference training, but no! in control conditions

(McLean et al .. 1999). The present study asks whether phosphorylation of CREB in the

olfactory bulb can be shown to be causal in early olfactory preference learning.

In neonate rats, a single 10 min session of tactile stimulation such as stroking
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(unconditioned stimulus, UCS) paired with an odor (conditioned stimulus, CS), typically

peppermint, produces odor preference learning, seen as an approach to the odor 24 hr

later (Sullivan and Leon, 1987; Wilson and Sullivan, 1994). Norepinephrine (NE)

released from the locus coeruleus with tactile stimulation is known to act in the olfactory

bulb via ll-adrenoceptors (Wilson and Sullivan, 1994; Langdon el aI., 1997; Yuan et al.,

2000b) coupled 10 cAMP. 1be fl-adrenoceptor agonist, isoproterenol, can substitute for

stroking when given systemically, or directly into the olfaclory bulb, to induce learning

(Petralia et al., 1996; Langdon et al., 1997; Yuan et al., 2000b). NE and serotonin (5-HT)

in the olfactory bulb have been shown to interact in early odor preference learning to

promote increases in the cAMP-mediated CREB phosphorylalion (Yuan et al., 2000b).

pCREB increases are transient and occur selectively in lhe peppenninl.encoding area of

the mitral cell layer in the olfactory bulb following peppermint conditioning (McLean et

al., 1999). &th learning and increases in pCREB also occur when odor is paired with a

moderate dose of isoproterenol (2 mglkg), but nol with lower (I mglkg) or higher (4 or 6

mglkg) doses ofisoprolerenol (Sullivan et aI., 1989b; Sullivan et al., 1991; Langdon et

aI., 1997; Yuan et aI., 2000b). The parallel inverted-U curve profiles in both

isoproterenol-induced learning and CREB phosphorylation are shifted to the right

following depletion ofS-HT in the olfactory bulb (Yuan et aI., 2000b), such that a higher

dose (6 mglkg) of isoproterenol is now required for the induction of learning and the

increase in pCREB.
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Based on these studies, we proposed a causal role for CREB in neonate rat odor

preference learning; but the evidence was correlational (McLean et ai., 1999; Yuan et ai.,

2000b). Here we evaluate causality using a herpes simplex virus, HSV, to express

additional CREB or dominant negative mutant CREB (single point mutation at the

phosphorylation site Serl33) in neurons of the rat pup olfactory bulb. HSV-LacZ

expressing E.coli j3-galatosidase, was used to verify the expression of HSV-encoded

proteins in the olfactory bulb, and as a control to detennine whether virus injection itself

would affect odor preference learning.

In the present study we ask whether additional CREB or mutant CREB in the

olfactory bulb will alter nonnal odor preference learning and/or promote the occurrence of

odor preference learning when sub- or supra-optimal doses of isoproterenol are given. We

also measure the levels of pCREB to assess the link between the substrate and the

transcription factor.

5.2 Material and methods

5.2.1 Animals

Sprague-Dawley rat pups of both sexes were used in this study. Liners were culled

to 12 pupsllitter on postnatal day 1 (PND 1. the day of birth is considered PNDO). The
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dams were maintained under a 12hr light-dark cycle, with ad libitum access 10 food and

water. All experimental procedures were approved by the Memorial University

Institutional Animal Care Committee.

5.2.2 Vinu vector

HSV-LacZ, HSY·CREB (ovtrexpression ofCREB). and HSV-mCREB

(overexpression ofa dominant negative mutant CREB) were used in this study. The

average titer of the recombinant virus stocks was 4.0x I0' infectious unitlml (for viral

vector preparation sec CattoreUi et aI., 1993; Carlezon. Jr. el aI., 1998; Neve and Geller,

1999).

5.2.3 Virus injection

On PND4, rat pups were anaesthetized under hypolhermia on ice and placed in a

stereotaxic frame. The skull over the central region of etlCh olfactory bulb was carefully

removed by a denial drill. A tolal of 1111 virus stocklbulb was injccted at four levels inlo

each bulb over a 5 min period with a 27 gauge Hamilton syringe. Pups were then warmed

up and returned to the dam aner recovery.
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5.2.4 Odor conditioning

The procedure for odor conditioning for naturalleaming has been described before

(Sullivan et aI., 1989b; Sullivan et aI., 1991; McLean et al., 1993). Briefly, on PND6, rat

pups were removed from the dam and put on fresh bedding 10 min before odor exposure.

In the odor+stroking (O/S) group, pups were placed on peppermint scented bedding (0.3

ml peppermint/SOD ml normal bedding) and stroked vigorously on the hind region using a

sable brush cvery other 30 sec for 30 sec over a 10 min period. In the odor only (010)

group. the pups were only exposed to the peppermint bedding without being stroked. The

naive pups were placed on fresh bedding for a 10 min period. Immediately after these

conditions. the pups were returned to the dams.

The procedure for odor conditioning using isoproterenol (I mglkg, 2 mglkg or 4

mglkg) has been described before (Langdon et al .. 1997; Yuan et al., 2000b). Briefly, on

PND6, saline or isoproterenol was injected subcutaneously into pups 40 min before

exposed to the peppermint odor. The pup was removed from the dam 30 min after

injection and placed on fresh bedding. Ten min later, The pup was placed on peppermint­

scented bedding for 10 min. After odor exposure, The pup was returned to the dam.
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5.2.5 Odor preference test

On PND7, pups were subjected to odor preference testing. A stainless steel test

box (JOx20xI8cm) was placed on two boxes which were separated by a 2 em neutral

zone. One box contained fresh bedding; the other contained peppermint scented bedding.

Each pup was removed from the dam and placed in the neutral zone of the test box. The

amount of time the pup spent on either peppermint scented bedding or nonnal bedding

was recorded for five l-min trials. The percentage of time the pup spent on peppermint

scented bedding over the 5 min period was calculated. One-way ANDVAs were used for

analysis.

5.2.6 X-gal histochemistry

LacZ expression in the olfactory bulb was revealed by visualizing its substrate 13­

galactosidase activity using X-gal histochemistry. Pups were given an overdose of sodium

pentobarbital (80 mglkg) and perfused transcardially with an ice-cold saline solution

followed by a fixative solution (0.5% paraformaldehyde + 2% glutaraldehyde in 0.1 M

phosphate buffer, pH 7.4). Brains were removed from the skull, postfixed in the same

solution for Ihr and transferred to a 30% sucrose solution overnight.

Coronal sections (40l-lm) were cut in a cryostat the next day. Sections were
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mounted onto slides and air dried at room temperature. Alternate sections were collected

for X-gal and Nissl staining. Slides containing olfactol)' bulb sections for X-gal staining

were then incubated overnight with a solution containing 3.1 mM potassium ferricyanide..

3.1 mM potassium ferrocyanide, 0.15 M NaCl, I mM MgCl l , 0.01 "'. sodium

deoxycholate, 0.02% NP-40, and 0.2 mglml X-gaJ (dissolved in N,N'-dimethyl

formamide) in 10 mM phosphate bufTer(pH7.4). An insoluble blue color indicated I}­

galactosidase activity. After a brief rinse in PBS, all slides were dehydmted and

coverslipped with Permount (Sigma). Possible cytoarchitectural damage due to virus

injections was investigated in Nissl stained sections.

5.2.7 Nuclear cell ulract and CREBlpCREB assay

Pups used for the CREBlpCREB assay were anaesthetized with COl and

sacrificed by decapitation. Both olfactory bulbs were collected immediately on dry ice and

stored in microcentrifuge lUbes at -700C. Olfactory bulb tissue was homogenized using

100 IlUsample of BufTer A containing 10 mM Hepes (pH 7.9),1.5 mM MgCll , 10 mM

KCI, I mM dithoithreitol (OTT), I mM PMSF, and 0.1 % NP--40. The samples \\'ere

incubated on ice for 15 min, then centrifuged at I,OOOx g at 4°C for 10 min. The

supernatant was discarded. The pellet was resuspended in 500 JlL of Buffer A without

NP-40. Again, the samples were centrifuged at 1000x g for 10 min and the supernatant

was discarded. The pellet was resuspended in 100 I-lL of TransAm lysis buffer (Active
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Motif) containing DlT and a protease inhibitor cocktaiL The samples were rocked at4"C

for 30 min, then centrifuged for 10 min at l4,OOOx g at4"C in a microcentrifuge. The

supernatant (nuclear extract) was collected. Protein determination was performed by a

bicinchoninic acid (BeA) protein assay kit (Pierce).

CREB/pCREB protein content was detcrmined using CREB/pCREB assays

(Active Motif) according to manufacturer's instructions. A total of 10 ~g protein was

loaded into each well. CREB/pCREB was visualized and quantified by a colorimetric

reaction and read by a spectrophotometer at 450nm. 2.5 ~g forskolin-stimulated WI-38

cell extract was use<! as a pOsitive controL Thc optical densities of the CREB/pCREB per

mg protein were compared by a paired Student t-test between the two groups in each

experimental condition.

5.2.8 Experimental procedures

5.2.8.1 Expression of HSV·L.acZ in the olfactory bulb and its effect on odor

preference learning

To determine whether tmnsgenes are exprcssed in olfactory bulb neurons, and

whether virus injection itself affects olfactory preference learning, fony-three rat pups of

both sexes from eightlitle~ were divided into 6 groups: 2 injection conditions (HSV-
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LacZ & saline) X 3 training conditions (Odor+stroke, DIS; Odor only, 010; Naive). X-gal

histochemistry and Nissl staining were performed on the olfactory bulbs of HSV-LacZ

injected pups after they were tested for odor preference. One-way ANOVAs were used to

compare different training groups in the two injection conditions after the odor preference

testing.

5.2.8.2 The causality ofCREB in natural odor preference learning

Eighty-seven pups from 10 litters were divided into nine groups: 3 injection

conditions (HSV-CREB, HSV-mCREB, HSV-lacZ) X 3 training conditions (DIS, 010,

naive). In each litter, no more than one pup was assigned to each group. Odor preference

Icarning and testing were performed as described above. One-way ANOVAs were used to

compare the performance of the three training groups in different injection conditions.

To test for the expected increase of CREB expression in the olfactory bulb at the

time of learning following the viral injection, eighteen pups from three littcrs wcre

injected bilaterally into olfactory bulbs with either HSV-CREB or HSV-LacZ on PND4.

On PND 6, the pups were sacrificed by decapitation. Both olfactory bulbs were collected

in dry ice and stored in microcentrifuge tubes at-70cC until a CREB assay was

performed.
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To test if increased CREB substrate results in an enhanced pCREB expression

following conditioning, further delineating the effects of CREB/pCREB levels on odor

preference learning, a pCREB assay was perfonned on the olfactory bulbs of the rats from

the O/S groups injected with either HSV-LacZ or HSV-CREB. Eighteen pups from three

litters were used in this experiment. Previous work showed that pCREB increases

maximally at 10 min after odor conditioning (McLean et al., 1999). Therefore, 10 min

after being taken away from the peppennint bedding, the pups were sacrificed by

decapitation. Both olfactory bulbs were collected for a pCREB assay.

5.2.8.3 The effects ofCREB levels on isoproterenol-induced odor preference

learning

Experiments were carried out to detennine if additional wild type CREB (by

HSV-CREB injection) or dominant negative CREB that could not be phosphorylated at

the serine 133 site (by HSV-mCREB injection) changes the sensitivity of the system to

the unconditioned stimulus, therefore shifting the isoproterenol effective inverted U-

Ninety pups from eight litters were used. Twelve groups were created in this

experiment: 3 virus injection conditions (HSV-lacZ, HSV-CREB, HSV-meREB) X 4

drug/saline injection conditions (saline, I mglkg isoproterenol, 2 mg/kg isoproterenol, and
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4 mglkg isoproterenol). No more than one pup from Ihe same liner was assigned to the

same group.

One way ANOVAs were used to compare the learning results from the training

groups in different virus injection conditions. Subsequently, the learning effective groups

(HSV-CREB+1 mglkg isoproterenol and HSV-mCREB+4 mglkg isoprolcrcnol groups)

were compared to their non-learning control groups (HSV-LacZ+1 mglkg isoproterenol

and HSV·LacZ+4 mglkg isoproterenol groups) by a student t·lest.

CREB phosphorylation has been proposed as a critical step in the acquisition of

long-term memory (McLean et a!., 1999). peREB assays were performed on the olfactory

bulbs ofthe rats from the groups that exhibited learning in the first set of the experiment:

the I mglkg HSV·CREB group, the4 mglkg HSV-mCREB group and their corresponding

non-learning control groups: the I mglkg HSV-LacZ and the 4 mg/kg HSV·LacZ groups.

36 pups from nine litters were used in this experiment. The optical densities of the

pCRES/mg protein were compared by a paired Student I·test between the learning groups

and their corresponding control groups.
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5.3 Results

5.3.1 Expression of HSV-LacZ in the olfactory bulb and its effect on odor

preference learning

To assess viral-mediated expression of LacZ in the olfactory bulb, p.galactosidase

histochemical staining by X-gal was used to visualize the HSV-LacZ infected cells.

Expression of the virus has been reported to be maximal at 2-4 days postinjection

(Carlezon, Jr. et aI., 1998). Dark blue cells were seen in all layers of the olfactory bulb

using X-gal staining three days after HSV·LacZ injection (Fig.5.I). The area around the

injection site was most heavily stained. HSV-LacZ spread "'-ell along the rostro-caudal

axis. Control pups with saline injections did not show any X.gal staining. Microinjeclion

of HSV-LacZ caused minimal damage to tissue structures as evaluated by Nissl staining

(data not shown).

HSV·LacZ did not affect the animals' odor preference learning. As shown in

Figure 5.2, HSV·LacZ injected pups demonstrated behavioural results comparable to

those of the saline injected ones. HSV-LacZ injected pups in the DIS group demonstrated

significant preference learning compared to the 010 or the naive groups (p<O.O I). The

same pattern of learning results applied to saline-injected pups.
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5.3.2 The Causality of CREB in Natural Odor Preference Learning

Injection ofHSV-mCREB prevented learning, as shown in Figure 5.3. HSV·

mCREB injected animals in the O/S group failed to show a preference for peppennint

after training, whereas !.he controllittennate HSV-LacZ injected pups in the OIS group

showed odor preference learning (p<O.05) compared to the 010 or the naive group. This

suggests a causal role for CREB in odor preference learning. Mutant CREB binds to the

DNA but does not promote transcription because it is not phosphorylated. Interestingly,

HSV-CREB injection did not improve preference learning in the DIS group, rather the

opposite occurred. Additional CREB impaired the ability of animals to acquire the odor

preference, suggesting there is a window for CREB and implying an optimal window for

pCREB functioning given that pCREB is the critical mediator for CREB pathway

activation.

To confinn further the increase of CREB expression at the time of learning, a

CREB assay was perfonned on the olfactory bulbs of the HSV-CREB injected pups that

were sacrificed on the day of learning (2 days after HSV-CREB injection). The HSV­

CREB injection group showed a 22.9% increase (p<O.OI, Figure 5.4) in the optical

density per mg of protein ofCREB in olfactory bulb tissue relative 10 that of the HSV­

LacZ conlrol group.

Expression of pCREB was detennined 10 min following DIS conditioning lest if
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increasing CREB substrate increased pCRES following learning. A positive result would

suggest that too much pCREB interferes with learning, since HSY-CREB injection

impaired odor preference learning in the O/S condition. Figure 5.5 shows that there was a

significant increase in the optical density of pCRES (13.8%, p<O.05) in the HSV-CREB

injected group compared to the HSV-LacZ group. This suggests that increasing CREB

substrate by HSV-CREB injection enhances pCREB levels correspondingly, and that

increasing CREB/pCREB beyond an optimal level interferes with learning.

5.3.3 The effects of CREB levels on isoproterenol-induced odor preference

learning

Figure 5.6 demonstrates that increasing CREB cxpression by HSY·CREB

injection enhanced the sensitivity of the system to the UCS, so that, an originally

ineffective dose, 1 mglkg isoproterenol, now induced learning when paired with odor

(p<O.05, compared within the HSV-CREB injectcd groups). The normally optimal dose, 2

mglkg, and the higher dose, 4 mglkg, of isoproterenol, failed to induce learning in the

HSY-CREB injected groups. Thus, CREB shifted the isoproterenol dose-response

relationship to the left. This is consistent with the results in the previous experiment

showing that a critical CREB/pCREB window exists, and that too much, as well as too

little, CREB/pCRES can prcvent learning. Surprisingly, the HSV-mCREB injected pups

developed odor preferences when thc higher dose of isoproterenol, 4 mglkg, was used
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(p<O.OI, compared within the HSV-mCREB injecled groups). Thus, il appears thai

mCREB shifts the inverted U cun'e dose response relationship to the right. Both HSV·

CREB + 1 mgllcg isoproterenol and HSV-mCREB + 4 mgllcg isoproterenol groups

demonstrnted significantly higher percentages oftime spent over the peppcrmim side than

their corresponding non-learning control groups: HSV·LacZ + I mglkg isoproterenol and

HSV-LacZ + 4 mgllcg isoproterenol groups (P<O.Ol, Student t-test).

More important than the CREB increase itself, is the phosphorylation ofCREB,

since pCREB is the initial step for CREB activation and the CRE-induced gene

expression that underlies long-term synaptic plasticity and memory formation (Mclean et

al., 1999). Again we compared the pCRES levels in both learning groups with their non­

learning controls. We were particularly inlerested 10 know whether 4 mg/kg isoproterenol

increased pCRES in HSV-mCREB injecled pups \\tJ.ich would be consiSient with our

behavioural results. As seen in Figure 5.7, we found that, the learning group: HSV-CREB

+ 1 mgllcg isoproterenol had an 11.1% increase in the oplical density of pCREB over that

of the non-learning control group: HSV-LacZ + I mglkg isoprolerenol. Similarly,

pCRES in the HSV·mCREB + 4 mglkg isoproterenolleaming group showed a

significantly higher pCRES (11.7% increase in the optical density of pCREB, p<O.OI)

than that obscrved in the non-lcarning control group (HSV·LacZ + 4 mg/kg

isoproterenol).
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S.4 Discu.uion

Natural, stroking-induced odor leaming or 2 mglkg isoproterenol-induced odor

learning was prevented by infusion ofa HSV-mCREB inlO the olfactory bulb. This result

critically implicates CREB as a medialor of early odor preference learning. Since the

serine 133 site is the only one not available for ph05phoryliltion (Josselyn el aI., 2002), it

also suggests phosphorylalion of serine 133 may be crilical in early odor preference

learning.

Unexpectedly, il bi..(jirectional elIect ofmCREB was observed in these

experiments. 1bc pairing of odor and a 4 mglkg dose of isoproterenol, that normally does

not produce learning, was a successful learning paradigm if HSV-mCREB was previously

infused into the olfactory bulb. pCREB assay of this novel effective learning condition

revealed higher levels of pCREB, as seen previously with learning, than those seen in rat

pups receiving LacZ infusions. We have previously hypothesized that the failure of high

doses of isoproterenol to produce learning andlor increased pCREB, might be related to

enhanced protein kinase A activation ofphosphatases (Yuan et al., 2000b). Since mCREB

would provide a 'false' target for bolh kinase and phosphatase activily, it could alter the

balance of enzyme aClivilies in infected neurons to decrease, or increase. the likelihood of

pCREB expression depending on Ihe enzyme lcvels induced by training. Thus, wilh

optimal enzyme levels (odor+ stroking or odor+2 mglkg isoproterenol) mCREB is
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deleterious, but with an excess of phosphatase activity (odor+4mg/kg isoproterenol), for

example, it could be beneficial.

The ability of HSY-mCREB to alter downstream transcription and behavioural

outcomes has been previously demonstrated in nucleus accumbens (Carlezon, Jr. et a!.,

1998; 2000). No effect ofHSY-mCREB, however, was observed in an earlier study of

long-term memory when it was infused into the amygdala (Guzowski and McGaugh,

1997).

HSY-CREB infusions lowered the threshold for isoproterenol-induced odor

learning. Infusion ofHSY-CREB in the olfactory bulb produced learning in rats pups

given odor+ 1 mglkg isoproterenol, normally an ineffective pairing for learning. The

ability of CREB to lower the threshold for isoproterenol-induced odor learning further

supports our hypothesis that CREB has a causal role in early odor preference learning.

pCREB was also significantly increased in this novel learning condition as compared to

rats pups receiving HSV-LacZ infusions. The ability of HSY-CREB to alter downstream

genomic expression and behavior has been previously demonstrated in the nucleus

accumbens (Carlezon, Jr. et aI., 1998; 2000). HSY-CREB has also been shown to convert

short term memory to long tcnn memory in the amygdala, although it did not render a

weak unconditioned stimulus more effective (Guzowski and McGaugh, 1997) as observed

in the present experiment.
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A bi-directional effect of CREB appeared when HSV-CREB was infused prior to

nonnally effective learning conditions. Thus, mt pups given odor+stroking or odor+2

mglkg isoproterenol did not learn if HSV-CREB was infused prior to training.

Over expression of CREB has been shown to interfere with learning in other

paradigms (Guzowski and McGaugh, 1997; Josselyn et aI., 2002). The present pattern of

results is consistent with that literature. However. here, pCREB levels were also assessed

in the odor+stroking group given CREB infusion. This group had higher peREB levels

than the LacZ controls that successfully learned the odor preference. This outcome

supports the hypothesis of an optimal window for pCREB Icvel in initiating the

development of odor memory. It has been shown that the duration ofpCREB activation

critically influences downstream gene expression (Bito et aI., 1996), and it has been

proposed that overactivation ofCREB might lead to increased repressor activity (Silva et

aI., 1998), but this is the first demonstration of a negative effect of elevated pCREB levels

on learning and memory.

CREB is a target of the PKAlcAMP intracellular pathway. We have shown that

cAMP is increased in mitral cells by stroking and by isoproterenol (Yuan et aI., in press).

We have suggested a model of early odor preference learning in which the locus cocruleus

input activates beta receptors on mitral cells to trigger cAMP increases (Yuan et aI, in

press). This increase is hypothesized to interact with calcium currents activated by the
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odor input to mitral cells to enhance pCREB in those same cells. Other evidence however

demonstrates CREB phosphorylation at the Ser 13) site through a variety of protein

kinases including those activated by calcium (Silva et aI., 1998). An alternative model of

odor preference learning suggests NE-induced disinhibition of mitral cells by granule

cells, which could enhance NMDA currents from odor input onto mitral cells (Wilson and

Sullivan, 1994). This model would also predict pCREB increases in mitral cells. Both

mechanisms are likely to contribute to early odor preference learning.

Our data from optical imaging (Yuan et al., 2000) and from e1ectrophysiological

measurements of olfactory nerve evoked potentials (Yuan et aI., 2000b) suggest a critical

change during both acquisition and retrieval is the potentiation of the mitral cell responses

to the odor input. An input potentiation model is also supported by earlier evidence of

enhanced 2-0G (Woo et aI., 1987; Johnson and Leon, 1996) and c-Fos (Johnson et al.,

1995) during memory retrieval. Potentiation of the mitral cell responses to the odor input

following appetitive olfactory conditioning has also been reported for the honeybee (Faber

et aI., 1999) and the sheep (Kendrick et al.. 1992).

CREB and pCREB were first shown to have causal roles in the encoding of

sensory memory in Aplysia. Using genetic tools, CREB has been shown to be causal in

olfactory learning in Drosophila. This is the first report that CREB and pCREB have

causal roles in mammalian olfactory learning.
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Figure S.l Vi$ulizll.tion of p_galactosidase by X-gal staining showing expression of LacZ in
many cells throughout the olfactory bulb. Labelled celis in A are shown at higher magnification in
B. Mitral celis are indicated by arrows. Bar in B, SOllffi
Abbrevialion: gl, glomerular layer; epl, external plexform layer; gcl, granule cell layer
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Figure 5.2 Odor preference test showing HSV-LacZ injection itseJrdoes not affect odor
prererencelcarning.
HSV-LacZ injected pups in the OIS group demonstrate significant preference learning when
compared with those in either the 0/0 or the naIve group. The same panern applies to the saline
injected pups ("p<.OI). Abbreviations: DIS, odor+stroke; 010, odor only.
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Figure 5.3 Odor preference test showing CUB and mCREB injections block odor
preference learning in a naturally learning paradigm. Both HSV-CREB and HSV­
mCREB injected pups show deficient odor preference learning compared to their HSV-LacZ
conlrol pups (·p<O.OS)
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Figure S.4 eREB assay showing eREB in the olfactory bulb is increased two days after
HSV-CREB injection. CREB content is presented as arbitrary optical density/mg
protein. (+p<.05).

148



0

I '20 ~ HSV-LacZ
_ HSV-CREB

~a 100
0
CD
W

'" 80
~

'"~
~ 80

Odor + Stroking

Figure 5.5 peREB assay showing peREB is significantly increased in the olfactory bulbs or
tbe HSV-CREB injected group tompai'W to those orthe HSV·LacZ group 10 min after
they are subjected to DIS. pCREB content is presented as arbilrary optical density/mg protein.
(-p<.OS)
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Figure S.6 Odor preference test showing CRES and mCRES injections shift the
isoproterenol inverted V-curve to the left and right rcspcctively.
For the HSV-LacZ injected group, 2 mglkg isoproterenol induces odor preference learning when
paired with pcppcnnint odor. In contrast, the HSV-CREB injected group shows that. a lower
dose of isoproterenol (I mglkg) produces learning; for the HSV-mCREB injected group, a higher
dose of isoproterenol (4 mglkg) produces learning. (Up<.OI, ·p<.05)
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Figure 5.7 pCREB assay showing peREH is increa.red in the olfactory bulbs oftbe learning
groups.
CREBII rnglkg isoproterenol and mCREB/4 mgfkg isoproterenolleaming groups demonstrate
increased pCREB expression following training than their lacZ control groups.
pCREB content is presented by the pCREB arbitrary optical density/rog protein. (Up<.OS)
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6.1 Research outcomes

Chapter 6 Summary

6.1.1 Mitral cells are the postsynaptic substrate for learning

A fundamental question of my thesis work is where early odor preference learning

occurs. It has been suggested that the granule cell was the primary site for NE-mediated

learning plasticity in the olfactory bulb (Jahr and Nicoll, 1982; Trombley and Shepherd,

1992; Wilson and Sullivan, 1994). Granule cells provide feedback inhibition by releasing

GABA onto the mitral cell. NE acts on granule cells to reduce this inhibitory feedback.

Reduced inhibition in tum would permit an increased NMDA current in the mitral­

granule cell S)1lllPses.

However, there are discrepancies regarding the receptors mediating the

disinhibitory effect ofNE. Whereas Sullivan et al (1994) demonstrated a ~-adrenoceptor

mediated odor preference learning model, a-, but not ll-adrenoceptors mediate the

disinhibition from granule to mitral cells. Moreover, the cellular localization of 13­

adrenoceptors was not clear. Binding studies are inherently inconclusive regarding the

precise postsynaptic targets. A more defined immunocytochemical study of the cellular
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location of ~-adrenoceptorsin the olfactory bulb could better elucidate this issue. Also,

given that 5-HT2 receptors and ~.adrenoceptors interact in early odor preference learning,

the precise postsynaptic target common to these receptors in the bulb was yet unknOVJll.

We examined the cellular distribution of~,-adrenoceptors and their co­

localization with 5-HT2A receptors in the olfactory bulb. Results from these experiments,

together with others, e.g. the peRES and cAMP localization experiments, lead us to

suggest that mitral cells, the output cells of the olfactory bulb, serve as the neuronal

substrate for a ~,-adrenoceptor·mediated odor preference learning.

The specific evidence is as follows: (a) ~l-adrenoceptors are primarily located on

mitral/tufted cells of the olfactory bulb, with few located on granule cells. Fluorescence

immunocytochemistry and confocal imaging demonstrate a clear co-localization of~t'

adrenoceptors and 5-HT2A receptors on mitral cells. (b) p-adrenoceptors are G-protein

coupled and when activated, trigger a cAMP second messenger cascade. The interaction

ofNE (via l3-adrenoceptors) and 5-HT in elevating cAMP levels occur in mitral cells as

observed by cAMP immunocytochemistry. (c) The interaction ofNE (p-adrenoceptors)

and 5-HT leads to the phosphorylation of CREB. peREB changes are also observed in

the mitral cells of the olfactory bulb. These outcomes strongly suggest mitral cells are the

postsynaptic targets for a ~-adrenoceptor mediated, 5-HT receptor facilitated, intracellular

cAMP signalling cascade.
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6.1.2 From inverted-V euntes to functional windows

As described before, an important and useful aspect of odor preference learning is

the inverted-V curve property of the odor conditioning. Low doses of isoproterenol are

ineffective, medium doses are effective, and high doses arc again ineffective (Sullivan et

al., 1991). This parallels evidence obtained with stroking. A subthreshold stroking input

can summate with a subthreshold isoproterenol dose to produce learning, while an

effective stroking stimulus becomes ineffective in inducing learning when a low dose of

isoproterenol is also given (Sullivan et al., 1989b). The inverted-V curve of the

isoproterenol ues can be shifted by S-HT manipulations (Langdon et aL, 1997; Yuan et

al.,2000b).

To understand the inverted-V curve function ofUCS in odor learning and its

mechanism was another goal of my thesis. The exploration of this issue has led to the

discovery of functional windows in the cAMP-CREB signalling pathway.

First, when pCREB is measured in the olfactory bulb after odor conditioning,

whereas an effective dose ofisoproterenol, when paired with odor, enhances the pCREB

expression in the olfactory bulb, either a lower dose, or a higher dose of isoproterenol,

fails to enhanee pCREB levels in the olfactory bulb. This suggests CREB activation

exhibits a parallel inverted-V curve to that seen in behaviour. A critical window for
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calcium and PKA co-activation of phosphorylation events may have been exceeded by

pairing odor and a high dose (6 mglkg) of isoproterenol in the normal rat pups.

Interestingly, potentiation of the glutamatergic olfactory nerve input by systemic

isoproterenol injection also demonstrates an inverted-U curve window. As discussed in

Chapter 4, there are several possibilities for understanding these parallel effects of the

isoproterenol UCS on both pCREB expression and ON input potentiation. (a) The failure

to phosphorylate CREB may be a simple consequence of the failure of potentiation. (b) It

is likely that phosphorylation-sensitive ion channels are involved in the early membrane

effects of isoproterenol. The failure of appropriate phosphorylation activation could lead

to the failure of ON input potentiation as well as the failure to increase pCREB. (c) Less

probable are paralled mechanisms - one accounts for CREB phosphorylation, one for ON

input potentiation.

Second, a functional window for cAMP occurs in NE-mediated odor preference

learning. Because the known effects of isoproterenol are mediated via G-protein

activation and recruitment of adenylate cyclase, we suspected the failure to induce

learning, increase pCREB, and potentiate the ON evoked potential resulted from a failure

to enhance cAMP by a high dose of isoproterenol. However, experiments using a cAMP

assay showed that cAMP is dose-dependently increased by isoproterenol immediately

after odor conditioning. Two conclusions are suggested by this outcome: (a) cAMP plays
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a modulatory role rather than directly transmitting the learning signals, and (b) a more

complicated spatial and temporal activation of cAMP is required for signal transduction

during learning. For example, we hypothesize, the duration of cAMP action, rather than

the absolute amount of cAMP, may be more important for learning to occur.

Third, thcre appears to be a window for effective pCREB levels, Our experiments

using viral vector injections of either HSV-CRES or HSV,mCRES suggest too much, as

well as 100 little CREB impairs odor preference learning. As discussed in 1.3.1, there are

two regulation mechanisms for CREB activation. Firstly, CRES activation is determined

by the balance between a Ca1'/calmodulin phosphorylation pathway and a

Cal+/calcineurin dephosphorylation pathway at the upstream stage. As described above

and in Chapter 4, pCREB is optimal when a moderate, behaviourally effective dose of

isoproterenol is used. A stronger stimulus, such as a higher dose of isoprotcrenol, may

favour a dephosphorylation activation that eventually overrides the phosphorylation

cascade. Secondly, the balance between CRES activators and repressors may be a second

mechanism at the transcriptional stage. Activation ofCREB may result in the increased

expression of CREM isoforms, thc accumulation of which may eventually lead to the

repression of CREB-dependent transcription (Silva et aL, 1998). Furthermore, our work is

the first to exhibit in a in vivo mammal learning model, that too much pCRES is not

helpful.
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6.1.3 CREB is critical in odor preference learning

CREB has been hypothesized as a universal "memory molecule" (Silva et aI.,

1998). Its role in learning and memory has been extensively investigated in various

species and a diversity of memory models in the last two decades. Establishing the causal

role of CREB in odor preference learning was an important goal of my thesis. It is, also, a

critical component of our hypothesized odor learning model, and funhennore, a basis for

the future study of the downstream genomic, synaptic, and structural changes following

odor learning.

CREB phosphorylation correlates with learning conditions. Odor + stroking

conditioning increases pCREB transiently in a restriCted odor.coding 3IU in the olfactory

bulb (Mclean et aI., 1999). An effective dose of isoproterenol. when paired with the

odor, can substitute for stroking 10 inerease pCREB.

More importantly here, we evaluated the causal role ofCREB in odor preference

learning using a Herpes viral vector, to insen additional CREB copies, or mutant CREB

copies, into the neurons of Ihe rat pup olfactory bulb. We had two important findings that

suggest thc causal role ofCREB in odor preference learning. First, mutant CREB

insenion, which could competitively reduce Ihe phosphorylation of natural CREB in the

olfactory bulb, blocks learning. Second, additional CREB insenion increases the
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sensitivity of the system to VCS stimulation, shifting the isoproterenol inverted-V

function curve to the left. A low, normally ineffective dose of isoproterenol, induces

successful odor learning in HSV-CREB injected rat pups,

The use of a viral vector as a CREB delivery vehicle to manipulate the CREB

level in the olfactory bulb ofrats bypasses the potential problems of using transgenic, or

gene knockout animals, to study learning and memory in other systems. It avoids the

potential systemic, and/or developmental deficits caused by transgenic, or gene knock­

out, manipulations. Recent studies using HSV vectors in other brain regions suggest it is a

safe and effective means of incorporating genes into the host (Cattoretti et aI., 1993;

Carlezon, Jr. et al., 1998; Neve and Geller, 1999; Schutzer ct aI., 2000; Mower et aI.,

2002). We are the first to use this means of gene manipulation in the rat olfactory system

to study natural learning in nonnal animals.

6.1.4 Biochemical and physiological changes induced by odor learning are long·

lasting

Learning leaves traces which can be retrieved at the synaptic, and cellular levels

during the memory phase. Early odor preference learning changes the single-unit

responses of mitral cells during odor re-exposure (Wilson et aI., 1987). Focal 2-00

uptake and c-fos expression in the glomerular layer increase after early odor preference
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learning (Woo et aI., 1987; Johnson and Leon, 1996). Increased focal 2·DO uptake may

be due to increased glomerular size (Woo el aI., 1987), increased numbers of

juxtaglomerular cells (Woo and Leon, 1991) following peppennint learning, or simply

due to increased activation by odor input.

Consistent with these changes, by using a novel technique, intrinsic optical

imaging, we demonstrated that 24 hr after peppennint preference learning, there is an

increase in intrinsic optical signals at the glomerular level. This result is consistent with

the evidence showing an increase in the field evoked potential to the ON input in pups of

the same age that receive learning effective training conditions. Creation of an olfactory

preference in the rat pup may therefore be intimately related to an increase in synaptic

strength at the level of glomeruli. The intrinsic signal change at the level of the glomeruli

24 hr later may indicate that the synaptic modification seen during acquisition conditions

is sustained and reflected as an cnhance synaptic excitation (Waldvogel et aI., 2000). An

increase in mitral cell excitation as a representative memory change is supported by

evidence from lamb odor recognition studies in which l3·adrenoceptor activation paired

with lamb odor lead to an increase in mitral cell excitation to the lamb odor as well as an

increase in inhibitory transmitter measurement in the sheep olfactory bulb (Kendrick et

al.,1992).

Although rapid progress has been made in the past few years in applying optical
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imaging techniques to explore odor coding in the olfactory bulbs of both mice and rats,

we are the first to report a memory-associated change in the neonate rat olfactory bulb

using Ihis technique. We showed that optical imaging is an excellent technique to explore

training-related odor presentation and changes in the olfactory bulb. Optical changes can

be recorded from olfactory bulbs during both memory acquisition and retrieval phases in

living animals.

6.2 A new model for odor preference learning

Based on my thesis work and previous work done in our laboratory, we proposed

a new model for odor preference learning, in which we suggested that the ~-adrenoceptors

and 5HT2Ai2C receptors, critical in early odor preference learning, interact via a synergistic

promotion of a cAMP cascade in mitral cells in the olfactory bulb to mediate CREB

pathway activation, which critically underpins memory fonnation. The criticalleaming

change occurs in the mitral cell processing of olfactory nerve input, and the olfactory

circuitry and/or structural changes induced are long-lasting.

6.2.1 Comparison with a disinhibition model

Sullivan and Wilson (1994) proposed that learning results from the disinhibition

of mitral cells, which pennits activation ofNMDA receptors on granule cells leading to
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increased long-tenn inhibition of mitral cells and accompanying structural changes during

the memory phase. In that model, NE input from the locus coeruleus to the olfactory bulb

acts as the UCS by inhibiting granule cell intemeurons in the bulb through 13·

adrenoceptors.

However, the discrepancy regarding the receptor subtypes in mediating mitral cell

disinhibition and the lack of data regarding the cellular distribution ofl3-adrenoceptors in

the olfactory bulb made it necessary to further explore the location and function of 13·

adrenoceptors in odor preference learning.

6.2.1.1 Evidence consistent with the mitral cell cAMP/PKAJpCREB model

We demonstrated in this thesis, first, either natural learning using odor+stroking

(Mclean et aI., 1999), or learning using odor+elTective doses of isoproterenol (see

Chapter 2), enhanced pCREB expression in mitral cclls of the olfactory bulb. Since 13­

adrenoceptor activation promotes a cAMP 2oc1 messenger cascade via G-proteins, we

hypothesized that l3-adrenoceplor activation could activate intracellular signal cascades to

further promote Cal' entry through the olfactory nerve mediated NMDA or L.type Cal'

channels, which. on one hand, could enhance the phosphorylation of ion channels and the

depolarization of postsynaptic mitral cells; and on the other hand, could promote CREB

phosphorylation and CRE·mediated downstream genomic changes in mitral cells. The
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potentiation of the olfactory nerve evoked field potentials of mitral cells and the

activation of intracellular signalling machinery during the learning phase result in long­

lasting changes that can be recruited during the memory phase (sec Chapter 3).

Second. the observation that the p,-adrenoceptors and 5·HT110 receptors co­

localize in mitral/tufted cells and NE and 5-HT manipulations change the levels of cAMP

in mitral cells further confirmed our hypothesis, suggesting NE via ~,·adrenoceptors

activates a cAMP cascade in mitral cells of the olfactory bulb. 5·HT appears to promote

the NE-induced cAMP signalling (see Chapter 4). Since isoproterenol is a non-specific ~­

adrenoceptor agonist, a role for the ~-adrenoceptors in odor preference learning can not

be ruled out. An in situ hybridization study demonstrates the ~l-adrenoceptorsare more

widely expressed in the olfactory bulb (Nicholas et ai., 1993). Their specific contribution

to early odor preference learning remains to be determined.

Third, we demonstrated a causal role ofCREB activation in early odor preference

learning. Learning itself causes the activation ofCREB, while manipulations of CREB

level change the ability of the UCS system to induce learning. Elevating CREB levels by

viral vector injection of HSV-CREB shifts the isoproterenol inverted-V curve to the left

so that a low, normally ineffective dose of isoproterenol causes learning. Importantly,

reducing the levels ofCREB by HSV-mCREB (single point mutation at phosphorylation

site serine 133) injection blocks the DIS naturalleaming, which shifts the isoproterenol
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inverted-U curve to the right in lhe isoproterenol mediated learning. These outcomes

suggest a critical role ofCREB phosphorylation in inducing learning (see Chapter 5).

Therefore, unlike the disinhibitory model proposed by Sullivan et aI, here we

demonstrate a model in which a cAMP cascade activated by a NE UCS via 1.\1·

adrenoceptors promotes the excitation of the mitral cell itself and results in the

intracellular signalling pathway activations which underpin long.tenn memory fonnation.

Mitral cells, rather than granule cells, are the neuronal focus ofp,.adrenoceptor mediated

odor learning in this model.

6.2.2 Comparison with eAMP·medilllled learning models in other species

6.2.2.1 Aplysia and Drosophila

Identifying key molecular elements underpinning learning and memory in

invertebrates has provided evidence for an important role of the cAMP signalling cascade

in memory formation.

In Aplysia, a weak CS (a touch to the siphon) when repeatedly paired with a

strong UCS (an electric shock to the tail), results in a greally potentiated gill.wilhdrawal

reflex elicited by a touch to the siphon (Carew and Sahlcy, 1986; Mons et aI .• 1999).
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Studies of the mechanism of this system demonstrate that the CS is induced by Cal'

influx through voltage.gated ion channcls activated by the action potential in the sensory

neuron. The UCS is induced by exciting facilitatory interneurons, which leads 10 the

release of the modulatory neurotransmitter serotonin on to sensory neurons and the

subsequent activation ora cAMP cascade via adenylyl cyelase (AC) in these neurons. In

this system, long-term facilitation and synaptic changes are mediated by the synergistic

interaction between Cal+/CaM and 5HT-llS GTP pathways that coaclivate AC to produce

the strong or prolonged cAMP signals that appear required for transcriptional activation.

As discussed in 1.3.2.1, an increase in cAMP by repeated pulses of 5-HT gives rise to the

translocation of the catalytic subunit of PKA to the nucleus, where it phosphorylales

CREB and immediate early genes to regulate expression of late response genes, which

encode new proteins that are critical for the persistent changes underlying the

development of more stable and durable forms of memory (Frank and Greenberg, 1994).

