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Abstract

The formation of memory was originally thought to occur through learning

causing the formation of early short-term memory (STM), which transitions into long

term memory (LTM) through the process of consolidation. Work in Aplysia found that

memory consists of three distinct phases that are defined by their unique dependence

on protein synthesis. Through altering serotonin exposure, experimenters could

selectively generate a translation-independent STM, a translation-dependent

intermediate-term memory (ITM), and a transcription- and translation-dependent LTM.

Here we specifically examine the memory mechanisms of LTM using neonatal odor

preference learning, which is a well-defined, associative mammalian learning and

memory model. Within this model a single pairing of the conditioned stimulus (CS) of

novel odor exposure with the unconditioned stimulus (US) of the activation of bulbar p

adrenoceptors within rat pups causes the formation of a preference for the conditioned

odor that lasts for 24 h. Previous analysis of molecular signaling found that odor

preference learning increased bulbar cAMP levels and the phosphorylation of CREB.

Manipulating the US of p-adrenoceptor activation causes the alteration of cAMP

signaling resulting in the formation or impairment of neonatal odor preference memory

such that there is an optimal level of activation, either too little or excessive activation of

the US does not produce learning.

In the present thesis, we set out to identify the underlying molecular mechanisms

that produce 24 h neonatal odor preference memory with specific focus on the US of

cAMP signaling. In earlier work we had shown, using translational and transcriptional

protein synthesis inhibitors, that as in Aplysia, neonatal odor preference memory



includes a translation-independent STM lasting till 3 h after learning, a translation

dependent ITM occurring 5 h after learning, and a transcription- and translation

dependent LTM occurring 24 h after learning. Altering the US through decreasing ~

adrenoceptor activation causes the selective generation of ITM, demonstrating the three

characteristics of invertebrate memory in mammalian memory (see Appendix).

Neonatal odor preference learning causes the activation of bulbar PKA 10 min after

training (Chapter 2) and the activation of bulbar ERK immediately after training (Chapter

3). The direct activation of bulbar PKA acts as a sufficient US to selectively generate

ITM and LTM and extend odor preference memory to 72 h (Chapter 2). The activation

of Epac is also a sufficient US for the generation of long-term neonatal odor preference

memory (Chapter 3), demonstrating that cAMP can work through the PKA or Epac/ERK

pathway to generate longer protein synthesis-dependent phases of neonatal odor

preference memory. Inhibition of either PKA (Chapter 2) or ERK (Chapter 3) prevented

the LTM of rat pup odor preference learning with a normal US, suggesting both

pathways contribute synergistically to LTM. LTM can be rescued from the inhibition of

either bulbar PKA (Chapter 2) or ERK (Chapter 3) through increasing ~-adrenoceptor

activation to a level which normally would not produce learning. Thus higher levels of

activation of either pathway alone are sufficient to produce LTM. However, the

simultaneous inhibition of both kinases inhibits LTM at any level of ~-adrenoceptor

activation tested. PKA (Chapter 2) and Epac (Chapter 3) activation, when given alone,

as an intracellular US do not produce STM. Thus ITM and LTM occur independently of

STM. In addition a high level of ~-adrenoceptoractivation in the presence of either a

PKA (Chapter 2) or ERK (Chapter 3) antagonist does not lead to ITM although LTM is
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now supported. Thus, while PKA and Epac/ERK synergistically generate normal LTM

through odor preference learning, the distinct memory phases of STM, ITM and LTM

can occur without the prior occurrence of the temporally earlier memory. Here we have

demonstrated for the first time that PKA and/or Epac activation can act directly as an

US for a long-term mammalian memory. In addition, we find that memory is likely

composed of parallel intracellular processes which are quasi-independent rather than

occurring as a set of serial, interdependent "consolidating" processes.

iv



Acknowledgements

I wish to thank my supervisor Dr. John McLean, who has provided me the opportunity to

be in the neuroscience department of BioMedical Sciences at the Faculty of Medicine,

Memorial University of Newfoundland. He has given me guidance and support through

the many frustrations and successes of the experimental research while working in his

lab during my PhD. The opportunities and support he has granted for teaching during

my PhD. has also opened my eyes to another passion I did not know existed.

I wish to thank my co-supervisor Dr. Carolyn Harley, whose intelligence and creativity

has been an asset and inspiration for the experimental design and scientific writing. Her

uncanny ability to see different angles and stories from the results is truly amazing and

exciting to experience.

I wish to thank Andrea Darby-King, who has provided her expertise and assistance in

the lab during my PhD. Her ability to teach and assist in experimental techniques is an

asset to the laboratory research environment.

I wish to thank Dr. Karen Mearow. Early in my PhD, I encountered a very challenging

radioactive PKA activity assay that took a significant amount of time with no results.

Feeling that I should give up the experiment, I approached Dr. Mearow for her expertise

in molecular biology to revamp the assay protocol. Her advice allowed me to complete

the assay successfully, leading to the overall success of the project.



Co-authorship Statement

I, Matthew T. Grimes, am the principal author of all the chapters and appendix

that comprise this thesis. However, each chapter has been facilitated through

assistance in writing and editing by my supervisors Drs. John McLean and Carolyn

Harley, as well as assistance with experimental work from other students and co

workers. The specific contributions by these individuals for each experimental chapter

are outlined below:

For Chapter 2, titled "Increased bulbar PKA activity is necessary and sufficient for

neonate intermediate- and long-term odor preference memory, but not required for

short-term memory", I participated in the experimental design along with Drs. John

McLean and Carolyn Harley, completed all of the experiments, and wrote the first draft

of the manuscript. Carolyn W. Harley and John H. McLean helped me to improve the

writing of the manuscript. Andrea Darby-King provided technical support.

For chapter 3, titled "The activation of the Epac/ERK pathway is required for

specific phases of associative mammalian olfactory memory", I participated in the

experimental design along with Drs. John McLean and Carolyn Harley, completed all of

the experiments, and wrote the first draft of the manuscript. Andrea Darby-King

provided experimental support with the western blots by running the gel electrophoresis

procedure and provided assistance with experimental design and technical support.

Drs. Carolyn Harley and John McLean also helped me to improve the writing of the

manuscript.

vi



The manuscript in the appendix, titled "Mammalian intermediate-term memory:

New findings in neonate rat", is co-authored by Melissa Smith, Xuqin Li, Andrea Darby

King, Carolyn W. Harley, and John H. McLean. As first author, I participated in the

experimental design and wrote the first draft of the manuscript. Drs. Carolyn W. Harley

and John H. McLean were involved in experimental design and helped me to improve

the writing of the manuscript. The experimental work I contributed towards was the

inhibiting of translation and exploring 5 h ITM (Fig. A.1 C), inhibiting translation 1 h after

learning and exploring 24 h LTM (Fig. A.2A), altering the US through varying doses of

Iso and measuring 5 h ITM and 24 h LTM (Fig. AAA/B). Melissa Smith contributed to

the experimental work of inhibiting translation and exploring 1 hand 3 h STM and 24 h

LTM (Fig. A.1A/B/D), and inhibiting translation 1 hand 3 h after learning and exploring

24 h LTM (Fig. A.2A/B). Xuqin Li contributed to the experimental work of inhibiting

transcription and exploring 5 h ITM and 24 h LTM (Fig. A.3A/B). Andrea Darby-King

was involved in experimental design and technical support and contributed to the

experimental work of altering the US through varying doses of Iso and exploring 5 h ITM

(Fig. AAA) and 3 h STM (Fig. A.5). Dr. John H. McLean contributed to the experimental

work of altering the US through varying doses of Iso and exploring 5 h ITM (Fig. AAA)

and 3 h STM (Fig. A.5). Dr. Carolyn W. Harley edited suggestions from myself and Dr.