In Drosophila system, the cAMP signalling cascade plays a critical role in long.

term memory of olfactory avoidance learning in which the fruit fly Drosophila learns 10

distinguish a conditioned odor that has been paired with electric shock from a neutral

odor. Deficits in olfactory associative learning and memory are observed in mutant flies

that have changes in the cAMP-signalling cascade or CREB levels. In the Drosophila

model, mushroom body neurons integrate sensory inputs from both olfactory cues (the

CS, producing an increase in intracellular Cal') and footshock (the UCS, activating a Gs-
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coupled receptor which in tum activates the cAMP cascade) (Goodwin et aI., 1997; Mons

et aI., 1999). As in Aplysia, elevated cAMP may cause the translocation ofPKA to the

nuclei where it phosphorylates CREB and initiates a cascade of gene expression

responsible for long-tenn structural and functional changes at synaptic siles. As discussed

in 1.3.2.2, mutations of cAMP pathway components cause behavioural deficits. Either

elevating the cAMP level (Dunce, which lacks phosphodiesterase) or reducing the cAMP

level (Rutabaga, which is defective in adenylyl cyclase) impairs odor avoidance learning

in Drosophila. However, double mutants of Dunce- and Rutabaga-, which exhibit

approximately nonnallevels of cAMP, still show deficit in learning. This suggests that

complex spatial and temporal regulations of cAMP as opposed to absolute levels of

cAMP may underpin memory fonnation in Drosophila (Mons et aL. 1999), as is also

suggested in the present thesis (see Chapter 4).

In both ofthese models, the coincident activation of two input pathways (CS and

UCS) converge to produce a synergistic activation of Ca1-/CaM stimulable ACs which in

tum enhances cAMP levels and engages a crucial intracellular cascade for the

establishment of the memory traces (Mons et al., 1999). The activation of the CREB

transcriptional pathway may serve as a second convergent site for the CS and UCS inputs,

with adenylyl cyclases being the first sile (Dash et aI., 1991).

The present odor preference learning model in neonate rats shares several
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common components with invertebrate learning models described in both Aplysia and

Drosophila. For example, cAMP increases and CREB pathway activation have been

implicated both in the invertebrate learning models and the present rat odor preference

learning model in rats. In addition, as in the Drosophila system, an optimal window

appears to occur for cAMP functioning in early odor preference learning, with too high or

too low levels of cAMP interfering with learning. Also, the present model suggests

temporal and spatial patterns of cAMP activation may be important in the odor preference

learning process. However, a key diffcrence between the invertebrate models and the

carly odor prefcrencc learning model in rats appears to be the co-incidence detection

mechanism. In both Aplysia and Drosophila, adenylyl cyclase is the co-incidence detector

for the CS and UCS. The coincident activation of two inputs converge to produce a

synergistic activation of Cal'ICaM stimulable adenylyl cyclases, which in tum enhances

the cAMP level proposed as the primary mediator of downstream events that engage

synaptic plasticity in learning and memory. In Aplysia. DeOIT et al (1985) showed that

depolarization of the sensory neurons prior to exposure to 5-HT pulses increases levels of

cAMP over those seen when CS and UCS are unpaired. In odor preference learning in

neonate rats, high levels of cAMP alone do not produce learning; thus the CS pathway

appears to interact with the UCS pathway at a later stage. The CS·UCS pairing does not

provide an additional increase of cAMP compared to UCS stimulation alone (see Chapter

4). Thus, the role and mechanism of cAMP in learning are different between the model

for rat odor learning and the invertebrate learning model. While in Aplysia and

166



Drosophila, cAMP activates PKA to translocate into the nucleus and phosphorylate

CREB, therefore serving as a direct mediator. in our model for rat odor preference

learning, the cAMP signalling appears to act as a modulatory Mgating" system to regulate

the ea]' signal induced phosphorylation pathways which will be discussed in 6.3.1.2 (see

also Chapter 4).

6.2..2..2. LTP model in mammalian hippocampus

The mechanisms that generate LTP in the three major pathways in the

hippocampus. namely perforant, mossy fiber and Schaffer collateral pathways have been

extensively studied. LTP in the mossy fiber pathway is nonassociative and NMDA­

independent. It requires Cal. influx iO!o the presynaptic cell after the tetanus to activate

Ca2'/CaM stimulable adenylyl cyclase, and increase the cAMPIPKA activity in the

presynaptic cell. Mossy fiber LTP can be enhanced by a noradrenergic input that engages

tl-adrenoceptors (Kandel et aI. 2000. ppl260). In contrast. the associative. NMDA·

dependent LTP prescO! in the Sehaffer collateral and the perforant pathways is mainly

initiated by an elevation of postsynaptic Cal' influx. via NMDA re<:eptors. However.

ample evidence suggests that the cAMP-signalling pathway is also critically implicated as

an intracellular mechanism that underlies both early and late phases of hippocampal LTP.

During the early stage of Schaffer collateral LTP in the CA I regions. the cAMPIPKA

pathway has been proposed to playa modulatory role: instead of transmitting signals for
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the generation ofLTP, it gates the transcriptional phosphorylation p3thwa~ by reducing

calcineurin dephosphorylation activity (Blitzer et a1., 1995; tiu and Gra)'bie1, 1996;

Blitzer et a1., 1998; Winder et al., 1998). cAMP activation by itself does not induce LTP,

rather activated CaMKll is necessary and sufficient to generate early LTP (Blitzer et a1.,

1995). The late, or long-lasting LTP, which requires both transcriptional activation and

new protein synthesis, however, is entirely dependent on an elevation of cAMP levels to

trigger PKA-induced, MAPK co-phosphorylation of CREB. Long-lasting LTP can be

blocked by PKA inhibitors (Impey et aI., 1996) and PKA activation is sufficient to induce

late LTP in the absence of electrical stimuli (Frey et aI., 1993).

Consistent with this hippocampal LTP model. our model for neonate rat odor

preference learning demonslmted a crucial role for the cAMP-CREB signalling pathway

activation in long-tenn memory fonnation. Our data also suggest cAMP plays more of a

modulatory role in odor learning. Higher, ineffective doses of the ~adrenoceptoragonist

isoproterenol do not enhance pCREB, but appear to increase inuaeellular cAMP level in a

dose-dependent manner. Enhanced Cal' signalling by the CS (odor) input does not

induce an additional increase ofcAMP, suggesting the cAMP cascade is activated

independently by the UCS. Neither a cAMP increase (by stroking the body of the pups),

or a hypothesized elevated Cal' signal (by odor input), appears sufficient to induce an

odor preference. These outcomes suggest that in early odor preference learning, the

association of the CS-UCS pathways is strictly regulated. Learning results from a
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temporally synergistic activation of both CS and UCS intracellular signalling (see also

Chapter 4).

Also consistent with the hippocampal LTP and long-tenn memory models, odor

preference learning in neonate rats requires CREB phosphorylation as an initial step for

downstream genomic and synaptic changes. CREB pathway activation is critically

involved in long-term memory formation. CREB levels are delicately regulated in both

systems (see also Chapter 2 and Chaptcr 5). Oncc memory is acquired, the memory

substrates such as synaptic circuitry, or metabolic, changes in the olfactory bulb are long­

lasting (see also Chaptcr3).

6.3 Future directions

6.3.1 Mechanisms of cAMP functioning in odor preference learning

Although our proposed model and cvidcnce argue for the role ofa cAMP cascade

in NE mediated odor preference learning, the mechanism of cAMP action in activating

the CREB signalling ptlthway following learning is yet unclear and merits further

exploration.
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6.3.1.1 Duration of cAMP activation

Isoproterenol dose-dependently increases cAMP expression in the olfactory bulb,

while pCRES activation exhibits an inverted-U curve parallel to that of the isoproterenol

effects in learning. This suggests that there is an optimal level of cAMP activation which

can be exceeded. More likely, we suggest that the duration and temporal pattern of cAMP

activation are more critical than the absolute amount of cAMP as also suggested by the

Drosophila mutant learning models. Higher levels of cAMP by a stronger UCS may

shorten the duration of its own activation. For example, higher levels of cAMP promote

greater PDE4 activation through PKA (Ang and Antoni, 2002) which may critically

shorten the duration of cAMP signal. Elevated cAMP can also promote faster cAMP

extrusion (Wiemer et al.. 1982), which again, shortens the signal duration (see also

Chapter 4).

Therefore, one of the future directions from my thesis is to measure the dynamic

cAMP changes al different time points following odor preference training. Furthennore,

the essential role of cAMP in mediating a peRES signal and in inducing learning can be

tested and further supported by manipulations of cAMP levels and the duration of its

activation by rolipram, a PDE4 inhibitor. Rolipram can either increase the cAMP amount

andlor prolong its activation by reducing PDE4 action. Rolipram application, in theory,

should be able to shift the isoproterenol inverted-U curve to the left, but the overall effect
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might be complicated given that the cAMP effect itself may be complex. The outcome is

difficult to predict, but the experiment itself would be very interesting to explore.

6.3.1.2 cAMP "gating" phosphorylation by reducing calcineurin activity

Another means by which learning may be abolished when an optimal level of

cAMP activation is exceeded is that higher levels of cAMP recruit increased calcium

entry which may preferentially favor a calcineurin-induced dephosphorylation. The

duration of CREB phosphorylation and related gene expression is dependent on

phosphatase activity (Bito et aI., 1996). If the cAMP cascade promotes CREB

phosphorylation by reducing phosphatase activity, application ofa calcineurin inhibitor

such as FKS06 should lest the possibility. Specifically, first, FKS06 should be able to at

least partially substitute for cAMP in promoting CREB phosphorylation; second, FKS06

should be able to synergise with cAMP activation; application of FKS06 should in theory

shift the isoproterenol inverted-U curve to the left. This series of experiments would

provide us with clearer insight into how cAMP is functioning in promoting the CREB

phosphorylation pathway as well as in promoting learning.

6.3.1.3 Phosphorylation of NMDA receptors following cAMP activation.

Another consequence of cAMP activation is hypothesized to be the
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phosphorylation of phosphorylation-sensitive ion channels such as NMDA receptors to

promote Ca2+influx into the postsynaptic cells. Measurements of the phosphorylated

NMDA receptor NRI at different time following different training conditions (0/0, O/S,

and naive etc.) would test Ihis hypothesis.

6.3.1.4 Visualizing Ca2+entry by optical imaging

Further experiments could be perfonned to explore the imracellular calcium

signals predicted to be critical. The relationship between the UCS/cAMP cascade and

postulated CS/Ca2' signalling pathway needs to be examined. How the levels of cAMP

influence the levels of intracellular Cal+could be tested by Ca2+voltage-sensitive dye

imaging. Multi-photon imaging could directly assess Ca2
+ entry at the receptor/glomerular

level where odor input is transmitted to the mitral cell dendrites both in the acquisition

and memory retrieval phases. Understanding the Ca2+/calmodulin pathway is essential for

elucidating the actual intracellular changes and interactions underpinning odor learning.

6.3.2 Other types of adrenergic receptors involved in odor preference learning

We have proposed a new model in which NE and 5-HT synergistically activate a

cAMP cascade to co-activate a CREB pathway when occurring with the glutamatergic

olfactory nerve evoked Ca2
' signal in the mitral cells of the olfactory bulb. This does not
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rule out a role for disinhibition or a role for other adrenoceptors or other modulators in

odor preference learning. Whether, for example, J31-adrenoceptors also promote a cAMP

second messenger signalling, or provide disinhibition to mitrol cells; and whether Q­

adrenoceptors play roles in mediating odor preference learning and whether they act via a

disinhibitory effect oould be explored behaviourally and elcctrophysiologically.

6.3.3 Downstream genes following CREB activation

We have demonstrated that the regulation of genomic expression by CREB is

causal in producing preference learning. Future experiments could be designed to pursue

the downstream changes regulated by CREB. A major direction would be in examining

the downstream events involved in memory retrieval. Microarrays of genes that are highly

expressed following associative learning would be helpful to screen the downstream

candidates. The inverted U-eurve properties of early odor preference learning offer

particularly useful control oonditions for comparison with effective learning conditions.

However, known candidates such as the neurotrophin BDNF, adhesion molecules, and

cytoskelctal proteins which are oomponents of long-tenn plasticity implicated in other

memory systems, might be first choice candidates for experimentation in this early odor

preference learning model.
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Abstract

Early odor preference learning offers a unique paradigm for the study of natural

mammalian learning. Week-old rat pups form an approach response to an odor that is

paired with a tactile stimulus such as stroking. In this associative conditioning paradigm,

norepinephrine (NE) input to the olfactory bulb from the locus coeruleus serves as the

unconditioned stimulus (UCS) while olfactory nerve stimulation by odor input serves as

the conditioned stimulus (CS). ~-adrenoceptors are critically implicated in NE·mediated

UCS effects. The p-adrenoceptor agonist, isoproterenol, can substitute for stroking to

induce early odor preference learning. Activation ofp-adrenoceptors in the olfactory bulb

is both necessary and sufficient to induce early odor preference learning. The effects of

isoproterenol exhibit an inverted-U curve; while a moderate dose of isoproterenol is

effective in inducing odor preference Icarning when paired with an odor, both higher, or

lower doses of isoproterenol fail to induce learning. Serotonin (5-HT) depletion shifts the

isoproterenol ues curve to the right. In an earlier model for odor preference learning,

Sullivan and Wilson proposed that early odor preference learning results from the NE

disinhibition of mitral cells from granule cells via ~-adrenoceptors. This strengthens the

mitral to granule cell synapses and increases mitral cell inhibition during memory

retrievaL

In the present thesis, I propose a new model for early odor preference learning. I

-i-



suggest that a cAMP cascade activated by the NE UCS, likely via J3j-adrenoceptors,

directly modulates the olfactory nerve to mitral cell connections and results in CREB

transcriptional activation in the mitral cell which underpins long-term memory formation.

The new model is based on the following evidence: effective es and ues pairing

enhances phosphorylated CREB (PCREB) expression in mitral cells of the olfactory bulb

and potentiates the olfactory nerve evoked field potentials of mitral cells (Chapter 2).

Odor preference learning produces long-lasting increases in blood flow at the level of the

olfactory nerve to mitral cell synapses which are observed during memory retrieval. and

which support the hypothesis of a stronger odor input signal during memory. This is

demonstrated by intrinsic optical imaging showing an enhanced response at the level of

glomeruli 24 hrs after odor conditioning (Chapter 3). PI-adrenoceptors and 5-HT1A

receptors co-localize in mitral/tufted cells. 5·HT depletion decreases NE·induccd

elevations of cAMP in mitral cells. 5-HT appears to promote NE-induced learning

through convergence on the cAMP cascade in mitral cells (Chapter 4). CREB plays a

causal role in early odor preference learning. Manipulations of CREB levels by a viral

vcctor injection directly into the olfactory bulb change the likelihood of learning and this

is reflected in alterations in pCREB (Chapter 5).
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Acknowledgement

I wish to thank my supervisor Dr. John McLean, who has provided me the

opportunity to participate in the Neuroscience program at Faculty of Medicine, Memorial

University of Newfoundland, and to complete my Ph.D thesis work in his lab; who has

opened a door for me toward a scientific world; who has guided me patiently and

persistently; who has pulled me through frustrations and celebrated with me every small

success I have achieved. I came to Canada with limited English language skill and dreams

for a scientific career; without him, I could not have achieved what I have dreamed.

I wish to thank my co-supervisor Dr. Carolyn Harley, whose spirit and scientific

creativity have always inspired me; who has shared her intelligence and ideas with me;

who has encouraged me to face the challenges; who has guided me, little by little, to

pursue the exciting projects for my thesis and to explore the real meaning of doing

Science.

I wish to thank Andrea Darby-King, who has not only provided me her expertise

and assistance Ihroughout my program but shared my feelings like a sister; who has

taught me every technique in the beginning of my research and helped me throughout my

projects; who has shared laughs and tears with me and held my hands whenever I needed.

-iii-



I wish to thank Dr. Thomas Knopfel, who has provided me an opportunity and

resources to learn optical imaging and work on an exciting project; whose love for

Science and dedication to research have inspired me.

I wish to thank my parents Shen Yuan and Suming Zhan, who have not only

nurtured me but taught me the very first lessons in my life; who have given me my spirit

and encouraged me to pursue my dreams; whose endless love has always accompanied

I wish to thank Daniel Palomo, who has given me his love and faith; who has

supported me through my thesis writing; who has shared with me the excitement of doing

Science and. the meaning ofHfe.

I wish to thank CIHR for having provided me the financial support throughout my

program, and all the faculty members and students in the Neuroscience program who

have given me help and support. Special thanks to Dr. Richard Neuman for the correction

and valuable suggestions to my thesis.

-iv-



Co-authorship Statement

I, Qi Yuan, hold a principlc author status for all the manuscript chapters (Chapter

2-5) in my thesis. However, each manuscript is co-authored by my supervisors and c<r

workers, whose contributions have greatly facilitaled the development of my hypotheses

in the manuscripts, the practical aspects of my experiments and the manuscript writing as

described below.

Chapter 2, titled "Isoproterenol Increases CREB Phosphorylation and Olfactory

Nerve-Evoked Potenlials in Nonnal and 5-HT-Depleted Olfactory Bulbs in Rat Pups

Only at Doses That Produce Odor Preference Leaming", is co-authored by Carolyn W.

Harley, Jamie C. Bruce, Andrea Darby-King, and John H. McLean. As the principle

author, I participated in the experimental designs and accomplished all the experimental

work in Experiment I and a portion of the work in Experiment 2 (olfactory nerve evoked

field potential (ON-EFP) recmdings from 10 pups in nonnal rat pup groups). I

accomplished the first draft writing. Carolyn W. Harley and John H. McLean contributed

greatly to the design of the research proposal in this paper, and thc completion and

improvemem of the writing. Jamie C. Bruce performed most of the physiological

recordings from olfactory bulb 5-HT depleted pups. Andrca Darby-King provided

substantial technical supports in both experiments and participated in dala analysis,

especially in Experiment 2. Mark Power and Steve Milway also provided technical



assistance in this work.

Chapter 3, titled "Optical Imaging of Odor Preference Memory in the Rat

Olfactory Bulb" is co-authored by Carolyn W. Harley, John H. McLean and Thomas

Knopfel. As the principle author for Ihis work, I accomplished all the actual experimental

work and data analysis, participated in the initial design of the research proposal and

actual experimental designs. I co-wrote the manuscript with Thomas Knopfel, whose

dedication and assistance enabled the accomplishment of the project described in this

paper. He provided substantial technical assistance and participated in the actual

experiments. Carolyn W. Harley and John H. McLean participated in the initial design of

this work and contributed substantially to the correction and improvement of the

manuscript.

Chapter 4, titled "Mitral CeHll1 and 5-HTlA Receptor Co-localization and cAMP

Co-regulation: A New Model of Norepinephrine-Induced Learning in the Olfactory Bulb"

is co-authored by Carolyn W. Harley and John H. Mclean. As the principle author, I

participated in the development of model hypothesis and actual experiment designs,

perfonned most of the experimental work and finished the first draft of the manuscript.

Carolyn W. Harley contributed substantially to the improvement of the manuscript, and

the initiation of the proposal for a new model for the neonate rat odor preference learning

from this work and previous ones. John H. McLean contributed greatly 10 the

-vi-



experimental designs and partial experimental work, and also assisted in writing and

improvement afthe manuscript. Andrea Darby-King assisted in final graph making. Mary

Primmer and Dr. Reza Tabrizchi provided technical assistance in this work.

Chapter 5, titled "Early Odor Preference Learning in the Rat: Bidirectional Effects

ofCREB and Mutant CREB Support a Causal Role for CREB" is co-authored by Carolyn

W. Harley, Andrea Darby-King, Rachael L. Neve, and John H. McLean. As the principal

author, I participated in the experimental design and accomplished most of the

experimental work. I finished the first draft of the manuscript. Andrea Darby-King

provided technical support. Carolyn W. Harley and John H. Mclean participated in the

experimental design and writing. John H. McLean also assisted in the actual experimental

work. Rachael Neve kindly provided the viral vectors used in this study and made

valuable suggestions for the manuscript. Eric Nestler completed the HSY-CREB and

HSV-mCREB ampliron constructions. Dr. Jun Chen provided technical assistance in lhis

work.

-vii-



Abstract i

Acknowledgements... ........................................................... iii

Co·authorship Statement v

Table of Contents......

List of Figures...

List of Abbreviations...

...viii

. xviii

Table of Contents

Chapter I Introduction

Odor prererencelearningin neonate rats .

1.I.l Behaviouralpar3digm.

.... !

..
........ ,i

.. ,i

. .. ,i1.1.2.1.1Mainolfaclorybulb.

1.1.2.1.1.1 Basicstrocture .

1.1.2.1.1.2 Changes at the bulbar level following

1.1.2.1 Neuroanalomicaistructuresandfunctions

Neural substrates for odor preference learning ,1.1.2

1.1

odor preference learning . . ·1

1.1.2.1.2 Other brain regions involved in odor preference learning 2

1.1.2.2 Neurotransmitters implicated in early olfactory learning .l1

1.1.2.2.1 Norepinephrine 11

1.1.2.2.1.1 Behaviouralaspect .. . ········il
1.1.2.2.1.2 fl-adrenoceplor activation and inverted U-curve

for early odor preference learning li
1.1.2.2.1.3 Physiological eITeets orNE implicated in early

odorpreferenceleaming !Ji

1.1.2.2.2Serotonin. . .1.2

-viii-



1.1.2.2.3Othertransmillers .

1.1.2.2.3.1 Dopamine

1.1.2.2.3.2GABA .

1.1.2.2.3.3Glutamate.

. :lQ

....... 2..Q

·21

1.1.3 Candidate mechanisms underlying odor preference learning . . .ll

1.1.3.1 Intercellular synaptic plasticity. . . 12

1.1.3.1.1 The AOB disinhibition model. . 21

1.1.3.1.2 The MOB disinhibition model ...............•... .. .. 11
1.1.3.1.3 Disinhibition and the invertedU·curve .

1.1.3.2 Intracellular signalling .

1.1.3.2.1 The cAMPIPKAlCREB hypothesis of early

odor preference learning.

....... 2J

2.!!

1.2 A new strategy to study odor preference learning - optical imaging .. . II

1.2.1 Olfactory enooding . . II

1.2.2 Intrinsic signal imaging. . 11

1.2.3 Implications ofopticallcchniques for the study of odor learning M

I.J CRED, !JYnaptic plasticity and memory

1.3.1 CREB and transcription . .J.§.

1.3.1.I CREB phosphorylation and transcriptional activation. . . II

1.3.1.2 Transcriptional repression J..2.

1.3.2 The role ofCREB in memory..... . . . . . . . . . . . . . . . .• . ~

1.3.2.1 Long-tenn facilitation in Aplysia . . :1l

1.3.2.2 cAMP and Drosophila . . il
1.3.2.3 CREB in transgenic mice ..... ~

1.3.2.4 CREB studies in rats .

1.4 Rationale and hypotheses for the present thesis

-ix-

.... ~

. ... 12



Chapter 2 Isoproterenol Increases CREB Phosphorylation and Olfactory

Nerve-Evoked Potential in Normal and 5-HT-Ocplcted

Olfaclory Bulbs in Ral Pups Only al Doses Thai Produce Odor

Preference Learning

2.1 Introduction. ............... ·ll

2.2 Experiment 1. Incrt'ased peREB expression following manipulation

of NE and 5-HT inputs to the olfactory bulb correlate with odor

preference Jearningin neonatenl.ls. . .... iZ
2.2.1 Methods. . . .. ..................• . . .a

2.2.1.1 Odor conditioning and drug injection . .a
2.2.1.2 Preference testing . . i2

2.2.1.3 S·HTdepletion . . .M

2.2.1.4 Protein determination and Western blot analysis @

2.2.2 Results...... ................• . §l

2.2.3 Discussion. . 21

2.3 Experiment 2. Increased ON-evoked synaptic potentials following manipulation

orNE and S-HT inputs to the olfactory bulb corrdate with the requirements

for conditioned odor preference learning in neonate rats..

2.3.1 Method.

2.3.1.1 Surgery.

2.3.1.2 Electrophysiology

2.3.2 Results.

2.3.3 Discllssion.

2.4 General Discussion .

·22

·21
. . .6l

. @

.2l!

. 1.Q

. .. 1.1



Chapter 3 Optical Imaging of Odor Preference Memory in the Rat

Olfactory Bulb

3.1 Introduction .!ll

J.2

J.J

Methods ...................................•

3.2.1 Odorprererencetraining

3.2.2 Optical imaging .

Results.

............ .61

............ !ll

· .. ··M

. ~

3.4 Discussion.

Chapter 4 Mitral Cell PI and 5-HT2A Receptor Co-localization and cAMP

Co-regulation: A New Model of Norepinephrine-Induced

Learning in the Olfactory Bulb

4.1 Introduction. ···21

4.2 Experiment 1 S-HTlA Receptor and ~J- adrenoceptor ~ali:tation 2.2

4.2.1 Materials and Methods . . 2.2

4.2.1.1 Animals and Sacrifice. . M.

4.2.1.2 Immunocytochemistry/Immunofluorescence... . .. M.
4.2.1.3 Image Processing ................................•..... 23-

4.2.2 Results. . 22.

4.2.2.1 Microwave Irradiation and ~,-adrenoceptor Labeling. . . 22

4.2.2.2 Immunofluorescence Double Label 22

-xi-



4.3 Experiments 2A and 28 cAMP Expression Following

Odor Prerc~nceTraining .

4.3.1 Materials and Methods .

4.3.1.1 Odor Conditioning and Drug IlIjectioll .

4.3.1.2 S-HTDepletion.

4.3.1.3 cAMP Assay .

4.3.2 Results.

4.4 Experiment 3A and 38 cAMP Immunocytochemistry Following

Unilateral S-HT Depletion and Isoproterenol Injection.

4.4.1 MaterialsandMcthods.

4.4.1.1 Animal Preparation.

4.4.1.2 Immunocytochemistry .

4.4.1.3 Image Processing and Analysis .

4.4.2 Results ...

. ..... .l.QQ

· .. · .. ill
.. . .lQ!

. ill

.. .lQ1

. l.Q1

. ill

.......... ill

.. ill
. 1M

. 1M.

.... 1..Ql

4.5 Discussion. . lQ2.

4.5.1 Cellular Localization of the ~,-adrenoceptorand the 5-HTlA, Reeeptor .!.Q2

4.5.2 Functional Significance ofcAMP Activation via p,-adrelloceptors

alld 5-HT1A R«eptors in Output Cells of the Olfactory Bulb ill

4.5.3 The New Model of Noradrenergic-medialcd Early Olfactory

Preference Learning in the Rat Pup. . .. ill

Chapter 5 Early Odor Preference Learning in the Rat: Bidirectional

Effects of CREB and Mutant CREB Support a Causal Role for

pCREB

5.1 Introduction ..

-xii-



5.2 MaterialandMethods ..

5.2.1 Animals ...

5.2.2 Virus Vector

..... ill

. ill

.. ill
5.2.3 Virusinjeclion. . .... ill

5.2.4 Odorconditioning ..........• . .. ill
5.2.5 Odor preference leSI . . . .... ill

5.2.6 X-gal histochemistry. . . . . . . . . . .. .. ..... . .. ill

5.2.7 Nuclear cell extract and CREB/pCREB assay.. . .... ill

5.2.8 Experimental Procedures ..................................•..... ill
5.2.8.1 Expression ofHSV-LacZ in the olfactory bulb and

its effect on odor preference learning. . ill
5.2.8.2 The causality ofCREB in natural odor preference learning ill

5.2.8.3 The effects ofCREB levels on isoproterenol-induced

5.3 Results.

odor preference leaming . .. ...... ill

.. ill
5.3.1 Expression of HSV·LacZ in lhe Olfactory Bulb and Its Effect

on Odor rreference Learning . . ill

5.3.2 The Causality ofCREB in Natural Odor Preference Learning ill
5.3.3 The effects ofCREB levels on isoproterenol·induced

5.4

odor preference learning .

Discussion ......................•

. ... ill

............ ill

Chapter 6 Summary

6.1.1 Mitral cells are the postsynaptic substrate for learning.

6.1 Research outcomes . . ill

. ill

6.1.2

6.1.3

From inverted·U curves to functional windows .

CREB is critical in odor preference learning ..

-xiii-

. ill
..ill



6.1.4 Bio-physiological changes induced by odor learning are long-lasting.. . . ill

6.2 A new model for odor preference learning ,. l2.Q

6.2.1 Comparison with a disinhibition model .....................•.. . . l.2Q

6.2.1.1 Evidence consistent with the mitral cell

cAMPIPKA/pCREB model .

6.2.2 Comparison with cAMP-mediated learning models ;n other species ill
6.2.2.1 Aplysia and Drosophila . . . ill

6.2.2.2 LTP model in mammal hippocampus ill

6.3 Future directions . ill
6.3.1 Mechanisms of cAMP functioning in odor preference learning. . ill

6.3.1.1 DlirationofcAMPactivat;on 170

6.3.1.2 cAMP "gating" phosphorylation by reducing calcincurin activity .. ill

6.3.1.3 Phosphorylation ofNMDA receptors fol1owing cAMP activation .. ill
6.3.1.4 YisualizingCal ' cntry by optical imaging 172

6.3.2 Other types ofadrencrgic reccptors involved in odorprefercnce leaming .. ill

6.3.3 Downstream genes following CREB activation ill

References lli

-xiv-



List of figul'"es

Figure 1.1 Basic struclUre of the main olfactory bulb ..

Figure 1.2 The synaptic circuitry between the mitral and granule cell in the AOB 2j

Figure 1.3 The disinhibition model of early odor preference learning. . 2..2

Figure 2.1 Odor preference test and Western blot results for pCRES in nomal pups ... 1Q

Figure 2.2 Odor preference test and Western blot results for peREB in olfactory bulb

5.HTdepletedpups.

Figure 2.3 Characteristic wavefoms of field pontentials in the EPL of normal

and S-HT depleted olfactory bulbs by ON stimulation.

Figure 2.4 Evoked field potential recordings in nomoi rat pups .

. ··11

. .. ·11

. l2

Figure 2.5 Evoked field potential recordings in olfactory bulb S-HT depleted rat pups .. .!!..Q

figure J.l Intrinsic imaging setup 811d peppennint response recordings from tile OB ... 2.Q



Figure 3.2 Optical imaging ofOB responses to amyl acetate and peppennint in control and

Figure 4.1

trainedpups.

l.ocalization oftheji,-adrenoceptor in the olfactory bulb

by immunocytochemistry..

.. l!l

Figure 4.2 Confocal images of the olfactory bulb from a PND 10 pup. . . ill

Figure 4.3 Immunofluoresence label of mitral cells in a PND35 rat using

an antibody to the 5-HTlA receptor.. .. ..... ill

Figure 4.4 cAMP expression in the olfactory bulb ofPND 6 pups immediately after

various training sessions. ........... ············ .......... ·· .... ·ill

Figure 4.5 cAMP immunocytochemistry showing the cellular location of cAMP

in the olfactory bulb. . ill

Figure 4.6 Relative optical density measures of cAMP showing the influence

isoproterenol and/or unilateral bulbar 5·HT depletion on cAMP

expression in the mitral cell layer 124

Figure 4.7 Proposed intercellular and intracellular pathways in the olfactory bulb

activatedbyji, and S-HT1A receptors.

-xvi-

. ill



Figure 5.1 Histology of f}-galactosidase by X-gal staining. ill

Figure 5.2 Odor preference test showing HSV·LacZ injection itself does not

affect odor preference learning .. . ill

Figure 5.3 Odor preference test showing CREB and mCREB injet;tions

block odor preference learning in a naturalleaming paradigm ill

Figure 5.4 CREB assay showing CREB in the olfactory bulb is increased two days

after HSY-CREB injection . .. ...... ill

Figure 5.5 pCREB assay showing pCREB is significantly increased in the olfactory

bulbs of the HSV-CREB injected group following 0/5 training ill

Figure 5.6 Odor preference test showing CREB and mCREB injections shift the

isoproterenol inverted U-curveto the left and right respectively ill

Figure 5.7 pCREB assay showing pCREB is increased in the olfactory bulbs

of the learning groups . .. ill



2-DO

5-HT

5,7-dHT

6-0HDA

AA

AC

AMPA

ANOVA

AOB

AP-5

APV

ATF

BCA

bZip

C.M

cAMP

CIEBP

CF

CNS

CREB

CREM

CS

DA

DAB

DCG·IV

DOG

DNQX

DOl

Abbreviations

2-deoxyglucose

5.hydroxytryptamine;serotonin

5,7-dihydroxytryptamine

6-hydroxydopamine

amyl acetate

adenylylcyelase

alpha-amino-3-hydroxy-S-mcthyl-4-iso-xazole-propionic acid

analysis of varialice

accessory olfactory bulb

amino-S-phosphonopentanicacid

D.2.amino-5-phosphonovalcricacid

activating transcription factor

bicinchoninicacid

lcucine-zipperdomain

calmodulin

cyclicadenosinemonophosphatc

CCAAT/cllhallcer binding protein

centrifugal fiber

central nervoussystcm

cAMP respoose elemcllt binding proleio

cAMP response e1emelll modulater

conditiooedSlimulus

dopamine

diaminobenzidinedihydrochloride

(2S, 2'R, 3'R)-2-(2'3'-dicarboxycycloproplyl) glycine

y-D-glutamylglycine

6,7-dinilroquinoxalinc·2,3·dione

2,5.dimcthoxy.4.iodoamphetamine hydrochloride



EFe evoked field potential

EPl external plexiform layer

IMRI functionll.l magnetic resonance imaging

GABA gamma-amino butyric acid

GABA~R GABA", receptor

Ge granule cell

Gel granule cell layer

Gl glomerular layer

GI. glutamate

GluR glutarnatereceptor

HSV herpes simplex virus

leER inducible cAMP early repressor

lEG immediate ell.rly gene

iGluR ionolropicglutamll.tertceptor

IPl inlemal plexiform layer

lOT lateral olfaclory tr3CI

"0 isoproterenol

lTD long-tenndepression

lTF long-term facilitation

IT' long-tcrm potentiation

lTS long.tennsensilization

Mel mitral cell layer

mCREB mutantCREB

mGluR metabolropicg]utamatereceplors

Me mitral cell

MOB main olfll.ctory bulb

NE norepinephrine

NGS normll.lgoatserum

NMDA N·methyl·D·aspanate

06 olfactory bulb

-xix-



ON olfactory nerve

ORN olfaclory receptor neUTon

010 odor only

OIS odor+stroking

pCRES phosphorylated CREB

POE4 phosphodiesterase4

PKA protein kinase A

PNO postnatal day

PP peppenninl

PPI protcinphosphatase I

ROD re[ativeopticaldensily

ST' short-tcnn facilitation

UCS unconditioned stimulus

VN vomeronasal nerve



Chapter 1 Introduction

This introduction reviews, first., OUT understanding of the early odor preference

learning IiteralUre up to the beginning of the experiments thai comprise the thesis. The

next sections review two additional topics of particular relevance for the present set of

experiments: (I) the newer methodology of optical imaging and (2) the role ofeRED as a

putative "universal" memory molecule. The final section outlines the experiments

undertaken here.

1.1 Odor preference learning in neonate nIIts

New born rat pups can not open their eyes until po5tn:ltal day (pND)IQ-12. During

this early period of their life, they depend heavily on smell to locate and attach to the

mother's nipples. In order to survive, a newborn has to develop an attachment to its

mother, regardless of the quality ofcare.giving (Sullivan et 81., 2000a). The first postnatal

week, therefore, has special meaning in the life of rats: they rely exclusively on olfactory

and somatosensory stimuli to develop their initial relationship with their envirorunent;

their immature central nervous system (eNS) determines their potential for plasticity.

both behaviourally and ccllularly.

An approach response to an odor cue can be easily obtained by classical



conditioning in neonatal rats. This approach response in rat pups is quite stereot}-ped.

Multiple stimuli, even aversive ones, such as foot shock and tail pinch, can produce a

conditioned approach response to an odour (Camp and Rudy. 1988; Wilson and Sullivan.

1994; Sullivan et aI., 2000a). The approach response can be tested 24 hr later by either y.

maze or two-odor testing protocols. This kind of learning is called odor preference

learning. The classical conditioning paradigm of odor preference learning enables us to

explore the neural substrates underlying learning associated changes. It provides

information not only about the mechanisms of synaptic plasticity in the olfactory system

but also about the mechanisms of learning and memory in generaL

1.1.1 Behayioural paradigm

In 1986, Sullivan and Leon reported thaI early olfactol)' learning produced by

pairing a novel odor with a reinforcing tactile stimulus from PND I 10 18. led to an odor

preference and enhanced 2-deoxyglucose (2-DG) uptake in specific areas of olfactory

bulb glomeruli to subsequent presentations of that odor. In this paradigm, the tactile

stimulus serves as an unconditioned stimulus (UCS); the odor itself serves as a

conditioned stimulus (CS). The same changes were reported later by the same group after

one-trial olfactory training (Sullivan and Leon, 1987). In this simplified paradigm, PND 6

rat pups are simultaneously subjected to a 10 min odor exposure and to a reinforcing

lactile stimulation. stroking of their bodies using a brush. The control groups receive



either the odor only (CS only), or the stroking only (UCS only), or neither of these stimuli

(naive). The next day, when the pups are assessed by a two odor choice test, the

odor+stroking conditioned group demonstrates a preference for the conditioning odor,

while the other groups fail to show approach responses.

Different strategies and stimuli have been explored since the initial work by

Sullivan and her colleagues. A diversity of stimuli, including stroking, milk, tail pinch,

the odor of maternaI saliva, high humidity, mild foot shock, heat and intracranial brain

stimulation have been used as UCSs (Wilson and Sullivan, 1994). An interesting

characteristic of this early olfactory learning paradigm is that there is a sensitive period,

during which various brain structures involved in emotion and learning are still immature

and undergoing maturation. This sensitive period ends around postnatal day 10. During

this period, rat pups have a high potential for acquiring approach behaviour, even when

an aversive stimulus such as foot shock is used. After postnatal day 10, pups start to

develop avoidance responses. Interestingly, young pups «PND10) and older ones

(>PNDlO) have similar responses to foot shock (vocalization, vigorous physical response

etc.), although they show striking differences in the learned behaviour. Furthermore, the

amygdala, a brain structure critically involved in the emotional aspect of learning and

memory, does not demonstrate a change after shock-induced odor preference in PN08

pups as measured by 2-00 (Sullivan et aL, 2oo0a), suggesting learning may occur

primarily in the olfactory bulb itself during this sensitive period. This hypothesis is



reinforce<! by the observation of metabolic and electrophysiological changes in the

olfactory bulb which will be discussed in 1.1.2.1.1.2.

1.1.2 Neural substrates for odor preference learning

1.1.2.1 Neuroanatomieal structures and functions

1.1.2.1.1 Main olfactory bulb

In odor preference conditioning, as mentioned, learning associated changes have

mainly been observed in the main olfactory bulb (MOB) (Wilson and Sullivan, 1994).

The MOB is a simple cortical structure which receives direct sensory input from olfactory

receptor neurons in the olfactory epithelium. The clear laminar structure and limited

synaptic circuitry make it an excellent model system to study learning associated synaplic

plasticity (Figure 1.1).

1.1.2.1.1.1 Basic structure

The sensory organ of the main olfactory system is the olfactory epithelium. The

olfactory receptor neurons (ORNs) transmit the information of volatile compounds of

odorants to the olfactory bulb via the olfactory nerve (ON). Localed deep to the olfactory



nerve layer are distinctive spherical structures called glomeruli. Glomeruli are where the

axons of ORNs synapse onto the apical dendrites of olfactory output neurons­

mitral/tufted cells. The secondary dendrites of mitral cells form dendroclendritie synapses

with the dendrites of inhibitory neurons •• granule cells in the external plexiform layer

(EPL, Figure l.lA). In rats, the ON forms glutamatergic synapses with the apical

dendrites of mitral cells (Ennis et aI., 1996; Aroniadou Anderjaska et aI., 1997), the

excitation of which is regulated by the GABAergic granule cells. "l1te interaction between

mitral cells and granule cells is through dendrodendritic synapses. The mitral cell releases

glutamate onto granule cell dendrites upon activation; whereas granule cell dendrites, in

tum, release gamma-amino butyric acid (GABA) back onto mitral ccll dendrites to

prevent their funher excitation (Figure 1.1 B). The chemosensory information is

extensively processed and refined within the MOB before it is sent to the olfactory conex.

The axons of mitral and deep tufted cells of the MOB project via the lateral

olfactory tract (LOT) to the olfactory conex (Schoenfeld et aI., 1985; Scott, 1986). In

rodents, the olfactory conex includes the anterior olfactory nucleus; the piriform eonex;

conical and medial nuclei of the amygdala; the olfactory tubercle and the transitional

entorhinal cortex. Olfactory information is also relayed to the thalamus and the

orbitofrontal cortex via secondary and tertiary connections. The projection to the

amygdala is importantly implicated in the mediation of the emotional and motivational

aspects of smell and smell behaviour. Afferent projections to the orbitofrontal cortex via



Figur~ 1.1 Th~ basi~ structure orthe main olra~tory bulb (A) and the synaptic

circuitry within the olfactory bulb (8). Adapted from Kandel et al. The Principles of
Neuroscience.pp631.



the thalamus are thought to be responsible for the pcrcc:ption and discrimination of the

odors (Kandel et al. 2000, pp 633). At the present lime no extrabulbar structures have

been directly implicated in mediating early odor preference learning.

In addition to the editing of chemosensory infonnation within the olfactory bulb

through inhibitory intemeurons, the multiple inputs to the olfactory bulb from the

olfactory cortex as well as from the basal forebrain (horizontal limb of the diagonal band)

and midbrain (locus coeruleus and raphe nuclei) also play modulating roles in olfactory

bulb function. The same odor input can take on different behavioural significance

depending on the physiological state of the animal (Kandel et al. 2000, pp 633). The

activities of some of these systems play important roles in early olfactory conditioned

learning which will be discussed in 1.1.2.2..