John H. McLean for the design of the summary figure (Fig. A.6).

vii



Chapter 1

1.1

Abstract. ii

Acknowledgements v

Co-authorship Statement. vi

Table of Contents viii

List of Figures xiv

List of Abbreviations xvi

Table of Contents

Introduction 1

Neonatal odor preference learning 1
1.1.1 Early odor learning in neonatal rats 1
1.1.2 Single trial odor preference memory ~

1.1.3 Examining the US of neonatal odor preference learning 1

1.1.4 Neonatal odor preference learning occurs in the olfactory

bulb §

1.1.5 p-adrenoceptor activation demonstrates an inverted U-curve

response for the acquisition and consolidation of neonatal

odor preference memory §

1.1.6 The advantage of single trial neonatal odor preference

learning as a memory model. §

1.1.7 Functional neuroanatomy of neonatal odor preference

learning ~

1.1.8 Disinhibition model of neonatal odor preference learning 11
1.1.9 Both CS and US converge on the mitral cell during odor

preference learning 1§

1.2 The molecular signaling cascade of neonatal odor preference

learning 1l

viii



1.2.1 The molecular mechanisms of the CS and US 11

1.2.2 cAMP activates the protein kinase A (PKA) pathway ~

1.2.3 cAMP activates the extracellular signal-regulated

kinase (ERK) pathway through exchange protein

activated by cAMP (Epac) ~

1.2.4 The phosphorylation of CREB is involved in

memory formation ~

1.2.5 What is transcription and translation? ,;u.
1.3 Defining memory phases through molecular signaling ~

1.3.1 Short-term memory ~

1.3.2 Long-term memory ~

1.3.3 Intermediate-term memory ~

1.3.4 The involvement of PKA in short-term memory ~

1.3.5 The involvement of PKA in intermediate-term memory 1.f

1.3.6 The involvement of PKA in long-term memory ~

1.3.7 The involvement of Epac in long-term memory lI
1.3.8 The involvement of ERK in short-term memory 1§

1.3.9 The involvement of ERK in intermediate-term memory §Q

1.3.10 The involvement of ERK in long-term memory ~

1.4 Rationale and hypotheses for the present thesis §§

Chapter 2 Increased bulbar PKA activity is necessary and sufficient

for neonate intermediate- and long-term odor preference

memory, but not required for short-term memory §Q

2.1 Introduction §.1

2.2 Materials and Methods ~

2.2.1 Animals ~

2.2.2 Experimental design ~

2.2.2.1 Cannula surgery §.1

2.2.2.2 Odor preference learning §.1

2.2.2.3 Inhibiting PKA during odor-preference learning §§

2.2.2.4 Activating PKA to generate odor preference learning §§

ix



2.2.2.5 Odor preference testing §§

2.2.3 Sample Collection /PKA Activity Assay §I

2.2.4 Immunohistochemsitry §§

2.2.5 Image analysis ~

2.2.6 Statistical analysis IQ

2.3 Results IQ

2.3.1 PKA activity increases 10 min following

odor preference training IQ

2.3.2 Inhibition of PKA disrupts intermediate-term and

long-term odor preference memory with no effect

on short-term memory 11
2.3.3 PKA activity in the olfactory bulb under training

conditions is strongest in the glomerular and mitral cell layers

and is significantly inhibited by infusion of Rp-cAMPs ~

2.3.4 Olfactory bulb infusion of Rp-cAMPs decreases CREB

phosphorylation, but increased p-adrenoceptor activation

rescues CREB phosphorylation H
2.3.5 Activating PKA generates intermediate-term and

long-term memory without short-term memory H
2.3.6 Increasing PKA activity extends the duration of

odor preference memory ]2

2.4 Discussion 1.§.

2.4.1 PKA activation can act as an US 1.§.

2.4.2 PKA activation does not exhibit an inverted U-curve

response and can lead to memory extension ll
2.4.3 Intermediate-term and long-term memories, but not

short-term memory, depend on PKA activation TIi
2.4.4 The role of CREB §Q

2.4.5 Summary '" §.1

Chapter 3 The activation of the Epac/ERK pathway is required for

specific phases of associative mammalian olfactory memory ~



3.1

3.2

3.3

3.4

Chapter 4

4.1

Introduction ~

Materials and Methods ~

3.2.1 Animals ~

3.2.2 Cannula surgery ~

3.2.3 Odor preference learning ill!
3.2.4 Inhibiting ERK during odor-preference learning ~

3.2.5 Activating Epac to generate odor preference learning 100

3.2.6 Odor preference testing 100

3.2.7 Sample collection and protein determination .1Q1

3.2.8 Western blotting 102

3.2.9 Statistical analysis 104

Results 105

3.3.1 A single early increase in bulbar ERK phosphorylation

is associated with odor preference learning 105

3.3.2 Inhibition of ERK disrupts intermediate-term and

long-term odor preference memory with no effect

on short-term memory, while ERK and PKA can

compensate for each other to rescue long-term memory 107

3.3.3 Epac is a sufficient US to generate odor preference memory 108

Discussion 109

3.4.1 A short period of bulbar ERK phosphorylation occurs

immediately after odor preference learning -11Q

3.4.2 The activation of Epac as a sufficient US implicates

an alternate molecular pathway for odor preference

memory formation ill
3.4.3 Intermediate-term and long-term memories

depend on ERK activation ill
3.4.4 The ERK pathway is not involved in STM formation 1.1.§

3.4.5 Summary ill

Summary and General Discussion 124

Neonatal odor preference learning forms

xi



three distinct phases of memory 124

4.2 The PKA and ERK pathways are required for

longer protein synthesis dependent phases of memory 125

4.3 General limitations 129

4.3.1 The assumption that the molecular signaling

involved in neonatal odor preference learning

occurs through p1-adrenoceptor activation 129

4.3.2 Does the molecular signaling that is involved in

neonatal odor preference learning also apply to

adolescent and adult memories? 130

4.3.3 Does neonatal odor preference memory

form serially or in parallel? 130

4.3.4 Does neonatal odor preference learning only

require one period of molecular activity? 132

4.4 The formation and maintenance of short-term neonatal odor

preference memory could occur through the CS pathway 133

4.5 Modifying synaptic connections could maintain

long-term neonatal odor preference memory 135

4.5.1 Neonatal odor preference memory could be

sustained through synaptic PKA activity

counteracting phosphatase activity 135

4.5.2 Post-synaptic excitability can be regulated through

K+ channel and NMDA receptor activity 137

4.5.3 New synaptic connections can be established

through the activation of silent synapses 139

4.6 Transcription could be regulated through histone acetylation ill
4.7 Other transcription factors besides CREB could be

involved in neonatal odor preference memory formation 142

4.8 Concluding remarks 143

Appendix Mammalian intermediate-term memory:

New findings in neonate rat.. 145

xii



A.1 Introduction 146

A.2 Materials and Methods 148

A.2.1 Subjects 149

A.2.2 Surgery 149

A.2.3 Training 149

A.2.4 Macromolecular synthesis inhibitor infusions 150

A.2.5 Testing 152

A.2.6 Statistics 153

A.3 Results 154

A.3.1 Immediate post-training anisomycin 154

A.3.2 Anisomycin 1 h or 3 h post-training 155

A.3.3 Immediate post-training actinomycin-D 156

A.3.4 An intermediate unconditioned stimulus

elicits intermediate-term memory 157

A.4 Discussion 158

References 170

xiii



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1

Figure 3.2

Figure 3.3

List of Figures

Olfactory bulb cellular signaling for neonatal odor preference learning .11

Intracellular signaling of the Ca2
+ pathway .ill

The mechanism of PKA activation ~

Intracellular signaling of the PKA pathway ~

The mechanism of Epac activation ~

Intracellular signaling of the ERK pathway ll

Intranuclear signaling of CREB mediated transcription ~

Neonatal odor preference training increases bulbar PKA activity ~

Bulbar PKA activity is required for ITM and LTM, but not STM §1

Rp-cAMPs infusion decreases PKA activity in all areas

of the olfactory bulb §§

Inhibiting bulbar PKA decreases the phosphorylation of CREB

in all areas of the olfactory bulb §.§.