1.1.2.1.1.2 Changes at the bulbar level following odor preference learning

Neural changes occur at the level of the olfactory bulb following odor preference

training. Rat pups that undergo odor conditioning show enhanced focal2-0G uptake in

the glomerular layer when subsequently exposed 10 the same odor (peppennint) compared

to control pups (Coopersmith et al.. 1986; Coopersmith and Leon, 1986; Sullivan and

Leon, 1986). The increased 2-00 uptake is limited to the 2-00 foci in the midlateral

region of the olfactory bulb, but not the ventrolateral 2-00 foci. The enhanced focal 2-



DO uptake may be related to training associated structural changes. For example,

increased numbcrs ofjuxtaglomerular cells around the glomeruli and increased dendritic

processes within glomcruli are also seen following odor conditioning (Woo et aI., 1987;

Woo and Leon, 1991). Furthermore, early odor preference training increases the density

of Fos-immunopositive cells in midlateral glomerular regions underlying the high uptake

2·0G foci secn upon subsequent exposure to the learned odor (Johnson et aI., 1995).

These results suggest specific regions in the olfactory bulb that encode the conditioned

odor are modified following the learning of that odor.

The olfactory responses to odors can be measured by single-unit recording of

mitral/tufted cells. Wilson et al reported that granule cell suppression of mitral cell

responses to a conditioned odor is increased by conditioning (Wilson ct aI., 1987; Wilson

and Leon, 1988). The increase occurs in the region of the olfactory bulb that responds to

thc odor. The inhibition that is increased after conditioning may occur via lateral

inhibition. The increased strength of lateral inhibition may refine the pattern of mitral cell

activity induced by the learned odor (Brennan and Keveme, 1997).

The functional and structural changes in the olfactory bulb associated with odor

preference learning occur only during the critical period; the changes cannot be induced

aftcr the second postnatal weck although preferences can still be established (Woo et aI.,

1987). The olfactory bulb undergoes extensive growth after birth, the maturation of which



depends greatly on sensory input, which is analogous to the development ofother

systems, such as binocularity and orientation column fonnation in the visual system. In

this sensitive developmental period, enriched odor envirorunents enhance olfactory

neuron survival and synapse fonnation, whereas unilateral naris occlusion leads to

decreased surviving neurons in the deprived olfactory bulb (Meisami and Safari, 1981;

Najbauer and Leon, 1995; Mclean et al., 2(01). Neonalal pups in this period thus have a

high potential for neural, as well as behavioural, plasticity.

1.1.2.1.2 Other brain regions involved in odor preference learning

The MOB appears to be the major brain substrate for the acquisition of early

conditioned odor preferences and for the processing of odor information during odor

learning in general. HO....'ever, a variety ofother brnin structures play roles in various

aspects of odor learning in both neonate and adult rats (Brennan and Keveme, 1997).

These will be briefly reviewed below.

The amgydala appears to be involved in neonate rat odor learning. Bilateral

electrolytic lesions of the amygdala on PND5, mainly the conical nucleus of the

amygdala, disrupt the conditioned odor approach responses obtained on PND6, although

rat pups still show conditioned behavioural activation (Sullivan and Wilson, 1993).

However, the loss of the conditioned odor approach response can be compensated by



ovenraining. With sufficient ovcrtmining, pups can acquire ooth conditioned activation

and an odor approach response, suggesting that the amygdala is not essential for this early

odor preference learning, although it can facilitate the acquisition of an odor preference.

Interestingly, the amygdala is involved in a differential response to odor-shock

conditioning as reported by Sullivan (2000). As mentioned in 1.1.1, there is a critical

period for neonate odor preference learning. Odor-shock conditioning induces an

approach response in rat pups before postnatal day 10, but results in odor aversion

response after this critical period. Amygdala 2-DO uptake after odor-shock conditioning

is enhanced in PND12 pups that develop an aversion response; but is nOI changed in

PND8 pups that form an approach response following odor-shock. The olfactory

projections to the amygdala arc present near birth. Why the amygdala is not critically

involved in the early odor-shock induced approach response is not clear. hO....'CveT. it

seems to be necessary for the acquisition of an odor aversion in older rats when the same

training protocol is used.

In addition 10 lhe amygdala, increases in 2-00 uptake have been found in ooth the

anterior olfactory nucleus (Cierpial and Hall, 1988; Hamrick et al., 1993) and piriform

cortex (Cierpial and Hall, 1988) following odor learning in rats. Long-term potentiation

(LTP), a synaptic phenomena which has been suggested to be closely associated with

long-term memory formation, can be induced in the piriform cortex in adult rats (Roman

10



etaL,1993).

Mediodorsal thalamus and hippocampal areas appear to play roles in adult odor

learning. In an odor reversal learning model, water-deprived rats are trained on a go, no­

go two-odor olfactory discrimination task to respond to one odor (S+) with water as a

reward and to suppress responding to the other odor (S-). The rats are then tested for their

ability to reverse the stimulus association. Lesions of mediodorsal thalamus disrupt odor

reversal learning in rats (Slotnick and Risser, 1990), but odor discrimination is well

preserved. The mediodorsal thalamus projects to the orbitofrontal cortex where olfactory

infonnation converges with gustatory and visual inputs and fonns associations with

rewards (Rolls and Baylis, 1994). In contrast, the parahippocampal areas are more

involved with transient olfactory memory (Otto and Eichenbaum, 1992), Disruption of

the olfactory input to the hippocampus does not affect odor reversalleaming (Slotnick

and Risser, 1990). The hippocampus is implicated in supporting the representations of

relations among odor stimuli such as the ronnation of the spatial memory for odor cues

(Eichenbaum, 1998). Interestingly, lesions to the above structures, as well as lesions to

the amygdala, do not seem to disrupt a previously learned olfactory discrimination

(Slotnick and Risser, 1990; Staubli et al., 1995; Brennan and Keveme, 1997).

II



1.1.2.2 Neurotransmitters implicated in early olfactory learning

As mentioned, the olfactory bulb receives a strong input from neuromodulatory

systems: noradrencrgic input from the locus coeruleus. se:rotonerg,ic input from the raphe,

and cholinergic input from the horizonlallimb of the nucleus of the diagonal band. There

are also many intrinsic dopaminergic neurons in the glomerular layer of the olfactory

bulb. Different trnnsmitters including NE, 5-HT, dopamine (DA), GABA and glutamate

have been shown to play important roles in mediating odor preference learning which will

be discussed in the following sections.

1.1.2.2.1 Norepinephrine

Noradrenergic neurons are located in the locus coeruleus. The locus coeruleus

projects diffusely throughout the cortex, cerebellum and spinal cord (Kandel et al. 2000,

pp 283). In mammals, ascending noradn:nergic neurons project directly to the MOB and

accessary olfactory bulb (AOB), which is present to a significant extent at birth (Mclean

and Shipley, 1991). NE lerminals have the highest degree of laminar specificity in the

MOB of any brain structure (Mclean et al., 1989). Most NE fibers terminate in deep

layers of the MOB, including the internal plexiform layer (IPL) and the granule cell layer

(GeL) and to a lesser degree in the EPL, but it is sparse in the glomerular layer (GL). The

ascending NE system is involved with attention and Olher complex cognitive funclions
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(Hasselmo, 1995). The role ofNE in early olfactory learning has been extensively

investigated.

1.1.2.2.1.1 Behaviouralasp«t

In rat pups, the pairing ofa novel odor with tactile stimulation or stroking, which

mimics maternal care. produces a conditioned odor preference for that odor. In this

model, odor serves as the CS and stimulates the glutamatergic ON via olfactory receptor

activation, while the tactile stimulus used as the UCS has been shown to activate the

locus coeruleus (Nakamura'et ai., 1987) to release NE in the olfnclOry bulb (Rangel and

Leon. 1995). The convergence ofCS and UCS in the olfactory bulb is hypothesized to

resuJt in the structural, biological and physiological changes reponed both at the level of

glomeruli and the output neurons (as discussed in 1.1.2.1.1.2.).

Associative odor learning in neonate pups requires an intact NE input to the bulb.

Bilateral lesions of the locus coeruleus by 6-hydroxydopamine (6-DHDA) significantly

impair olfactory learning in rat pups (Sullivan et al., 1994). Systemic (Sullivan et aI.,

1994) or local bulbar (Sullivan et aI., 1992) injection of the ~-adrenoceptor antagonist

propranolol, or timolol, prior to training blocks odor preference learning in a dose­

dependent manner. This effect is not due to the loss of odor sensitivity or discrimination

(Dotyetal., 1988).

13



Stimulation of the NE input to the olfactory bulb is sufficicnt to induce an odor

preference (Sullivan et al., 2000b). Putative stimulation of the locus coeruleus by

idazoxan or acetylcholine produce an odor preference which could be blocked by a

pretraining injection of propranolol. Association of odor with either systemic (Sullivan et

aL, 1989b; Sullivan et aL, 1991) or intrabulbar (Sulllvan et aI., 2000b) injection of the p.

adrenoceptor agonist isoproterenol can substitute for stroking to induce an odor

preference in rat pups. Systemic injection of isoproterenol also results in the same

enhanced 2-DG uptake within the olfactory bulb as that seen with the stroking+odor

conditioning (Sullivan et aL, 1991). p-adrenoceptor agonist and antagonist studies

together suggest p-adrenoceptor activation is both necessary and sufficient for early odor

preference learning. The evidence that intrabulbar p.adrenoceptor activation alone paired

with odor is sufficient to induce an odor approach response also suggests that the critical

CS-UCS seems to converge in the olfactory bulb during early odor preference learning

(Sullivan et al., 2000b).

NE is not only involved in the acquisition, but also in the consolidation of odor

preference memories in rat pups. Post-training injection of propranolol up to I hr after

training blocks learned odor memory acquired through odor-milk association. NE does

not appear to be necessary for expression of the learned response; propranolol injection

immediately before testing (24 hr after training) does not affect memory (Sullivan and

14



Wilson, 1992).

While ~-adrenoceptors have been extensively studied, other adrcnoccptor

subtypes have not been directly assessed in early odor preference learning.

1.1.2.2.1.2 p-adrenoceptor activation and tbe inverted U-eurve for early odor

preference learning

Interestingly. although the association of an odor with either stroking or

isoproterenol results in an odor approach response. the effect is dose-dependent. The

dose-response curve for this effect has an inverted V-shape function. Only an optimal

activation of~·adrenoceptorproduces learning (Sullivan et al., 1989b; Sullivan et al.,

1991; Langdon et aI., 1997). A moderate dose of isoproterenol, 2 mg/kg. when paired

with an odor, can substitute for stroking to induce an approach response; whereas higher

doses, 4 mglkg and 6 mglkg, or a low dose, 1 mglkg, of isoproterenol fail to produce odor

learning. These outcomes have suggested that the balance between inhibition and

disinhibition of output cells of the olfactory bulb may be critical as will be discussed in

1.1.3.1.3 and Chapter 2. Additionally, a critical window for calcium and cyclic adenosine

monophosphate (cAMP) coactivation of intracellular phosphorylation pathways may

occur with a moderate levcl of Il-adrcnoceptors stimulation as will be discussed later in

Chapler2.
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The effect of isoproterenol is additive to stroking in supporting early odor learning

(Sullivan el aI., 1991). An odor paired with a moderate level of either of these stimuli

produces learning. However, a combination of2 mgfkg isoproterenol slimulation with a

nonnal magnitude of stroking does not produce learning. Combination of suboptimal

levels of both of these stimuli results in learning. These outcomes suggests that ~­

adrenoceptor activation and the stroking UCS share a common substrate for inducing

early odor learning.

1.1.2.2.1.3 Physiological effects ofNE implicated in early odor preference

learning

Early olfactory learning depends on MOB noradrenergic neurotransmission as

discussed earlier. Studies ofNE actions in the MOB are controversial (Jiang et aI., 1996).

In early work, NE was found to inhibit mitral cell discharge in rabbits and cats

(Salmoiraghi et aI., 1964; McLennan, 1971), although no pharmacological studies on

receptor subtypes wcre donc. More recently, NE was reported to disinhibit mitral cells in

the adult turtle olfactory bulb slice preparation (Jahr and Nicoll, 1982). Trombley et al

demonstrated the same disinhibition effect on cultured mitral cells from the rat MOB

(Trombley, 1992: Trombley and Shcpherd, 1992). This disinhibitory effect is mediated by

an a-, but not a ~-adrenoceptor, presynaptic mtthanism (Trombley, 1994). NE

application results in the disinhibition of mitral cells from granule cells through inhibition
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of presynaptic calcium influx in the mitral cells. In vivo Jiang et al (1996) reported thai

locus coeruleus activation increased mitral cell responses to weak olfactory bulb

stimulation, which is consistent with the disinhibition hypothesis. More imponantly, in

present concern, an in vi\'O study in rat pups reported activation ofp.adrenoceptors in the

olfactory bulb decreased granule cell inhibition (Wilson and Leon, 1988). By examining

the effects of the p-adrenoceptor agonist, isoproterenol, and the antagonist, propranolol,

on paired-pulse inhibition at the granule celVmitral cell reciprocal synapse, Wilson and

Leon (1988) found activation ofll·adrenoceptors caused disinhibition of mitral cells,

while its blockade resulted in increased inhibition. The conflicting results may be

attributable to methodological differences (Jiang et aI., 1996). Differences in drug

concentration, duration and sites of action in different preparations may all influence the

actual NE effect obsen'ed. More work is needed on the phannacology and mechanism of

NE modulation of inhibition in the rat pup. The in vitro work suggests there is NE

mediated disinhibition via o..adrenoceptors, but the role of o.·adrenoceptors in early

olfactory learning is unknown. o.-adrenoceptors disinhibition has bttn implicated in

another fonn of olfactory learning (Brennan and Keverne. 1997).

Early odor preference learning in the MOB is blocked by p-adrenoceptor

antagonists. Norepineplu'inc has been proposed to promote learning-dependent

behavioural and neural changes tlu'ough p-adrenoceptors (Wilson and Sullivan, 1994).

The results of Wilson and Leon in the rat pup support a p-adrenoceptor-mediated
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disinhibition as possibly playing a critical role in early odor preference learning. Based on

the physiological results logether with the behavioural results and bulbar changes

following behaviour, Sullivan and Wilson (1994) proposed that during associative odor

preference learning, the UCS aClivates NE input to the olfactory bulb, resulting in

disinhibition of mitral cells via a ~.adrenoeeplor effect. This UCS disinhibition facilitates

the excitalion of mitral cells and could produce an enhancement of the CS excitatory

effect on milrol cells. Ho....'Cvcr. in the Sullivan and Wilson model, the criticalleaming

related change is hypolhesized 10 be a sttengthening of the mitral cell g1utamatergic input

to the granule cell such that stronger inhibition ofminal cells is SCC1 with retrieval of the

odor memory. This parallels other odor learning models as will be discussed in 1.1.3.1.

The discrepancy between the n·, and ~·adrenoceptormediated disinhibilion

again, may result from different experimental preparations (Brennan and Keveme. 1997).

However, the presence of multiple receptor types for NE in the olfaelory bulb suggests

their roles in odor preference learning might be diverse and meril further investigation.

For example, besides a possible inhibitory role, another me<:hanism ofNE action might

be to directly enhance mitral cell excitability (Jiang et aI., 1996; Hayar et aI., 2001) by

blocking spike accommodalion (Jiang el aI., 1996). In addition, ~-adrenoceptormediated

activation of the cAMP cascade has also been hypothesized to be critically involved in

early preference learning as will be discussed in I. [.3.2.1 and Chapter 2. 4, and 5.
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1.1.2.2.2 Serotonin

Another olfactory bulb modulating system is the 5-HT input from the dorsal and

median raphe nuclei (McLean and Shipley, 1987). Serotonergic fibers are extensively

distributed in the olfactory bulb, however, only 5-HT2AI2C receptor subtypes have been

examined in early odor preference learning. 5-HT2A receptor mRNA (Mclean et aI.,

1995) and protein (Hamada et aI., 1998) are localized in mitral and tufted cells, and to a

lesser extent, in periglomerular and granule cells (Hamada et aI., 1998).

Earlier work from McLean's lab suggested that 5-HT acting through 5-HT2AflC

receptors promotes noradrenergic-induced plasticity (McLean et al., 1999). Although NE

input appears to act as the critical ues for odor preference learning, the effect depends on

an intact serotonergic input. 5-HT2 activation itself does not induce learning, but depletion

of olfactory bulb 5-HT fibers by 5,7-dihydroxytryptamine (5,7-dHT) injection into the

anterior olfaclOry nucleus on PND2 prevents the acquisition of odor preference induced

by a normally effective dose of isoproterenol (McLean et aI., 1993). Sufficient Il­

adrenoceptor activation using a higher dose of isoproterenol can overcome the

requirement for S-HT input during acquisition (Langdon et aI., 1997) and an increase of

5-HTl receptor activation using the receptor agonist 2,5-dimethoxy-4-iodoamphetamine

hydrochloride (DOl) can promote learning when a subthreshold isoproterenol is given

(Price et aI., 1998).
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These results led us to the hypothesis that noradrencrgic and serotonergic inputs

may act synergistically on the same cells to promote a cAMP/protein kinase A (PKA)

phosphorylation cascade which has been critically implicated in other memory system

such as in Aplysia and Drosophila models (Silva et aI., 1998). 131-adrenoceptors stimulate

adenyl cyclase induced cAMP production via a G-protein (Prisco et aI., 1993; Mclean et

al., 1999). In contrast, S-HT receptor activation by itself does not increase cAMP

expression (Morin et aI., 1992; Rovescalli et aI., 1993), which is consistent with the

behavioural failure to induce learning by 5·HT activation alone. However, 5-HT2

activation can enhance isoproterenol-induced intracellular cAMP expression through

other second messenger systems (Rovescalli et al., 1993). Therefore, 5-HT could playa

pennissive role in conditioned odor learning induced by norepinephrine; 5-HT appears to

set the stage for an effective noradrenergic action.

1,1.2.2.3 Othertransmitlcrs

1.1.2.2.3.1 Dopamine

There is a large population of DA neurons in the olfactory bulb glomerular layer:

the cells surround the glomeruli and are known as periglomerular cells (Wilson and

Sullivan, 1994). The role of DA in the odor preference learning has been investigated in

one study. Systemic injection oflhe D] antagonist SKF 83566 immediately after
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odor+stroking blocks odor preference formation. However, the effects of pretraining

injections of SKF 83566 are blocked by post-training injections of the DA agonist

apomorphine (Weldon et al., 1991). Thus, the role ofDA in the odor preference learning

may be limited to the post-training consolidation phase. However, more experiments are

needed to clarify the role and mechanism of dopamine in early odor preference learning.

1.1.2.2.3.2 GADA

The granule cell GABAergic intemeurons may play an important role in the

olfactory circuit by providing modulation to the output neurons. mitral cells, during odor

preference learning as suggested in the previous section. Granule cells inhibit mitral cells

by releasing GABA onto mitral cells through dendrodendritic synapses between these two

cell types. Blockage of GADA activation in the olfactory bulb by a pretraining injection

of picrotoxin, which blocks GABA" receptor, disrupts early odor preference learning

(Wilson and Sullivan, 1994).

Work with GABAergic antagonists in older pups suggests a possibly complex

relationship between level of inhibition and learning. A study ofGABAergic control of

olfactory learning in 14-day-old rats (Okutani et aI., 1999) showed that a low dose of

bicuculline, a GABA" receptor antagonist. when infused into the olfactory bulb, induces

an odor preference; whereas a high dose induces an odor aversion. A moderate dose of
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bicuculline, however, is ineffective in inducing odor learning of either type. This result.

argues for a eritical balance of inhibition vs. disinhibition in initiating odor preference

learning.

Since NE has also been proposed to induce odor learning through the promotion

of disinhibition of mitral cells from granule cell intemeurons, NE and GABA regulating

pathways may share common local mechanisms (Brennan and Keveme, 1997).

1.1.2.2.3.3 Glutamate

The role of glutamate and glutamatergic receptors have been extensively studied

in long-term synaptic plasticity such as LTP formation in the hippocampus. There are two

classes of receptors: ionotropic glutamate receptors (iGluR) that are linked directly to ion

channels (N-methyl-O-aspartate (NMDA) receptors, alpha-amino-3-hydroxy-5-methyl-4­

iso-xazole-propionic acid (AMPA) receptors and kainate receptors) and metabotropic

glutamate receptors (mGluRs) that are linked to G-proteins (6533).

The glutamatergic olfactory nerve synaptic input has both an AMPA receptor

mediated component and an NMDA component (Aroniadou Anderjaska et aL, 1997).

Mitral/tufted cells are also glutamatergic neurons. which release glutamate onto GluRs on

granule cells. However, the role of glutamate and glutamatergic receptors in olfactory
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learning has only been eXlensively studied in the AOB pheromonalleaming system. The

pheromonalleaming paradigm in mice is known as the Bruce effect. in which exposure of

newly mated female mice to males, different from those that they bad been mated with.

causes pregnancy failure (Kaba et 31., 1989).

In parallel with the effect ofbicuculline, AOB infusion of iGiuR antagonists cause

disinhibition ofmilml cells and can influence pheromonalleaming. However, only the

non-selective antagonist y-O-glutamylglycine (OGG) or a combination oflhe seleclive

NMDA antagonist 0-2-amino-S-phosponovaleric acid (APV) and the selective AMPA

antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX) disrupt pheromonal memory

formation, while blockade of either receptor alone, only results in p.regnancy failure

without disrupting memory fonnation (Brennan and Keveme, 1997).

In early olfactory preference learning dependent on the MOB, systemic injection

of amino-S-phosphonopentanoic acid (AP5) for the first 18 days blocks the acquisition of

an odor preference. Pre-training APV injection suppresses both the behavioural

preference and enhanced olfactory bulb response to the learned odor (Lincoln, et al..

1988). However. NMDA antagonists may disrupt normal bulb function (Wilson and

Sullivan, 1994; Brennan and Keverne. 1997), therefore more work should be done to

clarify the role of the NMDAIAMPA receptors in olfactory preference learning.
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Among the many subtypes of mGluRs. lhe role of mGluR2 is most studied in the

AOB. mGluR2 are located in the dendritic spines of grnnule cells in AOB (Hayashi et al.,

199]). By using the specific mGluR2 agonist (2S,2'R,J'R)-2-(2']'-dicarboxycyclopropyl)

glycine (OCG-IV), it was reported that DCG-IV markedly reduced Ute GABA-mediated

inhibitory CUJTent from granule cell activation in slices of mt ADB (Hayashi et aI., 199]).

Kaba et aI (1994) investigated wheUter AOB infusions ofDCG·£V could promote

pheromonal memory formation by reducing mitral cell inhibition from granule cells.

Their results showed that DCG·!V infusions into AOB result in memory formation for

male odors without mating. Figure 1.2 summaries the neural circuitry of the mGluR2 in

the AOB.

mGluR2 also occurs in Ute main olfactory bulb (Petralia et al., 1996). One recent

study soo\\.'Cd that OCG·IV infusion into the MOBs of I·wcck-old mt pups, induced an

odor preference for Ute conditioned odor, peppermint (Rumsey et aI., 2(01). In both

cases, OCG·IV acts as a UCS. 1bese results suggest mGluR mediated disinhibition of

mitraJ cells is an additional mechanism for the induction of early olfactory preference

learning.

1.1.3 Candidate mechanisms underlying odor preference lellrning

Research on mechanisms of the neurobiology of learning and memory luis focused
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Figure 1.2 Neunl drc:uitry and neurotnnsmiUers between tbe mitral and gnnule
cells in tbe AOB. Abbreviations: aAR.., a-adrenergic receptor; CF, centrifugal fiber of
norepinephrine projection from locus ceruleus; GABA, gamma.aminobutyric acid;
GABAAR, GABAAreceptor; OC, granule cell; Glu, glutamate; GluR, glUlamate receptor;
mGluR, metabotropic glutamate receptor; Me, mitral cell; NE, norepinephrine; VN,
vomeronasal nerve. Adapted from Kaba et al. Science. 265(5169):262-4 (1994)

25



on two levels: intercellular synaptic plasticity and intracellular signaling pa!hways. In

terms of intercellular plasticity, in early odor prefemlce learning, neuronal circuits

~n olfactory bulb output neurons and intemeurons, especially !he interaction

between mitral cells and granule cells via dendrodcndritic synapses has been studied

extensively. A disinhibition model has been proposed in bo!h pheromonal learning in the

AOB and odor preference learning in the MOB.

In terms of intracellular signalling, long-tcrm memory formation rcquires gene

expression and new protein synthesis. cAMP response element binding protein (CREB)

and eRE-mediated gene expression pathways have been critically implicated in long-term

memory formation in animals as diverse as Aplysia, Drosophila, rots, and mice (Silva et

aI., 1998). A role for Ca!·/cAMP-mediated phosphorylation signalling and protein

phosphatase-mediated dephosphorylation has been suggested in a variety of olfactory

learning paradigms (Brennan and Keveme, 1997).

1.1.3.1 Inten:ellular synaptic plasticity

This section briefly revisits the evidence for a role of disinhibition in olfactory

learning. Reduction of inhibitory ncurotransmission by manipulations of either NE, or

GABA or mGluR2 appears to be a common feature for the induction of different types of

olfactory memory mechanisms. such as pheromonal memory formation in mice and odor
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preference learning in rat pups, both of which have been characterized by an initial

disinhibition of mitral cells from granule cell inhibition during the acquisition of the

memory, followed by an enhanced inhibitory gain of the mitral- granule cell reciprocal

synapses during the retrieval of the memory (BrelUlan and Keveme, 1997).

1.1.3.1.1 The AOB disinhibition model

In the ADS, the association of a mating male's pheromones with increased levels

ofNE after mating is thought to result in a long-lasting increase in the inhibitory gain of

the mitral/granule cell synapses (Kabaet al., 1994; Brennan and Keveme, 1997). During

subsequent pheromonal exposure, the mitral cells responding to the mating male's

pheromones would be subject to greater self-inhibition and thus prevent the signal of the

mating male's pheromones from being transmitted to activate central neuroendocrine

mechanisms that cause pregnancy failure. The disinhibition effect of NE in AOB

pheromonal learning system is mediated by a-adrenoceptor activation (Kaba et al., 1994).

1.1.3.1.2 The MOB disinhibition model

In the MOB, ~-adrenoceptoractivation induces a disinhibitory effect on granule

cell inhibition during LOT (Wilson and Leon, 1988) stimulation. Norepinephrine has

been proposed to promote learning and learning-dependent changes in the MOB by
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disinhibiting mitral cells (Wilson and Sullivan, 1994). Odor learning induced changes

include an increase in inhibitory neurotmnsmission upon odor re--exposure (Figure 1.3),

Single-unit recording shows increased depression of mitral cell activation to the

conditioned odor (Wilson et al., 1985; Wilson et aI., 1987). The increased inhibition

during odor re-exposure may be due to increased lateral inhibition, sharpening the mitral

cell signal induced by the learned odor (Brennan and Keverne, 1997).

1.1.3.1.3 Disinhibition 3nd the inverted U-eunte

A simple disinhibiton model would not explain all the findings in early olfactory

learning, such as the inverted U dose dependency curve observed with the ~-adrenoceptor

agonist isoproterenol, or the behavioural consequences resulting from different doses of

bicuculline infused into the olfactory bulbs (Okutani et al., 1999). There may be a

requirement for a critical balance between inhibition and disinhibition for learning to take

place. Increased reciprocal inhibition induced by an increased intensity of mitral cell

activation may override increased excitability resulting from granule cell disinhibition.

1.1.3.2 Intr3cellular signalling

ea 2' and cAMP-dependent signalling cascades have been implicated in long-term

memory formation in a variety of species in numerous studies which will be discussed in
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Figure 1.3 The disinhibition model for early odor preference learning proposed by
Wilson and Sullivan. Adapted from Wilson and Sullivan. Behavioral and Neural
Biology 61,1-18 (1994)
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1.3. Below is the hypothesis for the convergence of Ca 2' and cAMP..<Jependent

signaJling cascades in inducing the CREB pathway in early odor preference learning.

1.1.3.2.1 The cAMPfPKAlCREB hypothesis or ellrly odor preference learning

McLean et al. (1999) proposed an intracellular model for odor preference learning

in which a calcium signal initiated by the odor input via the olfactory nerve and a cAMP

signal initiated by NE are required synergistically in mitral cells 10 elevate phosphorylated

CREB (PCREB) and produce olfactory learning. The proposed model fits a Hebbian

mechanism in that simultaneous activation in both the pre- and postsynaptic cells results

in a long-lasting synaptic facilitation (Hebb, 1949; Kandel et aJ. 2000, ppI260). While the

disinhibition model ofNE in odor preference learning predicts that granule cells are the

critical substrates for learning, McLean et al (1999) hypothesized that mitral cells are the

postsynaptic substrate for odor preference learning. The NE effect results from Il·

adrenoceptor activation of cAMP cascade in mitral cells. The association of Ca l' entry

through NMDA channel activation by odor input and cAMP signalling results in an

enhanced olfactory nerve EPSP in the postsynaptic mitral cells and may promote a

selectively enhanced mitral cell response to ON input during the memory phase.
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1.2 A new strategy to study odor preference leltrning - optiCltI imltging

The development of advanced new techniques has enriched our knowledge of

olfactory coding and information processing within the olfactory bulb. The topography of

the olfactory bulb has been explored with various techniques that permit visualization of

the activity of olfactory neurons from metabolic mapping of 2-0G (Coopersmith and

Leon, 1984; Johnson and Leon, 1996; Johnson et aI., 1998) or immediate-early gene c­

Fos expression (Matsuda et aI., 1990; Guthrie et aI., 1993; Guthrie and Gall, 1995), to

recent utilization of optical imaging (Katz and Rubin, 1999; Uchida et al., 2000;

Belluscio and Katz, 2001; Meister and Bonhocffer, 2001), and functional magnetic

resonance imaging (fMRI) (Yang et aI., 1998; Xu et aI., 2000). Among these techniques,

optical imaging provides high spatial (intrinsic imaging) and temporal resolution (calcium

imaging) (Galizia et aI., 1999; Katz and Rubin, 1999). This method permits fast,

noninvasive in vivo visualization of neuronal activity and repeated measurements from

the same animal. Its utilization has been extensively explored in the visual system, the

barrel cortex, and recently, in the olfactory system. It provides a new methodology to

explore neuronal changes following odor learning.

1.2.1 Olfactory encoding

Olfactory encoding is particularly amenable to optical imaging because the initial
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encoding of odor information takes place in the glomeruli, which is immediately below

the surface of the bulb. An odorant is first detected by olfactory receptor neurons located

in the olfactory epithelium. In the mammalian olfactory epithelium, each sensory neuron

expresses only one olfactory receptor gene. In rats, a large multigene family codes for

more than 1000 olfactory receptors. Neurons expressing an olfactory receptor are

confined to one of the four olfactory receptor expression zones in the epithelium, where

they are scattered throughout the zone with neurons expressing other olfactory receptors

(Dudai, 1999; Kandel et al. 2000, 1'1'630). The receptor neurons transmit odor information

via unmyelinated axons to the glomeruli of the olfactory bulb (approximately 1000

glomeruli in mouse olfactory bulb, 2000 in rat bulb. Dudai. 1999). In the bulb, axons of

receptor neurons expressing the same olfactory receptor converge onto a few· glomeruli.

Glomcruli are considered as the functional units of the olfactory bulb. Information about

different odorants arc coded in the glomeruli, in the sense that one odorant is coded by a

combinational activation pattern in glomeruli: 1) each glomerulus recognizes one

component (molecular feature) of the odorant; and 2) the pattern of the presentation of an

odorant in a group of glomeruli determines odor coding. Therefore, the first slep in

central olfactory processing involves transformation of a chemical code (molecular

features of an odorant deciphered by its binding 10 the olfactory receptors) into a

distributed place code (Dudai, 1999).
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1.2.2 Intrinsic signal imlging

Intrinsic signal imaging is a po....'efful method of analysing activily-depen<!cnt

patterns of neuronal populations in the brain. Since Rubin and Katz (1999) first employed

this technique to explore olfactory encoding in !he rat. numerous studies have

endeavoured to decipher odor coding in the olfaclOry bulb. Intrinsic signals are due to

activity-dependent neuronal changes, which are reflected as optical changes of the imaged

tissue. Activity-dependent changes involve hemodynamic changes such as a change in

blood volume, oxygenation of hemoglobin. or light scancring changes caused by the local

movement of ions and released tnlnsmilters (Dudai, 1999). Intrinsic imaging has an

excellent spatial resolution «50I-\m) which allows the measurement of neuronal changes

at the level of glomeruli on the dorsal surface of the olfactory bulb.

Optical imaging ofintrinsic signals in the rat olfactory bulb has revealed detailed

spatial patterns of glomerular activation representing different odorants, !he concentration

dependence of glomerular activation, and !he molecular receptive range of specific

glomeruli (Dudai. 1999; Katz and Rubin, 1999; Uchida et al .• 2000). The functional

representation of odorant molecules revealed by intrinsic imaging conforms to a series of

basic principles: 1) bilateral symmetry of odor representations; 2) local clustering of

glomeruli activation; and, 3) local variability of ador presentations between animals (Katz

and Rubin, 1999; Uchida et a!., 2000; Belluscio and Kal2, 2001).
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Intrinsic optical imaging has its limits. One shortcoming is that only odor-induced

activity changes on the surface of the olfactory bulb are revealed, not the cellular source

of the activity (Dudai, 1999). The odor representation patterns reported from intrinsic

imaging studies are postulated to occur in glomeruli base<! on the location, size, and shape

of the active regions. However, a combination of optical imaging with voltage-sensitive

dyes or electrophysiological measurement would help identify the cellular source of the

neuronal activity. Another limit of intrinsic imaging is its relatively slow temporal

resolution (seconds after odor application). In contrast, calcium imaging, has better

temporal resolution.

1.2.3 Implications of optical techniques for the study of odor learning

Dudai, in his review paper (1999), predicted that the power of intrinsic optical

imaging in the olfactory bulb is not only in illuminating the functional architecture of the

bulb, but it is a promising technology to visualize the olfactory brain in action. As

mentioned previously, one characteristic of intrinsic imaging is its non-invasiveness.

Activity-depcndent changes can be visualized through thinned bone or intaci dura and

repeated imaging can be applied to the same animal over a protracted period. Therefore, it

would be especially beneficial for exploring expericncc-depcndent modification of odor

representation in the olfactory bulb, which may underlie odor learning and memory.

Recording brain activity in vivo during learning is fundamental to understanding how
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memories are formed (Faber et al., 1999).

Aetivity-dependent changes with odor experience have been reported in honeybee

antennallobes (an equivalent structure to the olfactory bulb in mammals). Faber et

al.( 1999) trained individual bees to discriminate a rewarded odor from an unrewarded

odor. The rewarded odor (CS) is paired with sucrose solution (DCS), applied to the

proboscis. Acquisition of the odor-reward association leads to an increase of the

representation of the rewarded odor and differem activity patterns representing rewarded

and unrewarded stimuli. This is promising for similar research in the mammalian

olfactory bulb. The present thesis takes advantage of this methodology to explore odor

encoding following memory formation in early odor preference learning.

1.3 CRED. synaptic plasticity and memory

Leaming and memory are strongly associated with synaptic plasticity in the CNS.

Long-term memory formation requires new protcin synthcsis. CREB- dependent

intracellular pathways are thought to be pivotal in mediating the transition from short­

term memory, which lasts only 1-2 hours, to long-term memory. which lasts days. or even

a lifetime. In a variety of species from Aplysia, Drosophila to mice and rats, CREB­

dependent transcription appears to be a crucial oomponent underpinning long-term

memory formation (Silva et al., 1998). CREB levels appear to be delicately regulated in
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memory systems; disrupting nonnal CREB functioning impairs long-term memory.

1.3.1 CREB and transcription

CREB is a member of a large family of transcriptional factors that bind to

promoter cAMP responsive elemem (CRE) sites (Silva et aI., 1998; Walton and

Dragunow, 20(0). Thc CREB transcriptional family of proteins consists of three

functional domains: a leucine-zipper domain (bZIP) that mediates dimerization, a DNA­

binding domain, and the transcriptional activation domain. Based on the differentiation of

bZIP, members ofthe CREB family can be divided into three groups: activator CREB.

repressor cAMP response element modulator (CREM), and activating transcription factor

(ATF). CREB protein has three alternatively spliced isofonns, n, ~ and.o.. The repressor

CREM gene consists of at least four ditTerent factors: CREM ll, ~, y and inducible cAMP

early repressor (lCER).

CREB has been implicated in the transcriptional control of numerous genes, such

as immediate early genes c-Fos, c-jun, Egr-I, Bcl-2 (Walton and Dragunow, 2000). Many

of these genes arc expressed rapidly in response to an elevation of intracellular eAMP or

Ca2' levels. The transcriptional control of CREB on gene expression has been shown to

be involved in a variety of biophysiological phenomena such as neuronal survival

(Walton and Dragunow, 2000), learning and memory (Silva et aI., 1998), drug addiction
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(Lane-Ladd et aI., 1997) and tumorogenesis.(Xie et al., 1997).

1.3.1.1 CREB phosphorylation and transcriptional activation

The transcriptional activation of CREB is crucially dependent on phosphorylation

ofSer 133 by various protein kinases such as PKA, Ca2-/CaM kinases, ribosomal S6

kinase 2, or mitogen-activated protein-kinase activated protein kinase 2 (MAPKK2)

(Silva el aI., 1998). The phosphorylation ofCREB by different kinase pathways may be a

mechanism for the convergence of these pathways to regulate downstream gene

expression (Sheng et aI., 1991; Silva ct aI., 1998).

CREB phosophorylation has been postulated as an initial step in the

transcriptional control of synaptic plasticity underlying learning and memory (McLean et

aI., 1999). In invertebrates such as Aplysia, multiple pulses of 5-HT result in an increase

in cAMP in the sensory neuron. This in tum activates the catalytic subunits of PKA to

translocate into the nucleus, where they phosphorylate CREB and thus activate the

transcription of lEGs. lEG activation may tum on the transcription of late response genes

such as cytoskeietal proteins, adhesion molecules and neurotrophinslreceptors which

might encode proteins necessary for long-term synaptic plasticity (Frank and Greenberg,

1994).
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CREB activation in the mammalian hippocampus appears to be more complicated

than that observed in the invertebrate CNS. Studies from Bito's lab (Bito et aI., 1996;

Deisseroth et aI., 1996) have focused on the cellular processes that regulate the

phosphorylation state ofCREB in hippocampal neurons. When pCRES was monitored at

the single-cell level with an antibody specific for the Scr-133 phosphorylation site, they

reported two important occurrences. First, NMDA· dependent synaptic stimulation, but

not action potential firing, results in CREB phosphorylation, suggesting that CREB

phosphorylation is a specific synaptic signalling marker engaged by both NMDA

receptors and L-type calcium channels (Dcisseroth et aI., 1996; Mermelstein et al., 2000).

Second, phosphorylation o(CREB is necessary, but not sufficient, for the stimulation of

CRE-mediated gene expression in the hippocampus; only sustained phosphorylation of

CREB by a prolonged stimulus (5Hz for 180s instead of 18s) induced gene expression

such as c-Fos and ss-14 (Bito et al., 1996). Furthermore, they provided strong evidence

for the involvement of the Ca2+/CaM pathway in inducing CREB phosphorylation in

hippocampal neurons. CaM kinase IV (CaMKIV) is expressed in the nucleus at a time

consistent with the appearance of pCREB (Bito et aI., 1996) Both pCREB-eREB binding

protein (CBP) formation and CaMKJV were blocked by the CaMK inhibitor KN-93, bUI a

PKA inhibitor, KT5720, failed to block CREB phosphorylation (Sito et aI., 1996;

Deisseroth et al., 1996).

In contrast, Impey et al. (1996) argued for a critical role ofPKA in activating
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CREB-dependent transcription in hippocampal slices from transgenic mice, CRE-LacZ.

PKA inhibitors blocked CREB-dependent transcription in hippocampal slices from the

CRE-lacZ mice (Impey et a!., 1996). PKA facilitates the MAPK (ERK) pathway

phosphorylation of CREB (lmpey et al., 1998a). The controversial outcomes may be

explained by the different kinetics of protein kinases (Impey et aI., I998a). CaMKIV may

mediate an early phase of CREB phosphorylation, while the sustained or late phase of

CREB phosphorylation may require PKAlMAPK co-activation. Alternatively, different

protein kinase pathway interactions may exist. For example, CaMKlV can also activate

MAP kinases (Enslen et al., 1996). It is likely that CaMKlV and MAPK-dependent

pathways co-opcrate to induce pCREB mediated gene activation (Silva et al., 1998).

1.3.1.2 Transcriptional repression

Two processes are responsible for regulating CREB phosphorylation and CRE­

mediated gene expression.

First, dephosphorylation of pCREB at Serl33 is important for the inactivation of

CREB. The protein phosphatases, calcineurin and protein phosphatase-I (PP!), are

thought to be involved in dephosphorylation ofCREB (Blitzer et aI., 1995; Liu and

Graybiel, 1996; Blitzer et al., 1998; Winder et al., 1998). Treatment wilh FK506, a

calcineurin inhibitor, enhances the duration ofCREB phosphorylation and therefore
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induces c-Fos and ss-14 expression by a previous ineffective brief stimulus (18s) in

hippocampal cultures (Bito et aI., 1996). One role ofPKA is thought to be to "gate" the

Ca2~/CaMK phosphorylation pathway by suppressing phosphatase calcineurin via

inhibitor-I (Blitzer et a!., 1998; Winder et aI., 1998).

Second, CREB repressors such as CREM u, p, "( and ICER block thc activation of

CREB. CREM a, Pand"( do not have the transcriptional domain, but compete with

CREB to bind CRE sites (Foulkes et aI., 1991). CREB repressors can be upregulated by

CREB activation or CREB mutation (Silva et aI., 1998). The ratio of CREB activator to

repressor appears to be important in regulating memory formation (Silva et aI., 1998).

1.3.2 The role of CREB in memory

Rapid progress has been made in understanding the molecular mechanisms of

learning and memory by advanced genetic, pharmacological, and eletrophysiological

techniques. For example, synaptic plasticity such as the phenomena of LTP was reported

decades ago (Bliss et aI., 1973). A briefhigh~frequeney train of stimuli (a tetanus) to any

of the three major synaptic pathways of the hippocampus increases the amplitude of the

excitatory postsynaptic potentials in the target hippocampal neurons. Results from

different studies all suggest that the intracellular cAMP-regulated CREB pathway plays a

key role in these forms of LTP and in the long-term memory formation.
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1.3.2.1 Long-term facilitation in Aplysia

The early studies on the invertebrate mollusk Aplysia have been invaluable for our

understanding of the basic forms of associative learning. Aplysia withdraws its gill and

siphon when a noxious stimulus is applied to its tail. A single stimulus produces a short­

term sensitization (mins) to a subsequent stimulus, while repeated stimulation leads to

long-tenn (hours to days) sensitization. The facilitation of the synapse between the

sensory and the motor neurons is thought to be critical in mediating behavioural

sensitization. The neurotransmiuer serotonin, released from interneurons after stimulation

of the Aplysia tail, leads to an enhanced synaptic transmission between the sensory and

the motor neurons (Montarolo et aI., 1986).

This Aplysia model for learning can be replicated by a reduced preparation in

vitro. When a single Aplysia sensory neuron is co-cultured with a motor neuron, the two

cells fonn a synapse. Multiple applications of 5-HT lead to both a long-tenn facilitation

(LTF) of synaptic function and a long-tenn sensitization (LTS) behaviourally. Serotonin

application results in the activation of adenylyl cyclase, which in tum, activates thc eAMP

second messenger system. cAMP activation ofPKA leads to the subsequent translocation

of the catalytic subunits of PKA to the nucleus 10 active CREB-depcndcnt transcription of

genes, which eventually leads to the growth of new synaptic connections (Frank and

Greenberg, 1994; Silva ct aI., 1998). Direct injection of cAMP into the sensory neuron
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triggers both short- and long-term facilitation (Schacher et aI., 1988), which can be

blocked by PKA inhibitors (Ghirardi et al., 1992).

The first study to suggest that CREB is require<! for this LTS formation was

reported by Dash et al (1990). Oligonucleotides with CRE sequences injected into

cultured sensory neurons selectively blocked LTF, but not short-term facilitation (STF). A

more recent study also showed that induction of LTF triggers CREB activation and CRE­

mediated transcription by using a lacZ reporter gene transferred into individual Aplysia

sensory neurons (Kaang et aI., 1993)

The repeated pulses of5-HT initiate a gene activation cascade that leads

ultimately to the growth of new synaptic connections (Martin et al., 1997). Several genes

have been identified in this process, including apCREB I, apCREB2, apCCAAT/enhancer

binding protein (CIEBP), and the cell adhesion molecule apCAM. ApCREB2 represses

ApCREBI-mediated transcription (Bartsch et aI., 1995). Opposing forms ofCREB

(activator CREB1a vs. repressors CREB Ib and CREB2) produce opposite effects on

long-term facilitation (Bartsch et aI., 1995; Bartsch et al., 1998). The injection of

antibodies to ApCREBI or antisense oligonucleotides to ApCREBI into the sensory

neurons selectively blocked long-term facilitation. On the other hand, injection of

phosphorylated CREB-I into the cell body (Barco et al., 2002) or injection of an

antiserum against a ~REB repressor (ApCREB2) (Bartsch et al., 1995) gives rise to long-
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tenn memory by one pulse of serotonin, which nonnally only results in short-term

facilitation in nonnal conditions. With five pulses of5-HT, PKA recruits MAP kinase

and both translocate to the nucleus, where they activate ApCREB I and de-repress

ApCREB2, leading to the induction of a set of immediate-early genes which are

associated with late genes that are responsible for the growth of new synaptic connections

(Martinet aI., 1997).

1.3.2.2 cAMP and Drosophila

Thc importance of cAMP signalling and the CREB pathway for memory

fonnation has been demonstrated in the fruitfly, Drosophila. Drosophila fonn robust and

reliable olfactory discrimination memories. When Drosophila are exposed to two odors, if

one is paired with an electric shock, they learn to avoid the paired odor in aT-maze test

(fully, 1991).

The involvement of the cAMP pathway has been shown in Drosophila olfactory

learning by genetic manipulations. Four mutants that showed abnonnallevels of cAMP

also exhibited learning deficits: I) Dunce, which lacks phosphodiesterase, an enzyme Ihat

degrades cAMP and therefore has a high level of cAMP; 2) Rutabaga, which is defective

in adenylyl cyclase and therefore has a low level of cAMP; 3) Amnesiac which lacks a

peptide transminer acting on adenylyl cyclase, and, 4) PKA-Rl which is defective in
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PKA (Kandel et a!. 2000, ppI257). Furthermore, when Drain et al.(1991) generated a

transgene that blocked the catalytic subunit ofPKA under an heat-sensitive inducible

promoter, they found that even transient blockade of PKA interfered with the fly's ability

to learn and form short-term olfactory memories. These outcomes from Drosophila

mutants suggest an important role for cAMPIPKA involvement in Drosophila olfactory

learning.

Long-term associative memory in Drosophila requires CREB pathway activation

and new protein synthesis. As in Aplysia, Drosophila has both a CREB activator and a

CREB-2 rcpressor. Overexpression of the CREB activator enhances long-term memory,

whereas over-expression of the repressor selectively blocks long-term memory without

disrupting short-term memory (Yin et aI., 1994; 1995).

1.3.2.3 CREB in transgenic mice

The role ofCREB in synaptic plasticity and memory formation has been greatly

advanced by neurogenetic manipulations in mice. The role of eAMP/PKA signalling in

LTP and long-term memory was demonstrated by using a transgenic approach to reduce

PKA activity in the hippocampus by using R(AB), a dominant negative fonn of the RI..:J

regulatory subunit ofPKA (Brandon et aI., 1995). Recordings from slices ofR(AB) mice

showed impaired Late-LTP (L-LTP, lasts for at least 24 hours) but not Early-LIP (E·
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LTP, lasts only for 1-2 hours) induced in the Schaffer collateral pathway. In parallel,

when R(AB) mice were tested for their memory function, they exhibited nonnal short­

tenn memory, but deficient long-tenn memory for contextual fear oonditioning. These

results suggest that L-LTP and long-tenn memory require cAMPIPKA second-messenger

pathways in the hippocampus.

In CREBu.d· mice, a neomycin resistance gene insertion causes the loss of the two

main CREB isofonns a and!:J.. However, CREB ~ and CREM isofonns showed enhanced

expression levels in CREBIl<1- mice (Hummler et al., 1994). The issue of whether the

CREBu.d- mutation affected memory was tested in three behavioural tasks, each thought to

be dependent upon hippocampal function (Silva et aI., 1998): contextual fear

conditioning, the Moms water maze, and the social transmission of food preferences.

CREBM
' mice showed severe contextual memory deficil~ when tested 24 hr, but not 30

min, after training (Bourtchuladze et aI., 1994). Also, the CREBM
- mice in the social

transmission of food preference task showed impaired long-tenn, but not short tenn

memory (Kogan et al., 1997). CRESo./l- mice demonstrated profound spatialleaming and

memory deficits in the Morris water maze test, but not in a visible platfonn version of the

water maze, which does not depend on hippocampal function (Silva et al.. 1998).

Importantly, these behavioural deficits did not appear to result from the more generalized

impact of the mutation on CNS development (Bourtchuladze et aI., 1994).
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Unfortunately, dilTerent isoforms of CREB as well as CREM up-regulation and

the potential developmental and general impact of such mutations have made the

interpretation of behavioural results complicated. Restricted and regulated expression of a

constitutively active fonn of CREB, has been constructed in hippocampal CA I neurons

ofVPI6-CREB micc (Barco el aI., 2002). The induction of the VPI6-CREB transgene

lowers the threshold for eliciting Late-LTP in the SchalTer collateral pathway. Synaptic

tagging and capture have been outlined as a novel property of hippocampal LTP (Frey

and Morris, 1998; Barco et aI., 2002). The induction of LTP is associated with the setting

of a "synaptic tag" at activated synapses, whose role is to sequester plasticity-related

proteins that then serve to stabilize temporary synaptic changes and so extend their

persistence (Frey and Morris, 1998). Pharmacological and two-pathway experiments

suggest a model in which VP 16-CREB activates the transcription of CRE-driven genes

and leads to a cell-wide distribution of proteins that prime the synapses for subsequent

synapse-specific capture ofLate-LTP by a weak stimulus. This result argues that

activation of a CRE-drivcn pathway may be sufficient for consolidation of LTP (Barco et

a!., 2002).

1,3.2.4 CREB studies in rats

The design of CREB antisense oligonucleotides enables the acute modulation of

CREB levels in specific brain areas in rats. Intnthippocampal infusion of these
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oligonucleotides prior to tmining does not disrupt short-term spatial memory, but docs

affect long-term memory for the water maze tested two days after training (Guzowski and

McGaugh, 1997). This is consistent with other studies showing CREB pathway

involvement in long-term memory. Furthermore, the same study shows the critical period

of CREB function is shortly after training, since infusion of the oligonucleotides one day

after training does not affect memory two days after training. In another study (Lamprecht

ct al., 1997), the neural mechanisms of a conditione<! taste aversion were investigated in

amygdala. Local injection of CREB oligodeoxynucleotide antisense into the rat amygdala

several hours before conditioned taste aversion training transiently reduces the level of

CREB protein during training and impairs memory when tested 3-5 days later. CREB

antisense in the amygdala has no effect on retrieval of a conditioned taste aversion

memory once it has been acquired and does not affect shon-term memory.

Long-term memory foonation requires de novo protein synthesis and CREB may

be one of the transcription factors which is required for the new protein synthesis. It

therefore is proposed as a molecular switch for the formation of long-term memory. From

invertebrates (e.g., Aplysia and Drosophila) to mammals, spaced training (repeated

training trials presented with optimal rest intervals) is more effective than massed training

(the same training protocal presented with no or shoner rest intervals) in producing long­

term memory. Massed fear conditioning in rats produces no or weak long-term memory.

However, increasing CREB levcls, specifically in the basolateral amygdala via viral
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vector- mediated gene transfer, significantly increases long-term memory after massed

fear training (Josselyn et aI., 2002). In contrast, overexpression of CREB does not alter

shorHerm memory produced by massed training or long-term memory produced by

spaced training.

As mentioned before, the levels of CREB are controlled at both the activation

level (phosphorylation vs. dephosphorylation) and the transcription level (activator vs.

repressor). At the first level, it has been reported that it takes 3-8 min for synaptic

activation to trigger maximal CREB phosphorylation (Moore et al., 1996). Additionally,

the longer intervals between training trials may result in optimal inactivation of

phosphatases (e.g. calcineurin), which may produce longer CREB phosphorylation (Bito

et aI., 1996; Liu and Graybiel, 1996; Silva et aI., 1998). The duration, but not necessarily

the amount of CREB phosphorylation, is critical in producing CRE-mediated gene

expression (Bito et aI., 1996). At the second level, massed training may result in

excessive activation ofCREB repressors, reducing the ratio of activator/repressor

activation. Application of additional CREB activator into the amygdala by virus vector

injection therefore enhanced learning from massed training by enhancing

activator/repressor ratio (Josselyn et aI., 2002). Alternatively, activators can assume the

role of repressors on occasion. An excess of activator may overwhelm the upstream

kinases and result in excessive nonphosphorylated CREB which can act as a repressor of

CIEBP- induced transcription (Vallejo et aI., 1995; Silva ct aI., 1998).
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Phosphorylation of CREB is thought to be important in processes underlying

long-term memory. Overexpression of mutant CREB, with a single point mutation at

Serl]], does not facilitate long-term memory (Josselyn et aI., 2002). Moreover, CREB is

phosphorylated in the CA I pyramidal cells following electricaJ stimuli that induce LTP

and after training in hippocampal..dependent tasks (lmpey et aI., 1998b).lncreased

pCRES is also present in the olfactory bulb shortly after conditioned odor preference

training (Mclean et aI., 1999). CREB can be phosphorylated by various cascades, such as

PKA, CaMKIV. MAPK, all of which have been implicated in late·LTP. Therefore, CREB

is a strong candidate for the activation of eRE-driven gene expression observed during

memory formation (Barco ct aI., 2002).

1.4 Rationale and hypotheses for the present thesis

Mclean et al (1999) hypothesized an intracellular model for early odor preference

learning. Thcy proposed that NE and 5-HT interact in mitral cells of the olfactory bulb to

elevate cAMP levels, which in tum, synergise with a calcium signal initiated by the odor

input to activate the CREB phosphorylation pathway crucially implicated in memory

formation. In addition to suggesting that mitral cells are the primary target ofcs-ues

interaction, the model implies that the strengthening of the odor input to mitral cell

connection and a subsequent increase in mitral cell response to the es is a critical aspect

of the memory representation. The work in this thesis evaluates and refines this model.

49



As previously reviewed, pairing odor with stroking or ~adrenoceptoractivation

induces early odor preference learning. Mclean et al (1999) had demonstrated that

stroking-induced preference learning was associated with increased levels ofpCREB in

mitral cells. In first series ofexperimenls (Chapter 2), we hypothesize that NE and 5-HT

act synergistically to increase CREB phosphorylation during odor conditioning and that

their interaction potentiates olfactory nerve input to mitral cells. In this set of

experimenls. we ask if significant pCREB increases are also associated with

isoproterenol-induced learning and whether pCREB follows thc inverted U pattcrn seen

with learning (Sullivan et aI., 1991) or is simply dose-dependently related to ll­

adrenoceptor activation. Electrophysiological indices of odor nerve input before and after

injection of isoproterenol in both nonnal pups and olfactory bulb 5-HT depleted pups are

also evaluated.

1be second series of experiments focuses on identifying changes in the response

to odor input that occur during memory retrieval using intrinsic optical imaging. These

experiments test the hypothesis that a strengthening of the CS-mitral cell input in the

glomerular layer characterizes the memory representation. Previous work on the early

odor preference model (Wilson and Sullivan. 1994) and in the accessory olfactory bulb

(Brennan and Keveme, 1997) suggested instead that increased inhibition of mitral cells

was the primary associate of the memory representation. The second series of

cxperiments (Chapter 3) uses intrinsic optical imaging to examine odor-induced
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activation at the glomerular level at the time of retrieval to further evaluate this issue.

In the third series of experimems (Chapter 4), the hypothesis that NE and 5-HT

interact synergistically to produce an optimal cAMP level in the mitral cells of the

olfactory bulb in early odor preference learning is examined. The changes in cAMP

associated with stroking and isoproterenol-induced learning are examined with particular

attention to the effects of 5-HT depletion. In earlier experiments it had been shown that

prior depletion of5-HT in the olfactory bulb prevems learning (Mclean et al.. 1993)

unless a higher, nonnally ineffective dose of isoproterenol is used (Langdon et aI., 1997).

In these 5-HT depletion experiments the 5HT1AllC receptor was identified as playing a

critical role, both by using DOl as an agonist to restore nonnallearning (Price et a!.,

1998) and ritanserin as an antagonist to prevent nonnalleaming (Mclean et al., 1996).

Experiments in rat neocortical slices had demonstrated that cAMP activation by

isoproterenol is enhanced by activation of the 5HT2AOC receptor and that in the presence

of a 5HTUJ2C antagonist there is reduced production of cAMP induced by isoproterenol

(Morin eta!., 1992). These results paralleled the 5·HTcffects seen in the rat pup with the

same drugs. Thus, we ask here, if cAMP levels relate to the behavioural effects of

stroking and isoproterenol in nonnalleaming and whether 5·HT depletion alters cAMP

levels in the olfactory bulb and, specifically, in the mitral cells as predicted by our

hypothesis.
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The final set of experiments (Chapter 5) evaluates the causality ofCREB's rote in

early odor preference learning by directly manipulating CREB using an HSV viral vector.

Although previous work (McLean et at.. 1999) demonstrated CREB phosphorylation

following odor preference learning, the evidence for a role for pCREB was correlational

rather than causal. We hypothesize in this study that increased CREB substrate would

shift the isoproterenol dose-dependent learning cUlVe to the left, and mutant CREB

substrate would interefere with normal learning. The relation of {he effects of CREB in

early odor preference learning to pCREB levels is also assessed.
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Chapter 2. Isoproterenol Increases CREB Phosphorylation and

Olfactory Nerve Evoked Potentials in Normal and Bulbar

5HT-Depleted Rat Pups only at Doses that Produce Odor

Preference Learning

(Published in Learning & Memory 7:413-421, 2000)

2. t Introduction

The neonate rat fonus an odor preference to odors that are paired with either

tactile stimulation (stroking) or 2 mglkg of the Il·adrenoceptor agonist isoproterenol

(Sullivan et aI., 1989b; Sullivan and Wilson, 1991; Langdon et aI., 1997). In this early

olfactory learning paradigm. stroking has been shown to activate the locus coeruleus

(Nakamura et aI., 1987), which releases norepinephrine in the main olfactory bulb, and

engages p·adrenoceptors (Sullivan and Wilson, 1994; Woo et al., 1996). Intrabulbar

infusion of the p-adrenoceptor antagonist, propranolol, prevents the development ofthe

conditioned odor preference (Sullivan et al.. 1989b). Co-activation of the g1utamatergic

olfactory nerve input (Berkowicz et al.. 1994; Ennis ct al., 1996) and Il-adrenoceptors is

hypothesized to be critical for triggering the long-term change in olfactory bulb

processing which mediates conditioned odor preference learning (McLean et aI., 1999).

The pairing of odor with the Il-adrenoceptor agonist exhibits an inverted U-curve with
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both a lower dose (I mglkg) and a higher dose (4 mglkg) of isoproterenol being

ineffective relative to the moderate dose (2 mglkg) that is optimal for learning (Sullivan

et aI., I989b; Langdon et al., 1997). Selective serotonin (5-HT) fiber depletion in the

olfactory bulb of rat pups shifts the isoproterenol inverted U-curve sueh that a higher dose

(6 mglkg) is now required for learning while the nonnal optimal moderate dose (2 mglkg)

is ineffective (Langdon et al., 1997).

Electrophysiological recordings carried oul in the olfactory bulb of rat pups that

have undergone conditioned odor preference training have revealed a significant decrease

in the ratio of excitation to inhibition in single unit mitral cell activity recorded in the

olfactory bulb (Wilson and Sullivan, 1991). However, it was not possible in the unit

recording studies to know if the mitral cells enC<lding the learned odor were selectively

sampled. The increased inhibition might reflect increased lateral inhibition concomitant

with stronger signalling in the conditioned odor pathway. Disinhibilion of mitral cells

from granular cell GABAergic effects at dendrodendritic granule cell-mitral cell synapses

has been suggested to playa critical role in conditioned olfaclOry learning (Jahr and

Nicoll, 1982; Okutani et al., 1999). Such an effect might be expected 10 potentiate, rather

than inhibit olfaclory nerve (ON) throughpul during acquisition. The occurrence of

disinhibition is supported by evidence that norepinephrine (NE) applied to the external

plexiform layer (EPL) decreases inhibitory postsynaptic potentials recorded in the

granular cell layer by stimulating olfactory nerves (Jahr and Nicoll, 1982). Paired pulse
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inhibition of the mitral cells is also suppressed by injections ofNE or isoproterenol (Jahr

and Nicoll, 1982; Wilson and Leon, 1988).

In another direction, extensive researeh has been carried out to identify the

molecular components of synaptic plasticity underlying memory formation. Emerging

from these studies, cAMP response element binding protein (CREB) has been identified

as an imponant modulator of memory formation (Silva et aI., 1998). Its activation is

required to initiate the cellular events underlying long-term memory formation in a

variety of species (Yin and Tully, 1996; Abel and Kandel, 1998; Bansch et aI., 1998;

Silva et aI., 1998). CREB phosphorylation at ser 133 by different protein kinases has been

implicated as the initial step ofCRE-related gene transcription (Walton and Dragunow,

2000). Down regulation of phosphorylated CREB (pCREB) or of related protein kinases

impairs long-teon memory formation (Silva et aI., 1998). Electrophysiological evidence

in hippocampal cultures (Bito et al., 1996; Deisseroth et aI., 1998; Mermelstein et aI.,

2000) suggests CREB phosphorylation responds to specific synaptic signals engaging

both NMDA receptors and L-type calcium channels. Increased pCRES activation has

been shown to occur in the mitral cells of ral pup olfactory bulbs that are pre-treated with

effective pairings of odor and stroking (Mclean et aI., 1999).

In the present study, we asked, first, whether the pairing of odor with a

behaviourally effective dose of isoproterenol (2 mglkg) could produce the same pCREB
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increase seen previously with stroking. Funher, we examined whether a higher dose of

isoproterenol (6mglkg), which cannot induce preference learning in normal rat pups,

when paired with odor, could still increase pCREB. Then, the imponance of pCREB in

the mediation of serotoncrgie modulation ofNE-induced odor preference in rat pups was

examined by using selective serotonergic depletion of the olfactory bulb. IfpCREB is

specifically involved in learning, a higher dose of isoproterenol (6 mglkg) should now be

required to enhance pCREB expression. This would parallel the previous behavioural

model in which selective 5-HT depletion of olfactory bulbs shifted the effective dose of

isoproterenol, so that a higher dose (6 mglkg) was required to induce odor preference

learning.

Second, to illuminate possible changes in synaptic transmission in olfactory

circuitry, which may trigger the subcellular signal transduction underlying associative

learning, or functionally suppon such learning, we asked whether behaviourally optimal

doses of isoproterenol altered ON-evoked potentials. Normal rat pups. and pups with

bulbar 5-HT depletion, were again tested.

If pCREB is critical for odor preference learning, and odor preference learning

alters the response to ON input, we expected that only behaviourally optimal doses of

isoproterenol would selectively change both peREB expression and the ON-evoked

potential in rat pups with either normal or 5-HT depleted olfactory bulbs.
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2.2 Experiment J. Increased pCREB expressions following manipulation of NE

and S-HT inputs to the olfactory bulb correlate with odor preference

learning in neonate rats.

To test the hypothesis that pairing odor with a behaviourally effective dose of the

I}-adrenoceplor agonist isoproterenol triggers phosphorylation of CREB (a postulated

signalling substrate for learning), we subcutaneously injected isoproterenol into nonnal

tat pups 40 min before conditioned pairing with odor (Experiment I a). Isoproterenol can

completely substitute for stroking as an unconditioned stimulus during odor conditioning

(Sullivan et I'll., 1989b). This effect is consistent with the observed activation of locus

coeruleus neurons, the source ofNE in neonate rat olfactory bulbs, by somatosensory

stimulation (Nakamura et I'll., 1987). Since a selective pCREB increase was observed in

olfactory conditioned preference learning (increased peREB in the bulbs of odor

conditione<! pups, but not in the bulbs orthe pups that were trained by odor or stroke

alone, Mclean et i'lL, J999), we hypothesized that the intracellular cAMP second

messenger system, activated by NE inpm to the ~-receptor, works synergistically with the

Ca'-~ entry triggered by glutamatergic olfactory input, to influence CREB phosphorylation

and the downstream gene transcription which are necessary for long.tenn memory

formation. In the present study, direct activation of the ~-receptor by isoproterenol should

have the same effect as the tactile stimulation in odor preference learning. In addition,

given the observation that 5-HT normally promotes the efficacy of rl-adrenoceptor agonist
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isoproterenol as an unconditioned stimulus during olfactory learning, we predicted that a

higher dose of isoproterenol would be required in 5·HT depleted animals to induce a

comparable increase in peREB to that observed in nonnal animals (Experiment 1b).

2.2.1 Methods

In Experiment la, a total of95 Sprague-Dawley rats of both sexes from 8 litters

were used. In Experiment Jb, 33 rat pups from 6 litters were used. Three groups were

included in eaeh experiment: a saline group, a 2 mglkg isoproterenol group and a 6 mglkg

isoproterenol group. Litters were culled to 12 pups/litter on PND I (the day of birth is

considered PNDO). The dams were maintained under a 12hr light-dark cycle, with ad

libi/urn access to food and water. All experimental procedures were approved by the

Memorial University Institutional Animal Care Committee.

2,2,1.1 Odor conditioning and drug injection

The procedure for conditioning has been described previously (Langdon et aI.,

1997). Briefly, on PND6, saline or isoproterenol 2 mglkg or 6 mglkg (Research

Biochemicals) was injected subcutaneously into nonnal pups (Experiment la) or bulbar

5-HT depleted pups (Experiment Ib) 40 min prior to odor exposure. The treated pups

were removed from the dam 30 min after injection and put on fresh wood bedding. Ten
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minutes later, pups were placed on peppermint-scented bedding (0.3 ml peppermint/SOO

ml bedding) for a period of 10 min. Following training, one normal pup from each

treatmcnt condition was sacrificed at various intervals (lOmin, Ihr, 2hr, experiment la),

whereas S-HT depletcd pups wcre sacrificed only at 10 min after odor conditioning

(experiment Ib). After sacrifice, both olfactory bulbs were removed quickly from the

skull, immediately frozen on dry ice and subsequently stored ai_70°C in microcentrifuge

tubes. Other treated littennates were used for odour preference testing the next day

(PND7).

2.2.1.2 Preference testing

A stainless steel tcst box (30x20x 18cm) with a polypropylcnc mesh screen insidc

was placed on two trays, which were separated by a 2 em neutral zone. One tray

contained fresh bedding; the other contained peppermint-scented bedding. Each pup was

removed from the dam and placed in the neutral zone of the test box. The amount of time

the pup spent on either peppermint bedding or normal bedding was recorded for five I

min trials. A timer was started when a pup moved its nose and one paw into one side of

the test box. The percentage time the pup spent on peppermint bedding over the five

minute period was calculated. One-way analysis of variances (ANOVA) were used to

compare different treatment groups, and post hoc tests were performed using the Tukey-

Kramer lest.
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2.2.1.3 5-HT depletion

The procedure for 5-HT depletion of the olfactory bulb has been described

elsewhere (Mclean eta!., 1993). Briefly, PNOI pups were removed from the dams,

pretreated with 10 mglkg desipramine by intraperitoneal injection and placed on fresh

bedding. Fony fivc min later, after being anaesthetized by hypothennia on ice, the pups

were placed in a modified stereotaxic instrument, and 150 nl of 5,7-dihydroxyttyptamine

(5,7-dHT) in Ringer's solution plus 0.02% ascorbic acid were injected bilaterally into lhe

anterior olfactory nucleus. The pups were returned to the dams after recovery.

Immunocytochemistry was perfonned on the brains of some of the animals to confinn

depletion of 5-HT. This procedure has been shown to produce greater than 80% 5-HT

fiber depletion in the olfactory bulb and is specific for the serotonergic fibers (McLean ct

aI., 1993).

2.2.1.4 Protein determination and Western blot analysis

peREB protein expression was detennined by Western blot using previously

published methods (Mclean et aI., 1999). Briefly, each pair of olfactory bulbs were

placed in microcentrifuge lubes and ground in 100 ,ullysis buffer containing 0.1% SOS,

1% NP-40, 20 mM PMSF, 10% glycine, and 1.37 mM sodium chloride with 1 ,ullml

leupeptin, 2 mM PMSF, 8.9 D/ml aprotinin, and I mM sodium onhovanadate. The
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homogenate was placed on a rotator for 30 min and then centrifuged at 13,500 rpm for 15

min at 4"C. The clear lysate supernatant was stored in 50,u1 aliquots at ·70"C. A

bicinchoninic acid (SCA) protein assay kit was used to determine the protein

concentration from each pair of olfactory bulbs.

After protein determination, 20 ,ul of prepared samples were boiled, cooled on ice

and loaded into each lane of a SDS-PAGE gel for each blot. In each sample, 4 ,ul of 5x

sample buffer (0.25 M Tris-HCL, 10% SDS, 50% glycerol, 0.025% bromophenol blue,

and 0.5 M dithiothreitol added prior to use) and sufficient water were added to volumes

of lysate that contained equal amounts of protein. 10,u1 of colour coded molecular

standard (Bio-Rad) was loaded into a separate lane for each blot. Following sample

loading, each gel apparatus was attached to a Bio-Rad power supply set to 100 mV for 10

min, then the voltage was reset to 150 mV until all the samples were loadedcomplecely.

The gel running buffer contained 25 mM Tris, 250 mM glycine, and 3.5 mM SDS (pH

8.3). Protein transfer 10 nitrocellulose paper (Hybond ECL, Amersham) was performed at

0.2 A for I hr in transfer solution (25 mM tris, 192 mM glycine, and 20% methanol).

After transfer, the nitrocellulose blots were processed for detection ofpCREB. Briefly,

after 3x5 min rinses in PBS contains 0.05% Tween-20 (PBST), the blots were blocked for

non-specific proteins using 5% milk in PBST for I hr. Following 3x5 min rinses in

PBST, the blots were treated with a rabbitpolyclonal pCREB antibody (111,500, Upstate

Biotechnology) in PBST overnight at 4"C. The specificity and sensitivity of this antibody
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has been shown before (Mclean et aI., 1999). After 3"5 min rinses in PBST and

incubation in anti-rabbit IgO conjugated to horseradish peroxidase for 1 hr, the blots were

rinsed and visualized by ECL chemiluminescencc (Amersham). Then, the blots papers

wcre immersed in Poncean S solution to determine if equal amounts of protein wcre

loaded.

The analysis of Western blots was carried oul using a Chemilmager (Alpha

Innotech Corp.). The average optical density (AVO'" integrated density value/area) was

recorded in the dcfined region ofthe pCREB bands. The background intcgrated optical

density was automatically subtracted from each defined area. One way repeated measure

ANOVAs were used to compare different treatment groups at various intervals.

2.2.2 Results

Experiment la Figure 2.1 shows the change of pCREB in the olfactory bulbs

produced by pairing two doses of the ~-adrenoceptor agonist isoproterenol with odor, and

the odor preference results in normal rat pups. Behavioural results showed that 2 mglkg

isoproterenol induced significant odor preference learning compared to either the saline

group (p<O.OI) or the 6 mglkg isoproterenol group (p<O.05XFig.2.IA). Correspondingly,

the olfactory bulbs of pups that were trained by pairing odor with 2 mglkg isoproterenol

injection showed increased pCREB expression 10 min after training compared to pups
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from other treatment groups (Fig.2.1 B & 2.1 C). Statistical analysis revealed a significant

treatment effect. (F2.21=3.87, p=O.046). In the post hoc Tukey.Kramer tests, the 2 mglkg

isoproterenol group (AYG=58.0) showed significantly higher pCREB (p<O.OS) than the

saline group (AVG=31.2), whereas there was no significant difference between saline and

6 mglkg isoproterenol (AVG=36.3). Analysis of Westem blots from longer time durations

(1 he and 2 hr) after conditioning did not show any significant difference among the

various treatment groups (Fig.2.1 B).

Experiment] b Odor preference tests showed that only the 6 mglkg isoproterenol

group exhibited a signific&u increase in odor preference when compared to either the

saline or the 2mglkg isoproterenol groups (p<O.O I, 2.2A) in bulbar 5-HT depleted pups.

The same pCREB measurements on bulbar S-HT depleted animals were only examined at

thelO min interval after training for Western blots because we had not shown any

difference of peREB expression at longer time intervals in experiment Ia. In the present

experiment, we found the 6 mgfkg isoproterenol group, but not the 2 mgfkg group,

showed significantly increased pCREB (Fig.2.28 & 2.2C). Following a one-way ANOYA

analysis (Fw =S.61, p=O.OIS), Tukey.Kramer tests revealed a significant difference

(p<O.05) between the 6 mgfkg isoproterenol group (AVG=6S.1) and the saline group

(AVG=34.6). No significant difference was found between the saline and the 2 mgfkg

isoproterenol group (AVG=42.3) (Fig.2.2B).
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2.2.3 Discussion

Enhanced pCRES expression has been shown in neonate rat olfactory bulbs

following pairing of odour with stroking (Mclean et a!., 1999), a procedure demonstrated

to induce reliable preference learning (Sullivan et al., I989a&b; Sullivan et al., 1991;

Mclean et al. 1992). It is hypothesized that the observed increases in pCREB induced by

stroking were the result of tactile stimulation enhancing NE release from the locus

coerulcus and activating Il-adrenoceptors in the olfactory bulb concomitant with

glutamatergic receptor activation by odor input. Here we demonstrate that exogenous

injection of 2 mglkg isoproterenol, a dose that completely substitutes for stroking in odor

preference learning, when paired with peppermint odor. increased pCREB expression in

the olfactory bulbs of nonnal pups.

In contrast, a higher dose of isoproterenol, 6 mglkg was required to increase

pCRES, as well as to induce odor preference, in bulbar 5-HT depleted animals. These

results corroborate our previous work suggesting that 5-HT acting through 5-HT~

receptors nonnally promotes noradrcnergic-induced plasticity in the olfactory bulb

(Mclean et at., 1999). In the mammalian model, 5-HT receptor activation does not by

itself increase cAMP (Morin et aI., 1992), but 5-HT2 activation potentiates isoproterenol

or adenylate cyclase induced cytoplasmic cAMP levels through the phosphatidyl inositol

system (Rovescalli el al., 1993). The localized increases of pCREB in mitral cells in the
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previous study (Mclean et ai., 1999) suggest that the 5-HT and NE interaction might

occur in mitral cells.

Although a late phase of pCREB was observed in another hippocampal LTP

plasticity paradigm (Schulz et aI., 1999), we failed to show a 211<1 peak of pCREB during

the later time. It is possible that the high level of stimulation used in the previous

hippocampal LTP paradigm may have led to seizure activity, thus recruiting the second

peak of pCRES activation. Double peaks have not yet been reported in a naturallcaming

paradigm.

Our previous study showed that an effective conditioning pairing, odor plus

stroking, or in the present experiment, odor plus 2 mgfkg isoproterenol, but nOl odor

alone or stroking alone, enhances pCRES expression. These data suggest both a

glutamate-initiated calcium signal (Bozza and Kauer, 1998) triggered by odor input, and a

cAMPIPKA signal initiated by Il-rcccptor activation are required to significantly elevate

pCRES. The striking result in the present experiment. however, is that odor plus 6 mglkg

of isoproterenol is ineffective in producing either odor preference learning or enhanced

pCRES expression. This outcome argues that a critical window for calcium and PKA 00­

activation of phosphorylation events has been exceeded by pairing odor and the 6 mgfkg

dose of isoproterenol in the normal rat pup. The argument that 6 mglkg isoproterenol

might be producing pharmacological effects that directly interfere with odor learning is
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countered by the effectiveness of this dose in bulbar 5-HT depleted pups. The notion of

critical windows for intracellular plasticity cascades is not novel. Long·term depression

and long-term potentiation occur variously as a function of specific levels of intracellular

calcium (Foehring and Lorenzon, 1999; Yang et al., 1999). Competition at the level of

CREB factors leading to a failure of plasticity (Ptashne, 1988) has been described, but it

has not been suggested previously that a narrow band window exists for the events

triggering CREB phosphorylation itself. The present data demonstrate a strong correlation

between effective conditioned stimulus plus unconditioned stimulus pairing and pCRES.

Experiments are under way to probe a causal role for pCREB in this learning model.

2.3 EJ:periment 2. Increased ON-evoked synaptic potentials following

manipulation ofNE and 5-HT inputs to the olfactory bulb correlate witb the

requirements for conditioned odor preference learning in neonate rats.

We have established that a ~-adrenoceptor agonist, isoproterenol, can completely

suhstilUte for tactile stimulation as the unconditioned stimulus in olfactory preference

learning, while bulbar serotonin appears to facilitate this noradrenergic action (Langdon

et a!., 1997). In experiment I, we hypothesized, and further showed, that the interaction

ofNE and 5-HT to produce odor preference learning might act through the cAMP 2nd

message system to induce CREB phosphorylation, which in tum, would trigger

transcriptional activation of downstream proteins. Here we examined the
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e1ectrophysiological changes induced by these modulating neurotnmsminer interactions

in the olfactory bulb. We hypothesize that the e1ectrophysiological changes we observed

reflect critical changes underlying odor preference learning.

2.3.1 Method

A total of65 Sprague-Dawley rats of both sexes were used in this study. Thirty

three rat pups had their left olfactory bulbs depleted of 5·HT on PNDI or 2 prior to

e1ectrophysiological recording on PNDS·1O (see 5-HT depletion method in experiment

I). In Experiment 2a, normal pups were divided into four groups: a saline group, a 2

mg/kg isoproterenol group, a 6 mglkg isoproterenol group and a 20 mglkg propranolol

group. In Experiment 2b, three groups as above (the propranolol group was excluded)

"'ere included using bulbar S-HT depicted pups.

2.3,1.1 Surgery

On PND 5-10, pups were anaesthetized with a 2.25 glkg intraperitoneal injection

of20% urethane. Each pup was placed in a modified stereotaxic apparatus using pressure

exerted by the reverse side of normal ear bars to hold the head. The body was supported

in a polymer mould through which water warmed to 37°e was continually pumped to

maintain the body temperature of the pup. The nasal bone overlying the left olfactory bulb
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was removed using a dental drill.

2.3.1.2 Electrophysiology

A bipolar twisted Teflon coated stainless electrode (MS303, Plastic One) was

placed on the rostrolateral surface of the exposed olfactory bulb to stimulate the ON. The

stimuli consisted of three square bipolar 40V pulses of 0.2 ms duration, 10 sec apart.

Extracellular field potentials were recorded at varying depths with a saline filled glass

electrode with a tip diameter around 50 .urn. After a depth profile, the recording electrode

was usually placed in the EPL, approximately 200.3oo.um deep to the dorsal surface, to

maximize the ON·evoked field potential (EFP). Either saline, or 2 mglkg or 6 mg/kg

isoproterenol, or 20 mglkg propranolol in 50 .ul volume was subcutaneously injected into

the pup. Starting from time zero (the time of injection), three recordings with a 10 sec

interval were taken every 10 min for a total time of 80-90 min using a Labmaster A-D

board. Asyst software was used to deliver the stimulation and collect and store the EFPs.

Kruskal·Wallis nonparametric ANOVA tests were performed to compare the EFP areas

of each group at every time interval.

2.3.2 Results

A characteristic waveform of a field potential in the EPL of nonnal olfactory bulb
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stimulated by olfactory nerve stimulation is shown in Fig.2.3. The field potentials

recorded 200-300 J./m below the surface were long lasting (>50 mscc) and displayed N1

(kainate/AMPA receptor mediatcd) and Nl (NMDA receptor mediated) components

comparable to those described in vitro by Aroniadou-Anderjaska et al (Aroniadou

Anderjaska et aI., 1997). Bulbar 5-HT depletion did not appcar to alter the ON-evoked

potential (Fig.2.3)

In Experiment 28, 2 mg/kg isoproterenol produced long-lasting increases in

olfactory nerve EFP area that were evident beginning 30 min after injection and most

prominent at 60 min (Fig.2.4A & 2.4B). ON-EFPs showed little change following

injections of saline, 6 mg/kg isoproterenol or 20 mg/kg propranolol. At 60 min, the 2

mglkg isoproterenol group showed significantly increased pcrcentage EFP area from 0

min (F);!1=5.897, p=0.D03) compared to either the saline group (p<O.Ol), or the 6 mglkg

group (p<0.05) or thc propranolol group (p<O.05). Waveform changes suggest both NI

and N2 components (Aroniadou Anderjaska et al., 1997) contributed 10 the increase of

EFP area. NI and N2 change ratios were separately estimated in the 2 mg/kg

isoproterenol group by selecting a time point and assessing increases at that time point

relative to the same point during the initial measurement (0 minutes). The average effect

of 2 mglkg isoproterenol on ON-evoked potentials at 0 min and 60 min is illustrated in

Fig.2.4C.
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In Experiment 2b, 2 mglkg isoproterenol was ineffective in S.HT·depleted bulbs,

as was saline, in producing increases in the ON-EFP area (Fig.2.5A). In contrast, 6 mglkg

isoproterenol produced a significant increase in EFP area at 60 min (Fuo:4.3l7, p=0.02S)

when compared to the saline group (p<O.OS, Fig.2.5B).

2.3.3 Discussion

Isoproterenol at a dose, 2 mglkg, which nonnally produces an effective

conditioned odor preference in the S-IO day old rat pup, and which also increases peREB

expression in olfactory bulbs after conditioned odor preference training (as shown in

Experiment 1), potentiates the ON-EFP in urethane·anesthetized pups ofthe same age.

This effect was specific for the 2 mglkg dose of isoproterenol. The 6 mglkg dose of

isoproterenol, which does not produce effective odor preference learning in the rat pup,

did not potentiate the ON-EFP. Hov.>tver, in the olfactory bulb of rat pups depleted of

bulbar S·HT, 6 mglkg of isoproterenol, but not 2 mglkg isoproterenol. was required to

potentiate the ON-EFP. This change in the effective potentiating dose ofisoprotcrenol

with S-HT depletion parallels thc result produced by bulbar S-HT depletion on the

acquisition of early conditioned odor preference learning and the activation of peRES in

the olfactory bulbs. These results also suggest that during early conditioned odor

preference acquisition the glutamalergic ON input is potentiated.
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Potentiation of the N, component of the ON glutamatergic input by its pairing

with an effective J3-adrenergic activation, for example, enhancement of ON depolarization

(Kawai et al., 1999), enhancement of postsynaptic glutamate responses (Segal, 1982),

possibly through increases in membrane resistance, or increased synaptic glutamate

through decreased reuptake (Hansson and Ronnback, 1991). Potentiation of the N:

component of ON synaptic input may be related to those factors and also to enhanced

phosphorylation ofNMDA channels related to cAMP elevation and to disinhibition of the

mitral cells as the result of J3-adrenergic suppression of granule cell feedback (Wilson and

Leon, 1988).

An important result of Experiment 2 was the failure of the 6 mglkg dose of

isoproterenol to increase the ON-EFP in nonnal rat pups. This outcome suggests that the

electrophysiological potentiation of ON input is in some way dose dependent. While

dose-dependency has not been described for the direct actions of l3·receptor activation, it

has been suggested that NE alters mitral cell excitability primarily by indirect actions

(Jam and Nicoll, 1982). NE decreases GABA release from granular cells resulting in less

inhibition from granule cells to mitral cells, whereas glutamate released from mitral cells

enhances GABA release from granular cells and increases feedback mitral cell inhibition

An increase in the glutamate released onto granular cells that in turn enhances GABA

release at the higher dose of isoproterenol may overcome a net disinhibition produced by

a lower isoproterenol dose. Calcium influx through NMDA receptors also directly evokes
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GADA release in olfactory bulb granular cells (HaJabisky et al., 2(00). The balancing of

inhibition and disinhibition in olfactory bulb cireuitry may explain lhe failure to induce a

potentiated ON-EFP response using a higher dose (6 mgfkg) of isoproterenol in normal

olfactory bulbs.