Activating bulbar PKA is a sufficient US to generate intermediate-term

and long-term neonatal odor preference memory ~

Increasing bulbar PKA activity extends neonatal odor

preference memory to 72 h ~

Neonatal odor preference training increases the

phosphorylation of bulbar ERK1/2 ill

Bulbar ERK activity is required for ITM and LTM, but not STM,

while the PKA and ERK pathways can compensate for each

other to rescue LTM ill

The activation of bulbar Epac is a sufficient US to

xiv



generate neonatal odor preference memory 123

Figure 4.1 Summary of the bulbar PKA and ERK pathways in

different phases of neonatal odor preference memory 129

Figure A.1 Bulbar translation is required for 5 hand 24 h,

but not 1 h or 3 h, neonatal odor preference memory , 163

Figure A.2 Effect of delaying bulbar translation on neonatal

odor preference memory formation 165

Figure A.3 The effect of bulbar transcription is required for 24 h,

but not 5 h, neonatal odor preference memory 166

Figure AA Variable doses of Iso selectively generate 5 h

neonatal odor preference memory 167

Figure A.5 3 h neonatal odor preference memory demonstrates

an inverted U-curve response to Iso 168

Figure A.6 Summary of bulbar transcription and translation in

different phases of neonatal odor preference memory 169



2-DG

AC

ACSF

ACTI

AD

AKAP

AMPA

ANI

ANOVA

ATP

B-Raf

C

Cal

CaMK2

cAMP

CBP

CBS

CPM

CRE

CREB

CS

DNA

Elk-1

Abbreviations

2-deoxyglucose

adenylyl cyclase

artificial cerebral spinal fluid

actinomycin

apical dendrite

A-kinase anchoring protein

alpha-amino-3-hydroxy-5-methyl-4-iso-xazole-propionic acid

anisomycin

analysis of variance

adenosine tri-phosphate

beta

B-rapidly accelerated fibrosarcoma

catalytic subunit

calmodulin

Ca2+/calmodulin dependent kinase 2

cyclic adenosine monophosphate

CREB binding protein

cAMP binding site

counts per minute

cAMP responsive element

cyclic adenosine monophosphate responsive element binding protein

conditioned stimulus

deoxy ribonucleic acid

Ets-like protein

xvi



E-LTP early phase long-term potentiation

Epac exchange protein activated by cAMP

epl external plexiform layer

ERK extracellular signal-regulated kinase

G guanine nucleotide-binding proteins

GABA gamma-amino butyric acid

GC granule cell

gcl granule cell layer

gl glomerular layer

h hour

HDAC histone deacetylase

1-1 inhibitor-1

Iso isoproterenol

ITM intermediate-term memory

LD lateral dendrite

LTD long-term depression

LTF long-term facilitation

LTM long-term memory

LTP long-term potentiation

L-LTP late phase long-term potentiation

MC mitral cell

mcl mitral cell layer

MEK mitogen-activated protein kinase kinase

min minute

MOB main olfactory bulb

mRNA messenger ribonucleic acid

MSK mitogen and stress-activated kinase

xvii



NMDA N-methyl-D-aspartate

PG periglomerular

PICK1 protein interacting with c-kinase 1

PKA protein kinase A

PKI protein kinase A inhibitor cocktail

PND post-natal day

PP1 protein phosphatase 1

R regulatory subunit

Rap1 Ras-proximate-1

RBS Rap1 binding site

RNA ribonucleic acid

RSK ribosomal protein S6 kinase

s.c. subcutaneous

SRE serum response element

STF short-term facilitation

STM short-term memory

US unconditioned stimulus

xviii



Chapter 1 Introduction

This introduction will review the scientific literature leading to the hypotheses of

the experiments that comprise this thesis. Four areas will be of specific focus: 1) early

odor preference learning, 2) three distinct phases of memory consisting of short-term,

intermediate-term, and long-term memory, 3) the involvement of the PKA pathway and

4) the ERK pathway in these three phases. The last section will outline the undertaken

experiments.

1.1 Neonatal odor preference learning

1.1.1 Early odor learning in neonatal rats

In order for a newborn rat to survive, it is imperative that it can recognize

and find its mother and nesting environment. The survival of the pup is reliant on

its ability to recognize its mother as she is required for protection, food, and

thermoregulation. The eyelids of rat pups do not open till approximately

postnatal day 13 (Eyars, 1951) and their auditory thresholds are increased until

the opening of the auditory meatus also around postnatal day 13 (Crowley and

Hepp-Reymond, 1966). Rat pups have highly developed olfactory and tactile

senses which allow them to undergo odor learning and memory formation, giving

them the ability to find their mother (Johanson and Hall, 1982) and feed
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(Pedersen et al., 1982). The pup's odor learning can be manipulated through

using maternal stimuli as pups can generate a preference for a novel odor

through its pairing with the scent of the dam's saliva (Sullivan et al., 1986) or milk

(Sullivan and Hall, 1988). Odor learning even occurs in utero as seen with

pairings of a novel odor with ethanol (Abate et al., 2002) or opioids (Smotherman

and Robinson, 1994). The ability to learn odor preferences early in life is seen

within many animal species, including human infants (Sullivan et al.,

1991 b;Marlier et al., 1998;Schaal et al., 1998), and it can shape the behaviour of

the animal in adulthood (Fillion and Blass, 1986). The pup appears to acquire

odor preference through the associative learning paradigm of classical

conditioning.

Classical conditioning of odor preference can be carried out by pairing a

novel odor (conditioned stimulus, CS) with tactile stimulation (unconditioned

stimulus, US). Tactile stimulation, such as stroking the pup with a paint brush,

mimics the maternal care of the dam when it licks the pup. This causes the pup

to form a preference or approach for an odor that is normally aversive (Sullivan et

al., 1986). The pairing of the CS with the US for 10 minutes a day from post-

natal days (PND) 1-18 generated a long-term odor preference for the novel odor

measured on PND 19. After odor preference learning occurred, subsequent

presentations of the learned odor were associated with enhanced 2-

deoxyglucose (2-DG) uptake in the dorsal lateral and ventral lateral quadrants of

the olfactory bulbs, which are odor-specific reception areas of the bulb for

peppermint, the odor used in these studies (Sullivan and Leon, 1986). Multiple
2



trial odor preference learning can result in a permanent memory (Fillion and

Blass, 1986;Shah et al., 2002). Reducing the number of training trials can still

produce a long-term odor preference on PND 19. However, these training trials

needed to occur during a specific time of development. Odor preference training

carried out from PND 1-8 led to long-term odor preference being expressed on

PND 19, while odor preference training occurring on PND 1-4 or PND 8-12 did

not cause memory formation. This suggests that a critical developmental period

for odor preference memory formation occurs between PND 4-8 (Woo and Leon,

1987).

1.1.2 Single trial odor preference memory

Since neonatal rats are primed for odor learning and memory formation

particularly between PND 4-8 (Woo and Leon, 1987), an examination of single

trial odor preference learning was conducted within this developmental period on

PND 6 through classical conditioning of a single pairing of a novel odor (CS) with

tactile stimulation (US). This caused the formation of a preference for the novel

odor that lasted as long as 24 h (Sullivan and Leon, 1987). Examination of the

olfactory bulb revealed enhanced 2-DG uptake in the learned odor-specific areas

24 h later, demonstrating the same metabolic characteristic displayed with

multiple trial training (Sullivan et al., 1991 a;Sullivan and Leon, 1987;Sullivan and

Leon, 1986). However, a single trial pairing of an aversive US on PND 6, such

as a shock or tail pinch, with a novel odor also generates a long-term preference



for the odor (Camp and Rudy, 1988;Wilson and Sullivan, 1994;Sullivan et al.,

2000a). This stereotypical behavioural response to a variety of unconditioned

stimuli appears related to the pup's reliance on the mother at this early stage of

development, such that the pup will develop a preference for maternal and novel

odors associated with either pleasurable or abusive stimuli (Sullivan et al.,

2000a). The mechanism of this unusual generalization is apparently a function of

a lack of amygdalar participation at these ages causing reduced aversive

learning, as both stroking and shock function as an US where the association of

olfactory stimulation with somatosensory stimulation causes odor preference

learning and memory formation to occur. Using this behaviourally simple

mammalian memory model gives us a tool to explore the cellular and molecular

mechanisms of not only odor preference memory, but mammalian memory in

general.

1.1.3 Examining the US of neonatal odor preference learning

As described the association of the CS of novel odor and the US of tactile

stimulation can cause the formation of odor preference memory. The tactile

stimulation can either be stroking the pup with a soft paint brush (McLean et al.,

1999;McLean et al., 1993;Sullivan et al., 1991 a), or applying foot or tail shock

(0.5 mA) (Camp and Rudy, 1988;Okutani et al., 1999;Sullivan et al., 2000a).

Electrophysiology studies revealed that stroking or shock causes activation of the

locus coeruleus (Nakamura et al., 1987). The response of locus coeruleus

4



neurons to stroking in pups is marked and prolonged while little or no response

would be seen in an adult. There are ascending noradrenergic projections to the

olfactory bulb from the locus coeruleus present at birth (McLean and Shipley,

1991). The pairing of pharmacological stimulation of the locus coeruleus and

novel odor exposure also results in an odor preference (Sullivan et al., 2000b),

directly implicating the involvement of the locus coeruleus in neonatal odor

preference learning. A subcutaneous (s.c.) injection of propranolol (a general ~-

adrenoceptor antagonist) before the US locus coeruleus activation (Sullivan et

al., 2000b) or tactile stimulation (Sullivan et al., 1989;Sullivan et al., 1991a)

inhibits the formation of odor preference memory, demonstrating that ~-

adrenoceptor activation is necessary for neonatal odor preference learning.