The effectiveness of 6 mglkg isoproterenol in increasing the ON-EFP in bulbar 5­

HT--depleted ral pups suggests that phosphorylalion cascades are critical for the

electrophysiological effects. If potentiated responses depend on phosphorylation of ion

channels, then the failure to recruit intracellular phosphorylation would impair the

production of electrophysiological potentiation as well as lead to the failure in CREB

phosphorylation.

The present data suggest !he ON input mediating a specific odor is strengthened

by preference training during acquisition and, likely, more enduringly (Hebb 1949).

Combined with the observed pCREB increase in Experiment I and earlier evidence that

pairing of stroking with peppermint odor seleclively induces pCREB increases, the

electrophysiological data suppon the hypothesis that an enhancement of the odor

representation is pan of odor preference learning.
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2.4 General discussion

We have investigated the 5·HT and NE interactions underlying olfactory

preference learning from behavior to synaptic transmission to post synaptic biological

signal transduction. Among numerous lines of evidence, we are one of the few research

groups to look at changes in pCREB during naturalleaming. In the present study, we

have also tried to illuminate the nature of the clcctrophysiological changes in the olfactory

circuitry that accompany acquisition of odor preference in the neonate rat by pairing an

electrical odor input (stimulation of olfactory nerve) with behaviorally effective doses of

isoproterenol. This procedure mimics the biological components underlying natural

learning. We found a remarkably robust correlation in which a bdmvioral effective dose

(2 mglkg), but not a higher ineffective dose (6 mglkg), ofisoprotercnol potentiated the

EPSP induced by glutamatergic olfactory nerve input, and selectively enhanced CREB

phosphorylation in neonate rat olfactory bulbs. A bulbar depletion of 5-HT shifted the

dose-dependent effect ofNE so that a higher dose (6 mg/kg) of isoproterenol was

required to overcome 5-HT deficiency in the olfactory bulbs for both the

electrophysiological change and the increased CREB phosphorylation triggered by

behaviorally effective pairing.

There are at least two ways in which the inverted U curve for isoproterenol might

be understood. (I) The factors that determine the failure to produce electrophysiological
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potentiation to olfactory nerve input are the critical factors in understanding the inverted

U curve for CREB phosphorylation. The failUl'e to phosphorylate CREB is a simple

consequence of the failure of potentiation. (2) there are two parallel actions of ineffective

pairings of odor input and IJ-receptor activation: one that influences the electrophysiology

of the bulb; and one that influences the ability of intracellular cascades to promote CREB

phosphorylation. The parallel mechanism hypothesis is less parsimonious and seems less

likc:ly.

In attempting to understand the failure of electrophysiologieal potentiation to

occur, we have entenained two hypotheses. The failure to produce odor preference

learning may relate to an imbalance in mitral cell inhibition/disinhibition accompanying

ineffective doses of isoproterenol. Alternatively, since the kno~l1 effects of isoproterenol

are mediated via G-protein activation and recruitment of adenylate cyclase, another

possible node for the failure to produce elecuuphysiological potentiation ....'Quld be a

failure to enhance cAMP levels. It is likely that cAMP sensitive ion channels are involved

in the early membrane effects of isoproterenol. Evaluating the dose dependency ofcAMP

increases in this system ....'Quld test this hypothesis.

The site of interaction between ~-adrenergic and serotoncrgic input remains to be

identified at the cellular leveL However, we suspect the interaction occurs in mitral cells

because localized pCREB increases were observed in mitral cells in the olfactory bulbs
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after conditioning (McLean et aI., 1999). The results of the present study seem to suggest

that electrophysiological alterations in functional circuitry will always accompany

acquisition of odor preferences and other learning paradigm.
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Figure 2.1 Odor prderence lest and Western bioi results of pCRES in normal pups
A: Odor preferenl:e lest in nonna! pups from the saline. 2 mglkg llIld 6 mglkg isoproterenol group
after odor onJy training. up<O.OI B: Western results showing the average optkal density (mean
± S.E.M.) of pCREB in the olfactory bulbs ofnonnal rat pups. -p<O.OS C: Representative
Western bioI showing pCRES levels in the nonna! olfactory bulbs from different treatment groups
at 10 min after odor exposure. pCREB bands locale al 43 kD. (Iso) Isoproterenol.
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Figure 1.4 EFP rKordings in normal rat pups
A: percentage change ofEFP areas from baseline (0 min) amongdifferenl treatment groups of
nonnal pups al various lime interval. (mean:l:S.E.M.) B: percentage change ofEFP area al60 min
in nonnal pups. ·p<O.05 C; average effect of2 mglkg isoproterenol on ON-cvoked potentials at 0
min and 60 min. (Iso) Isoproterenol
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Figure 2.5 EFl' re<:ordings in olfactory bulb S-HT depleted rat pups
A: pen::entage change ofEFP areas from baseline (0 min) of bulbar 5-HT depleted pups at various
time interval. (mean±S.E.M.) B: percentage change ofEFP areas at 60 min in bulbar 5-HT
depleted pups. "p<0.05 (Iso) Isoproterenol
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Chapter 3 Optical Imaging of Odor Preference Memory in the Rat

Olfactory Bulb

(Published in J.Neurophysiology. 87; 3156-3159, 2002)

3.1 Introduction

Neonate rats rapidly (one-trial learning) form a preference to an odor that is paired

with a reinforcing tactile stimulus (Sullivan and Leon. 1987) that activates the locus

coeruelus (Nakamura et aI., 1987) or that is paire<! with the beta adrenergic agonist,

isoproterenol (Sullivan et ai., 1989a&b). Several lines of evidence suggest thai the

olfactory bulb itself is sufficient to mediate this early odor preference learning: activation

ofbeca receptors locally in the bulb, concomitant with peppermint odor presentation, is

both necessary (Sullivan et aI., 1989a&b) and sufficient (Sullivan et aI., 2000b) for odor

preference learning to occur. Previous work has shown that odors induce focal uptake of

{1'C]2- deoxyglucosc (2.00) within the glomerular layer of the olfactory bulb (OB) and

that focal 2-00 uptake in the glomerular layer increases after early odor preference

learning (Sullivan et ai., 1991; Johnson and Leon, 1996). Effective odor preference

training protocols increase cAMP response element binding protein (CREB)

phosphorylation (McLean et aI., 1999; Yuan et aI., 2000b) in the bulb and sel~tively

increase the field EPSP to olfactory nerve stimulation (Yuan et aI., 2000b). Both the
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NMDA and AMPA components of the olfactory nerve field EPSP are enhanced.

Furthennore, odor conditioning enhances single-unit responses in mitral-tufted cells in

areas that exhibit enhanced 2-00 labeling following exposure to a previously conditioned

odor (Wilson and Leon, 1988).

Recent advances in optical imaging have facilitated our understanding of the

spatial representation of odors in the olfactory bulb (Uchida et aI., 2000; Belluscio and

Katz, 2001; Meister and Bonhoeffer, 2001; Rubin and Katz, 2001). Responses to odors

can be measured directly by optical recording of intrinsic signals from the dorsal surface

of the OB (Uchida et aI., 2000; Belluscio and Katz. 2001; Meister and Bonhoeffer. 2001;

Rubin and Katz, 2001). Representations of odorants within the OB can be visualized at

the level of glomeruli. The patterns of odor-induced optical signals are similar among

different animals (Belluscio and Katz, 200 I).

Intrinsic optical signals are due to activity-dependent hemodynamic changes and

light scattering (Malonek ct al., 1997; Meister and Bonhoeffer, 2001). Intrinsic signal

imaging enables in vivo recording and multiple manipulations on anesthetized animals.

Therefore, it may serve as a useful tool to explore training-dependent changes in

stimulus-induced patterns of neuronal activity. In this study, we investigated the

feasibility of using intrinsic signal imaging to detect training-dependent changes within

the 08 24 hr after conditioned odor preference training. We perfonned intrinsic optical

82



imaging on the aBs of both trained and control one-week-old rat pups. An enhanced

optical signal was observed in trained animals to the trained odor. The result

demonstrated that intrinsic signal imaging could monitor training induced changes in

neuronal activity.

3.2 Methods

3.:1.1 Odor preference training

Eighteen Sprague-Dawley rat pups from five liners were used in this study. The

procedure for conditioning has been previously described in detail (McLean et al., 1993;

McLean et a!., 1999). Briefly, on postnatal day 6 (PND6, the day of birth was considered

PND 0). rat pups were removed from the dam and put on fresh bedding 10 min before

odor exposure. In one group, pups were placed on peppermint-scented bedding (0.3 ml of

peppermint/SOO ml bedding) and stroked vigorously on the hind region using a sable

brush every other 30 s for 30 s over a 10 min period (odor + stroking). In another group,

the pups were only exposed to the peppermint bedding without being stroked (odor only).

lnunediately after training or odor exposure, the pups were returned to the dams. Previous

studies (Sullivan and Leon, 1987; Sullivan et aI., 1989a&b; Sullivan el aI., 1991; McLean

et aI., 1993) have shown that rat pups subjected to the above conditioning procedure

develop a predictable odor preference for the odor used.
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3.2.2 Optical imaging

Rat pups were subjected to optical imaging the day after training. Rats were

anesthetized with a 2.25 g1kg intraperitoneal injection of 20% urethane. Anesthetized rat

pups were placed in a stereotaxic frame and the bone overlying the dorsal surface of the

olfactory bulbs was carefully thinned until the blood vessels underneath the bone were

visible (Uchida et aI., 2000; Rubin and Katz, 2001).

The stereotaxic frame with the anesthetized rat pups was mounted below optics

consisting of a Ix objective and a 1.6x projection lens. Odorants were diluted in glycerol

and delivered by computer controlled pressure pulses into a stream of fresh air blowing

over the rat's nose (Fig.3.1A). The bulbs were illuminated with red light (630 nm) via

two light guides positioned lateral to the objective (Uchida et a!., 2000; Rubin and Katz,

2001). The lighl was focused just below the blood vessels at the level of the glomeruli.

Images (640 x 480 pixel) were acquired by a cooled CCO system (Sensicam. PCO

Computer Optics GmbH, Gennany) under control of Axon Imaging Workbench software

(Axon Instruments, Inc., Foster city, CAl at a frame rate of2 Hz. Different odors and no­

odor recordings were interleaved and repeated 5-10 times. Odors were presented for 4 s

with a 60 s intertrial interval. Time series of images were averaged (n= 5 to 10) and

responses were expressed as odor-induced fractional change in reflected light intensity

(b.RIR, see Fig.3.IB). Thresholding (Uchida et aI., 2000; Rubin and Katz, 2001) or spatial
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filtering techniques (Meister and Bonhoeffcr, 2001) were not applied in order to avoid

any interference between these data transformations and data quantification. Data

processing and analysis were performed using Origin software (Origin Lab Corporation,

MA) and custom-made software written in Interactive Data Language (lDLS.4, Research

Systems, CO). The experimental protocol was approved by the Experimental Animal

Committee of the RIKEN Institute (Wako Shi, Japan).

3.3 Results

Figure 3.IA shows a schematic illustration of the experimental design for imaging

of OB responses to amyl acetate and peppermint. The dorsal surface of the OB was

imaged and reflected light was sampled from the medio-rostral, latero-rostral, medio·

caudal and latero-caudal quadrants. As shown in Figure 3.1 B application of peppermint

(lQl'Io) for 4 seconds induced a transient change in light reflectance after a delay of about

3 s. Peak amplitudes of these responses amounted to 0.2 % up to I % of the baseline light

intensity. Signal sizes of the four quadrants did not differ significantly and, therefore,

signals from the four quadrants were averaged in subsequent analysis.

The preceding experimental design was then applied using odor trained and

controllittermate pups (Fig.3.2A). Control animals exhibited amyl acetate and

peppermint-induced intrinsic optical signals of comparable peak amplitudes (0.414% ±
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6.6lxlO-4, and 0.354% ± 1.08xI0-3, respectively; mean ± SE). Trained animals,

however, exhibited larger signals to the trained odor (peppermint, 0.991% ± 2.26xI0-3)

as compared to the control odor (amyl acetate, 0.521 % ± 1.5x I0-3) applied to the same

animals (Fig.3.2B). Trained animals also responded with significantly larger intrinsic

signals to the trained odor than did controllittermates to the same odor (Fig.3.2B).

Furthermore, odor preference training significantly enhanced the ratio between the

responses induced by peppermint and amyl acetate (Fig3.2C).

3.4 Discussion

In the present study, we investigated whether odor preference memory can be

accessed by imaging of intrinsic signals at the level of the glomeruli and found that this

was the case. This outcome is consistent with the earlier reports of enhanced'2-DG uptake

at the glomerular level in the 08 following peppermint preference training. It has been

established that odor-induced intrinsic signals imaged from the 08 involve "global", i.e.

spatially less confined components as well as components that can resolve single

glomeruli (Meister and Bonhoeffer, 2001). Thc present odor-induced responses were seen

over the dorsal surface of the 08, i.e. at the "global" level, and only occasionally more

localized response patterns emerged (not shown). There are several reasons we might

expect primarily "global" signals in these experiments. The first is the age of the

subjects. Intrinsic optical signals in the somatosensory barrel fields of rats less than 7
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weeks of age arc more diffuse than thosc in adults (Yazawa et aI., 2001). This is

attributed to hori7.ontal interactions. Similarly only diffuse intrinsic optical signals are

seen initially in the visual cortex of young ferrets when orientation maps are studie<l and

there is considerable individual variation in the development of the more specific patterns

(Chapman et aI., 1999). Thus, the olfactory maps in week old rat pups may be more

diffuse than in older rats even though glomerular organization has already developed at

this age (Bailey et al., 1999). On the other hand, the same concentration of peppennint

used here produces discrete 2-00 spots in week-old pups (Sullivan and Leon, \987). 2­

00 peppennint representations are, however, less sensitive to odorant concentration than

optical signals appear to be (Carmi and Leon. 1991). Signals for amyl acetate, for

example. have been measured at similar concentrations with both methods (Stewart et al.,

\979; Rubin and Katz, 200t) and focal pattcrns are more discrete for higher

concentrations with 2-00 (Stewart et al., 1979). In addition increased 2-00 uptake over

the entire glomerular layer, as well as enhanced focal uptake, oceurs following

peppennint preference learning even in older pups (Johnson and Leon, 1996). It is

unlikely the global increases seen here are due to respiratory changes to the learned odor

since previous studies have found no change in respiration with peppennint preference

learning (Sullivan et aI., 1988). Finally, in 19 day old pups, 2-00 and c-Fos foci

following extended odor preference training are primarily in the midlateral bulb (Woo et

al., \987; Johnson ct al., 1995) that was not sampled here. In week old pups 2-00

(Sullivan and Leon, 1987; Yuan et al. 2000a) and pCREB (McLean et al., 1999) imagcs
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show dorsolateral foci as well. Thus a portion of the focal peppermint representation was

included in the present study, although visualization of the midlateral bulb might have

increased the probability of capturing a focal response.

These data are consistent with the evidence from earlier experiments showing an

increase in the field EPSP to olfactory ncrve input in pups of the same age that receive

learning effective training conditions (Yuan et al., 2000b). The intrinsic signal change at

the level of the glomeruli 24 hr later in the present study may indicate that the synaptic

modification seen during acquisition conditions is sustained.

Creation of an olfactory preference in the rat pup may therefore be intimately

related to an increase in synaptic strength at the level of the glomeruli. Such a hypothesis

is consistent with the recent report of a Drosophila mutation that concomitantly produces

an increase in glomerular synapses and the appearance of a behavioral preference for a

normally neutral odor (Acehes and Fcrrus, 2001). Transduction of the odor is not altered.

Other evidcnce supporting a special role for the glomerular layer in odor preference

learning is the report of increased glomerular size (Woo et aI., 1987) (as in the Drosophila

model) and of increased numbers of juxtaglomerular cells (Woo and Leon, 1991)

following peppermint preference training.

Future studie~ might examine glomerular intrinsic signal changes at a longer
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interval after training to assess focal alterations and to ask if the generalized response

seen here is enduring as reported for 2-00. Within-pup analysis of optical signals in an

acquisition paradigm might permit an assessment of training-induced changes in discrete

foci when they occur. This was precluded in the present between-group study due to the

variability in the occurrence of discrete signals.
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Figure 3.1 Intrinsic imaging setup and peppermint nsponse neordjngs (rom the OB
A: Schematic illustration showing the experimental design (or imaging of olfactory bulb (08)
responses to two different odors (amyl acctate, AA, and pcppennint, PP). Thc dorsal surface of
the OB was imaged and reflected light was sampled from the medio-roslral, latera-rostral, media­
caudal and latera-caudal quadrants. B: Responses obtained with application ofpeppennint (l{)%)
for 4 seconds. Individual traces were obtained from the 4 quadrants indicated in A.
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Figure 3.2 Optical imaging of DB responses to AA and PP in control and trained pups.
A: Intrinsic OB responses to amyl acetate (AA) and peppennint (PP) in control and trained pups
Note larger response 10 PP in trained pups as compared to control animals and control odor (AA).
Time courses of responses did not differ between the populations of control and trained pups. B:
Statistical analysis of data (mean :!:S.c.m.). C: Ratio of responses 10 PP and AA in control and
trained rat pups. Asterisks indicate significant differences (One-Way ANQVA).
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Chapter 4 Mitral Cell PI and 5-HT1A Receptor co-Localization and

cAMP co-Regulation: A New Model of Norepinephrine­

Induced Learning in the Olfactory Bulb

(Accepted by Learning & Memory, 2002)

4.1 Introduction

The olfactory bulb is an excellent preparation for demonstrating classical

conditioning. Odor preferences can be produced in rat pups as young as one week when

an odor (conditioned stimulus or eS) is paired with any ofscveral unconditioned stimuli

(UeS) including milk, stroking or evcn mild foot shock (Sullivan and Wilson, 1994;

Sullivan et aI., 20ooa). The learning is localized to the olfactory bulb (Sullivan et aI.,

2000b) and modifications ofthe electrical (Wilson et aI., 1987; Wilson and Leon, 1988)

and metabolic (Sullivan and Leon, 1987; Sullivan et al., 1991) activity of the olfactory

bulb are observable after conditioning. Olfactory bulb norepinephrine (NE), acting

through p-adrenoceptors, is both necessary and sufficient as neural substrate for the ues

(Sullivan et al.. 2000b).

BllSed on these data and others, Sullivan and Wilson (1994) suggested that

learning results from the disinhibition of mitral cells, whieh pennits activation ofNMDA
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receptors and could promote long-tenn potentiation-like changes in the granule cell­

mitral cell connection (Wilson and Sullivan, 1994). In this scenario NE input from the

locus coeruleus to the olfactory bulb acts as the UCS by inhibiting granule cell

intemeurons in Ihe bulb through j3-adrenoceptors to produce disinhibition.

In contrasl to the disinhibition model, other data suggest the action of the UCS

occurs directly on mitral cells rather than through the intennediary granule cells (McLean

et aI., 1999). Granule cells show only weak responses to the p·adrenoceptor agonist,

isoproterenol, but show much larger responses to a-adrenoceptor agonists (Trombley,

1992; Trombley and Shepherd, 1992; Trombley, 1994; Mouly et al., 1995; Czesnik et al.,

2002) and disinhibilion of mitral cells is also driven by u-adrenoceptor agonists

(Trombley, 1992; Trombley and Shepherd, 1992; Trombley, 1994; Czesnik et al.. 2002;

but see Wilson and Leon, 1988; Okutani et al., 1998).

Stroking (tactile stimulation that increase NE levels, Rangel and Leon, 1995) or

isoproterenol paired with an odor produces learning (Langdon et al., 1997), and the same

parameters induce phosphorylation of cAMP response element binding protein (CREB)

in the mitral cells (Mclean el al., 1999; Yuan et aL, 2oo0b). CREB phosphorylation is

significantly increased in the olfactory quadrant thai received the odor input (Mclean et

aI., (999). Likewise the conditioning procedure produces potentiation of the

glutamatergic olfactory input to the mitral cells (Yuan et aI., 2000b). An interesting
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feature of the isoproterenol induced odor preference learning is that it benefits from co­

activation of the serotoncrgic system. 5·HT depletion of the olfactory bulb prevents

learning with typical doses of isoproterenol, but higher doses of isoproterenol, 4 mg/kg

(Langdon et aI., 1997) or 6 mg/kg (Yuan et aI., 2000b), can overcome the deficit.

Pharmacological studies using ritanserin and DOl suggest that the 5HTJAnC receptor is the

critical receptor mediating the serotonin effect (Price et aI., 1998), but 5HT2Af1C receptor

activation by itself does not produce learning (McLean et aL, J996). 5-HT acting through

5HTW2C receptors, as assessed with ritansedn, ketanserin and 001, has been observed to

potentiate ~-adrenoceptor activation in ral neoconex, resulting in enhanced cAMP

production (Morin et aI., 1992; Rovescalli el al., 1993).

We hypothesize that the critical UCS event in olfactory learning is the production

of cAMP in mitral cells. CREB phosphorylation resuhs from the convergence of the UCS

cAMP signal and the CS arising from the odor stimulus and travelling via the olfactory

nerve. This model parallels that proposed for sensory learning in Aplysia (Kandel et al.

2000).

In the present study we pursue three lines of evidence in support of a direct action

ofNE on mitral cells as the neural substrate for early olfactory learning. First, selective

antibodies for the p,-adrcnoceptors and the 5-HTlA receptor are used to examine the

localization and co-localization of these two receptors in the olfactory bulb. Second, the

94



expression of cAMP following odor preference conditioning is examined with a cAMP

assay. The dependence of ~.adrenoccptorsactivation of cAMP signaling on 5-HT input

was also tested using 5·HT depletion. Third, the localization of cAMP increases

associated with odor preference conditioning is examined immunocytochemically in the

olfactory bulb.

We predicted we would find mitral cell co-localization ofl},-adrenoceptors and 5­

HT1... receptors in Experiment I. We had three predictions with respect to variations in

cAMP levels in Experiment 2. First, an effective UCS (e.g., stroking or 2 mglkg

isoproterenol in normal rat pups) would produce an increase in cAMP. Second, in rat

pups with 5-HT depletion in the olfactory bulbs, thesc UCSs would no longer increase

cAMP. Third, an ineffectivc UCS in normal pups (e.g, saline or 4 mglkg isoproterenol)

would be associated with lower levels of cAMP.

While I}·adrenergic and serotonergic receptor localization on mitral cells, together

with cAMP synergism, are key requirements of the presem hypothesis, a more convincing

demonstration of the hypothesis would include localization ofthe cAMP increase itself to

the mitral cells. This is undertaken in Experimem 3 with cAMP immunocytochemistry

following odor plus the learning-effective 2 mglkg dose of isoproterenol. In the same

pups one bulb was depleted ofS·HT. cAMP increases would not be predicted in mitral

cells of the 5·HT depIcted bulb.
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4.2 Experiment I 5-HT2... receptor and 131- adrenoccptor localization

4.2.1 Materials and methods

All experimental procedures were approved by the Memorial University

Institutional Animal Care Committee and conform to the standards set by the Canadian

Council on Animal Care.

4.2.1.1 Animals and sacrifice

Both young (postnatal day 6-12, PND 6-12) and older (PND 30-50) Sprague.

Dawley rats totaling 26 rats from 22 litters were used in this study. The rats were

anesthetized with an overdose of sodium pentobarbital and perfused as described

previously (McLean et al., 1999).

4.2.1.2 Immunocytochemistryllmmunonuorescencc

Frozen sections were cut coronally through the olfactory bulbs al 30 Ilrn using a

cryostat. The sections were either melted directly onto subbed slides or collected floating

in cold PBS. The sections were processed for the lll-adrenoceptor and/or the 5·HT2A

receptor using immunocytochemistry or immunofluorescence.

96



For the ~l-adrenoceptor immunocytochemistry, briefly, cryostat·mounted sections

were air·dried at room temperature for 5-10 min, then incubated in primary antibody (~I­

adrenoreceptor Ab, 1:1000, Oncogene, Cambridge, MA) in 0.2% Triton X-lOO, 2%

nonnal goat serum (NOS) in PBS at 4°C overnight. Secondary antibody processing and

visualization using diaminobenzidine dihydrochloride (DAB) was as described previously

(McLean et aI., 1999).

For fluorescence double-labeling, the sections were collected free floating in 0.1

M PBS, followed by incubation overnight at 4°C in primary antibodies. Both the 5-HT1A

receptor antibody (1 :500, Phanningen, Mississauga, ON) and the ~I-adrenoceptor

antibody (1: I000) were dissolved in 0.2% Triton X-I 00 and 2% nonnal goat serum

(NOS) in PBS. After 3><10 min rinses in PBS, the sections were incubated in goat anti­

mouse IgO conjugated to CY3 (1 :400, Jackson ImmunoResearch, Mississauga, ON) and

goat anti-rabbit IgO conjugated to FITC (I :50, Sigma, Mississauga, ON) or Alexa 488

(1: IODD, Molecular Probes, Hornby, ON) dissolved in 2% NOS and 0.2% Triton X-I 00 in

PBS for 1 hr. The sections were rinsed 3x10 min in PBS and mounted on subbed

microscope slides.

To improve the results of immunocytochemistry and immunofluorescence, a heat­

induced antigen retrieval protocol was employed. Heat assists in unmasking the epitopes

or antigens that are hidden as a result of protein cross-linking induced by fonnaldehyde
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fixation (Shi et aI., 1991; Cattoretti et al., 1993; Jiao et ai., 1999). In this study,

microwave irradiation was used before the commencement of immunostaining. Briefly,

both slide-mounted sections and free-floating sections were placed in a microwave in

containers containing 0.1 M PBS solution (pH 7.4). Irradiation at the maximum selling for

1-2 min raised the temperature of the PBS solution to 90-95 °C after which the power

setting was adjusted to kecp the solution at a constant temperature of90-95°C for 10 min.

The sections were kept in the PBS for another 20 min to cool down. Standard

immunocytochemical staining as described above was perfonned after the microwave

irradiation. To exclude the possible non-specific staining resulting from microwave

irradiation, sections with no primary antibody incubation were also included in the

experiment.

4.2.l.3Image processing

For DAB-stained sections, the olfactory bulbs were examined using bright-field

microscopy. For fluorescence, two-ehannels ofa confocal microscope (Olympus

Fluovicw) or an epifluorescence (mercury lamp) microscope were used. The confocal

processing provided scans of 0.25 p.m thickness, which enabled unequivocal cellular

localization of the label. Images were captured digitally with either the Fluoview

confocal software or with a Spot® digital camera.
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4.2.2 Results

4.2.2.1 Microwave irradiation and lll-adrenoceptor labeling

We observed substantially improved immunocytochemical labeling of Ill­

adrenoceptors in olfactory bulb sections by using the microwave procedure described in

the Methods (Fig.4.IA vsA.IB). Strong immunocytochemical staining was observed in

the mitral cells and tufted cells. Label was mainly confined to the cytoplasm of the

somata. Fainter label was observed in periglomerular cells and small subsets of granule

cells. Without microwave irradiation. only faint. punctuate labeling of cells was observed

(Fig.4.IA). Thus, microwave treatment produced enhanced visualization of cells

immunoreactive for Ill-adrenoceptors within the bulb. To control for possible non-specific

staining resulting from microwave irradiation. some sections were incubated without the

presence of the primary antibody. This procedure served as a negative control for Ill­

adrenoceptor immunocytochemistry and produced no cellular label in the olfactory bulb.

although non-specific label of fiber bundles within the deep granule cell layer was present

(data not shown).

4.2.2.2 Immunofluorescence double label

To investigate the targets ofNE and 5-HT action, immunofluorescence double
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labeling of ~l-adrenoceplorand 5·HT2A receptors was performed. Consistent with

previous studies (Pompeiano et aI., 1994; McLean et aI., 1995; Hamada et aI., 1998;

Cornea·Hebert et aI., 1999), the mitral cell and external plexiform layers were intensely

labeled by the 5-HT2A receptor antibody (FigA.2D). Labeled tufted cells were also found

in the main olfactory bulb. Figure 4.3 shows CY3 immunofluorescence label of mitral

cells in a PND 35 rat. In a few cells, both cell bodies and their dendrites were clearly

labeled for the 5-HTlA receptor.

By using two-channel confocal imaging, we observed substantial ~,·adrenoceptor

and 5·HT2A receptor double labeling of mitral and tufted cells in both young (eg. PNDIO,

Fig.4.2A,B) and older animals. The label of both receptors was mainly cytoplasmic as

shown by punctuate label within the cytoplasm of mitral cells as illustrated in Figures

4.2C & D. This observation is consistent with the observation that G.protein coupled

receptors are normally internalized (Tang et aI., 1999; Chakraborti et aI., 2000).

4,3 Experiments 2A and 28 cAMP expression following odor preference

training

4.3.1 Materials and methods

In Experiment 2A, 63 Sprague-Dawley rat pups of both sexes from 9 litters were
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used. Seven training groups were included in this experiment. In Experiment 2B, len rat

pups from 5 litters were subjected to unilateral 5-HT depletions of the olfactory bulbs on

PND 1 and given either 2 mglkg or 6 mglkg isoproterenol (p-adrenoeeptor agonist,

Sigma) injections before lraining. All litters were culled to 12 pupsllitter. No more than

one pup of either sex from each litter was assigned to each training group.

4.3.1.1 Odor condilioning and drug injeclion

The procedure for conditioning has been described in detail before (Langdon et

ai., 1997; Price et al., 1998; McLean et ai., 1999; Yuan et aI., 2000b). Briefly, on PND 6,

saline or isoproterenol (I mglkg,2 mglkg, and 4 mglkg for Experiment 2A; 2 mglkg and

6 mglkg for experiment 2B) was injected subcutaneously into nonnal pups (Experiment

2A) or pups with unilateral 5-HT depletion of olfactory bulbs (Experiment 2B) 40 min

before their exposure to odor conditioning. The odor conditioning was perfonned by

placing the pups on peppennint-sccntcd bedding for a period of 10 min (0.3ml

peppennint extract in 500 ml of fresh wood-chip bedding). Also, in this study,

serotonergic fiber depletion was perfonned unilaterally in the olfactory bulbs. Either the

low (2 mg/kg) or the high (6 mglkg) doses ofisoprotcrenol was injected systemically into

the pups to investigate the synergistic effect of Il-adrenergic and scrotonergic receptor

interaction in inducing cAMP cascade activation (Experiment 2B).
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In Experiment 2A, some pups from the same litters were taken from their dams to

min before they were subjected to one of the following three training conditions:

odor+stroking (the pup was stroked by a sable brush every other 30 seconds for a period

of 10 min while the pup was placed on peppermint-bedding), stroking only (the pup was

subjected to stroking while it was placed on fresh bedding), and naive (the pup was

placed on fresh bedding for 10 min). The purpose of this grouping was to investigate the

cAMP levels when using a more natural learning paradigm than the isoproterenol-induced

learning.

Immediately after training, the pups were sacrificed by decapitation, both

olfactory bulbs were removed from the skull and frozen on dry ice. In Experiment 2A,

each pair o[olfactory bulbs from a pup was placed in 1.5 ml centrifuge tubes, whereas in

Experiment 28, olfactory bulbs from each pup were put individually into a

microcenlrifuge mbe because in each pup one bulb was subjected to 5-HT depletion while

the other was not. All samples were subsequently stored at -70 Q C until they were assayed

for cAMP content.

4.3.1.2 5-HT depletion

Unilateral 5·HT depletions of olfactory bulbs were performed in order to provide

intra-animal controls for the effect of 5·HT on isoproterenol induced cAMP expression.
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The procedure of 5·HT depletion has been previously described in detail (Mclean et al.,

1993; Mclean and Darby-King, 1994). Briefly, PNDI pups were remove<! from the dams,

pretreated with 10 mglkg desipramine by intraperitoneal injection, and placed on fresh

bedding. Forty-five min later, after being anesthetized by hypothermia on ice, the pups

were placed in a modified stereotaxic instrument, and 150 nl of 5,7-dihydroxytryptamine

(5,7-dHT) in Ringer's solution plus 0.02% ascorbic acid was injected unilaterally into the

anterior olfactory nucleus. Immunocytochemistry performed on the olfactory bulbs of

some 5-HT depleted pups confirmed 5-HT fiber depletion.

4.3.1.3 eAMP .ass.ay

Olfactory bulb samples were homogenized in 300 J.ll distilled water containing 4

mM EDTA. The homogenate was heated for 5 min in a boiling water bath to coagulate

the protein, then centrifuged at 10,000 rpm for 5 min at 4°C. After centrifugation, the

supernatant was removed and placed in a microcentrifuge tube. The pellet was kept for

protein assay. cAMP in the supernatant was assayed using a radiolabcled cyclic AMP

eH) assay kit (Amersham, Baie d'Urfe, PQ). The protein pellet was reconstituted by 500

J.l1 ofdHp. The protein contem of the samples was determined by a BCA protein assay

kit (Pierce. Rockford, IN). cAMP coment is presented as pmoleJrng protein.
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4.3.2 Results

cAMP expression in the olfactory bulb is increased by effective odor preference

training protocols (FigAAA). It is also increased by protocols that do not produce odor

preference learning. The groups receiving 2 mglkg isoproterenol and 4 mg/kg

isoproterenol paired with odor had significantly more cAMP than the odor only control

group (Repeated measures ANOVA FJ""3.20, p<.05; least significant difference tests,

p<.05). The I mg/kg isoproterenol group was intennediate. From the histogram

(FigAAA) it also appears that isoproterenol increases cAMP in a dose-related manner.

Pups receiving stroking paired with odor also had significantly more cAMP than

the naive control group (p<.OI, paired tl"';!<d-test). Pups with stroking alone had the same

mean cAMP levels as those with odor pairing and were also different from the naive

control group (p<.05, paired tl.tliled-test). The mean cAMP levels of the odor only pups

also did not differ from that of naive pups. This indicates tlull slroking, acting as the

unconditioned stimulus, is sufficient to activate the cAMP cascade, while the

conditioning stimulus (peppennint odor) appears to have no further influence on the level

of cAMP expression during odor preference learning.

In 5-HT depleled olfactory bulbs, the level of cAMP was significantly (p<.05, 1.,.

w!<d°test) reduced compared to non-depleted sides in both 2 mg/kg and 6 mglkg
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isoproterenol groups (Fig.4.4B). However, the dose-dependent profile of cAMP increase

following isoproterenol injection was maintained. This indicates that S-HT and

norepinephrine act synergistically to activate cAMP during odor preference learning.

4.4 Experiment 3A and 3D cAMP immunocytochemistry following unilateral 5­

HT depletion and isoproterenol injection

4.4.1 M.aterials .and methods

4.4.1.1 Animal prepanltion

Twelve Sprague-Dawley rat pups of both sexes from 4 litters were used in this

experiment. All pups were given S-HT depletions of left olfactory bulbs on PNDI as

described in Experiment 2. On PND6, in Experiment 3A, seven pups were subjected to 2

mglkg isoproterenol injections (s.c.) 40 min before being placed on peppermint-scented

bedding for 10 min. The pairing of2 mglkg isoproterenol and odor on PND6 normally

induces odor preference in pups (Sullivan et al., 1989b; Langdon et al., 1997).

Immediately after odor exposure, pups were sacrificed by decapitation. The brains were

removed from the skulls, fixed in icc-cold 4% paraformaldehyde in 0.1 M phosphate

buffer for one hour, then kept overnight in 20% sucrose and 1.5% parafonnaldehyde in

0.1 M phosphate butler. The next day, the brains were transferred to a 20% sucrose
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solution for one hour and then cut frozen at30 lUll using a cryostat. In Experimenl3B, 5

pups ",-ere sacrificed directly on PND6. to lest whether unilateral 5-HT depletion itself

affects the basallcvel of cAMP in the olfactory bulb. Immediatcly aftcr sacrifice. the

brains were removed from the skull. and processed as described in Experiment 3A.

4.4.1,21mmuDocytochemislry

Olfactory bulb sections were thawed onto subbed slides and processed using

immunocytochemistry for cAMP and 5-HT (to confirm 5-1'IT depletions of the left

olfactory bulbs). The cryostat-mounted sections were air-dried at room temperature for 5­

10 min followed by I hr incubation in 20/. NOS, 0.2% TritonX-IOO in PBS at room

temperature to block non-specific binding. Sections "'-ere incubated in the primary

antibody (cAMP, Chemicon. Mississauga, ON, diluted I :500; I: 1000; 1:3000; 1:5000 ; 5­

HT. INCStar, Stillwatcr, MN, diluted 1:3000) in 0.20/. TX-IOO. 2% NOS in PBS at 4°C

overnight followed by standard inunuJ\OC)1ochemical methods.

4.4.1.3 Image processing and analysis

The 5-HT depletions were confirmed under bright·field microscopy. Consistent

with previous results (Mclean and Darby-King, 1994), it produced more than 80%

depletion of tile 5·HT fibers of the left olfactory bulb as shown by immunocytochemistry.
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For cAMP immunocytochemistry, the relative amount of cAMP expression was

quantified sYSlematically by comparing the optical density (darkness) of label in the

mitral cell layer from both bulbs. In each bulb. five sections at even intervals through the

entire olfactory bulb were examined.

Image analysis was performed by tracing the medial region of the mitral cell layer

and an adjacent background region in the internal plexiform layer. Relative optical

density was achieved by determining the difference of optical density between the region

of interest and the background region divided by the optical density of the background

region. All the slides from Experiment 3A and 38 were coded so that the person

analysing sections was blind to the treatment. The regional optical densities from both

olfactory bulbs were compared statistically using the paired Student totes\.

4.4.2 RtSults

Consistent with !.\l-adrenoceplor and 5-HT1A immunocytochemical localization.

strong cAMP immunocytochemical staining was observed mainly in the mitral cells

(Fig.4.5) and tufted cells. Only a few periglomerular cells and granule cells were stained.

This suggests that NE action through the J31-adrenoceplor observed here increases cAMP

mainly in the output cells of the olfactory bulb. To support our hypothesis that NE and S·

HT act synergistically to enhance cAMP signaling in the CREB phosphorylation pathway,
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quantitative anaJysis of the relative optical density of the medial regions of mitral cell

layer.; was perfonned on both the 5·HT depicted bulbs and the conlfOl sides. Figure 4.6A

sho\\'S that after the pairing of isoproterenol and odor exposure, in 5·HT depleted

olfactory bulbs there was significanliy (p<.01, paired tl......... test, n=7) less cAMP staining

in the milral cell layer (reflected by relative optical density in medial regions) compared

to that in the control side of the same animals. To detennine if unilateral 5-HT depletion

itself reduces the basal level of cAMP expression in mitral cells, cAMP

immunocytochemistry was also performed on the olfactory bulbs of non-isoproterenol

injected pups. Fig.4.6B shows that there is no significant difference in the relativc optical

density of cAMP immunocytochemical staining in mitral cells in the 5-HT depleted sides

and the control sides. Comparison wen: only made within animals to avoid variability due

10 differences in the overall immunocytochemical reaclion.

Therefore, in the present data set 5-HT depletion does not by itself reduce the

basal level of cAMP expression, but it impaires the ability of isoproterenol to enhance

cAMP signaling. This is consistent with our hypothesis thal!l-adrenoccptors and 5-HT)

receptors are critical in early odor preference learning and interaci via a synergistic

promotion of cAMP in mitral cells of the olfactory bulb.
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4.5 Disculiliion

The major findings of this study arc that tI.-adrenoceplors and 5-HTu receptors

arc localized on mitral cells in the olfactory bulb and that interaction of these receptors

affects cAMP processing in mitral cells. cAMP expression is oot direclly affected by the

loss of serotonin but its up-regulation by either tactile stimulation or by stimulation of til­

adrenoceptors in the rat pup is impaired. Below we discuss the potential relevance of

such interactions for early olfactory preference learning.

4.5.1 Cellular localization oflhe tll·adrenoceptor and the 5-HTJ... receptor

Localization of 5·HT1.\ receptor protein (Hamada et aI., 1998: Comca-I'lebert et

al., 1999) and mRNA (McLean et aI., 1995) has been previously shown in mitral and

tufted cells. Our result using immunofluorescence to label the 5-HTu receptor is

consistent with these previous studies.

With the increased sensitivity ofthe present heat-induced antigen retrieval method

for immunocytochemistry. we are the first to report substantial neuronal localization of

the f3,-adrenoceptors in the olfactory bulb output cells. The finding that the receptor is

localized primarily in the output cells of the bulb (mitral and tufted) and co-localized with

5-HT1... receptors is consistent with the demonstrated functional interaction of these
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receptors in the olfactory bulb ofille neonate rat and supports the present model ofcrilica1

neural substrates.

Our finding that lhe two receptor sublypes remain co-Iocalized in older animals

implies possible funetional5-HTINE interaclions in adult rat olfactory bulb that merit

funher investigation.

I3I-adrenoceptor localization in the olfactory bulb of rat has been briefly described

in two survey papers (Wanaka et aI., 1989; Nicholas et aI., 1993). Both papers suggested

weak localization of l}1-adrenoceptors (in situ hybridization, Nicholas et al., 1993) or 13­

adrenoceptors (inununoclyochemistry, Wanaka et al., 1989) in the grnnule cell layer of

the bulb as also seen in a small SUbsel ofcells in the present study. A developmental

binding study targeted to the olfactory bulb also suggested most l}1-adrenoceptors binding

occurred in layers other than the mitrnl cell layer and increased developmentally (Woo

and Leon. 1995). In a later study the same authors reported locus cacruleus lesions

increased l3-adrenoceptors density in the glomerular layer (Woo et aI., 1996), suggcsting

this region mighl be most responsive 10 locus coeruleus input. Such receptors could be on

the dendrites of mitral cells projecting to the glomerular layer.

The reasons for the failure of the binding studies to identify mitral cells as

important sites ofl3l-adrenoceptors are unclear. As noted by Woo and Leon (1995),
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iodopindolol is biased toward the detection of ~2-adrenoceplors,thus even examining

radiolabeling in the presence of a ~l·adrenoceptor antagonist may not be sufficient to

eliminate some binding of ~2-adrenoceptors.which are numerous in the olfactory bulb.

The profiles of the two receptors seen in the binding studies were identical except for

additional external plexifonn labeling for ~2·adrenoceptors. Mitral cells also have

prominent internalized ~l-adrenoceptor labeling in the present study. Internalized

receptors have low binding affinity (Flugge et a!., 1997) and their demonstration may

depend critically on ligand concentration. Finally, Leon's laboratory, in a hriefrepon

(Ivins et aI., 1993) using in situ hybridization methodology, identified ~l·adrenoceptor

mRNA in mitral cells, consistent with the present observations.

Isoproterenol interacts with ~1' as well as ~l-adrenoceptors, in the olfactory bulb.

The present study does not rule out a role for the fl,·adrenoceptors in olfactory preference

learning. In situ hybridization study demonstrated that f}2-adrenoceptors are more widely

expressed than fl,-adrenoceptors in the olfactory bulb, including the mitral cell layer

(Nicholas et a!., 1993), and can up-regulatc cAMP. Their specific contribution to early

olfactory learning remains to be identified.
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4.5.2 fuoctionalsignificance of cAMP activation via p.-adrenMepton and 5-HTlA

receptors in output nib of the olfactory bulb

cAMP increases accompanied both stroking and 2 mglkg isoproterenol. the t....,o

effective UCSs. as predicted by the presem hypothesis. However, odor+stroking did not

produce increases greater than those of stroking alone, although the odor+stroking group

was less variable. In contrast to the present failure to detcct an increase in cAMP with

odor pairing. the studies of pCREB using Western blots showed higher levels in the

odor+stroking than the stroking only condition (Mclean et al., [999), With 10%

peppennim as the odorant, cells involved in the odor representation appear widespread

and were sufficient to demonslnlte the pCREB effect. lbe pCREB result may argue that

the failure to see pairing associated cAMP change is real. If cAMP is not incrused by

odor pairing, it suggests thal, unlike the Aplysia model in which sensory input and a

monoaminergic input converge on adenylyl cyclase activation, in the rat pup olfactory

bulb the sensory input influences learning by convergence on the pCREB pathway (see

FigA.7).

The hypothesis of receptor synergism in cAMP recruitment was tested in

Experiment 2. As mentioned, 5-HT depletion prevents early olfactory preference learning

produced by pairing odor with the nonnally optimal 2 mglkg dose of the p-adrenoceptor

agonist, isoproterenol. A higher, 4 mglkg or 6 mg/kg dose of the ~adrenoceptors. can,
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however, overcome the depletion effect and produce learning (Langdon et at., J997; Yuan

et aI., 2000b). The higher 4 mglkg dose of isoproterenol is nonnally ineffective as a UCS

in nonnal pups (Langdon et al., J997). A dose of 6 mglkg has also been shown to be

ineffective in learning and in producing CREB phosphorylation in nonnal pups (Yuan et

at., 2000b). Thus, isoproterenol-induced learning and CREB phosphorylation show

parallel inverted U curve profiles with increasing doses of isoproterenol. A similar

inverted U curve profile has been described for stroking-induced learning (Sullivan et al..

1991), suggesting it is a basic property of the learning system.

The dose-dependent increase in cAMP with increasing isoproterenol did not

support the initial hypothesis that biphasic agonist control of cAMP explains the inverted

U curve seen behaviorally, elccuophysiologically and biochemically. Although biphasic

cAMP control of behavior has been reported in other mooels (Ozacmak et aI., 2(02), the

present data suggest instead that there is an optimal level of cAMP activation which can

be exceeded. In the present model three possibilities suggest themselves: (a) higher levels

of cAMP recruit increased calcium entry which might favor calcineurin-induced

dephosphorylation; (b) higher levels of cAMP promote greater phosphodiesterase 4

(PDE4) activation through PKA (Ang and Antoni, 2002) and this may critically shorten

the duration of the eAMP signal; and (c) elevated cAMP promotes faster cAMP extrusion

(Wiemer et al., 1982) which again would shorten the signal duration. CREB

phosphorylation has been shown to be enhanced by longer durations of eAMP signaling
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(Barad et al., 1998). Manipulation of ca.lcineurin and measuremen[S of the time course of

cAMP elevation with varying doses of isoproterenol would test these hypolheses.

cAMP-regulated signaling pathways and the associated phosphorylation of CREB

have been postulated as imponant mechanisms underlying learning and memory (Davis et

al., 1995; Abel etal., 1997; Impeyet aI., 1998b; Monset al.. 1999; Wong eta!., 1999).

Aversive olfactory learning in the Drosophila depends critically on this cascade (Zhong et

al., 1992; Davis et aI., 1995; Mons et al.. 1999) and has several parallels with the rat pup

model of olfactory learning. Both cAMP increases and CREB phosphorylation are

thought to mediate the acquisition of odor aversion in Drosophila. Although cAMP levels

in Drosophila have not been measured directly with training as in the present study.

systematic manipulations of the components of the cAMP cascade produce predictable

deficits in olfactory learning and memory (Zhong et 81., 1992; Davis et 81., 1995). In

addition, in the dunce mutants with reduced phosphodiesterase. cAMP levels are

increased above nonnal and olfactory learning and memory are deficient (Byers et al..

1981). As in lhe present study an impairment of the normal temporal dynamic of cAMP

has been suggested to underlie the impairment in olfactory learning in Drosophila mutants

with higher levels of cAMP.
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4.5.3 A new model of noradrenergic-mediated early olfactory preference learning

in the rat pup

In the present study, we demonstrate that mitral cells, the main output cells in the

olfactory bulb, are the postsynaptic cellular substrate for olfactory preference learning.

Immunocytochemistry demonstrated the co-localization of~l-adrenoceptors and 5-HT2A

receptors in mitral cells. Manipulation of ~-adrenoceptorand 5·HT receptor activation

affected cAMP levels in mitral cells in a predictable pattern. This profile of results

supports the hypothesis that the ~,·adrenoceptors and SHT1A1X" receptors, imeract in early

odor preference learning via a synergistic promotion of cAMP in mitral cells in the

olfactory bulb, as they do in neocortex (Morin el a1., 1992), and that the critical learning

change occurs in the mitral cell processing of olfactory nerve input.

This new model of olfactory preference learning mediated by ~l-adrcnoceptor

activation is illustrated at the circuit and intracellular level in Figure 4.7. This model

accounts for several aspects of what we have seen.

Isoproterenol paired at a learning effective dose with olfactory nerve input will

potentiate the olfactory nerve EP8P including both NMDA and non-NMDA components

(Yuan et al., 2000b). Such potentiation may be mediated by cAMP-initiated

phosphorylation ofNMDA and AMPA channels. Phosphorylation ofL-Cal
' channels
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could also contribute to membrane depolarization and potentiation ofNMDA currents.

Closing ofK' channels following isoproterenol which has been reported in othcr systems

(Karle et a!., 2002) is another mechanism by which depolarization might occur. The

failure of higher doses of isoproterenol to produce the electrophysiological potentiation

would again be related to an excess of dephosphorylation activity or a shortening of the

elcvation of cAMP.

Either odor-stroking pairings or odor-isoproterenol pairings also produce CREB

phosphorylation (Mclean et aI., 1999; Yuan et aI., 2000b). For this component an

interaction of the cAMP cascade and Cal'l calmodulin cascade is suggested to occur. In

particular Ca1'/calmodulin activates calmodulin kinases while PKA prevents phosphatase

activation resulting in a net phosphorylation ofCREB (Impey et aI., 1998a; Wong et al.,

1999). PKA may also enhance activity of the MAPK pathway (Impey ct aI., 1998a; Poser

and Storm, 2001), but we have not yet characterized the role of this pathway in early

olfactory learning. Again excessive activation of the cAMP pathway that fails to activate

CREB phosphorylation may truncate the duration of the cAMP signal or have

phosphatase promoting consequences.

The approach behavior of rat pups 24 hr following odor-UCS pairing is thought to

be linked to these initialing events. Oplical imaging experiments in trained pups suggest

increased activation in the olfactory bulb to the conditioned odor. but not to a control
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odor,24 hr after training (Yuan el al., 2002). It is clear thai pairing odor with local

infusion ofisoprolerenol in the rat pup is sufficient to produce the approach ~ponse

(Sullivan el aI., 2000b). It appears that a change in the representation of the odor in the

olfactory bulb determines the response. However, we do not even know why some odors

are inherently attractive. A study of the bulbar representation of such odors might be

helpful. Our data suggests the odor representation potentiates, both NMDA and AMPA

components of olfactory nerve input are strengthened during acquisition procedures

(Yuan et aI., 2000b), while activation probed by optical imaging is stronger 24 he latcr

(Yuan et al., 2000). How this incrcased activation is coupled to approach behavior is

unknown.

The present model with its emphasis on the role of the p,-adrenoceplor on mitral

cells does not rule out a role for disinhibition in nonnalleaming. ~adrenoceplormediated

disinhibition (Wilson and Leon, 1988; Okutani et aI., 1998) has been reported in pups and

adults in the olfactory buJb and might occur via the pz-adrenoceplor on granule cells

(Nicholas el aI., 1993). Other o.-adrenoceptor-mediated disinhibitory effects have been

docwnented (see introduction). Such disinhibition would funher support the PI­

adrenoceptor mechanisms identified here.

Finally. the present model is closely related to the learning model well..<Jescribed

for Aplysia. Indeed, Kandel et al. originally suggested that norepinephrine in mammals
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might play the role of serotonin in the Aplysia (Brunelli et aI., 1976). The present model

follow'S that suggestion. A key difference between the two models would appear to be in

the co-inddence detection mechanism. In Aplysia adenylyl cyclase itself is the c0­

incidence detector for the CS and UCS and higher levels of cAMP detennine the

occlllttnce of learning. In the present model high levels of cAMP alone do not produce

learning and the CS pathway appears 10 interact with the UCS pathway at a later stage.
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Figure 4.1 Localization of the p,-adrenoceptor in the olfactory bulb by
immunocytochemistry.
A: Visualization of the receptor without the use of microwave heating.
B: Visualization ofthe receptor after the use of microwave heating
Note the faint label ofmitnll cells in A and lhe clear labeling ofmirral and tufted cells and a
small number of granule and periglomerular cells in B
Abbreviations, epl, external plexiform layer; gel, granule cell layer; 81, glomerular layer; mel,
mitral eelliayer;. Bars, 100 JUll.
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Figure 4.2 Confocal images ofthe olfactory bulb from a PNO to pup.
Note the double labeled mitral cells (eg. at white and blue arrows) at low (A) and higher
magnification (8·0). A&B show the combined label of PI & 5-HT1.\ receptors. Double label was
also observed in tufted cells (arrowheads) near the glomerular layer (A). Bars. 50 11m.
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Figure 4.3 Immunonuore:se.nce label of mitral cells in a PNDJ5 rat using an ntibody to the

5-HTu receptor. Note the mitral cell body (arrows) and dendritic label. Bar, .so ~m_
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Figure 4.4 cAMP expression in the olfactory bulb of PND 6 pups immediately after
varioustrainingsessionl.
(A). An increase in cAMP expression is observed with increasing ~adrenoceptor activation
(isoproterenol) compared to saline.injected controls exposed to odor only at the time of training
(N=9·, p<O.05 compared 10 the saline group). The act of stroking the pup appears to activate
the cAMP to levels equivalent to pups given stroking plus odor(N--9·, p<O.05; ••, p<O.OI).
(B). 5-HT depletion reduces the isoproterenol induced cAMP expreuion which can be partially
overcome by inducing more activation of ~adrenoceptors(via isoproterenol).• , p<O.05; 5-HT
depleted bulb compared to normal control bulb. N"'4 for 6 mglkg iso control group. N-.. 5 for
other three groups. Abbreviation: iso,isoproterenol.
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gel

mel
epl

figure 4.5 cAJ\tP immunocytocbemistry shows the eellulu location of cAJ\lP in the
olfactory bulb. The immunocytoehmuca1 methods employed here showed selecthoe cAMP
expression in mitral cells of the mel Arrows indicate aJtifacl labeling of blood vessels.
Abbreviations. epl, external plexifonn layer; gel, granule cell layer; mel, mitral cell layer.
Bar,50~
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Figure 4.6 Relative optical density (ROD) measures of cAM]> showing the innuence of
isoproterenol (iso) andlor unilateral bulbar S-HT depletion on cA1'o1P npression in the
mitral cell layer.
(A). ROD of cAMP immunocytochemical staining in the S-HT depleted olfactory bulbs and the
control bulbs oflhe same animals after pairingof2 mglkg isoproterenol injections with odor
exposure. Significantly less cAMP level is seen in S-HT depleted olfactory bulbs compared to
the control sides (N=7. p<O.OI).
(8). ROD of cAMP immunocytochemical staining in the S-HT depleted olfactory bulbs and the
control bulbs afthe same animals without isoproterenol injections or odor exposure. Note Ihat
there is no difference between these Iwo groups (N=5, p>O.05) which suggests that5-HT
depletion by itself does not affect cAMP leve]s.
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Flgure 4.7 Propo5td intercellular and intracellular pathways In the olfactory bulb
activated by PI .lind 5-HT1..1. receptors.
(A). Schematic diagram indicating the major circuitry in the olfllCtory bulb especially as it relates
to the present odor leaming model llI1d identifying the convergence ofodor input (via olfactory
receptor cells), and noradrenergic and serolonergic input onto mitral cells.
(8). Intracellular circuitry ofthe mitral cell. ~1-adrenocePtors mediate the unconditioned
stimulus (UeS) via either laCtile stimulation or a IJ-adrenoceptor agonist The conditioned
stimulus (CS) is provided by odors which stimulate glutamate receptors on mitral cells. When
proper stimulation occurs the pathways induce phosphoryllllion ofCREB and learning.
*cAMPfPKA "gating" oCthe calcineurin dephosphorylation pathway ofCREB (see discussion
for further details ofthe pathways).
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Chapter 5 Early Odor Preference Learning in the Rat:

Bidirectional Effects of CREB and Mutant CREB

Support a Causal Role for pCREB

(submitted to 1.Neuroscience., 2002)

5.1 Introduction

Early odor preference learning offers a unique paradigm for the study of natural

mammalian learning. In th~ neonate rat, neural circuitry changes that are critical for odor

preference memory occur in the olfactory bulb (Wilson and Sullivan, 1994; Sullivan et

aI., 2000b). A change in the first synapse, the olfactory input to mitral cell connection,

appears to underlie both the acquisition and expression of odor preference (Wilson et aI.,

1987; Woo et a!., 1987; Wilson and Leon, 1988; lohnson et aI., 1995; Woo et aI., 1996;

Yuan et aI., 2000b; Yuan et aI .• 2000). Phosphorylation of cAMP response element

binding protein (CREB), proposed as a universal "memory molecule" (Silva et aI., 1998),

is seen in mitral cells following olfactory preference training, but no! in control conditions

(McLean et al .. 1999). The present study asks whether phosphorylation of CREB in the

olfactory bulb can be shown to be causal in early olfactory preference learning.

In neonate rats, a single 10 min session of tactile stimulation such as stroking
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(unconditioned stimulus, UCS) paired with an odor (conditioned stimulus, CS), typically

peppermint, produces odor preference learning, seen as an approach to the odor 24 hr

later (Sullivan and Leon, 1987; Wilson and Sullivan, 1994). Norepinephrine (NE)

released from the locus coeruleus with tactile stimulation is known to act in the olfactory

bulb via ll-adrenoceptors (Wilson and Sullivan, 1994; Langdon el aI., 1997; Yuan et al.,

2000b) coupled 10 cAMP. 1be fl-adrenoceptor agonist, isoproterenol, can substitute for

stroking when given systemically, or directly into the olfaclory bulb, to induce learning

(Petralia et al., 1996; Langdon et al., 1997; Yuan et al., 2000b). NE and serotonin (5-HT)

in the olfactory bulb have been shown to interact in early odor preference learning to

promote increases in the cAMP-mediated CREB phosphorylalion (Yuan et al., 2000b).

pCREB increases are transient and occur selectively in lhe peppenninl.encoding area of

the mitral cell layer in the olfactory bulb following peppermint conditioning (McLean et

al., 1999). &th learning and increases in pCREB also occur when odor is paired with a

moderate dose of isoproterenol (2 mglkg), but nol with lower (I mglkg) or higher (4 or 6

mglkg) doses ofisoprolerenol (Sullivan et aI., 1989b; Sullivan et al., 1991; Langdon et

aI., 1997; Yuan et aI., 2000b). The parallel inverted-U curve profiles in both

isoproterenol-induced learning and CREB phosphorylation are shifted to the right

following depletion ofS-HT in the olfactory bulb (Yuan et aI., 2000b), such that a higher

dose (6 mglkg) of isoproterenol is now required for the induction of learning and the

increase in pCREB.
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Based on these studies, we proposed a causal role for CREB in neonate rat odor

preference learning; but the evidence was correlational (McLean et ai., 1999; Yuan et ai.,

2000b). Here we evaluate causality using a herpes simplex virus, HSV, to express

additional CREB or dominant negative mutant CREB (single point mutation at the

phosphorylation site Serl33) in neurons of the rat pup olfactory bulb. HSV-LacZ

expressing E.coli j3-galatosidase, was used to verify the expression of HSV-encoded

proteins in the olfactory bulb, and as a control to detennine whether virus injection itself

would affect odor preference learning.

In the present study we ask whether additional CREB or mutant CREB in the

olfactory bulb will alter nonnal odor preference learning and/or promote the occurrence of

odor preference learning when sub- or supra-optimal doses of isoproterenol are given. We

also measure the levels of pCREB to assess the link between the substrate and the

transcription factor.

5.2 Material and methods

5.2.1 Animals

Sprague-Dawley rat pups of both sexes were used in this study. Liners were culled

to 12 pupsllitter on postnatal day 1 (PND 1. the day of birth is considered PNDO). The

128



dams were maintained under a 12hr light-dark cycle, with ad libitum access 10 food and

water. All experimental procedures were approved by the Memorial University

Institutional Animal Care Committee.

5.2.2 Vinu vector

HSV-LacZ, HSY·CREB (overexpression ofCREB). and HSV-mCREB

(overexpression ofa dominant negative mutant CREB) were used in this study. The

average titer of the recombinant virus stocks was 4.0x I0' infectious unitlml (for viral

vector preparation sec CattoreUi et aI., 1993; Carlezon. Jr. el aI., 1998; Neve and Geller,

1999).

5.2.3 Virus injection

On PND4, rat pups were anaesthetized under hypolhermia on ice and placed in a

stereotaxic frame. The skull over the central region of etlCh olfactory bulb was carefully

removed by a denial drill. A tolal of 1111 virus stocklbulb was injected at four levels inlo

each bulb over a 5 min period with a 27 gauge Hamilton syringe. Pups were then warmed

up and returned to the dam aner recovery.
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5.2.4 Odor conditioning

The procedure for odor conditioning for naturalleaming has been described before

(Sullivan et aI., 1989b; Sullivan et aI., 1991; McLean et al., 1993). Briefly, on PND6, rat

pups were removed from the dam and put on fresh bedding 10 min before odor exposure.

In the odor+stroking (O/S) group, pups were placed on peppermint scented bedding (0.3

ml peppermint/SOD ml normal bedding) and stroked vigorously on the hind region using a

sable brush cvery other 30 sec for 30 sec over a 10 min period. In the odor only (010)

group. the pups were only exposed to the peppermint bedding without being stroked. The

naive pups were placed on fresh bedding for a 10 min period. Immediately after these

conditions. the pups were returned to the dams.

The procedure for odor conditioning using isoproterenol (I mglkg, 2 mglkg or 4

mglkg) has been described before (Langdon et al .. 1997; Yuan et al., 2000b). Briefly, on

PND6, saline or isoproterenol was injected subcutaneously into pups 40 min before

exposed to the peppermint odor. The pup was removed from the dam 30 min after

injection and placed on fresh bedding. Ten min later, The pup was placed on peppermint­

scented bedding for 10 min. After odor exposure, The pup was returned to the dam.
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5.2.5 Odor preference test

On PND7, pups were subjected to odor preference testing. A stainless steel test

box (JOx20xI8cm) was placed on two boxes which were separated by a 2 em neutral

zone. One box contained fresh bedding; the other contained peppermint scented bedding.

Each pup was removed from the dam and placed in the neutral zone of the test box. The

amount of time the pup spent on either peppermint scented bedding or nonnal bedding

was recorded for five l-min trials. The percentage of time the pup spent on peppermint

scented bedding over the 5 min period was calculated. One-way ANDVAs were used for

analysis.

5.2.6 X-gal histochemistry

LacZ expression in the olfactory bulb was revealed by visualizing its substrate 13­

galactosidase activity using X-gal histochemistry. Pups were given an overdose of sodium

pentobarbital (80 mglkg) and perfused transcardially with an ice-cold saline solution

followed by a fixative solution (0.5% paraformaldehyde + 2% glutaraldehyde in 0.1 M

phosphate buffer, pH 7.4). Brains were removed from the skull, postfixed in the same

solution for Ihr and transferred to a 30% sucrose solution overnight.

Coronal sections (40l-lm) were cut in a cryostat the next day. Sections were
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mounted onto slides and air dried at room temperature. Alternate sections were collected

for X-gal and Nissl staining. Slides containing olfactol)' bulb sections for X-gal staining

were then incubated overnight with a solution containing 3.1 mM potassium ferricyanide..

3.1 mM potassium ferrocyanide, 0.15 M NaCl, I mM MgCl l , 0.01 "'. sodium

deoxycholate, 0.02% NP-40, and 0.2 mglml X-gaJ (dissolved in N,N'-dimethyl

formamide) in 10 mM phosphate bufTer(pH7.4). An insoluble blue color indicated I}­

galactosidase activity. After a brief rinse in PBS, all slides were dehydmted and

coverslipped with Permount (Sigma). Possible cytoarchitectural damage due to virus

injections was investigated in Nissl stained sections.

5.2.7 Nuclear cell ulract and CREBlpCREB assay

Pups used for the CREBlpCREB assay were anaesthetized with COl and

sacrificed by decapitation. Both olfactory bulbs were collected immediately on dry ice and

stored in microcentrifuge lUbes at -700C. Olfactory bulb tissue was homogenized using

100 IlUsample of BufTer A containing 10 mM Hepes (pH 7.9),1.5 mM MgCll , 10 mM

KCI, I mM dithoithreitol (OTT), I mM PMSF, and 0.1 % NP--40. The samples \\'ere

incubated on ice for 15 min, then centrifuged at I,OOOx g at 4°C for 10 min. The

supernatant was discarded. The pellet was resuspended in 500 JlL of Buffer A without

NP-40. Again, the samples were centrifuged at 1000x g for 10 min and the supernatant

was discarded. The pellet was resuspended in 100 I-lL of TransAm lysis buffer (Active
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Motif) containing DlT and a protease inhibitor cocktaiL The samples were rocked at4"C

for 30 min, then ccntrifuged for 10 min at l4,OOOx g at4"C in a microcentrifuge. The

supernatant (nuclear extract) was collected. Protein determination was performed by a

bicinchoninic acid (BeA) protein assay kit (Pierce).

CREB/pCREB protein content was detcrmined using CREB/pCREB assays

(Active Motif) according to manufacturer's instructions. A total of 10 ~g protein was

loaded into each well. CREB/pCREB was visualized and quantified by a colorimetric

reaction and read by a spectrophotometer at 450nm. 2.5 ~g forskolin-stimulated WI-38

cell extract was use<! as a pOsitive controL Thc optical densities of the CREB/pCREB per

mg protein were compared by a paired Student t-test between the two groups in each

experimental condition.

5.2.8 Experimental procedures

5.2.8.1 Expression of HSV·L.acZ in the olfactory bulb and its effect on odor

preference learning

To determine whether tmnsgenes are exprcssed in olfactory bulb neurons, and

whether virus injection itself affects olfactory preference learning, fony-three rat pups of

both sexes from eightlitle~ were divided into 6 groups: 2 injection conditions (HSV-
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LacZ & saline) X 3 training conditions (Odor+stroke, DIS; Odor only, 010; Naive). X-gal

histochemistry and Nissl staining were performed on the olfactory bulbs of HSV-LacZ

injected pups after they were tested for odor preference. One-way ANOVAs were used to

compare different training groups in the two injection conditions after the odor preference

testing.

5.2.8.2 The causality ofCREB in natural odor preference learning

Eighty-seven pups from 10 litters were divided into nine groups: 3 injection

conditions (HSV-CREB, HSV-mCREB, HSV-lacZ) X 3 training conditions (DIS, 010,

naive). In each litter, no more than one pup was assigned to each group. Odor preference

Icarning and testing were performed as described above. One-way ANOVAs were used to

compare the performance of the three training groups in different injection conditions.

To test for the expected increase of CREB expression in the olfactory bulb at the

time of learning following the viral injection, eighteen pups from three littcrs wcre

injected bilaterally into olfactory bulbs with either HSV-CREB or HSV-LacZ on PND4.

On PND 6, the pups were sacrificed by decapitation. Both olfactory bulbs were collected

in dry ice and stored in microcentrifuge tubes at-70cC until a CREB assay was

performed.
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To test if increased CREB substrate results in an enhanced pCREB expression

following conditioning, further delineating the effects of CREB/pCREB levels on odor

preference learning, a pCREB assay was perfonned on the olfactory bulbs of the rats from

the O/S groups injected with either HSV-LacZ or HSV-CREB. Eighteen pups from three

litters were used in this experiment. Previous work showed that pCREB increases

maximally at 10 min after odor conditioning (McLean et al., 1999). Therefore, 10 min

after being taken away from the peppennint bedding, the pups were sacrificed by

decapitation. Both olfactory bulbs were collected for a pCREB assay.

5.2.8.3 The effects ofCREB levels on isoproterenol-induced odor preference

learning

Experiments were carried out to detennine if additional wild type CREB (by

HSV-CREB injection) or dominant negative CREB that could not be phosphorylated at

the serine 133 site (by HSV-mCREB injection) changes the sensitivity of the system to

the unconditioned stimulus, therefore shifting the isoproterenol effective inverted U-

Ninety pups from eight litters were used. Twelve groups were created in this

experiment: 3 virus injection conditions (HSV-lacZ, HSV-CREB, HSV-meREB) X 4

drug/saline injection conditions (saline, I mglkg isoproterenol, 2 mg/kg isoproterenol, and
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4 mglkg isoproterenol). No more than one pup from Ihe same liner was assigned to the

same group.

One way ANOVAs were used to compare the learning results from the training

groups in different virus injection conditions. Subsequently, the learning effective groups

(HSV-CREB+1 mglkg isoproterenol and HSV-mCREB+4 mglkg isoprolcrcnol groups)

were compared to their non-learning control groups (HSV-LacZ+1 mglkg isoproterenol

and HSV·LacZ+4 mglkg isoproterenol groups) by a student t·lest.

CREB phosphorylation has been proposed as a critical step in the acquisition of

long-term memory (McLean et a!., 1999). peREB assays were performed on the olfactory

bulbs ofthe rats from the groups that exhibited learning in the first set of the experiment:

the I mglkg HSV·CREB group, the4 mglkg HSV-mCREB group and their corresponding

non-learning control groups: the I mglkg HSV-LacZ and the 4 mg/kg HSV·LacZ groups.

36 pups from nine litters were used in this experiment. The optical densities of the

pCRES/mg protein were compared by a paired Student I·test between the learning groups

and their corresponding control groups.
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5.3 Results

5.3.1 Expression of HSV-LacZ in the olfactory bulb and its effect on odor

preference learning

To assess viral-mediated expression of LacZ in the olfactory bulb, p.galactosidase

histochemical staining by X-gal was used to visualize the HSV-LacZ infected cells.

Expression of the virus has been reported to be maximal at 2-4 days postinjection

(Carlezon, Jr. et aI., 1998). Dark blue cells were seen in all layers of the olfactory bulb

using X-gal staining three days after HSV-LacZ injection (Fig.5.I). The area around the

injection site was most heavily stained. HSV-LacZ spread ",-ell along the rostro-caudal

axis. Control pups with saline injections did not show any X-gal staining. Microinjeclion

of HSV-LacZ caused minimal damage to tissue structures as evaluated by Nissl staining

(data not shown).

HSV·LacZ did not affect the animals' odor preference learning. As shown in

Figure 5.2, HSV·LacZ injected pups demonstrated behavioural results comparable to

those of the saline injected ones. HSV-LacZ injected pups in the DIS group demonstrated

significant preference learning compared to the 010 or the naive groups (p<O.O I). The

same pattern of learning results applied to saline-injected pups.
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5.3.2 The Causality of CREB in Natural Odor Preference Learning

Injection ofHSV-mCREB prevented learning, as shown in Figure 5.3. HSV·

mCREB injected animals in the O/S group failed to show a preference for peppennint

after training, whereas !.he controllittennate HSV-LacZ injected pups in the OIS group

showed odor preference learning (p<O.05) compared to the 010 or the naive group. This

suggests a causal role for CREB in odor preference learning. Mutant CREB binds to the

DNA but does not promote transcription because it is not phosphorylated. Interestingly,

HSV-CREB injection did not improve preference learning in the DIS group, rather the

opposite occurred. Additional CREB impaired the ability of animals to acquire the odor

preference, suggesting there is a window for CREB and implying an optimal window for

pCREB functioning given that pCREB is the critical mediator for CREB pathway

activation.

To confinn further the increase of CREB expression at the time of learning, a

CREB assay was perfonned on the olfactory bulbs of the HSV-CREB injected pups that

were sacrificed on the day of learning (2 days after HSV-CREB injection). The HSV­

CREB injection group showed a 22.9% increase (p<O.OI, Figure 5.4) in the optical

density per mg of protein ofCREB in olfactory bulb tissue relative 10 that of the HSV­

LacZ conlrol group.

Expression of pCREB was detennined 10 min following DIS conditioning lest if

138



increasing CREB substrate increased pCRES following learning. A positive result would

suggest that too much pCREB interferes with learning, since HSY-CREB injection

impaired odor preference learning in the O/S condition. Figure 5.5 shows that there was a

significant increase in the optical density of pCRES (13.8%, p<O.05) in the HSV-CREB

injected group compared to the HSV-LacZ group. This suggests that increasing CREB

substrate by HSV-CREB injection enhances pCREB levels correspondingly, and that

increasing CREB/pCREB beyond an optimal level interferes with learning.

5.3.3 The effects of CREB levels on isoproterenol-induced odor preference

learning

Figure 5.6 demonstrates that increasing CREB expression by HSY·CREB

injection enhanced the sensitivity of the system to the UCS, so that, an originally

ineffective dose, 1 mglkg isoproterenol, now induced learning when paired with odor

(p<O.05, compared within the HSV-CREB injected groups). The normally optimal dose, 2

mglkg, and the higher dose, 4 mglkg, of isoproterenol, failed to induce learning in the

HSY-CREB injected groups. Thus, CREB shifted the isoproterenol dose-response

relationship to the left. This is consistent with the results in the previous experiment

showing that a critical CREB/pCREB window exists, and that too much, as well as too

little, CREB/pCRES can prevent learning. Surprisingly, the HSV-mCREB injected pups

developed odor preferences when thc higher dose of isoproterenol, 4 mglkg, was used
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(p<O.OI, compared within the HSV-mCREB injecled groups). Thus, il appears thai

mCREB shifts the inverted U cun'e dose response relationship to the right. Both HSV·

CREB + 1 mgllcg isoproterenol and HSV-mCREB + 4 mgllcg isoproterenol groups

demonstrnted significantly higher percentages oftime spent over the peppcrmim side than

their corresponding non-learning control groups: HSV·LacZ + I mglkg isoproterenol and

HSV-LacZ + 4 mgllcg isoproterenol groups (P<O.Ol, Student t-test).

More important than the CREB increase itself, is the phosphorylation ofCREB,

since pCREB is the initial step for CREB activation and the CRE-induced gene

expression that underlies long-term synaptic plasticity and memory formation (Mclean et

al., 1999). Again we compared the pCRES levels in both learning groups with their non­

learning controls. We were particularly inlerested 10 know whether 4 mg/kg isoproterenol

increased pCRES in HSV-mCREB injecled pups \\tJ.ich would be consiSient with our

behavioural results. As seen in Figure 5.7, we found that, the learning group: HSV-CREB

+ 1 mgllcg isoproterenol had an 11.1% increase in the oplical density of pCREB over that

of the non-learning control group: HSV-LacZ + I mglkg isoprolerenol. Similarly,

pCRES in the HSV·mCREB + 4 mglkg isoproterenolleaming group showed a

significantly higher pCRES (11.7% increase in the optical density of pCREB, p<O.OI)

than that obscrved in the non-lcarning control group (HSV·LacZ + 4 mg/kg

isoproterenol).
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S.4 Discu.uion

Natural, stroking-induced odor leaming or 2 mglkg isoproterenol-induced odor

learning was prevented by infusion ofa HSV-mCREB inlO the olfactory bulb. This result

critically implicates CREB as a medialor of early odor preference learning. Since the

serine 133 site is the only one not available for ph05phoryliltion (Josselyn el aI., 2002), it

also suggests phosphorylalion of serine 133 may be crilical in early odor preference

learning.

Unexpectedly, il bi..(jirectional elIect ofmCREB was observed in these

experiments. 1bc pairing of odor and a 4 mglkg dose of isoproterenol, that normally does

not produce learning, was a successful learning paradigm if HSV-mCREB was previously

infused into the olfactory bulb. pCREB assay of this novel effective learning condition

revealed higher levels of pCREB, as seen previously with learning, than those seen in rat

pups receiving LacZ infusions. We have previously hypothesized that the failure of high

doses of isoproterenol to produce learning andlor increased pCREB, might be related to

enhanced protein kinase A activation ofphosphatases (Yuan et al., 2000b). Since mCREB

would provide a 'false' target for bolh kinase and phosphatase activily, it could alter the

balance of enzyme aClivilies in infected neurons to decrease, or increase. the likelihood of

pCREB expression depending on Ihe enzyme lcvels induced by training. Thus, wilh

optimal enzyme levels (odor+ stroking or odor+2 mglkg isoproterenol) mCREB is
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deleterious, but with an excess of phosphatase activity (odor+4mg/kg isoproterenol), for

example, it could be beneficial.

The ability of HSY-mCREB to alter downstream transcription and behavioural

outcomes has been previously demonstrated in nucleus accumbens (Carlezon, Jr. et a!.,

1998; 2000). No effect ofHSY-mCREB, however, was observed in an earlier study of

long-term memory when it was infused into the amygdala (Guzowski and McGaugh,

1997).

HSY-CREB infusions lowered the threshold for isoproterenol-induced odor

learning. Infusion ofHSY-CREB in the olfactory bulb produced learning in rats pups

given odor+ 1 mglkg isoproterenol, normally an ineffective pairing for learning. The

ability of CREB to lower the threshold for isoproterenol-induced odor learning further

supports our hypothesis that CREB has a causal role in early odor preference learning.

pCREB was also significantly increased in this novel learning condition as compared to

rats pups receiving HSV-LacZ infusions. The ability of HSY-CREB to alter downstream

genomic expression and behavior has been previously demonstrated in the nucleus

accumbens (Carlezon, Jr. et aI., 1998; 2000). HSY-CREB has also been shown to convert

short term memory to long tcnn memory in the amygdala, although it did not render a

weak unconditioned stimulus more effective (Guzowski and McGaugh, 1997) as observed

in the present experiment.
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A bi-directional effect of CREB appeared when HSV-CREB was infused prior to

nonnally effective learning conditions. Thus, mt pups given odor+stroking or odor+2

mglkg isoproterenol did not learn if HSV-CREB was infused prior to training.

Over expression of CREB has been shown to interfere with learning in other

paradigms (Guzowski and McGaugh, 1997; Josselyn et aI., 2002). The present pattern of

results is consistent with that literature. However. here, pCREB levels were also assessed

in the odor+stroking group given CREB infusion. This group had higher peREB levels

than the LacZ controls that successfully learned the odor preference. This outcome

supports the hypothesis of an optimal window for pCREB Icvel in initiating the

development of odor memory. It has been shown that the duration ofpCREB activation

critically influences downstream gene expression (Bito et aI., 1996), and it has been

proposed that overactivation ofCREB might lead to increased repressor activity (Silva et

aI., 1998), but this is the first demonstration of a negative effect of elevated pCREB levels

on learning and memory.

CREB is a target of the PKAlcAMP intracellular pathway. We have shown that

cAMP is increased in mitral cells by stroking and by isoproterenol (Yuan et aI., in press).

We have suggested a model of early odor preference learning in which the locus cocruleus

input activates beta receptors on mitral cells to trigger cAMP increases (Yuan et aI, in

press). This increase is hypothesized to interact with calcium currents activated by the
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odor input to mitral cells to enhance pCREB in those same cells. Other evidence however

demonstrates CREB phosphorylation at the Ser 13) site through a variety of protein

kinases including those activated by calcium (Silva et aI., 1998). An alternative model of

odor preference learning suggests NE-induced disinhibition of mitral cells by granule

cells, which could enhance NMDA currents from odor input onto mitral cells (Wilson and

Sullivan, 1994). This model would also predict pCREB increases in mitral cells. Both

mechanisms are likely to contribute to early odor preference learning.

Our data from optical imaging (Yuan et al., 2000) and from e1ectrophysiological

measurements of olfactory nerve evoked potentials (Yuan et aI., 2000b) suggest a critical

change during both acquisition and retrieval is the potentiation of the mitral cell responses

to the odor input. An input potentiation model is also supported by earlier evidence of

enhanced 2-0G (Woo et aI., 1987; Johnson and Leon, 1996) and c-Fos (Johnson et al.,

1995) during memory retrieval. Potentiation of the mitral cell responses to the odor input

following appetitive olfactory conditioning has also been reported for the honeybee (Faber

et aI., 1999) and the sheep (Kendrick et al.. 1992).

CREB and pCREB were first shown to have causal roles in the encoding of

sensory memory in Aplysia. Using genetic tools, CREB has been shown to be causal in

olfactory learning in Drosophila. This is the first report that CREB and pCREB have

causal roles in mammalian olfactory learning.

144



Figure S.l Vi$ulizll.tion of p_galactosidase by X-gal staining showing expression of LacZ in
many cells throughout the olfactory bulb. Labelled celis in A are shown at higher magnification in
B. Mitral celis are indicated by arrows. Bar in B, SOllffi
Abbrevialion: gl, glomerular layer; epl, external plexform layer; gcl, granule cell layer
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Figure 5.2 Odor preference test showing HSV-LacZ injection itseJrdoes not affect odor
prererencelcarning.
HSV-LacZ injected pups in the OIS group demonstrate significant preference learning when
compared with those in either the 0/0 or the naIve group. The same panern applies to the saline
injected pups ("p<.OI). Abbreviations: DIS, odor+stroke; 010, odor only.
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Figure 5.3 Odor preference test showing CUB and mCREB injections block odor
preference learning in a naturally learning paradigm. Both HSV-CREB and HSV­
mCREB injected pups show deficient odor preference learning compared to their HSV-LacZ
conlrol pups (·p<O.OS)
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Figure S.4 eREB assay showing eREB in the olfactory bulb is increased two days after
HSV-CREB injection. CREB content is presented as arbitrary optical density/mg
protein. (+p<.05).
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Figure 5.5 peREB assay showing peREB is significantly increased in the olfactory bulbs or
tbe HSV-CREB injected group tompai'W to those orthe HSV·LacZ group 10 min after
they are subjected to DIS. pCREB content is presented as arbilrary optical density/mg protein.
(-p<.OS)
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Figure S.6 Odor preference test showing CRES and mCRES injections shift the
isoproterenol inverted V-curve to the left and right rcspcctively.
For the HSV-LacZ injected group, 2 mglkg isoproterenol induces odor preference learning when
paired with pcppcnnint odor. In contrast, the HSV-CREB injected group shows that. a lower
dose of isoproterenol (I mglkg) produces learning; for the HSV-mCREB injected group, a higher
dose of isoproterenol (4 mglkg) produces learning. (Up<.OI, ·p<.05)
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Figure 5.7 pCREB assay showing peREH is increa.red in the olfactory bulbs oftbe learning
groups.
CREBII rnglkg isoproterenol and mCREB/4 mgfkg isoproterenolleaming groups demonstrate
increased pCREB expression following training than their lacZ control groups.
pCREB content is presented by the pCREB arbitrary optical density/rog protein. (Up<.OS)
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6.1 Research outcomes

Chapter 6 Summary

6.1.1 Mitral cells are the postsynaptic substrate for learning

A fundamental question of my thesis work is where early odor preference learning

occurs. It has been suggested that the granule cell was the primary site for NE-mediated

learning plasticity in the olfactory bulb (Jahr and Nicoll, 1982; Trombley and Shepherd,

1992; Wilson and Sullivan, 1994). Granule cells provide feedback inhibition by releasing

GABA onto the mitral cell. NE acts on granule cells to reduce this inhibitory feedback.

Reduced inhibition in tum would permit an increased NMDA current in the mitral­

granule cell S)1lllPses.

However, there are discrepancies regarding the receptors mediating the

disinhibitory effect ofNE. Whereas Sullivan et al (1994) demonstrated a ~-adrenoceptor

mediated odor preference learning model, a-, but not ll-adrenoceptors mediate the

disinhibition from granule to mitral cells. Moreover, the cellular localization of 13­

adrenoceptors was not clear. Binding studies are inherently inconclusive regarding the

precise postsynaptic targets. A more defined immunocytochemical study of the cellular
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location of ~-adrenoceptorsin the olfactory bulb could better elucidate this issue. Also,

given that 5-HT2 receptors and ~.adrenoceptors intcract in early odor preference learning,

the precise postsynaptic target common to these receptors in the bulb was yet unknOVJll.

We examined the cellular distribution of~,-adrenoceptors and their co­

localization with 5-HT2A receptors in the olfactory bulb. Results from these experiments,

together with others, e.g. the peRES and cAMP localization experiments, lead us to

suggest that mitral cells, the output cells of the olfactory bulb, serve as the neuronal

substrate for a ~,-adrenoceptor·mediated odor preference learning.