Further examination found that ~-adrenoceptor activation was not only necessary

but sufficient in generating neonatal odor preference memory. A s.c. injection of

isoproterenol (Iso, a general ~-adrenoceptor agonist), as the sole unconditioned

stimulus, paired with novel odor exposure resulted in the formation of a long-term

odor preference (Sullivan et al., 1991a;Langdon et al., 1997;Price et al., 1998).

Since Iso is a general ~-adrenoceptor agonist, a further analysis of the subtypes

of noradrenergic receptors responsible for neonatal odor preference learning was

completed. It was found that the activation of only the ~1-adrenoceptors or u1-

adrenoceptors paired with novel odor exposure caused the formation of a long-

term preference for the odor (Harley et al., 2006). This suggests that in the

experiments demonstrating odor preference memory using Iso as an US, the US

is mediated by the activation of ~1-adrenoceptors.
5



1.1.4 Neonatal odor preference learning occurs within the olfactory bulb

Once ~-adrenoceptor activation was established as an US for neonatal

odor preference memory, it was of interest to localize the critical site for receptor

activation. The activation of the locus coeruleus by the US of stroking or shock

results in an increase of norepinephrine release within the olfactory bulbs

(Rangel and Leon, 1995). When this increased bulbar norepinephrine activity

was disrupted, by blocking ~-adrenoceptors in the olfactory bulbs through a

bulbar infusion of propranolol, odor preference memory formation was inhibited

(Sullivan et al., 1992). Pairing the CS of novel odor exposure with the US of

activating ~-adrenoceptors within the olfactory bulbs, through a bulbar infusion of

Iso, resulted in the formation of odor preference memory (Sullivan et al., 2000b).

These results suggest that the effective US is the increase of bulbar

norepinephrine resulting in the activation of ~-adrenoceptorswithin the olfactory

bulbs. Further, these studies demonstrate that the olfactory bulbs are a neural

area where the pairing of the unconditioned and conditioned stimuli converges to

generate odor preference memory.

1.1.5 J3-adrenoceptor activation demonstrates an inverted U-curve response in

the acquisition and consolidation of neonatal odor preference memory

The generation of neonatal odor preference memory through the

association of the CS of novel odor exposure and the US of a s.c. injection of Iso,
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is dose-dependent. An inverted U-curve dose response is seen with the s.c.

injection of Iso, such that an optimal level of ~-adrenoceptoractivation is required

for learning to occur. The optimal s.c. dose of Iso for generating 24 h neonatal

odor preference memory is 2 mg/kg, and higher doses of 4 mg/kg or 6 mg/kg and

a lower dose of 1 mg/kg do not produce learning (Langdon et al., 1997;Sullivan

et al., 1991a;Sullivan et al., 1989). This dose sensitivity for ~-adrenoceptor

activation is also seen with the US of stroking. Receiving stimulation from both

unconditioned stimuli, at levels that would normally produce learning on their

own, is detrimental to learning formation demonstrating that the unconditioned

stimuli are additive. Specifically, the combination of a s.c. injection of 2 mg/kg

Iso and a normal magnitude of stroking is not associated with learning, while

receiving a suboptimal dose of each of these unconditioned stimuli together

generates odor preference learning (Sullivan et al., 1991a;Sullivan et al., 1989).

This suggests that the activation of ~-adrenoceptorsfrom either a s.c. injection of

Iso or stroking initiates common molecular substrates that are regulated both

positively and negatively by receptor activity in the formation of neonatal odor

preference memory.

~-adrenoceptor activation is not only required for the acquisition of

neonatal odor preference memory, but also its consolidation. A s.c. injection of

propranolol up to 1 h after odor preference learning prevents long-term odor

preference memory. The additional activation of ~-adrenoceptors,through a s.c.

injection of Iso immediately after learning, also causes a long-term odor



preference memory impairment (Wilson et aI., 1994). However, p-adrenoceptor

activation is not required for the retrieval of neonatal odor preference memory as

a propranolol injection 1 h before 24 h odor preference testing had no effect on

memory recall (Sullivan and Wilson, 1991).

1.1.6 The advantage of single trial neonatal odor preference learning as a

memory model

The study of mammalian memory has been strongly directed by

hypotheses based on memory mechanisms that were discovered in

invertebrates, such as Aplysia. However, unlike the well-mapped neural

connections that are involved in long-term sensitization and facilitation in Aplysia,

a drawback of many mammalian models is the complexity of their neural

networks resulting in difficulty in representing what has been learned at a cellular

level (McLean and Harley, 2004). Also many mammalian memory models

require multiple training or learning trials for memory formation and consolidation

to occur, such as mastery of the Morris water maze. This makes it difficult to

specifically localize the activity of molecules that may be involved in memory

formation, as with multiple trials there may be multiple stimuli (both spatial and

non-spatial occurring at temporally disparate times) causing learning changes

(O'Keefe, 1999). Multiple trial learning also makes it difficult to examine phases

of memory such as short-term and intermediate-term memory (Abel and Nguyen,

2008a), which I will discuss later.



The advantage of using the neonatal rat odor preference memory model is

that it is a relatively simple neural network. During the first 10 days of life, the

connections between the olfactory bulbs and the amygdala or hippocampus are

immature (Schwob and Price, 1984;Sullivan et al., 2000a;Thompson et al., 2008),

possibly being a reason that odor preference memory can be localized within the

olfactory bulbs (Sullivan et al., 2000b). The neuroanatomical connections in the

olfactory bulb that are involved in odor preference memory formation are

relatively fewer than in other areas in the brain that are involved in other memory

paradigms (McLean and Harley, 2004). It has been possible to localize changes

caused by learning to specific olfactory bulb cells. As described earlier, neonatal

odor preference learning causes localized enhanced 2-DG uptake in conditioned

odor specific areas of the dorsal lateral and ventral lateral quadrants of the

olfactory bulbs (Sullivan and Leon, 1986). Molecular markers of odor preference

learning have also been localized to mitral cells in these odor specific areas

(McLean et al., 1999;Yuan et al., 2003b;Cui et al., 2007), while optical imaging

has found that neonatal odor preference learning causes enhanced cellular

activity in these odor specific areas (Yuan et al., 2002b).

1.1.7 Functional neuroanatomy of neonatal odor preference learning

As mentioned above in section 1.1.6, neonatal odor preference learning

occurs within the main olfactory bulb (MOB) (Wilson and Sullivan, 1994). The

MOB receives odor information through the reception of odorant molecules out in

the olfactory epithelium of the nose. These odorant molecules activate olfactory



receptor neurons which transmit the information to the olfactory bulb through the

olfactory nerve. The olfactory nerve synapses within the glomerular layer of the

MOB (Pinching and Powell, 1971 b;McLean and Shipley, 1992). Neural signaling

is projected out from the olfactory bulbs through the excitatory mitral cells via the

lateral olfactory tract (Schoenfeld and Macrides, 1984;Scott, 1986). The mitral

cell bodies are contained within the mitral cell layer of the MOB, but have apical

dendrites that extend into the glomerular layer and form connections with the

axons of the olfactory nerve. The olfactory nerve axons terminate in the MOB by

forming an ovoid shaped area called a glomerulus (McLean and Shipley,

1992;Pinching and Powell, 1971a;Pinching and Powell, 1971b;Shepherd, 1972).

When odorant molecules are received by receptors in the olfactory epithelium,

they cause firing of the olfactory nerve and the release of glutamate into these

glomeruli. This causes an increase in mitral cell excitation through activating

AMPA and NMDA receptors on the apical dendrites (Ennis et al., 1996;Aroniadou

Anderjaska et al., 1997;Ennis et al., 1998). However, there are inhibitory

interneurons called periglomerular cells that surround the perimeter of the

glomerulus and form dendro-dendritic connections with the apical dendrite of the

mitral cells and dendro-axonic connections with the axons of the olfactory nerve.

A subset of periglomerular cells release GABA and activate GABA receptors on

the presynaptic olfactory nerve axon or postsynaptic mitral cells causing inhibited

mitral cell excitation (Keller et al., 1998;Okutani et al., 2003;Aroniadou

Anderjaska et al., 2000). Mitral cell excitation can also be inhibited through the

inhibitory interneurons called granule cells. The granule cell bodies are found in
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the granule cell layer of the MOB, but form dendra-dendritic connections with the

lateral dendrites of the mitral cells in the external plexiform layer (Mori et ai.,

1983;Orana et al., 1983;Scott, 1986;McLean and Shipley, 1992). The lateral

dendrites of the mitral cells can excite the granule cells (Shepherd, 1972) thraugh

the release of glutamate (Jahr and Nicoll, 1982;lsaacson, 1999;Castra and

Urban, 2009;Salin et al., 2001). This causes the granule cells to release GABA

and activate GABA receptors on the lateral dendrites of the mitral cells to inhibit

their excitation (Okutani et al., 1999;Shepherd, 1972;Jahr and Nicoll, 1982) (see

Figure 1.1). It is hypothesized that the regulation of inhibition and excitation by

this neural network enables preference for a learned odor to be formed within

specific areas of the MOB. Specifically, our memory model of learning an odor

preference for peppermint causes increased activity in the glomeruli of the dorsal

and ventral-lateral areas of the MOB (Sullivan et al., 1991 a;Sullivan and Leon,

1987).

1.1.8 Disinhibition model of neonatal odor preference learning

There is some evidence to suggest that the synaptic changes that occur in

the olfactory bulbs after odor preference learning are in the dendra-dendritic

connections between the granule cells and the lateral dendrites of the mitral cells

(Wilson et al., 1985;Wilson and Leon, 1987;Rumsey et al., 2001). Excitatory and

inhibitory synaptic mechanisms are present in the neonatal olfactory bulb
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Figure 1.1 Odorant molecules activate olfactory receptor neurons which transmit the

information to the MOB through the olfactory nerve (ON) causing glutamate (Glut)

release. The ON input forms an ovoid shaped area called a glomerulus where the

axons synapse with the apical dendrites (AD) of the mitral cells (MC) in the glomerular

layer. Inhibitory interneurons called periglomerular (PG) cells surround the perimeter of

the glomerulus and form dendro-dendritic connections with the apical dendrites and

dendro-axonic connections with the olfactory nerve axons. A subset of PG cells release

GABA and activate type-B GABA receptors to inhibit mitral cell excitation. Mitral cell

excitation is also inhibited through their dendro-dendritic connections with granule cells
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(GC). The granule cell bodies are found in the granule cell layer of the MOB, but

synapse with the lateral dendrites (LD) of the mitral cells in the external plexiform layer.

The mitral cells release glutamate from their lateral dendrites to excite granule cells

causing them to release GABA and activate GABA receptors on the lateral dendrites.

The mitral cell bodies are contained within the mitral cell layer of the MOB and their

neural signaling is projected out through their axons via the lateral olfactory tract.
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(Wilson and Leon, 1987;Wilson and Leon, 1986). The dendro-dendritic

connections between granule cells and mitral cells are modulated by

norepinephrine. Norepinephrine inputs from the locus coeruleus to the olfactory

bulb terminate in the granule cell layer (McLean et al., 1989) and alter granule

cell excitation (Wilson and Leon, 1988). The activation of the locus coeruleus

leads to an initial depression of the granule cells followed by a lasting

potentiation. This depression and potentiation sequence is inhibited if~

adrenoceptors are blocked within the olfactory bulbs (Okutani et al., 1998),

suggesting that ~-adrenoceptoractivation on granule cells is involved in

controlling their excitation.

Learning a preference for a novel odor causes an alteration in the activity

of mitral cells within the odor specific areas. The conditioned odor causes

excitability to decrease and inhibitory responses to increase within some of these

mitral cells (Wilson et al., 1985;Wilson et al., 1987). This increased inhibition of

mitral cells is hypothesized to occur from potentiated synapses between the

granule cells and the lateral dendrites of mitral cells. This could be a mechanism

to reduce the noise of unspecific mitral cell activity and sharpen the odor

conditioned mitral cell signal (Brennan and Keverne, 1997). More recent findings

have demonstrated that increased, rather than decreased, mitral cell excitability

is also involved in odor learning. Theta burst stimulation of the olfactory nerve

(which mimics odorant reception) causes a potentiation of the inhibitory

periglomerular cells. ~-adrenoceptor activation in the olfactory bulb inhibits these
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periglomerular cells and decreases the inhibition on the apical dendrite of the

mitral cells. The combination of reduced periglomerular inhibition with olfactory

nerve stimulation increases calcium entry into the mitral cell (Yuan, 2009). It is

possible that the decreased excitatory responses from the conditioned odor that

were first described by Wilson et al., could actually be from the sampling of a

large population of mitral cells (Wilson et al., 1985;Wilson et al., 1987). The

lateral inhibition of other mitral cells in the surrounding population that aren't

involved in encoding the conditioned odor could be occurring, which would

contribute to reducing the surrounding noise and increasing the relevant mitral

cell signal as already mentioned. The disinhibition model based on granule cell

changes does not address the question of why ~-adrenoceptor activation

produces an inverted U-curve response or how reduced mitral cell output would

produce active preference behavior. Mitral cells need to be active for the

formation of olfactory memory (Okutani et al., 1999;Okutani et al., 2003) and the

level of this activity could be a determining factor in whether the olfactory memory

formed is a preference or aversion for the conditioned odor (Okutani et al., 1999).

Okutani et al. found that decreasing GABA-A receptor activity, resulting in

increased mitral cell excitability, in the olfactory bulbs resulted in a preference for

the paired odor. If GABA-A receptor activity was decreased further

pharmacologically, resulting in a further increase of bulbar excitability, then the

preference turned into an aversion for the paired odor.
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1.1.9 Both CS and US converge on the mitral cell during odor preference

learning

In vitro evidence also suggests that an enhancement in mitral cell activity

might be the cellular mechanism involved in odor learning. Odors cause the

release of glutamate from the olfactory nerve onto the apical dendrite of mitral

cells (Aroniadou Anderjaska et al., 1997;Ennis et al., 1998;Ennis et al., 1996).

An enhancement in the glutamate response between the olfactory nerve and the

apical dendrite of the mitral cell is seen when olfactory learning patterns are

given (Yuan et al., 2000). This learning specific enhancement involves

glutamatergic NMDA and AMPA receptors (Cui et al., 2011 ;Yuan et al., 2000)

and lasts for 24 h (Yuan et al., 2002b). Initially since odor learning is dependent

on the US of p-adrenoceptor activity, investigators looked to anatomical studies

to identify the site of US modulation and it appeared that NE fibers were densest

near the granule cells as discussed in the disinhibition model above. However,

p-adrenoceptors are more abundant on mitral cells (Yuan et al., 2003b) and less

evident on granule cells, and a p-adrenoceptor dependent modulation of mitral

cell activity has been demonstrated (Yuan, 2009). I will discuss the molecular

signaling that occurs during odor learning later. However, in additional support of

mitral cell mediation of odor learning effects, changes in molecules involved in

odor preference learning, such as the second messenger cyclic adenosine

monophosphate (cAMP) (Cui et al., 2007) and the transcription factor cAMP

responsive element binding protein (CREB) (Yuan et al., 2003a), have been
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found to occur within mitral cells in conditioned odor specific areas of the bulb

(McLean et al., 1999;Cui et al., 2007;Yuan et al., 2003b). All of this work

suggests that the mitral cells are involved in odor preference learning and are the

neuronal location where the CS and US converge for memory formation.