The specific evidence is as follows: (a) ~l-adrenoceptors are primarily located on

mitral/tufted cells of the olfactory bulb, with few located on granule cells. Fluorescence

immunocytochemistry and confocal imaging demonstrate a clear co-localization of~t'

adrenoceptors and 5-HT2A receptors on mitral cells. (b) p-adrenoceptors are G-protein

coupled and when activated, trigger a cAMP second messenger cascade. The interaction

ofNE (via l3-adrenoceptors) and 5-HT in elevating cAMP levels occur in mitral cells as

observed by cAMP immunocytochemistry. (c) The interaction ofNE (p-adrenoceptors)

and 5-HT leads to the phosphorylation of CREB. peREB changes are also observed in

the mitral cells of the olfactory bulb. These outcomes strongly suggest mitral cells are the

postsynaptic targets for a ~-adrenoceptor mediated, 5-HT receptor facilitated, intracellular

cAMP signalling cascade.
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6.1.2 From inverted-V euntes to functional windows

As described before, an important and useful aspect of odor preference learning is

the inverted-V curve property of the odor conditioning. Low doses of isoproterenol are

ineffective, medium doses are effective, and high doses arc again ineffective (Sullivan et

al., 1991). This parallels evidence obtained with stroking. A subthreshold stroking input

can summate with a subthreshold isoproterenol dose to produce learning, while an

effective stroking stimulus becomes ineffective in inducing learning when a low dose of

isoproterenol is also given (Sullivan et al., 1989b). The inverted-V curve of the

isoproterenol ues can be shifted by S-HT manipulations (Langdon et aL, 1997; Yuan et

al.,2000b).

To understand the inverted-V curve function ofUCS in odor learning and its

mechanism was another goal of my thesis. The exploration of this issue has led to the

discovery of functional windows in the cAMP-CREB signalling pathway.

First, when pCREB is measured in the olfactory bulb after odor conditioning,

whereas an effective dose ofisoproterenol, when paired with odor, enhances the pCREB

expression in the olfactory bulb, either a lower dose, or a higher dose of isoproterenol,

fails to enhanee pCREB levels in the olfactory bulb. This suggests CREB activation

exhibits a parallel inverted-V curve to that seen in behaviour. A critical window for
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calcium and PKA co-activation of phosphorylation events may have been exceeded by

pairing odor and a high dose (6 mglkg) of isoproterenol in the normal rat pups.

Interestingly, potentiation of the glutamatergic olfactory nerve input by systemic

isoproterenol injection also demonstrates an inverted-U curve window. As discussed in

Chapter 4, there are several possibilities for understanding these parallel effects of the

isoproterenol UCS on both pCREB expression and ON input potentiation. (a) The failure

to phosphorylate CREB may be a simple consequence of the failure of potentiation. (b) It

is likely that phosphorylation-sensitive ion channels are involved in the early membrane

effects of isoproterenol. The failure of appropriate phosphorylation activation could lead

to the failure of ON input potentiation as well as the failure to increase pCREB. (c) Less

probable are paralled mechanisms - one accounts for CREB phosphorylation, one for ON

input potentiation.

Second, a functional window for cAMP occurs in NE-mediated odor preference

learning. Because the known effects of isoproterenol are mediated via G-protein

activation and recruitment of adenylate cyclase, we suspected the failure to induce

learning, increase pCREB, and potentiate the ON evoked potential resulted from a failure

to enhance cAMP by a high dose of isoproterenol. However, experiments using a cAMP

assay showed that cAMP is dose-dependently increased by isoproterenol immediately

after odor conditioning. Two conclusions are suggested by this outcome: (a) cAMP plays
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a modulatory role rather than directly transmitting the learning signals, and (b) a more

complicated spatial and temporal activation of cAMP is required for signal transduction

during learning. For example, we hypothesize, the duration of cAMP action, rather than

the absolute amount of cAMP, may be more important for learning to occur.

Third, thcre appears to be a window for effective pCREB levels, Our experiments

using viral vector injections of either HSV-CRES or HSV,mCRES suggest too much, as

well as 100 little CREB impairs odor preference learning. As discussed in 1.3.1, there are

two regulation mechanisms for CREB activation. Firstly, CRES activation is determined

by the balance between a Ca1'/calmodulin phosphorylation pathway and a

Cal+/calcineurin dephosphorylation pathway at the upstream stage. As described above

and in Chapter 4, pCREB is optimal when a moderate, behaviourally effective dose of

isoproterenol is used. A stronger stimulus, such as a higher dose of isoprotcrenol, may

favour a dephosphorylation activation that eventually overrides the phosphorylation

cascade. Secondly, the balance between CRES activators and repressors may be a second

mechanism at the transcriptional stage. Activation ofCREB may result in the increased

expression of CREM isoforms, thc accumulation of which may eventually lead to the

repression of CREB-dependent transcription (Silva et aL, 1998). Furthermore, our work is

the first to exhibit in a in vivo mammal learning model, that too much pCRES is not

helpful.
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6.1.3 CREB is critical in odor preference learning

CREB has been hypothesized as a universal "memory molecule" (Silva et aI.,

1998). Its role in learning and memory has been extensively investigated in various

species and a diversity of memory models in the last two decades. Establishing the causal

role of CREB in odor preference learning was an important goal of my thesis. It is, also, a

critical component of our hypothesized odor learning model, and funhennore, a basis for

the future study of the downstream genomic, synaptic, and structural changes following

odor learning.

CREB phosphorylation correlates with learning conditions. Odor + stroking

conditioning increases pCREB transiently in a restriCted odor.coding 3IU in the olfactory

bulb (Mclean et aI., 1999). An effective dose of isoproterenol. when paired with the

odor, can substitute for stroking 10 inerease pCREB.

More importantly here, we evaluated the causal role ofCREB in odor preference

learning using a Herpes viral vector, to insen additional CREB copies, or mutant CREB

copies, into the neurons of Ihe rat pup olfactory bulb. We had two important findings that

suggest thc causal role ofCREB in odor preference learning. First, mutant CREB

insenion, which could competitively reduce Ihe phosphorylation of natural CREB in the

olfactory bulb, blocks learning. Second, additional CREB insenion increases the
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sensitivity of the system to VCS stimulation, shifting the isoproterenol inverted-V

function curve to the left. A low, normally ineffective dose of isoproterenol, induces

successful odor learning in HSV-CREB injected rat pups,

The use of a viral vector as a CREB delivery vehicle to manipulate the CREB

level in the olfactory bulb ofrats bypasses the potential problems of using transgenic, or

gene knockout animals, to study learning and memory in other systems. It avoids the

potential systemic, and/or developmental deficits caused by transgenic, or gene knock­

out, manipulations. Recent studies using HSV vectors in other brain regions suggest it is a

safe and effective means of incorporating genes into the host (Cattoretti et aI., 1993;

Carlezon, Jr. et al., 1998; Neve and Geller, 1999; Schutzer ct aI., 2000; Mower et aI.,

2002). We are the first to use this means of gene manipulation in the rat olfactory system

to study natural learning in nonnal animals.

6.1.4 Biochemical and physiological changes induced by odor learning are long·

lasting

Learning leaves traces which can be retrieved at the synaptic, and cellular levels

during the memory phase. Early odor preference learning changes the single-unit

responses of mitral cells during odor re-exposure (Wilson et aI., 1987). Focal 2-00

uptake and c-fos expression in the glomerular layer increase after early odor preference
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learning (Woo et aI., 1987; Johnson and Leon, 1996). Increased focal 2·DO uptake may

be due to increased glomerular size (Woo el aI., 1987), increased numbers of

juxtaglomerular cells (Woo and Leon, 1991) following peppennint learning, or simply

due to increased activation by odor input.

Consistent with these changes, by using a novel technique, intrinsic optical

imaging, we demonstrated that 24 hr after peppennint preference learning, there is an

increase in intrinsic optical signals at the glomerular level. This result is consistent with

the evidence showing an increase in the field evoked potential to the ON input in pups of

the same age that receive learning effective training conditions. Creation of an olfactory

preference in the rat pup may therefore be intimately related to an increase in synaptic

strength at the level of glomeruli. The intrinsic signal change at the level of the glomeruli

24 hr later may indicate that the synaptic modification seen during acquisition conditions

is sustained and reflected as an cnhance synaptic excitation (Waldvogel et aI., 2000). An

increase in mitral cell excitation as a representative memory change is supported by

evidence from lamb odor recognition studies in which l3·adrenoceptor activation paired

with lamb odor lead to an increase in mitral cell excitation to the lamb odor as well as an

increase in inhibitory transmitter measurement in the sheep olfactory bulb (Kendrick et

al.,1992).

Although rapid progress has been made in the past few years in applying optical
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imaging techniques to explore odor coding in the olfactory bulbs of both mice and rats,

we are the first to report a memory-associated change in the neonate rat olfactory bulb

using Ihis technique. We showed that optical imaging is an excellent technique to explore

training-related odor presentation and changes in the olfactory bulb. Optical changes can

be recorded from olfactory bulbs during both memory acquisition and retrieval phases in

living animals.

6.2 A new model for odor preference learning

Based on my thesis work and previous work done in our laboratory, we proposed

a new model for odor preference learning, in which we suggested that the ~-adrenoceptors

and 5HT2Ai2C receptors, critical in early odor preference learning, interact via a synergistic

promotion of a cAMP cascade in mitral cells in the olfactory bulb to mediate CREB

pathway activation, which critically underpins memory fonnation. The criticalleaming

change occurs in the mitral cell processing of olfactory nerve input, and the olfactory

circuitry and/or structural changes induced are long-lasting.

6.2.1 Comparison with a disinhibition model

Sullivan and Wilson (1994) proposed that learning results from the disinhibition

of mitral cells, which pennits activation ofNMDA receptors on granule cells leading to
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increased long-tenn inhibition of mitral cells and accompanying structural changes during

the memory phase. In that model, NE input from the locus coeruleus to the olfactory bulb

acts as the UCS by inhibiting granule cell intemeurons in the bulb through 13·

adrenoceptors.

However, the discrepancy regarding the receptor subtypes in mediating mitral cell

disinhibition and the lack of data regarding the cellular distribution ofl3-adrenoceptors in

the olfactory bulb made it necessary to further explore the location and function of 13·

adrenoceptors in odor preference learning.

6.2.1.1 Evidence consistent with the mitral cell cAMP/PKAJpCREB model

We demonstrated in this thesis, first, either natural learning using odor+stroking

(Mclean et aI., 1999), or learning using odor+elTective doses of isoproterenol (see

Chapter 2), enhanced pCREB expression in mitral cclls of the olfactory bulb. Since 13­

adrenoceptor activation promotes a cAMP 2oc1 messenger cascade via G-proteins, we

hypothesized that l3-adrenoceplor activation could activate intracellular signal cascades to

further promote Cal' entry through the olfactory nerve mediated NMDA or L.type Cal'

channels, which. on one hand, could enhance the phosphorylation of ion channels and the

depolarization of postsynaptic mitral cells; and on the other hand, could promote CREB

phosphorylation and CRE·mediated downstream genomic changes in mitral cells. The
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potentiation of the olfactory nerve evoked field potentials of mitral cells and the

activation of intracellular signalling machinery during the learning phase result in long­

lasting changes that can be recruited during the memory phase (sec Chapter 3).

Second. the observation that the p,-adrenoceptors and 5·HT110 receptors co­

localize in mitral/tufted cells and NE and 5-HT manipulations change the levels of cAMP

in mitral cells further confirmed our hypothesis, suggesting NE via ~,·adrenoceptors

activates a cAMP cascade in mitral cells of the olfactory bulb. 5·HT appears to promote

the NE-induced cAMP signalling (see Chapter 4). Since isoproterenol is a non-specific ~­

adrenoceptor agonist, a role for the ~-adrenoceptors in odor preference learning can not

be ruled out. An in situ hybridization study demonstrates the ~l-adrenoceptorsare more

widely expressed in the olfactory bulb (Nicholas et ai., 1993). Their specific contribution

to early odor preference learning remains to be determined.

Third, we demonstrated a causal role ofCREB activation in early odor preference

learning. Learning itself causes the activation ofCREB, while manipulations of CREB

level change the ability of the UCS system to induce learning. Elevating CREB levels by

viral vector injection of HSV-CREB shifts the isoproterenol inverted-V curve to the left

so that a low, normally ineffective dose of isoproterenol causes learning. Importantly,

reducing the levels ofCREB by HSV-mCREB (single point mutation at phosphorylation

site serine 133) injection blocks the DIS naturalleaming, which shifts the isoproterenol
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inverted-U curve to the right in lhe isoproterenol mediated learning. These outcomes

suggest a critical role ofCREB phosphorylation in inducing learning (see Chapter 5).

Therefore, unlike the disinhibitory model proposed by Sullivan et aI, here we

demonstrate a model in which a cAMP cascade activated by a NE UCS via 1.\1·

adrenoceptors promotes the excitation of the mitral cell itself and results in the

intracellular signalling pathway activations which underpin long.tenn memory fonnation.

Mitral cells, rather than granule cells, are the neuronal focus ofp,.adrenoceptor mediated

odor learning in this model.

6.2.2 Comparison with eAMP·medilllled learning models in other species

6.2.2.1 Aplysia and Drosophila

Identifying key molecular elements underpinning learning and memory in

invertebrates has provided evidence for an important role of the cAMP signalling cascade

in memory formation.

In Aplysia, a weak CS (a touch to the siphon) when repeatedly paired with a

strong UCS (an electric shock to the tail), results in a greally potentiated gill.wilhdrawal

reflex elicited by a touch to the siphon (Carew and Sahlcy, 1986; Mons et aI .• 1999).
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Studies of the mechanism of this system demonstrate that the CS is induced by Cal'

influx through voltage.gated ion channcls activated by the action potential in the sensory

neuron. The UCS is induced by exciting facilitatory interneurons, which leads 10 the

release of the modulatory neurotransmitter serotonin on to sensory neurons and the

subsequent activation ora cAMP cascade via adenylyl cyelase (AC) in these neurons. In

this system, long-term facilitation and synaptic changes are mediated by the synergistic

interaction between Cal+/CaM and 5HT-llS GTP pathways that coaclivate AC to produce

the strong or prolonged cAMP signals that appear required for transcriptional activation.

As discussed in 1.3.2.1, an increase in cAMP by repeated pulses of 5-HT gives rise to the

translocation of the catalytic subunit of PKA to the nucleus, where it phosphorylales

CREB and immediate early genes to regulate expression of late response genes, which

encode new proteins that are critical for the persistent changes underlying the

development of more stable and durable forms of memory (Frank and Greenberg, 1994).

In Drosophila system, the cAMP signalling cascade plays a critical role in long.

term memory of olfactory avoidance learning in which the fruit fly Drosophila learns 10

distinguish a conditioned odor that has been paired with electric shock from a neutral

odor. Deficits in olfactory associative learning and memory are observed in mutant flies

that have changes in the cAMP-signalling cascade or CREB levels. In the Drosophila

model, mushroom body neurons integrate sensory inputs from both olfactory cues (the

CS, producing an increase in intracellular Cal') and footshock (the UCS, activating a Gs-
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coupled receptor which in tum activates the cAMP cascade) (Goodwin et aI., 1997; Mons

et aI., 1999). As in Aplysia, elevated cAMP may cause the translocation ofPKA to the

nuclei where it phosphorylates CREB and initiates a cascade of gene expression

responsible for long-tenn structural and functional changes at synaptic siles. As discussed

in 1.3.2.2, mutations of cAMP pathway components cause behavioural deficits. Either

elevating the cAMP level (Dunce, which lacks phosphodiesterase) or reducing the cAMP

level (Rutabaga, which is defective in adenylyl cyclase) impairs odor avoidance learning

in Drosophila. However, double mutants of Dunce- and Rutabaga-, which exhibit

approximately nonnallevels of cAMP, still show deficit in learning. This suggests that

complex spatial and temporal regulations of cAMP as opposed to absolute levels of

cAMP may underpin memory fonnation in Drosophila (Mons et aL. 1999), as is also

suggested in the present thesis (see Chapter 4).

In both ofthese models, the coincident activation of two input pathways (CS and

UCS) converge to produce a synergistic activation of Ca1-/CaM stimulable ACs which in

tum enhances cAMP levels and engages a crucial intracellular cascade for the

establishment of the memory traces (Mons et al., 1999). The activation of the CREB

transcriptional pathway may serve as a second convergent site for the CS and UCS inputs,

with adenylyl cyclases being the first sile (Dash et aI., 1991).

The present odor preference learning model in neonate rats shares several
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common components with invertebrate learning models described in both Aplysia and

Drosophila. For example, cAMP increases and CREB pathway activation have been

implicated both in the invertebrate learning models and the present rat odor preference

learning model in rats. In addition, as in the Drosophila system, an optimal window

appears to occur for cAMP functioning in early odor preference learning, with too high or

too low levels of cAMP interfering with learning. Also, the present model suggests

temporal and spatial patterns of cAMP activation may be important in the odor preference

learning process. However, a key diffcrence between the invertebrate models and the

carly odor prefcrencc learning model in rats appears to be the co-incidence detection

mechanism. In both Aplysia and Drosophila, adenylyl cyclase is the co-incidence detector

for the CS and UCS. The coincident activation of two inputs converge to produce a

synergistic activation of Cal'ICaM stimulable adenylyl cyclases, which in tum enhances

the cAMP level proposed as the primary mediator of downstream events that engage

synaptic plasticity in learning and memory. In Aplysia. DeOIT et al (1985) showed that

depolarization of the sensory neurons prior to exposure to 5-HT pulses increases levels of

cAMP over those seen when CS and UCS are unpaired. In odor preference learning in

neonate rats, high levels of cAMP alone do not produce learning; thus the CS pathway

appears to interact with the UCS pathway at a later stage. The CS·UCS pairing does not

provide an additional increase of cAMP compared to UCS stimulation alone (see Chapter

4). Thus, the role and mechanism of cAMP in learning are different between the model

for rat odor learning and the invertebrate learning model. While in Aplysia and
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Drosophila, cAMP activates PKA to translocate into the nucleus and phosphorylate

CREB, therefore serving as a direct mediator. in our model for rat odor preference

learning, the cAMP signalling appears to act as a modulatory Mgating" system to regulate

the ea]' signal induced phosphorylation pathways which will be discussed in 6.3.1.2 (see

also Chapter 4).

6.2..2..2. LTP model in mammalian hippocampus

The mechanisms that generate LTP in the three major pathways in the

hippocampus. namely perforant, mossy fiber and Schaffer collateral pathways have been

extensively studied. LTP in the mossy fiber pathway is nonassociative and NMDA­

independent. It requires Cal. influx iO!o the presynaptic cell after the tetanus to activate

Ca2'/CaM stimulable adenylyl cyclase, and increase the cAMPIPKA activity in the

presynaptic cell. Mossy fiber LTP can be enhanced by a noradrenergic input that engages

tl-adrenoceptors (Kandel et aI. 2000. ppl260). In contrast. the associative. NMDA·

dependent LTP prescO! in the Sehaffer collateral and the perforant pathways is mainly

initiated by an elevation of postsynaptic Cal' influx. via NMDA re<:eptors. However.

ample evidence suggests that the cAMP-signalling pathway is also critically implicated as

an intracellular mechanism that underlies both early and late phases of hippocampal LTP.

During the early stage of Schaffer collateral LTP in the CA I regions. the cAMPIPKA

pathway has been proposed to playa modulatory role: instead of transmitting signals for
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the generation ofLTP, it gates the transcriptional phosphorylation p3thwa~ by reducing

calcineurin dephosphorylation activity (Blitzer et a1., 1995; tiu and Gra)'bie1, 1996;

Blitzer et a1., 1998; Winder et al., 1998). cAMP activation by itself does not induce LTP,

rather activated CaMKll is necessary and sufficient to generate early LTP (Blitzer et a1.,

1995). The late, or long-lasting LTP, which requires both transcriptional activation and

new protein synthesis, however, is entirely dependent on an elevation of cAMP levels to

trigger PKA-induced, MAPK co-phosphorylation of CREB. Long-lasting LTP can be

blocked by PKA inhibitors (Impey et aI., 1996) and PKA activation is sufficient to induce

late LTP in the absence of electrical stimuli (Frey et aI., 1993).

Consistent with this hippocampal LTP model. our model for neonate rat odor

preference learning demonslmted a crucial role for the cAMP-CREB signalling pathway

activation in long-tenn memory fonnation. Our data also suggest cAMP plays more of a

modulatory role in odor learning. Higher, ineffective doses of the ~adrenoceptoragonist

isoproterenol do not enhance pCREB, but appear to increase inuaeellular cAMP level in a

dose-dependent manner. Enhanced Cal' signalling by the CS (odor) input does not

induce an additional increase ofcAMP, suggesting the cAMP cascade is activated

independently by the UCS. Neither a cAMP increase (by stroking the body of the pups),

or a hypothesized elevated Cal' signal (by odor input), appears sufficient to induce an

odor preference. These outcomes suggest that in early odor preference learning, the

association of the CS-UCS pathways is strictly regulated. Learning results from a
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temporally synergistic activation of both CS and UCS intracellular signalling (see also

Chapter 4).

Also consistent with the hippocampal LTP and long-tenn memory models, odor

preference learning in neonate rats requires CREB phosphorylation as an initial step for

downstream genomic and synaptic changes. CREB pathway activation is critically

involved in long-term memory formation. CREB levels are delicately regulated in both

systems (see also Chapter 2 and Chaptcr 5). Oncc memory is acquired, the memory

substrates such as synaptic circuitry, or metabolic, changes in the olfactory bulb are long­

lasting (see also Chaptcr3).

6.3 Future directions

6.3.1 Mechanisms of cAMP functioning in odor preference learning

Although our proposed model and cvidcnce argue for the role ofa cAMP cascade

in NE mediated odor preference learning, the mechanism of cAMP action in activating

the CREB signalling ptlthway following learning is yet unclear and merits further

exploration.
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6.3.1.1 Duration of cAMP activation

Isoproterenol dose-dependently increases cAMP expression in the olfactory bulb,

while pCRES activation exhibits an inverted-U curve parallel to that of the isoproterenol

effects in learning. This suggests that there is an optimal level of cAMP activation which

can be exceeded. More likely, we suggest that the duration and temporal pattern of cAMP

activation are more critical than the absolute amount of cAMP as also suggested by the

Drosophila mutant learning models. Higher levels of cAMP by a stronger UCS may

shorten the duration of its own activation. For example, higher levels of cAMP promote

greater PDE4 activation through PKA (Ang and Antoni, 2002) which may critically

shorten the duration of cAMP signal. Elevated cAMP can also promote faster cAMP

extrusion (Wiemer et al.. 1982), which again, shortens the signal duration (see also

Chapter 4).

Therefore, one of the future directions from my thesis is to measure the dynamic

cAMP changes al different time points following odor preference training. Furthennore,

the essential role of cAMP in mediating a peRES signal and in inducing learning can be

tested and further supported by manipulations of cAMP levels and the duration of its

activation by rolipram, a PDE4 inhibitor. Rolipram can either increase the cAMP amount

andlor prolong its activation by reducing PDE4 action. Rolipram application, in theory,

should be able to shift the isoproterenol inverted-U curve to the left, but the overall effect
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might be complicated given that the cAMP effect itself may be complex. The outcome is

difficult to predict, but the experiment itself would be very interesting to explore.

6.3.1.2 cAMP "gating" phosphorylation by reducing calcineurin activity

Another means by which learning may be abolished when an optimal level of

cAMP activation is exceeded is that higher levels of cAMP recruit increased calcium

entry which may preferentially favor a calcineurin-induced dephosphorylation. The

duration of CREB phosphorylation and related gene expression is dependent on

phosphatase activity (Bito et aI., 1996). If the cAMP cascade promotes CREB

phosphorylation by reducing phosphatase activity, application ofa calcineurin inhibitor

such as FKS06 should lest the possibility. Specifically, first, FKS06 should be able to at

least partially substitute for cAMP in promoting CREB phosphorylation; second, FKS06

should be able to synergise with cAMP activation; application of FKS06 should in theory

shift the isoproterenol inverted-U curve to the left. This series of experiments would

provide us with clearer insight into how cAMP is functioning in promoting the CREB

phosphorylation pathway as well as in promoting learning.

6.3.1.3 Phosphorylation of NMDA receptors following cAMP activation.

Another consequence of cAMP activation is hypothesized to be the
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phosphorylation of phosphorylation-sensitive ion channels such as NMDA receptors to

promote Ca2+influx into the postsynaptic cells. Measurements of the phosphorylated

NMDA receptor NRI at different time following different training conditions (0/0, O/S,

and naive etc.) would test Ihis hypothesis.

6.3.1.4 Visualizing Ca2+entry by optical imaging

Further experiments could be perfonned to explore the imracellular calcium

signals predicted to be critical. The relationship between the UCS/cAMP cascade and

postulated CS/Ca2' signalling pathway needs to be examined. How the levels of cAMP

influence the levels of intracellular Cal+could be tested by Ca2+voltage-sensitive dye

imaging. Multi-photon imaging could directly assess Ca2
+ entry at the receptor/glomerular

level where odor input is transmitted to the mitral cell dendrites both in the acquisition

and memory retrieval phases. Understanding the Ca2+/calmodulin pathway is essential for

elucidating the actual intracellular changes and interactions underpinning odor learning.

6.3.2 Other types of adrenergic receptors involved in odor preference learning

We have proposed a new model in which NE and 5-HT synergistically activate a

cAMP cascade to co-activate a CREB pathway when occurring with the glutamatergic

olfactory nerve evoked Ca2
' signal in the mitral cells of the olfactory bulb. This does not
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rule out a role for disinhibition or a role for other adrenoceptors or other modulators in

odor preference learning. Whether, for example, J31-adrenoceptors also promote a cAMP

second messenger signalling, or provide disinhibition to mitrol cells; and whether Q­

adrenoceptors play roles in mediating odor preference learning and whether they act via a

disinhibitory effect oould be explored behaviourally and elcctrophysiologically.

6.3.3 Downstream genes following CREB activation

We have demonstrated that the regulation of genomic expression by CREB is

causal in producing preference learning. Future experiments could be designed to pursue

the downstream changes regulated by CREB. A major direction would be in examining

the downstream events involved in memory retrieval. Microarrays of genes that are highly

expressed following associative learning would be helpful to screen the downstream

candidates. The inverted U-eurve properties of early odor preference learning offer

particularly useful control oonditions for comparison with effective learning conditions.

However, known candidates such as the neurotrophin BDNF, adhesion molecules, and

cytoskelctal proteins which are oomponents of long-tenn plasticity implicated in other

memory systems, might be first choice candidates for experimentation in this early odor

preference learning model.

173



References

Abel, I. and Kandel, E. (1998). Positive and negative regulatory mechanisms that

mediate long-term memory storage. Brain Res. Rev. 26, 360-378.

Abel, T., Nguyen, P.V., Barad, M., Deuel, I.A., Kandel, E.R., and BoUrichouladze, R.

(1997). Genetic demonstration of a role for PKA in the late phase of LIP and in

hippocampus-based long-term memory. Cell 88, 61 5-626.

Acebes, A. and Ferrns, A. (2001). Increasing the number of synapses modifies olfactory

perception in Drosophila. J. Neurosci. 21, 6264-6273.

Ang, K.L. and Antoni, F.A. (2002). Reciprocal regulation of calcium dependent and

calcium independent cyclic AMP hydrolysis by protein phosphorylatIon. J. Neurochem.

81,422-433.

Aroniadou Anderjaska, V., Ennis, M., and Shipley. M.T. (1997). Glomerular synaptic

responses to olfactory nerve input in rat olfactory bulb slices. Neuroscience 79, 425-434.

Bailey, M.S., Puehe, A.C., and Shipley, M.T. (1999). Development of the olfactory bulb;

evidence for glia-neuron interactions in glomerular formation. J. Compo Neural. 415,

423-448.

Banld, M., Bourlchouladze, R., Winder, D.G., Golan, H., and Kandel, E. (1998).

Rolipram, a type IV-specific phosphodiesterase inhibitor, facilitates the establishment of

long-lasting long-term potentiation and improves memory. Proc. Natl. Acad. Sci. U.S.A.

95,15020-15025.

174



Barco, A., Alarcon, 1M., and Kandel, E.R. (2002). Expression of constitUlively active

CREB protein facilitates the late phase of long-tenn potentiation by enhancing synaptic

capture. Cell 108, 689-703.

Bartsch, D., Casadio, A., Karl, K.A, Serodio, P., and Kandel, E.R. (1998). CREBI

encodes a nuclear activator, a repressor, and a cytoplasmic modulator that fonn a

regulatory unit critical for long-tenn facilitation. Cetl95, 211-223.

Bartsch, D., Ghirardi, M., Skehel, P.A., Karl, K.A., Herder, S.P., Chen, M" Bailey, C.R,

and Kandel, E.R. (1995). Aplysia CREB2 represses long-term facilitation: relief of

repression converts tmnsient facilitation into long-term functional and structural change.

Cell 83, 979-992.

Belluscio, L. and Katz, L.c. (2001). Symmetry, stereotypy, and topography of odorant

representations in mouse olfactory bulbs. J. Neurosci. 21, 2113-2122.

Berkowicz, D.A., Trombley, P.Q., and Shepherd, G.M. (1994). Evidence for glutamate as

the olfactory receptor cell neurotransmitter. 1 Neurophysio!. 71, 2557-2561.

Bito, H., Deisseroth, K., and Tsien, R.W. (1996). CREB phosphorylation and

dephosphorylation: A Ca2+- and stimulus dumtion-dependent switch for hippocampal

gene expression. Cell 87, 1203-1214.

Bliss, T.V., Gardner-Medwin, A.R., and Lomo, T. (1973). Long-lasting potentiation of

synaptic transmission in the dentate area of the unanaestetized mbbit following

stimulation of the perforant path. J. Physio!. 232, 357-374.

175



Blitzer, R.D., Connor, lH., Brown, G.P., Wong, T., Shenolikar. S., Iyengar, R., and

Landau, E.M. (1998). Gating of CaMKII by cAMP-regulated protein phosphatasc activity

during LTP. Science 280,1940-1942.

Blitzer, R.D., Wong, T., Nouranifar, R., Iyengar, R., and Landau, E.M. (1995).

Postsynaptic cAMP pathway gales early LTP in hippocampal CA I region. Neuron 15.

1403-1414.

Bourtchuladze, R., Frenguelli, B., Blendy, l. Cioffi, D., Schutz, G., and Silva, AJ.

(1994). Deficient long-term memory in mice with a targeted mutation of the

cAMP-responsive element-binding protein. Cell 79, 59-68.

Bozza, T.C. and Kauer, lS. (1998). Odorant response properties of convergent olfactory

receptor neurons. J. Neurosci. 18,4560-4569.

Brandon, E.P., Zhuo, M., Huang, Y.Y., Qi, M., Gerhold, KA, Burton, KA, Kandel,

E.R., McKnight, 0.8., and Idzerda, R.L. (1995). Hippocampal long-term depression and

depolcntiation are defective in mice carrying a targeted disruption of the gene encoding

the Rl beta subunit of cAMP-dcpendcnt protcin kinase. ?roc. Natl. Acad. Sci. U.S.A. 92,

8851-8855.

Brennan, PA. and Keveme, E.B. (1997). Neural mechanisms of mammalian olfactory

learning. Prog. Neurobiol. 51,457-481.

Brunelli, M., Castellucci, Y., and Kandel, E.R. (1976). Presynaptic facilitation as a

mechanism for behavioral sensitization in Aplysia. Science 194, 1176-1180.

176



Byers, D., Davis, RL, and Kiger, lA.. Jr. (1981). Defect in cyclic AMP

phosphodiesterase due to the dunce mutation of learning in Drosophila melanogaster.

Nature 289, 79-81.

Camp, L.L. and Rudy, lW. (1988). Changes in the categorization of appetitive and

aversive events during postnatal development of the rat. Dev. PsychobioJ. 21, 25-42

Carew, T.1. and Sahley, C.L. (1986). Invertebrate learning and memory: from behavior to

molecules. Annu. Rev. Neurosci. 9, 435-487.

Carlezon, W.A., Jr., Haile, C.N., Coppersmith, R., Hayashi, Y, Malinow, R., Neve, R.L.,

and Nestler, EJ. (2000). Distinct sites of opiate reward and aversion within the midbrain

identified using a herpes simplex virus vector expressing GluRI. J. Neurosci. Online. 20,

RC62

Carlezon, W.A., Jr., Thome, J., Olson, V.G., Lane Ladd, S.B., Brodk.in, E.S., Hiroi, N.,

Duman, R.S., Neve, R.L., and Nestler, EJ. (1998). Regulation of cocaine reward by

CREB. Science 282, 2272-2275.

Carmi, O. and Leon, M. (1991). Neurobehavioral responses of neonatal rats to previously

experienced odors of different concentrations. Dev. Brain Res. 64, 43·46.

Cattoreni, G., Pileri. S., Parravicini, C., Becker, M.H., Poggi, S., Bifulco, C., Key, G.,

D'Amato, L., Sabattini, E., and Feudale, E. (1993). Antigen unmasking on formalin-fixed,

paraffin-embedded tissue sections. J. Pathol. 171,83-98.

Chakraborti, S., Chakraborti, T., and Shaw, G. (2000). beta-adrenergic mechanisms in

177



cardiac diseases: a perspective. Cell Signal. 12,499-513.

Chapman, B., Godecke, L, and Bonhoeffer, T. (1999). Development of orientation

preference in the mammalian visual conex. J. NeurobioL 41,18-24.

Cierpial, L.F. and W.G. Hall (1988) Neural responses to unilateral odor exposure in

6-day-old rats. International Society for Developmental Psychology 31 (Abstract)

Coopersmith, R., Henderson, S.R., and Leon, M. (1986). Odor specificity of the enhanced

neural response following early odor experience in rats. Brain Res. 392, 191-197.

Coopersmith, R. and Leon, M. (1984). Enhanced neural response to familiar olfactroy

cues. Science 225, 849-851.

Coopersmith, R. and Leon, M. (1986). Enhanced neural response by adult rats to odors

experienced early in life. Brain Res. 371, 400-403.

Cornea-Heben, V., Riad, M., Wu, c., Singh, S.K., and Descarries, L. (1999). Cellular and

subcellular distribution of the serotonin 5-HTIA receptor in the central nervous system of

adult rat. J. Camp. NeuraL 409,187-209.

Czesnik, D., Nezlin. L., Rabba, 1, Muller, B., and Schild, D. (2002). Noradrenergic

modulation of calcium currents and synaptic transmission in the olfactory bulb of

Xenopus laevis tadpoles. Eur. 1 Neurosci. 13, 1093~1100.

Dash, P.K., Hochner, B., and Kandel, E.R. (1990). Injection of the CAMP-responsive

element into the nucleus of Aplysia sensory neurons blocks long-tenn facilitation. Nature

178



345,718-nl.

Dash, P.K., Karl, K.A., Colicos. M.A., Prywes., R.., and Kandel, E.R.. (1991). cAMP

response: element-binding protein is activated by Ca2+fcalmodulin- as well as

cAMP.dependent protein kinase. Proc. Natl. Acad. Sci. U.S.A. 88, 5061-5065.

Davis, R..L, CherTy, J., Dauwalder, B., Han, PL., and Skoulakis, E. (1995). The cyclic

AMP system and Drosophila learning. Mol. Cell Biochem. 149-150,271-278.

Deis5eroth, K., Bito, H., and Tsien, R.W. (1996). Signaling from synapse to nucleus:

postsynaptic CREB phosphorylation during multiple forms of hippocampal synaptic

plasticity. Neuron 16, 89-101.

Deisseroth, K., Heist, E.K., and Tsien. R.W. (1998). Translocation of calmodulin to the

nucleus supports CREB phosphorylation in hippocampal neurons. Nature 392, 198-202.

Doty, R..L, Ferguson-Sega1I, M., Locki, I., and Kreider, M. (1988). Effects of intrabulbar

injections of 6-hydroxydopamine on ethyl acetate odor detection in castrate and

non-castrate male rats. Brain Res. 444, 95-103.

Drain, P., Folkers, E., and Quinn, W.O. (1991). cAMP-de~ndent protein kinase and the

disruption ofleaming in transgenic flies. Neuron 6, 71-82.

Dudai, y. (1999). The smell of representations. Neuron 23, 633-635.

Eichenbaum, H. (1998). Using olfaction to study memory. Ann. N. Y. Acad. Sci. 855,

657-669.

179



English, 1.D. and Sweatt, J.D. (1997). A requirement for the mitogen-activated protein

kinase cascade in hippocampal long term potentiation. 1. BioI. Chern. 272, 19103-19106.

Ennis, M., Zimmer, L.A., and Shipley, M.T. (1996). Olfactory nerve stimulation activates

rat mitral cells via NMDA and non-NMDA receptors in vitro. NeuroReport 7, 989-992.

Enslen, H., TokumilSu, R, Stork, P.J., Davis, R.I., and Soderling, T.R. (1996).

Regulation of mitogen-activated protein kinases by a calcium/calmodulin-dependent

protein kinase cascade. Pmc. Natl. Acad. Sci. U.S.A. 93, 10803-10808.

Faber, T., loerges, 1., and Menzel, R. (1999). Associative learning modifies neural

representations of odors in the insect brain. Nat. Neurosci. 2, 74-78.

Flugge, G., Ahrens, 0., and Fuchs, E. (1997). Beta-adrenoceptors in the tree shrew brain.

I. Distribution and characterization of [125I]iodocyanopindolol binding sites. Cell Mol.

Neurobiol. 17,401-415.

Foehring, R.C. and Lorenzon, N.M. (1999). Neuromodulation, development and synaptic

plasticity. Can. J. Exp. Psycho!. 53, 45-61.

Foulkes, N.S., Borrelli, E., and Sassone-Corsi, P. (1991). CREM gene: use ofaltemative

DNA-binding domains generates multiple antagonists of cAMP-induced transcription.

Cell 64, 739-749.

Frank. D.A. and Greenberg, M.E. (1994). CREB: A mediator of long-term memory from

mollusks to mammals. Cell 79, 5-8.

180



Frey, U., Huang, Y.-Y., Kandel, E.R., and Huang, Y.Y. (1993). Effects of cAMP simulate

a late stage ofLTP in hippocampal CA I neurons. Science 260, 1661-1664.

Frey, U. and Morris, R.G. (1998). Synaptic tagging: implications for late maintenance of

hippocampal long-term potentiation. Trends Neurosci. 21, 181-188.

Galizia, C.G., Sachse, S., Rappert, A., and Menzel, R. (1999). The glomerular code for

odor representation is species specific in the honeybee Apis mellifera. Nat. Neurosci. 2,

473-478.

Ghirardi, M., Braha, 0., Hochner, B., Montarolo, P.G., Kandel, E.R., and Dale, N.

(1992). Roles of PKA and PKC in facilitation of evoked and spontaneous transmitter

release at depressed and nondepressed synapses in Aplysia sensory neurons. Neuron 9,

479·489.

Goodwin, S.F., Del Vecchio, M., Velinzon, K., Hogel, C., Russell, S.R., Tully, T., and

Kaiser, K. (1997). Defective learning in mutants of the Drosophila gene for a regulatory

subunit of cAMP-dependent protein kinase. J. Neurosci. 17,8817-8827.

Guthrie, K.M., Anderson, AJ., Leon, M., and Gall, C. (1993). Odor-induced increases in

c_fos mRNA expression reveal an anatomical "unit" for odor processing in olfactory bulb.

Proc. Natl. Acad. Sci. U.S.A. 90, 3329-3333.

Guthrie, K.M. and Gall, C.M. (1995). Odors increase Fos in olfactory bulb neurons

including dopaminergic cells. NeulOReport 6, 2145-2149.

Guzowski, J.F. and McGaugh, J.t. (1997). Antisense oligodeoxynucleotide-mediated

181



disruption of hippocampal cAMP response element binding protein levels impairs

consolidation of memory for water maze training. Pmc. Natl. Acad. Sci. U.S.A. 94,

2693-2698.

Halabisky, B., Friedman, 0., Radojicic, M., and Strowbridge, B.W. (2000). Calcium

Influx through NMDA Receptors Directly Evokes GABA Release in Olfactory Bulb

Granule Cells. J. Neurosci. 20, 5124-5134.

Hamada, S., Senzaki, K., Hamaguchi Hamada, K., Tabuehi, K., Yamamoto, H.,

Yamamoto, T., Yoshikawa, S., Okano, H., and Okado, N. (1998). Localization of

5-HTIA receptor in rat cerebral cortex and olfactory system revealed by

immunohistochemistry using two antibodies raised in rabbit and chicken. Mol. Brain Res.

54,199-211.

Hamrick, W.O., Wilson, D.A., and Sullivan, R.M. (1993). Neural correlates of memory

for odor detection conditioning in adult rats. Neurosci. Lett. 163, 36-40.

Hansson, E. and Ronnback, L. (1991). Receptor regulation of the glutamate, GABA and

taurine high-affinity uptake into astrocytes in primary culture. Brain Res. 548, 215-221.

Hasselmo, M.E. (1995). Neuromodulation and cortical function: modeling the

physiological basis ofbchavior. Sehav. Brain Res. 67, ]-27.

Hayar, A., Heyward, P.M., Heinbockel. T., Shipley, M.T., and Ennis, M. (2001). Direct

excitation of mitral cells via activation of alphal-noradrenergic receptors in rat olfactory

bulb slices. J. Neurophysiol. 86,2173-2182.

182



Hayashi, Y., Momiyama. A., Takahashi, T., Ohishi, H., Ogawa Me:guro, R., Shigemoto,

R., Mizuno, N., Nakanishi,S., and Ogawa.Mc:guro, R. (1993). Role: of a melabolropic

glutamate: recc:ptor in synaptic modulation in thc: accessory olfactory bulb. Nature 366,

687-690.

Hebb, D.O. (1949). The organization of behaviour: a neurophysiological theory. John

Wiley, New York..

Hummler, E., Cole, T.J., Ble:ndy, J.A., Ganss, R., Aguzzi, A., Schmid, W., Beennann, F.,

and Schutz, G. (1994). Targeted mutation of the CREB gene: compensation within the

CREB/ATF family of transcription factors. Proc. Natl. Acad. Sci. U.S.A 91, 5647-5651.

tmpey, 5., Mark, M., Villacres, E.C., Poser,S., Chavkin, C., and Stonn, D.R. (1996).