1.2 The molecular signaling cascade of neonatal odor preference learning

1.2.1 The molecular mechanisms of the CS and US

As already described the CS of novel odor exposure causes the release of

the excitatory neurotransmitter glutamate from the olfactory nerve onto the apical

dendrites of the mitral cells, which would activate AMPA, NMDA, and

metabotropic glutamate receptors (Ennis et al., 1996;Aroniadou Anderjaska et

al., 1997;Ennis et al., 1998;Ennis et al., 2006;Rumsey et al., 2001 ;Yuan et al.,

2000;Cui et al., 2011). Plasticity experiments in the hippocampus have shown

that the activation of NMDA receptors results in increased Ca2+signaling (Blitzer

et al., 1995). Similarly, at the cellular level, in the olfactory bulb, the activation of

the olfactory nerve paired with ~-adrenoceptor activation causes increased Ca2+

signaling in mitral cells (Yuan, 2009). Ca2+ influx leads to the formation of the

second messenger Ca2+/calmodulin, which can co-activate adenylyl cyclases

(AC) (Blitzer et al., 1995;Choi et al., 1992b;Choi et al., 1992a). AC are enzymes

that break down adenosine tri-phosphate (ATP) to form cAMP (Choi et al.,

1992a;De Blasi, 1989). The US in neonatal odor preference learning involves

the release of the neurotransmitter norepinephrine and the activation of the ~
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adrenoceptors within the olfactory bulbs. The activation of these receptors

results in the activation of G-proteins and the stimulation of AC also resulting in

the formation of cAMP (Choi et al., 1992b;Dittman et al., 1994;De Blasi, 1989)

(see Figure 1.2). Since glutamate release from the CS and norepinephrine

release from the US can synergistically activate AC to form cAMP, these effects

suggest that cAMP is an intracellular converging point of the CS and US and that

its downstream pathways could be the molecular mechanisms required for

neonatal odor preference learning and memory formation.

Cellular experiments on classical conditioning of the siphon and gill

withdrawal reflex in Aplysia found that the production of cAMP could be a

coincidence detector for the CS and US. The activation of AC was greatest

under learning conditions where the pairing of the CS and US was in correct

sequence. This occurred through the exposure of the CS of Ca2+ preceding the

exposure of the US of serotonin. The CS caused the binding of Ca2+/calmodulin

to AC which accelerated the onset of its activation. This activation was further

potentiated and maintained through the US of G-protein activation (Yovell and

Abrams, 1992). If the sequence was switched to a non-learning backwards

pairing of the US preceding the CS, then the activation of AC was decreased

(Abrams et al., 1998).

Genetic mutations knocking out cAMP-producing AC cause long-term

memory (LTM) deficits in contextual fear conditioning, passive avoidance and

late-phase LTP in mice (Wong et al., 1999), and aversive olfactory learning and
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Ca2+ Pathway

Ca IQ

Nucleus

Figure 1.2 The CS of novel odor exposure causes the release of glutamate from the

olfactory nerve onto the apical dendrites of the mitral cells, which would activate AMPA

and NMDA receptors. Activation of NMDA receptors results in Ca2+ influx into the cell.

Ca2+ influx leads to the formation of Ca2+/calmodulin (Cal) leading to the activation of

CaMK2, which can have nuclear or synaptic effects. Ca2+/Cal can also co-activate AC

with the US of ~-adrenoceptor(~) activation. The activation of ~-adrenoceptorsresults

in the activation of G-proteins (G) and the stimulation of AC. The activation of AC

causes the degradation of ATP into cAMP.
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memory deficits in Drosophilia (Davis et al., 1995;Livingstone et al., 1984). The

examination of the effects of increasing cAMP levels has found different results

depending on the memory model. Increasing cAMP levels within the mouse

hippocampus facilitates synaptic plasticity and causes an enhancement in the

consolidation and retrieval of fear memory (Isiegas et al., 2008). However,

olfactory learning and memory is inhibited in Drosophilia if cAMP levels are too

high (Davis et al., 1995). Our examination of cAMP levels within the olfactory

bulbs during and immediately after odor preference learning demonstrated that

cAMP undergoes a temporally sensitive peak and trough pattern when learning

occurs. The association of the CS with the US causes bulbar cAMP levels to

peak immediately after learning and leads to memory formation lasting 24 h.

However, when the CS is presented without the US, the cAMP peak is delayed

or shifted to 5 min after learning and if the US is too high (6 mg/kg Iso), then

there is a linear increase in cAMP levels. Both of these latter conditions are

detrimental to neonatal odor preference learning and memory formation (Cui et

al., 2007), demonstrating the importance of the temporal characteristics of cAMP

signaling in neonatal odor preference learning. Histochemical studies

demonstrate a strong localization of the cAMP signal to mitral cells in learning

animals (Yuan et al., 2003b).

1.2.2 cAMP activates the protein kinase A (PKA) pathway

The enzyme PKA was originally discovered when it was purified from

rabbit skeletal muscle (Walsh et al., 1968;Reimann et al., 1971), but was later
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found to also be present in the mammalian brain (Cadd and McKnight, 1989).

Through enzyme isolation studies it was determined that PKA could be

stimulated by cAMP (Beavo et al., 1974;Miyamoto et al., 1969;Walsh et al.,

1968), and it was later shown that the primary action of cAMP is to activate PKA

(Dell'Acqua and Scott, 1997;Taylor et al., 1990). The enzymatic structure of

PKA, in the absence of cAMP, consists of two regulatory subunits bound together

with each containing a bound inactive catalytic subunit (McKnight et al.,

1988;Taylor et al., 1990). Each of the PKA regulatory subunits contain two

cAMP binding sites, a high affinity and a low affinity site (Taylor et al., 1990).

When cAMP binds to the two sites on each regulatory subunit, it causes a

conformational change in the enzyme resulting in the release of the catalytic

subunits (Gibbs et al., 1992). Without being attached to the auto-inhibitory

regulatory subunits, the catalytic subunits are active and free to phosphorylate

the serine and threonine sites of other proteins (Bacskai et al., 1993;Taylor et al.,

1990;Dell'Acqua and Scott, 1997) (See Figure 1.3).

The catalytic subunits can translocate to the nucleus (Bacskai et al., 1993)

resulting in the phosphorylation of the transcription factor cAMP responsive

element binding protein (CREB) at serine 133 (Bacskai et al., 1993;Delghandi et

al., 2005;Arias et al., 1994), which initiates the transcription of CRE associated

genes (Gonzalez et al., 1989;Gonzalez and Montminy, 1989;Yamamoto et al.,

1988). PKA can also affect the excitation of the synaptic connections of a neuron

through its phosphorylation of the glutamate receptors of the AMPA and NMDA

type (see Figure 1.4). Phosphorylation of the GluA1 subunit of the AMPA
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Inactive State

cAMP

Active State

Figure 1.3 The PKA protein in its inactive state consists of two regulatory subunits (R)

bound together with each R subunit binding an inactive catalytic subunit (C). Each

regulatory subunit contains two cAMP binding sites (CBS). When cAMP binds to these

sites it causes a conformational change in the enzyme resulting in the release of the C

subunits. Without being attached to the inhibitory regulatory subunits, the catalytic

subunits are active and free to phosphorylate the serine and threonine sites of other

proteins.
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receptor at the PKA specific site serine 845 enhances receptor activity and ion

movement through increasing the probability, frequency, and duration of channel

opening (8anke et al., 2000;Roche et al., 1996;Ahn and Choe, 2009;Greengard

et al., 1991). The phosphorylation of the NMDA receptor by PKA increases

permeability (Westphal et al., 1999) and influx of Ca2
+ ions into the cell

(Skeberdis et al., 2006).

1.2.3 cAMP activates the extracellular signal-regulated kinase (ERK) pathway

through exchange protein activated by cAMP (Epac)

The activation of p-adrenoceptors also increases ERK phosphorylation

(Watabe et al., 2000;Winder et al., 1999), which has been shown to be important

for the formation of a variety of memories as will be discussed later. The

activation of the ERK pathway by cAMP occurs through cAMP activating Epac.