Induction of CRE-mc:diated gene expression by stimuli thaI generate long-lasting LTP in

area CAl of the hippocampus. Neuron 16,973-982.

tmpey, S., Obrietan, K., Wong, S.T., Poser,S., Vane. 5., Wayman, G., Deloulme, J.C.,

Chan, G., and Stonn, D.R. (19988). Cross talk between ERK and PKA is required for

Ca2+ stimulation of CREB-depende:nt transcription and ERK nuclear translocation.

Neuron 21, 869-883.

Impey, 5., Smith, D.M., Obrietan, K., Donahue, R.• Wadc:. C., and Stann, D.R. (l998b).

Stimulation of cAMP rc:sponsc: element (CRE)-mediatc:d transcription during conte:xlUal

learning. Nat. Neurosci. 1,595-601.

Insausti, R., Marcos, p.. Arroyo-Jimenez, M.M., Blaizet. X. und Martinez-Marcos, A.

183



(2002). Comparative aspects ofthe olfactory portion of the entorhinal cortex and its

projection to the hippocampus in rodents, nonhuman primates, and the human brain.

Brain Res. Bull. 57, 557~560.

Ivins, KJ., Ibrahim, E., and Leon, M. (1993). Localization of13-adrenergic receptor

mRNA in the olfactory bulb of neonalal rats. Soc. Neurosci. Abst 19, 124.

Jahr, C.E. and Nicoll, R.A. (1982). Noradrenergic modulation of dendrodendritic

inhibition of the olfactory bulb. Nature 297, 227-229.

Jiang, M., Griff, E.R., Ennis, M., Zimmer, L.A., and Shipley, M.T. (1996). Activation of

locus coeruleus enhances the responses of olfactory bulb mitral cells to weak olfactory

nerve input. 1. Neurosci. 16,6319-6329.

Jiao, Y., Sun, Z., Lee, T., Fusco, F.R., Kimble, T.D., Meade, C.A., Cuthbertson, S., and

Reiner, A. (1999). A simple and sensitive antigen retrieval method for free-floating and

slide-mounted tissue sections. 1. Neurosci. Methods 93,149-162.

Johnson, B.A. and Leon, M. (1996). Spatial distribution of[14C]2-deoxyglucose uptake

in the glomerular layer of the rat olfactory bulb following early odor preference learning.

J. Compo Neurol. 376, 557-566.

Johnson, B.A., Woo, C.C., Duong, H., Nguyen, V., and Leon, M. (1995). A learned odor

evokes an cnhanced Fos-like glomerular response in the olfactory bulb of young rats.

Brain Res. 699, 192-200.

Johnson, B.A., Woo, C.c., and Leon, M. (1998). Spatial coding of odorant features in the

184



glomerular layer of the rat olfactory bulb. 1. Comp. Neurol. 393,457-471.

Josselyn, SA., Shi, C., Carlezon, W.A., Jr., Neve, R.L., Nestler, E.1., and Davis, M.

(2002). Long-teon memory is facilitated by cAMP response element-binding protein

overexprcssion in the amygdala. 1. Neurosci. 21, 2404-2412.

Kaang, B.K., Kandel, E.R., and Grant, S.O. (1993). Activation of cAMP-responsive

genes by stimuli that produce long-teon facilitation in Aplysia sensory neurons. Neuron

10,427-435.

Kaba, H., Hayashi, Y., Higuchi, T., and Nakanishi, S. (1994). Induction of an olfactory

memory by the activation ofa metabotropic glutamate receptor. Science 265, 262-264.

Kaba, H., Rosser, A., and Keveme, B. (1989). Neural basis of olfactory memory in the

context of pregnancy block. Neuroscience 32, 657-662.

Kandel, E.R., J.H. Schwartz, and T.M. Jessel (2000) Principles of Neural Science. New

York: McGraw-Hill.

Karle, CA, Zitron, E., Zhang, W., Kathofer, S., Schoels, W., and Kiehn, 1. (2002). Rapid

component I(Kr) of the guinea-pig cardiac delayed rectifier K(+) current is inhibited by

beta(l )-adrenoreceptor activation, via cAMP/protein kinase A--dependent pathways.

Cardiovasc. Res. 53, 355-62.

Katz, L.c. and Rubin, B.D. (1999). Optical imaging of odorant representations in the

mammalian olfactory bulb. Neuron 23, 499-511.

185



Kawai, F., Kurahashi, T., and Kaneko, A. (1999). Adrenaline enhances odorant contrast

by modulating signal encoding in olfactory receptor cells. Nat. Neurosci. 2, 133-138.

Kendrick, K.M., Levy, F., Keveme, £.B., and Levy, F. (1992). Changes in the sensory

processing of olfactory signals induced by birth in sheep. Science 256, 833-836.

Kogan, J.H., Frankland, P.W., Blendy, I.A., Coblentz, J., Marowitz, Z., Schiltz, G., Silva,

AJ., and Schutz, G. (1997). Spaced training induces normal long-term memory in CREB

mutant mice. Curro BioI. 7, \-11.

Lamprecht, R., Hazvi, 5., and Dudai, Y. (1997). cAMP response element-binding protein

in the amygdala is required for long- but not short-term conditioned taste aversion

memory. 1. Neurosci. 17,8443-8450.

Lane-Ladd, S.B., Pineda, J., Boundy, V.A., Pfeuffer, T., Krupinski, J., Aghajanian, O.K.,

and Nestler, EJ. (1997). CREB (cAMP response clement-binding protein) in the locus

coeruleus: biochemical, physiological, and behavioral evidence for a role in opiate

dependence. J. Neurosci. 17,7890-7901.

Langdon, P.E., Harley, C.W., and Mclean, 1.H. (1997). Increased ~ adrenoceptor

activation overcomes conditioned olfactory learning deficits induced by serotonin

depletion. Dev. Brain Res. 102,291-293.

Lincoln, J., Coopersmith, R., Harris, E.W., Cotman, C.W., and Leon, M. (1988). NMDA

receptor activation and early olfactory learning. Brain Res. 467, 309-312.

Uu, F.-C. and Graybiel, A.M. (1996). Spatiotemporal dynamiesofCREB

186



phosphorylation: transient versus sustained phosphorylation in the developing striatum.

Neuron 17, 1133-1144.

Madison, D.V. and Nicoll, RA (1986). Cyclic adenosine 3',5'-monophosphate mediates

beta-receptor actions of noradrenaline in rat hippocampal pyramidal cells. J. Physio!.

(Lond. ) 372, 245-259.

Malonek, D., Dimagl, U., Lindauer, U., Yamada, K., Kanno, T., and Grinvald, A (1997).

Vascular imprints of neuronal activity: relationships between the dynamics of cortical

blood flow, oxygenation, and volume changes following sensory stimulation. Proc. Nat!.

Acad. Sci. U.SA 94, 14826-14831.

Martin, K.C., Casadio, A, Zhu, H., E, Y., Rose, lC., Chen, M., Bailey, C.H., and

Kandel, E.R. (1997). Synapse~specific, long-tenn facilitation of aplysia sensory to motor

synapses: a function for local protein synthesis in memory storage. Cell 91, 927-938.

Matsuda, Y., lnagaki, S., Nakai, Y., and Takagi, 1-1. (1990). Distribution of

galanin-immunoreactive nerve fibers in the rat nasal mucosa. Brain Res. 536, 344-346.

McLean, J.H. and Darby-King, A. (1994). Lack of evidence for serotonergic effect on the

cellular development of the olfactory bulb in the postnatal rat. Brain Res. Bull. 34,

249-259.

McLean, 1.1-1., Darby-King, A, and Bonnell, W.S. (2001). Neonatal olfactory sensory

deprivation decreases BDNF in the olfactory bulb of the rat. Dev. Brain Res. 128, 17-24.

McLean, 1.H., Darby-King, A, and Hodge, E. (1996). 5-I-ITI receptor involvement in

187



conditioned olfactory learning in the neonate rat pup. Behav. Neurosci. 110, 1426-1434.

Mclean, J.H., Darby-King, A., and Paterno, G. (1995). Localization of 5-HTIA ~tor

mRNA by in situ hybridization in the olfactory bulb of the postnatal rat. J. Comp. Neurol.

353,371-378.

Mclean, J.H., A. Darby-King, R.M. Sullivan, and S.R. King (1992) Serotonin and

olfactory learning in the neonatal rat. Soc.Neurosci.Abst. 18:1201 (Abstract)

Mclean, J.H., Darby-King, A., Sullivan, R.M., and King, S.R. (1993). Serotonergic

influence on olfactory learning in Ihe neonate rat. Dehav. Neural Bioi. 60,152-162.

McLean,J.H., Harley, C.W., Darby-K..ing,A., and Yuan, Q. (1999). pCREB in the

neonate rat olfactory bulb is selcctively and transiently increased by odor

preference-conditioned training. Learn. Mem. 6, 608-618.

Mclean, J.H. and Shipley, M.T. (1987). SerOionergic afferents to the rat olfactory bulb: I.

Origins and laminar specificity of serolonergic inputs in the adult raL J. Neurosci. 7,

3016-3028.

Mclean, J.H. and Shipley, M.T. (1991). Postnatal development of the noradrenergic

projection from locus coeruleus 10 the olfactory bulb in the 11It. J. Compo Neural. 304.

467-477.

Mclean, 1.H., Shipley, M.T., Nickell, W.T., Aston-Jones, G., and Reyher, C.K. (1989).

Chemoanatomical organization ofthe noradrenergic input from locus coeruleus to the

olfactory bulb of the adult rat. 1. Camp. Neural. 285, 339-349.

188



McLennan, H. (1971). The phannacology of inhibition of mitral cells in the olfactory

bulb. Bmin Res. 29,177·184.

Meisami, E. and Safari, L. (1981). A quantitative study of the effects of early unilateral

olfactory deprivation on the number and distribution of mitml and tufted cells and of

glomeruli in the rat olfactory bulb. Brain Res. 221, 81-107.

Meister, M. and Bonhoeffer, T. (2001). Tuning and topography in an odor map on the rat

olfactory bulb. 1. Neurosci. 21,1351-1360.

Mermelstein, P.G., Bito, H., Deisseroth, K., and Tsien, R.W. (2000). Critical dependence

of cAMP response element-binding protein phosphorylation on L.type calcium channels

supports a selective response to EPSPs in preference to action potentials. J. Neurosci. 20,

266·273.

Mons, N., Guillou, J.L., and Jarrard, R. (1999). lbe role of Ca2+/calmodulin·stimulable

adenylyl cyclases as molecular coincidence detectors in memory formation. Cell Mol.

UfeSci.55,525·533.

Montarolo, P.O., Ooelet, P., Castellucci, V.F., Morgan, J., Kandel, E.R., and Schacher, S.

(1986). A critical period for macromolecular synthesis in long-term heterosynaptic

facilitation in Aplysia. Science 234,1249-1254.

Moore, A.N., Waxham, M.N., and Dash, P.K. (1996). Neuronal activity increases the

phosphorylation of the transcription factor cAMP response element-binding protein

(CRED) in rat hippocampus and cortex. 1. BioI. Chern. 271, 14214-14220.

189



Morin, D., Sapena, R., Zini, R., and Tillement, l.-P. (1992). Serotonin enhances the

~-adrenergic response in rat brain conical slices. Eur. 1. Pharmacol. 225, 273-274.

Mouly, A.M., Elaagouby, A., and Ravel, N. (1995). A study ofthe effects of

noradrenaline in the rat olfactory bulb using evoked field potential response. Brain Res.

681,47.57.

Mower, A.F., Liao, D.S., Nestler, EJ., Neve, R.L., and Ramoa, A.S. (2002). cAMP/Ca2+

response element-binding protein function is essential for ocular dominance plasticity. J.

Neurosci. 22, 2237-22345.

Najbauer, 1. and Leon, M. (1995). Olfactory experience modulates apoptosis in the

developing olfactory bulb. Brain Res. 674, 245-251.

Nakamura, S., Fumitaka, K., and Sakaguchi, T. (1987). Postnatal development of

electrical activity in the locus ceruleus. 1. NeurophysioL 58, 510-524.

Neve, R.L. and Geller, A.I. (1999). Genetic analysis of neuronal physiology with

defective herpes simplex virus vectors. Adv. Neurol. 79, \027-1032.

Nicholas, A.P., Pieribone, V.A., and Hokfelt, T. (1993). Cellular localization of

messenger RNA for beta-\ and beta-2 adrenergic receptors in rat brain: an in situ

hybridization study. Neuroscience 56,1023-1039.

OcOtT, K.A., Walters, E.T., and Byrne, 1.H. (1985). Associative conditioning analog

selectively increases cAMP levels of tail sensory neurons in Aplysia. Proc. Natl. Acad.

Sci. U.S.A. 82,2548-2552.

190



Okutani, F., Kaba, H., Takahashi, S., and Seto, K. (1998). The biphasic effects oflocus

coeruleus noradrenergic activation on dendrodendritic inhibition in the rat olfactory bulb.

Brain Res. 783, 272-279.

Okutani, F., Vagi, F., and Kaba, H. (1999). Gabaergic control of olfaclory learning in

young rats. Neuroscience 93,1297-1300.

Otto, T. and Eichenbaum, H. (1992). Complementary roles of the orbital prefrontal cortex

and the perirhinal-entorhinal cortices in an odor-guided delayed-nonmatching-to-sample

task. Behav. Neurosci. 106, 762-775.

Ozacmak, V.H., Thorington, G.U., Fletcher, W.H., and Hessinger, D.A. (2002).

N-acetylneuraminic acid (NANA) stimulates in situ cyclic AMP production in tentacles

of sea anemone (Aiptasia pallida): possible role in chemosensitization of nematocyst

discharge. J. Exp. BioI. 204, 2011-2020.

Petralia, R.S., Wang, V.X., Niedzielski, A.S., and Wenthold, R.J. (1996). The

metabotropic glutamate receptors, mGluR2 and mGluR3, show unique postsynaptic,

presynaptic and glial localizations. Neuroscience 71, 949-976.

Pompciano, M., Palacios, lM., and Mengod, G. (1994). DistribUlion of the serotonin

5-HTI recepior family mRNAs: comparison between 5-HTIA and 5-HTIC receptors.

MoI.BrainRes.23,163-178.

Poser, S. and Stonn, D.R. (2001). RoleofCa2+-stimulated adcnylyl cyclases in LTP and

memory fonnalion. Int. 1. Dev. Neurosci. 19,387-394.

191



Price, T.L., Darby-King, A., Harley, C.W., and Mclean, HI. (1998). Serotonin plays a

permissive role in conditioned olfactory learning induced by norepinephrine in the

neonate rat. Behav. Neurosci. 112, 1430-1437.

Prisco, S., Cagnotto, A., Talone, D., De Blasi, A., Mennini, T., and Esposito, E. (1993).

Tertatolol, a new p-blocker, is a serotonin (5-hydroxytryplamine1A) receptor antagonist

in rat brain. J. Phannacol. Exp. Ther. 265, 739-744.

Plashne, M. (1988). How eukaryotic transcriptional activators work. Nature 335,

683-689.

Rangel, S. and Leon, M. (1995). Early odor preference training increases olfactory bulb

norepinephrine. Dev. Brain Res. 85, 187·191.

Rolls, E.r. and Baylis, L.L. (1994). Gustatory, olfactory, and visual convergence within

the primate orbitofrontal cortex. J. Neurosci. 14,5437·5452.

Roman, F.S., Chaillan, FA, and Soumireu-Mourat, B. (1993). Long-term potentiation in

rat piriform cortex following discrimination learning. Brain Res. 601, 265-272.

Rovcscalli, A.C., Brunella, N., Perez, 1., Vitali, S., Steardo, L., and Racagni, G. (1993).

Heterologous sensitization of adenylate cyclase activity by serotonin in the rat cerebral

cortex. Eur. Neuropsychophannacol. 3,463·475.

Rubin, B.D. and Katz, L.C. (2001). Spatial coding ofenantiomers in the rat olfactory

bulb. Nat. Neurosci. 4, 355-356.

192



Rumsey, 1.D.. Darby-King, A., Harley, C.W., and McLean, 1.H. (2001). Infusion of the

metabotropic receptor agonist, DCG-IV, into the main olfactory bulb induces olfactory

preference learning in ral pups. Dev. Brain Res. 128, 177-179.

Salmoiraghi, a.c., Bloom, F.E., and Cosla, E. (1964). Adrenergic mechanisms in rabbit

olfactory bulb. Am. 1. Physiol. 207, 1417-1424.

Schacher, S., Castellucci, V.F., and Kandel, E.R. (1988). cAMP evokes long-term

facilitation in Aplysia sensory neurons that requires new protein synthesis. Science 240,

1667-1669.

Schoenfeld, T.A., Marchand. J.E., and Macrides, F. (1985). Topographic organization of

tufted cell axonal projections in the hamster main olfactory bulb: An intrabulbar

associational system. J. Compo NeuroJ. 235, 503-518.

Schulz, S., Siemer, H., Krug, M., and Hallt, V. (1999). Direct evidence forbiphasic

cAMP response element-binding protein phosphorylation during long-term potentiation

in the rat dentate gyrus in vivo. J. Neurosci. 19,5683-5692.

Schutzer, W.E., Watts, V,J., Chapman, J., Cumbay, M.G., Neve, K.A., Neve, R.L., and

Mader, S.L. (2000). Viral-mediated gene delivery ofconstitutiveJy activated G alpha s

alters vasoreactivity. Clin. Exp. Pharmacol. Physio!. 27, 9-13.

SCOtl, 1.W. (1986). The olfactory bulb and central pathways. Experientia 42, 223-232.

Segal, M. (I 982). Norepinephrine modulates reactivity of hippocampal cells 10 chemical

stimulation in vitro. Exp. Neurol. 77, 86-93.

193



Sheng, M., Thompson, M.A., and Greenberg, M.E. (1991). CREB: a Ca(2+)-regulated

transcription factor phosphorylated by calmodulin-dependent kinases. Science 252,

1427-1430.

Shi, S.R., Key, M.E.,and Kalra, K.L. (1991). Antigen retrieval in fonnalin-fixed,

paraffin-embedded tissues: an enhancement method for immunohistochemical staining

based on microwave oven heating of tissue sections. J. Histochem. Cytochem. 39,

741-748.

Shieh, P.B., Hu, S.C., Bobb, K., Timmusk, T., and Ghosh, A. (1998). Identification ofa

signaling pathway involved in calcium regulation ofBDNF expression. Neuron 20,

727-740.

Silva, AJ., Kogan, J.H., Frankland, P.W., and Kida, S. (1998). CREB and memory.

Annu. Rev. Neurosci. 21, 127-148.

Slotnick, B.M. and Risser, J.M. (1990). Odor memory and odor learning in rats with

lesions of thc lateral olfactory tract and mediodorsal thalamic nucleus. Brain Res. 529,

Staubli, U., Le, TT, and Lynch, G. (1995). Variants of olfactory memory and their

dependencies on thc hippocampal fonnation. J. Neurosci. 15, 1162-1171.

Stewart, W.B., Kauer, J.S., and Shepherd, a.M. (1979). Functional organization of rat

olfactory bulb analysed by the 2-deoxyglucose mcthod. J. Compo Neurol. 185, 715-734.

Sullivan, R.M., Landers, M., Yeaman, B., and Wilson, D.A. (2000a). Good memories of

194



bad events in infancy. Nature 407, 38-39.

Sullivan, R.M. and Leon, M. (1986). Early olfactory learning induces an enhanced

olfactory bulb response in young rats. Brain Res. 392, 278-282.

Sullivan, R.M. and Leon, M. (1987). One-trial olfactory learning enhances olfactory bulb

responses to an appetitive conditioned odor in 7-day-old rats. Dev. Brain Res. 35,

307-311.

Sullivan, R.M., McGaugh, J.L., and Leon, M. (1991). Norepinephrine-induced plasticity

and one-trial olfactory learning in neonatal rats. Dev. Brain Res. 60, 219-228.

Sullivan, R.M., Stackenwalt, G., Nasr, F., Lemon, C, and Wilson, D.A. (2000b).

Association of an odor with activation of olfactory bulb noradrenergic beta-receptors or

locus coeruleus stimulation is sufficient to produce learned approach responses to that

odor in neonatal rats. Behav. Neurosci. 114,957-962.

Sullivan, R.M. and Wilson, D.A. (1991). The role of norepinephrine in the expression of

learned olfactory neurobehavioral responses in infant rats. Psychobiology 19, 308-312.

Sullivan, R.M. and D.A. Wilson (1992) The role of early norepinephrine in consolidation

ofearly olfactory memories. Soc.Neurosci.Abst. 18:526

Sullivan, R.M. and Wilson, D.A. (1993). Role of the amygdala complex in early olfactory

associative learning. Bchav. Neurosci. 107,254-263.

Sullivan, R.M. and Wilson, D.A. (1994). The locus coeruleus, norepinephrine, and

195



memory in newborns. Brain Res. Bull. 35, 467-472.

Sullivan, R.M., Wilson, D.A., and Kim, M.H. (1988). Behavioral and neuraJ correlates of

postnatal olfactory conditioning: l.Effect of respiration on conditioned neural responses.

PhysioL Behav. 44, 85·90.

Sullivan, R.M., Wilson, D.A., Lemon, C., and Gerhardt, G.A. (1994). Bilateral6-0HDA

lesions of the locus coeruleus impair associative olfactory learning in newborn rats. Brain

Res. 643, 306-309.

Sullivan, R.M., Wilson, D.A., and Leon, M. (1989a). Associative processes in early

olfactory preference acquisition: neural and behavioral consequences. Psychobiology 17,

29·33.

Sullivan, R.M., Wilson, O.A., and Leon, M. (1989b). Norepinephrine and

learning.induced plasticity in infant rat olfactory sytem. J. Neurosci. 9, 3998·4006.

Sullivan, R.M., Zyzak, O.R., Skierkowski, P., and Wilson, O.A. (1992). The role of

olfactory bulb norepinephrine in early olfactory learning. Dev. Brain Res. 70, 279-282.

Tang, Y., Hu, L.A., Miller, W.E., Ringstad, N., Hall, R.A., Pitcher, lA., DeCamilli, P.,

and Lefkowitz, RJ. (1999). Identification of the endophilins (SH3p4/p8/p13) as novel

binding partners for the betal-adrencrgic receptor. Proc. Nail. Acad. Sci. U.S.A. 96,

12559-12564.

Thompson, M.A., Ginty, D.O., Bonni, A., and Greenberg, M.E. (1995). L-type

voltage-sensitive Ca2+ channel activation regulates c-fos transcription at multiple levels.

196



J. Bioi. Chern. 270, 4224-4235.

Trombley, P.Q. (1992). Norepinephrine inhibits calcium currents and EPSPs via a

G-protein-coupled mechanism in olfactory bulb neurons. 1. Neurosci. 12, 3992-3998.

Trombley, P.Q. (1994). Noradrenergic modulation of synaptic transmission between

olfactory bulb neurons in culture: Implications to olfactory learning Noradrenergic

modulation of synaptic transmission between olfactory bulb neurons in culture:

implications to olfactory learning. Brain Res. Bull. 35, 473-484.

Trombley, P.Q. and Shepherd, G.M. (1992). Noradrenergic inhibition of synaptic

transmission between mitral and granule cells in mammalian olfactory bulb cultures. J.

Neurosci. 12,3985-3991.

Tully, T. (1991). Physiology of mutations affecting learning and memory in

Drosophila--rne missing link between gene product and behavior. Trends Neurosci. 14,

163-164.

Uchida, N., Takahashi, Y.K., Tanifuji, M., and Mori, K. (2000). Odor maps in the

mammalian olfactory bulb: domain organization and odorant structural features. Nat.

Neurosci. 3, 1035-1043.

Vallejo, M., Gosse, M.E., Beckman, W., and Habener, 1.F. (1995). Impaired cyclic

AMP-dependent phosphorylation renders CREB a repressor of CIEBP-induced

transcription of the somatostatin gene in an insulinoma cell line. Mol. Cell BioI. 15,

415-424.

197



Waldvogel, D., van Ge1dercn, P., Muellbacher, W., Ziemann, U., Immisch, T., and Hallett,

M. (2000). The relative metabolic demand of inhibition and excitation. Nature 406,

995-998.

Walton, M.R. and DragwlOw, I. (2000). Is CREB a key to neuronal survival? Is CREB a

key to neuronal survival? Trends Neurosci. 23, 48-53.

Wanaka, A., Kiyama, H., Murakami, T., Matsumoto, M., Kamada, T., Malbon, C.C., and

Tohyama, M. (1989). Immunocytochemical localization of I}-adrenergic receptors in the

rat brain. Brain Res. 485,125-140.

Weldon, D.A., Travis, M.L., and Kennedy, D.A (1991). Posnraining 0 I receptor

blockade impairs odor conditioning in neonatal rats. Behav. Neurosci. 105,450-458.

Werstiuk, E.S. and Lee, R.M. (2000). Vascular bcta-adrcnoceptor function in

hypertension and in ageing. Can. J Physiol. Phannacol. 78, 433-452.

Wiemer, G., Hellwieh, U., Wellstein, A., Dietz, J, Hellwich, M., and Palm, D. (1982).

Energy-dependent extrusion of cyclic 3',5'-adenosine-monophosphate. A drug-sensitive

regulatory mechanism for the intracellular nucleotide concentration in rat erythrocytes.

Naunyn Sehmiedebcrgs Areh. PhannacoJ. 321, 239-246.

Wilson, D.A. and Leon, M. (1988). Noradrenergic modulation of olfactory bulb

excitability in the postnatal rat. Dev. Brain Res. 42, 69-75.

Wilson, D.A. and Sullivan, R.M. (1991). Olfactory associative conditioning in infant rats

with brain stimulation as reward: II. Norepinephrine mediates a specific component of the

\98



bulb response to reward. Behav. Neurosci. 105,843-849.

Wilson, D.A. and Sullivan, R.M. (1994). Neurobiology of associative learning in the

neonate: Early olfactory learning. Sehav. Neural BioI. 61,1-18.

Wilson, DA, Sullivan, R.M., and Leon, M. (1985). Odor familiarity alters mitraJ cell

response in the olfactory bulb of neonatal rats. Dev. Brain Res. 22, 314-317.

Wilson, DA, Sullivan, R.M., and Leon, M. (1987). Single-unit analysis of postnatal

olfactory learning: modified olfactory bulb output response panems to learned anractive

odors Single-unit analysis of postnatal olfactory learning: modified olfactory bulb output

response panems to learned attractive odors. J. Neurosci. 7, 3154-3162.

Winder, D.G., Mansuy, i.M., Osman, M., Moallem, T.M., and Kandel, E.R. (1998).

Genetic and pharmacological evidence for a novel, intennediate phase of long-tenn

potentiation suppressed by calcineurin. Cell 92, 25-37.

Wong, S.T., Athos, J., Figueroa, X.A., Pineda, V.V., Schaefer, M.L., Chavkin, C.c.,

Muglia, LJ., and Stonn, D.R. (1999). Calcium-stimulated adenylyl cyclase activity is

critical for hippocampus-dependent long-tenn memory and late phase LTP. Neuron 23,

787-798.

Woo, C.C., Coopersmith, R., and Leon, M. (1987). Localized changes in olfactory bulb

morphology associated with early olfactory learning. J. Compo Neurol. 263, 113-125.

Woo, C.C. and Leon, M. (1991). Increase in a focal population of juxtaglomerular cells in

the olfactory bulb associated with early learning. 1. Compo Neural. 305,49-56.

199



Woo, C.C. and Leon, M. (1995). Distribution and development or beta-adrenergic

receptors in the rat olfactory bulb. 1. Compo Neurol. 352, 1-10.

Woo, C.C., Wilson, D.A., Sullivan, R.M., and Leon, M. (1996). Early locus coeroleus

lesions increase the density of beta- adrenergic receptors in the main olfactory bulb of

rats.lnt. 1. Dev. Neurosci. 14,913-919.

Xie, S., Price, J.E., Luca, M., Jean, D., Ronai, Z., and Bar-Eli, M. (1997).

Dominant-negative CREB inhibits tumor growth and metastasis of human melanoma

cells. Oncogene 15,2069-2075.

Xing, J., Kornhauser, J.M., Xia, Z., Thiele, EA, and Greenberg, M.E. (1998). Nerve

growth factor activates extracellular signal-regulated kinase and p38 mitogen-activated

protein kinase pathways to stimulate CREB serine 133 phosphorylation. Mol. Cell BioI.

18,1946-1955.

Xu, F., Kida, 1., Hyder, F., and Shulman, R.O. (2000). Assessment and discrimination of

odor stimuli in rat olfactory bulb by dynamic functional MR1. Proc. Natl. Acad. Sci.

U.S.A. 97, 10601-10606.

Yang, S.N., Tang, Y.G., and Zucker, R.S. (1999). Selective induction ofLTP and LTD by

postsynaptic [Ca2+]i elevation. 1. NeurophysioL 81, 781-787.

Yang, X., Renken, R., Hyder, F., Siddeek, M., Greer, c.A., Shepherd, G.M., and

Shulman, R.G. (1998). Dynamic mapping at the laminar level of odor-elicited responses

in ral olfactory bulb by functional MR!. Proc. Natl. Acad. Sci. U.S.A. 95, 7715-7720.

20{)



Yazawa, I., Sasaki, S., Mochida, H., Kamino, K., Momose-Sato, Y.,and Sato, K. (2001).

Developmental changes in trial-to-trial variations in whisker barrel responses studied

using intrinsic optical imaging: comparison between normal and de-whiskered ralS. J.

Neurophysiol. 86, 392-401.

Yin, J.C., Del Vecchio, M., Zhou, H., and Tully, T. (1995). CREB as a memory

modulator: induced expression of a dCREB2 activator isoform enhances long-term

memory in Drosophila. Cell 81, 107-115.

Yin, J.C. and Tully, T. (1996). CREB and the formation of long-term memory. Curro

Opin. Neurobiol. 6, 264-268.

Yin, J.C., Wallach, J.S., Del Vecchio, M., Wilder, E.L., Zhou, H., Quinn, W.O., and

Tully, T. (1994). Induction ofa dominant negative CREB transgene specifically blocks

long-term memory in Drosophila. Cell 79, 49-58.

Yu, H.J., Ma, H., and Green, R..D. (1993). Calcium enlry via L-typecalcium channels aclS

as a negative regulator ofadenylyl cyclase activily and cyclic AMP levels in cardiae

myocytes. Mol. Pharmaeol. 44, 689-93.

Yuan, Q., Darby-King, A., Harley, C.W.,and Mclean, J.H. (2000a) Do monoamines

affect pCREB expression in associative learning? Soc Neurosci Abstr 26: 1939

Yuan, Q., Harley, C.W., Bruce, A.J., Darby-King, A., and Mclean, lH. (2000b).

Isoproterenol increases CREB phosphorylation and olfactory nerve-evoked potentials in

normal and 5-HT-deplcted olfactory bulbs in rat pups only at doses that produce odor

preference learning. Learn. Mem. 7,413-421.

201



Yuan, Q., Harley, C.W., and McLean, J.H. Mitral cell ~1 and 5-lIT2A receptor

colocalization and eAMP coregulation: a new model of norepinephrine-induced Ic:aming

in the: olfactory bulb. Learn. Mem. In press.

Yuan, Q., Harley, C.W., McLean, J.H., and Knopfel. T. (2002). Optic:al imaging of odor

preference memory in the rat olfaclory bulb. J. Neurophysiol. 87, 3156-9.

Zhong, Y., Budnik, V., and WU, C. (1992). Synaplic plasticity in Drosophila memory and

hyperexcitable mutantS: role of cAMP cascade. J. Neurosci. 12, 644-651.

202










	0001_Cover
	0002_Inside Front Cover
	0003_Blank Page
	0004_Blank Page
	0005_Authorization
	0006_Blank Page
	0007_Title Page
	0008_Abstract
	0009_Abstract ii
	0010_Acknowledgements
	0011_Acknowledgements iv
	0012_Co-authorship statement
	0013_Co-authorship statement
	0014_Co-authorship statement vii
	0015_Table of Contents
	0016_Table of Contents ix
	0017_Table of Contents x
	0018_Table of Contents xi
	0019_Table of Contents xii
	0020_Table of Contents xiii
	0021_Table of Contents xiv
	0022_List of Figures
	0023_List of Figures xvi
	0024_List of Figures xvii
	0025_Abbreviations
	0026_Abbreviations.xix
	0027_Abbreviations xx
	0028_Chapter 1 - Page 1
	0029_Page 2
	0030_Page 3
	0031_Page 4
	0032_Page 5
	0033_Page 6
	0034_Page 7
	0035_Page 8
	0036_Page 9
	0037_Page 10
	0038_Page 11
	0039_Page 12
	0040_Page 13
	0041_Page 14
	0042_Page 15
	0043_Page 16
	0044_Page 17
	0045_Page 18
	0046_Page 19
	0047_Page 20
	0048_Page 21
	0049_Page 22
	0050_Page 23
	0051_Page 24
	0052_Page 25
	0053_Page 26
	0054_Page 27
	0055_Page 28
	0056_Page 29
	0057_Page 30
	0058_Page 31
	0059_Page 32
	0060_Page 33
	0061_Page 34
	0062_Page 35
	0063_Page 36
	0064_Page 37
	0065_Page 38
	0066_Page 39
	0067_Page 40
	0068_Page 41
	0069_Page 42
	0070_Page 43
	0071_Page 44
	0072_Page 45
	0073_Page 46
	0074_Page 47
	0075_Page 48
	0076_Page 49
	0077_Page 50
	0078_Page 51
	0079_Page 52
	0080_Chapter 2 - Page 53
	0081_Page 54
	0082_Page 55
	0083_Page 56
	0084_Page 57
	0085_Page 58
	0086_Page 59
	0087_Page 60
	0088_Page 61
	0089_Page 62
	0090_Page 63
	0091_Page 64
	0092_Page 65
	0093_Page 66
	0094_Page 67
	0095_Page 68
	0096_Page 69
	0097_Page 70
	0098_Page 71
	0099_Page 72
	0100_Page 73
	0101_Page 74
	0102_Page 75
	0103_Page 76
	0104_Page 77
	0105_Page 78
	0106_Page 79
	0107_Page 80
	0108_Chapter 3 - Page 81
	0109_Page 82
	0110_Page 83
	0111_Page 84
	0112_Page 85
	0113_Page 86
	0114_Page 87
	0115_Page 88
	0116_Page 89
	0117_Page 90
	0118_Page 91
	0119_Chapter 4 - Page 92
	0120_Page 93
	0121_Page 94
	0122_Page 95
	0123_Page 96
	0124_Page 97
	0125_Page 98
	0126_Page 99
	0127_Page 100
	0128_Page 101
	0129_Page 102
	0130_Page 103
	0131_Page 104
	0132_Page 105
	0133_Page 106
	0134_Page 107
	0135_Page 108
	0136_Page 109
	0137_Page 110
	0138_Page 111
	0139_Page 112
	0140_Page 113
	0141_Page 114
	0142_Page 115
	0143_Page 116
	0144_Page 117
	0145_Page 118
	0146_Page 119
	0147_Page 120
	0148_Page 121
	0149_Page 122
	0150_Page 123
	0151_Page 124
	0152_Page 125
	0153_Chapter 5 - Page 126
	0154_Page 127
	0155_Page 128
	0156_Page 129
	0157_Page 130
	0158_Page 131
	0159_Page 132
	0160_Page 133
	0161_Page 134
	0162_Page 135
	0163_Page 136
	0164_Page 137
	0165_Page 138
	0166_Page 139
	0167_Page 140
	0168_Page 141
	0169_Page 142
	0170_Page 143
	0171_Page 144
	0172_Page 145
	0173_Page 146
	0174_Page 147
	0175_Page 148
	0176_Page 149
	0177_Page 150
	0178_Page 151
	0179_Chapter 6 - Page 152
	0180_Page 153
	0181_Page 154
	0182_Page 155
	0183_Page 156
	0184_Page 157
	0185_Page 158
	0186_Page 159
	0187_Page 160
	0188_Page 161
	0189_Page 162
	0190_Page 163
	0191_Page 164
	0192_Page 165
	0193_Page 166
	0194_Page 167
	0195_Page 168
	0196_Page 169
	0197_Page 170
	0198_Page 171
	0199_Page 172
	0200_Page 173
	0201_References
	0202_Page 175
	0203_Page 176
	0204_Page 177
	0205_Page 178
	0206_Page 179
	0207_Page 180
	0208_Page 181
	0209_Page 182
	0210_Page 183
	0211_Page 184
	0212_Page 185
	0213_Page 186
	0214_Page 187
	0215_Page 188
	0216_Page 189
	0217_Page 190
	0218_Page 191
	0219_Page 192
	0220_Page 193
	0221_Page 194
	0222_Page 195
	0223_Page 196
	0224_Page 197
	0225_Page 198
	0226_Page 199
	0227_Page 200
	0228_Page 201
	0229_Page 202
	0231_Blank Page
	0233_Blank Page
	0233_Inside Back Cover
	0234_Back Cover
	Yuan_Qi
	0001_Cover
	0002_Inside Front Cover
	0003_Blank Page
	0004_Blank Page
	0005_Authorization
	0006_Blank Page
	0007_Title Page
	0008_Abstract
	0009_Abstract ii
	0010_Acknowledgements
	0011_Acknowledgements iv
	0012_Co-authorship statement
	0013_Co-authorship statement
	0014_Co-authorship statement vii
	0015_Table of Contents
	0016_Table of Contents ix
	0017_Table of Contents x
	0018_Table of Contents xi
	0019_Table of Contents xii
	0020_Table of Contents xiii
	0021_Table of Contents xiv
	0022_List of Figures
	0023_List of Figures xvi
	0024_List of Figures xvii
	0025_Abbreviations
	0026_Abbreviations.xix
	0027_Abbreviations xx
	0028_Chapter 1 - Page 1
	0029_Page 2
	0030_Page 3
	0031_Page 4
	0032_Page 5
	0033_Page 6
	0034_Page 7
	0035_Page 8
	0036_Page 9
	0037_Page 10
	0038_Page 11
	0039_Page 12
	0040_Page 13
	0041_Page 14
	0042_Page 15
	0043_Page 16
	0044_Page 17
	0045_Page 18
	0046_Page 19
	0047_Page 20
	0048_Page 21
	0049_Page 22
	0050_Page 23
	0051_Page 24
	0052_Page 25
	0053_Page 26
	0054_Page 27
	0055_Page 28
	0056_Page 29
	0057_Page 30
	0058_Page 31
	0059_Page 32
	0060_Page 33
	0061_Page 34
	0062_Page 35
	0063_Page 36
	0064_Page 37
	0065_Page 38
	0066_Page 39
	0067_Page 40
	0068_Page 41
	0069_Page 42
	0070_Page 43
	0071_Page 44
	0072_Page 45
	0073_Page 46
	0074_Page 47
	0075_Page 48
	0076_Page 49
	0077_Page 50
	0078_Page 51
	0079_Page 52
	0080_Chapter 2 - Page 53
	0081_Page 54
	0082_Page 55
	0083_Page 56
	0084_Page 57
	0085_Page 58
	0086_Page 59
	0087_Page 60
	0088_Page 61
	0089_Page 62
	0090_Page 63
	0091_Page 64
	0092_Page 65
	0093_Page 66
	0094_Page 67
	0095_Page 68
	0096_Page 69
	0097_Page 70
	0098_Page 71
	0099_Page 72
	0100_Page 73
	0101_Page 74
	0102_Page 75
	0103_Page 76
	0104_Page 77
	0105_Page 78
	0106_Page 79
	0107_Page 80
	0108_Chapter 3 - Page 81
	0109_Page 82
	0110_Page 83
	0111_Page 84
	0112_Page 85
	0113_Page 86
	0114_Page 87
	0115_Page 88
	0116_Page 89
	0117_Page 90
	0118_Page 91
	0119_Chapter 4 - Page 92
	0120_Page 93
	0121_Page 94
	0122_Page 95
	0123_Page 96
	0124_Page 97
	0125_Page 98
	0126_Page 99
	0127_Page 100
	0128_Page 101
	0129_Page 102
	0130_Page 103
	0131_Page 104
	0132_Page 105
	0133_Page 106
	0134_Page 107
	0135_Page 108
	0136_Page 109
	0137_Page 110
	0138_Page 111
	0139_Page 112
	0140_Page 113
	0141_Page 114
	0142_Page 115
	0143_Page 116
	0144_Page 117
	0145_Page 118
	0146_Page 119
	0147_Page 120
	0148_Page 121
	0149_Page 122
	0150_Page 123
	0151_Page 124
	0152_Page 125
	0153_Chapter 5 - Page 126
	0154_Page 127
	0155_Page 128
	0156_Page 129
	0157_Page 130
	0158_Page 131
	0159_Page 132
	0160_Page 133
	0161_Page 134
	0162_Page 135
	0163_Page 136
	0164_Page 137
	0165_Page 138
	0166_Page 139
	0167_Page 140
	0168_Page 141
	0169_Page 142
	0170_Page 143
	0171_Page 144
	0172_Page 145
	0173_Page 146
	0174_Page 147
	0175_Page 148
	0176_Page 149
	0177_Page 150
	0178_Page 151
	0179_Chapter 6 - Page 152
	0180_Page 153
	0181_Page 154
	0182_Page 155
	0183_Page 156
	0184_Page 157
	0185_Page 158
	0186_Page 159
	0187_Page 160
	0188_Page 161
	0189_Page 162
	0190_Page 163
	0191_Page 164
	0192_Page 165
	0193_Page 166
	0194_Page 167
	0195_Page 168
	0196_Page 169
	0197_Page 170
	0198_Page 171
	0199_Page 172
	0200_Page 173
	0201_References
	0202_Page 175
	0203_Page 176
	0204_Page 177
	0205_Page 178
	0206_Page 179
	0207_Page 180
	0208_Page 181
	0209_Page 182
	0210_Page 183
	0211_Page 184
	0212_Page 185
	0213_Page 186
	0214_Page 187
	0215_Page 188
	0216_Page 189
	0217_Page 190
	0218_Page 191
	0219_Page 192
	0220_Page 193
	0221_Page 194
	0222_Page 195
	0223_Page 196
	0224_Page 197
	0225_Page 198
	0226_Page 199
	0227_Page 200
	0228_Page 201
	0229_Page 202
	0231_Blank Page
	0233_Blank Page
	0233_Inside Back Cover
	0234_Back Cover