The Epac protein consists of a N-terminal regulatory subunit and a C-terminal

catalytic subunit. The regulatory subunit inhibits the binding of Ras-proximate-1

(Rap1) to the catalytic subunit (Gloerich and 80S, 2010). This inhibition is

relieved through the binding of cAMP to the regulatory subunit, which causes the

regulatory subunit to shift to the backside of the catalytic subunit, allowing the

Rap1 binding site to be exposed (de Rooij et al., 2000) (see Figure 1.5). The

activation of Epac by cAMP leads to the phosphorylation of ERK through a chain

of molecular events starting with Epac activating Rap1
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Figure 1.4 Activation of ~-adrenoceptors(P) causes G-proteins (G) to activate adenylyl

cyclase (AC), which breaks down ATP into cAMP. cAMP binds to PKA and releases

the catalytic subunits, which can translocate to the nucleus resulting in the

phosphorylation of the transcription factor CREB at site serine 133. PKA can also affect

the excitation of the synapse through its phosphorylation of the glutamate receptors

AMPA and NMDA. PKA also regulates dephosphorylating activity by inhibiting protein

phosphatase 1 (PP1) through the activation of inhibitor-1 (1-1).
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(de Rooij J. et al., 1998;Kawasaki et al., 1998;Ma et al., 2009), leading to the

activation of B-rapidly accelerated fibrosarcoma (B-Raf), mitogen-activated

protein kinase kinase (MEK), and ERK (Keiper et al., 2004;Lin et al.,

2003b;Gelinas et al., 2008;Vossler et al., 1997;York et al., 1998;Morozov et al.,

2003). Through this chain of molecular activation, both ERK1 (44 Kda) and

ERK2 (42 Kda) are phosphorylated at threonine 202 and tyrosine 204 (York et

al., 1998;Marais et al., 1997;Davis and Laroche, 2006) (see Figure 1.6). When

ERK is phosphorylated it can control neuronal activity at both the synapse and

the nucleus (Sweatt, 2004). The synaptic localization of ERK occurs through its

binding with scaffolding proteins (Krapivinsky et al., 2003;Komiyama et al., 2002),

which confers the ability to structurally reorganize the synapse through its

manipulations of the cytoskeleton proteins MAP-2 and Tau (Gold in and Segal,

2003;Wu et al., 2001 ;Vaillant et al., 2002). The inactivation of the cAMP/Epac

target Rap1 results in a decrease in membrane-associated ERK, which results in

the impairment of hippocampal dependent spatial memory, contextual fear

conditioning, and long-term potentiation (LTP) (Morozov et al., 2003).

Phosphorylated ERK has nuclear effects through its translocation from the

cytoplasm to the nucleus (Treisman, 1996). Studies in the Aplysia memory

model of long-term facilitation (LTF) demonstrate that an increase in cAMP levels

are required for the translocation of phosphorylated ERK to the nucleus (Martin

et al., 1997b). Once in the nucleus, ERK can effect transcriptional activity

through its ability to phosphorylate CREB at serine 133 (Impey et al.,

1998a;Roberson et al., 1999;Deak et al., 1998). This occurs through ERK
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The Mechanism of Epac Activation

Inactive State

cAMP

cAMP

Active State

Figure 1.5 The Epac protein consists of a N-terminal regulatory subunit (R) and a C

terminal catalytic subunit (C). Epac in its inactive state consists of the regulatory

subunit inhibiting the binding of Rap1 to the catalytic subunit. This inhibition is relieved

through the binding of cAMP to the regulatory subunit, which causes the regulatory

subunit to shift to the backside of the catalytic subunit, allowing the Rap1 binding site

(RBS) to be exposed.
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ERK Pathway

AC

+-- cAMP~ AlP

Figure 1.6 The activation of B-adrenoceptors (B) activates G-proteins (G) that activate

adenylyl cyclase (AC), which turn ATP into cAMP. cAMP activates the ERK pathway

through its activation of Epac. Epac activates Rap1, leading to the activation of B-Raf,

MEK, and ERK. Both ERK1 (44 Kda) and ERK2 (42 Kda) are phosphorylated at

threonine 202 and tyrosine 204. Phosphorylated ERK can have synaptic or nuclear

effects. At the synapse ERK can traffick and insert AMPA receptors and close K+

channels. In the nucleus, ERK can affect transcriptional activity through its ability to

phosphorylate CREB at serine 133 through the activation of RSK or MSK.
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activating ribosomal protein 56 kinase (R5K) or mitogen and stress-activated

kinase (M5K) (Thomas and Huganir, 2004;Lonze and Ginty, 2002;Davis and

Laroche, 2006) (see Figure 1.6).

1.2.4 The phosphorylation of CREB is involved in memory formation

The phosphorylation of the transcription factor CREB at serine 133

initiates the binding of CREB binding protein (CBP) and P300 to the

phosphorylated CREB dimer, resulting in the binding and activation of the cAMP

responsive element (CRE) (Johannessen et al., 2004). This binding and

resultant activation modulates the transcription of genes that contain CRE motifs

initiating the production of CRE driven messenger RNA (mRNA) (Montminy,

1997;Lonze and Ginty, 2002) (see Figure 1.7). In mammals this process

regulates the expression of more than 100 genes and triggers transcriptional

mechanisms that are crucial for the formation of LTM (Mayr and Montminy,

2001 ;Lonze and Ginty, 2002).

The activation of CREB is required in Drosophilia (Yin et al., 1994;Tully,

1991), Apylsia (Martin et al., 1997a;Dash et al., 1990;Bartsch et al., 1995), and

mammals (Josselyn et al., 2004;Kida et al., 2002) in various forms of synaptic

plasticity and LTM formation. The training of animals for long-term hippocampal

dependent memories (Impey et al., 1998b;Taubenfeld et al., 1999;Bernabeu et

al., 1997;Mizuno et al., 2002) or the induction of a cellular form of hippocampal
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CREB mediated Transcription

Soma

Figure 1.7 The phosphorylation of the transcription factor CREB at serine 133 (Ser133)

initiates the binding of CREB binding protein (CBP) and P300 to the phosphorylated

CREB dimer. This results in the binding and activation of the cAMP responsive element

(CRE), which modulates the transcription of genes that contain CRE motifs resulting in

the production of CRE driven messenger RNA (mRNA).
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LTM, late phase LTP (L-LTP) (Deisseroth et al., 1996;lmpey et al., 1996), results

in the phosphorylation of CREB and CREB mediated gene expression in CA1

neurons. The inhibition of hippocampal CREB signaling through a hippocampal

infusion of antisense oligonucleotides for CREB, inhibits long-term spatial

memory measured in the Morris water maze (Guzowski and McGaugh, 1997).

Work in Drosophilia (Yin et al., 1994) and mutant mice (Bourtchuladze et al.,

1994) expressing dominant negative CREB have also demonstrated the

involvement of CREB activity in LTM and LTP (Pittenger et al., 2002).

Increasing the activity of CREB within Drosophila (Yin et al., 1995) or the

mammalian hippocampus (Barco et al., 2002) or amygdala (Josselyn et al., 2001)

resulted in an enhancement of LTM formation and the induction of L-LTP (Barco

et al., 2002). We have found that odor preference learning causes an increase in

the phosphorylation of CREB within the mitral cells of the olfactory bulbs 10 min

after learning (Yuan et al., 2000;McLean et al., 1999). The formation of long-term

odor preference memory is inhibited when CREB activity is reduced in the

olfactory bulbs, however, the memory can be restored through increasing p

adrenoceptor activation (4 mg/kg Iso). Increasing CREB activity within the

olfactory bulbs during odor preference learning resulted in a shift to the left of the

inverted U-curve. An enhancement of odor preference learning was

demonstrated where long-term odor preference memory was formed with a lower

activation of p-adrenoceptors (1 mg/kg Iso). However, normal activation of p

adrenoceptors (2 mg/kg Iso) now produced an impairment in memory formation.
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This suggests that levels of pCREB activity follow an inverted U-curve pattern,

much like ~-adrenoceptor activation, in odor preference learning and memory

(Yuan et al., 2003a).

1.2.5 What is transcription and translation?

The processes of transcription and translation within a neuron are

important to defining different phases of memory. The process of transcription

occurs within the nucleus of the cell and involves transcribing a certain segment

of DNA into mRNA. Pharmacological agents, such as the antibiotic actinomycin-

D (ACTI), can be used to inhibit the transcription of mRNA. ACTI has been

shown to prevent DNA-dependent RNA synthesis in several systems (Reich et

al., 1961;Reich et al., 1962). 0.1 mM of ACTI inhibits mRNA transcription up to

98% (Fulton et al., 2005) by binding to DNA at the transcription initiation complex

and by preventing RNA polymerase elongation (Sobell, 1985). After the process

of transcription, mRNA leaves the nucleus and requires ribosomes for it to be

translated into protein. The process of translation can occur either in the

cytoplasm of the soma or the dendrites through mRNA attaching to rough

endoplasmic reticulum or free floating ribosomes (Vickers et al., 2005;Bramham

and Wells, 2007;Steward et al., 1998;Ostroff et al., 2002;Bradshaw et al., 2003).

The antibiotic anisomycin (ANI) is a potent and widely used inhibitor of the

process of translation. ANI works through interfering with a ribosomal subunit to

disrupt transpeptidation during translation (Grollman, 1967). ANI is a reversible

translational inhibitor that at a concentration of 0.1 mM blocks translation by 81 %
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up to 3 h, but its inhibitory effectiveness is significantly reduced and then

completely eliminated by 6 hand 12 h after administration, respectively (Fulton et

aI., 2005). The use of these pharmacological agents in learning and memory

models has permitted an investigation of the dependence of memory on de novo

or altered protein synthesis. These tools have supported the suggestion that

memories have distinct temporal and molecular characteristics.

1.3 Defining memory phases through molecular signaling

1.3.1 Short-term memory

Short-term memory (STM) is a phase of memory that occurs immediately

after learning and lasts for a short duration that can be as small as minutes or as

long as 3-4 hours (Hernandez and Abel, 2008;McGaugh, 2000;Schafe and

LeDoux, 2000). STM can be generated separately from other phases of memory

through varying the amount and pattern of training trials (Botzer et al.,

1998;Sutton et al., 2002) and US exposure (Montarolo et al., 1986;Ghirardi et al.,

1995). Examining the molecular characteristics of STM revealed that this

memory phase does not require the activation of mRNA transcription or protein

translation (Castellucci et al., 1986;Montarolo et al., 1986;Schafe and LeDoux,

2000;Duvarci et al., 2008;Crow et al., 1997;Ghirardi et al., 1995;Languille et al.,

2009) and further examination through work in Drosophila (Yin et al., 1994) and

mammals (Guzowski and McGaugh, 1997;Bourtchuladze et al., 1994;Pittenger et
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al., 2002) found that downstream activation of the transcription factor CREB is

also not required. All of this work suggests that STM is formed and sustained

through the alteration of the activity of existing proteins such as second

messengers, receptors, or kinases. Supporting this hypothesis is work in Aplysia

which demonstrates that an increase in the internal concentration of cAMP

results in short-term sensitization and facilitation (Castellucci et al., 1986). A

mammalian cellular model of STM, early phase LTP (E-LTP), involves an

increase in AMPA receptor phosphorylation and insertion into the cellular

membrane (Malenka and Bear, 2004), even though it does not require

transcription (Nguyen et al., 1994) or translation (Nguyen and Kandel, 1996).

1.3.2 Long-term memory

The most widely studied phase of memory is LTM that can last anywhere

from a day to weeks or months (McGaugh, 2000). It has been suggested that

STM transitions into LTM through the process of consolidation, where a labile

memory becomes strengthened into a stable longer-lasting form (Arshavsky,

2003;Davis and Squire, 1984). Consolidation is thought to involve protein

synthesis consisting of the ensemble of gene expression, transcription, and

translation (Artinian et al., 2008;Balderas et al., 2008;Hernandez and Abel,

2008;Wanisch et al., 2008;Gruest et al., 2004;Menzel et al., 2001 ;Schafe and

LeDoux, 2000;Schafe et al., 1999;Bourtchouladze et al., 1998;Desgranges et al.,

2008). Work in invertebrates examining both associative (Sangha et al.,

2003;Martens et al., 2007;Rosenegger et al., 2008;Wustenberg et al.,
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1998;Menzel et al., 2001) and non-associative (Castellucci et al., 1986;Sweatt

and Kandel, 1989;Montarolo et al., 1986;Castellucci et al., 1989;Ghirardi et al.,

1995;Lee et al., 2008) LTM has found that protein synthesis is required for their

formation. Further examination in mammals revealed similar results, with a

requirement for protein synthesis in long-term spatial memory (Artinian et al.,

2008;Rodriguez-Ortiz et al., 2008;Lattal and Abel, 2001 ;Naghdi et al., 2003),

object recognition memory (Balderas et al., 2008;Akirav and Maroun,

2006;Rossato et al., 2007;Lima et al., 2009), L-LTP (Vickers et al., 2005;Frey

and Morris, 1997;Bradshaw et al., 2003;Cracco et al., 2005;Frey et al.,

1993;Nguyen and Kandel, 1996;Nguyen and Kandel, 1997), and contextual

(Bourtchouladze et al., 1998;Scharf et al., 2002;Barrientos et al., 2002;lgaz et al.,

2002;Fischer et al., 2004;Lattal and Abel, 2001) and auditory fear conditioning

(Bailey et al., 1999;Schafe and LeDoux, 2000;Maren et al., 2003;Duvarci et al.,

2008). Structures where protein synthesis has been shown to be important in

mammalian memories include the hippocampus (Vickers et al., 2005;Artinian et

al., 2008;Rodriguez-Ortiz et al., 2008;Balderas et al., 2008;Barrientos et al.,

2002;lgaz et al., 2002;Fischer et al., 2004;Naghdi et al., 2003;Rossato et al.,

2007), amygdala (Bailey et al., 1999;Schafe and LeDoux, 2000;Maren et al.,

2003;Duvarci et al., 2008), prefrontal cortex (Akirav and Maroun, 2006), and

insular cortex (Balderas et al., 2008) demonstrating that the involvement of

protein synthesis in the formation of different long-term mammalian memories is

a widespread feature throughout the brain. The temporal examination of protein

synthesis-dependent consolidation suggested that the activation of transcriptional
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and translational mechanisms occurs during learning and continues for -1 h

(Fulton et al., 2005;Davis and Squire, 1984;Robinson and Franklin,

2007;Bourtchouladze et al., 1998;Gruest et al., 2004).

It is possible that this period of protein synthesis-dependent consolidation

is involved in the strengthening of synaptic connections as long-term synaptic

modification and strengthening is dependent on gene expression resulting in

mRNA production and protein synthesis (Parsons et al., 2006). In support of this,

the formation of many different long-term cellular memories has demonstrated a

requirement for the connection between the soma and dendrite of the neuron.

However, after LTM formation has occurred, the presence of the soma is no

longer required suggesting that cellular LTM is supported and maintained

through synaptic modification. It is hypothesized that LTM formation requires

transcription that occurs in the nucleus of the soma leading to subsequent

translation and strengthening in the synapse (Lukowiak et al., 2003;Martens et

al., 2007;Vickers et al., 2005;Frey and Morris, 1997;Bradshaw et al.,

2003;Cracco et al., 2005). All of this work suggests that the initial consolidation

of LTM occurs during or immediately after learning, leading to changes in

molecular signaling in processes that can sustain the memory for a long period of

time through synaptic strengthening.

1.3.3 Intermediate-term memory
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Initially it was assumed that memory formation transitioned from STM

directly into LTM. However, while the molecular mechanisms of STM and LTM

were being explored, a novel phase of cellular memory was discovered in

Aplysia. This phase occurred temporally between short-term facilitation (STF)

and long-term facilitation (LTF) and it was named intermediate-term facilitation

(ITF). This novel phase of facilitation could be formed independently of STF or

LTF through altering the amount of serotonin exposure on the sensory neuron.

Specifically, LTF lasted for 24 h and required 100 nM of serotonin, while STF

lasting 30 min could be formed independently of LTF through the administration

of 10 nM of serotonin. ITF could be formed independently of the other two

phases of facilitation through the administration of 50 nM of serotonin. This

intermediate phase lasted between 3-6 h after training and had distinct molecular

characteristics relative to both STF and LTF. The molecular characteristics of

the three phases of facilitation consisted of STF being independent of

transcription and translation, with ITF requiring translation, and LTF requiring

both transcription and translation (Ghirardi et al., 1995).

This unique phase of cellular memory was later demonstrated

behaviourally with the examination of sensitization in Aplysia (Sutton et al.,

2001 ;Sutton et al., 2002;Lyons et al., 2008), enhanced excitability in

Hermissenda (Crow et al., 1999), and operant conditioning in Lymnaea (Sangha

et al., 2003;Lukowiak et al., 2000). These three behavioural memory paradigms

found that intermediate-term memory (ITM) was very similar to ITF due to its

ability to be independently formed, lasting at least 3 h after learning, and only
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requiring translation. Further examination found that the formation of ITM could

occur through the translation of existing mRNA at the synapse, which is distinct

from LTM which requires transcription to occur in the soma of the neuron

(Lukowiak et al., 2003). ITM could be turned into LTM if the exposure to the

stimulus is increased through increasing reinforcing stimuli (Parvez et al., 2006a),

predator associated stressors (Martens et al., 2007), or molecular

phosphorylation (Rosenegger et al., 2008). The transition into LTM is serially

linked to ITM formation as the interruption of ITM inhibits the formation of LTM

(Parvez et al., 2006a). The formation of ITM may initiate the molecular

mechanisms of soma transcription and translation of the newly produced mRNA

to allow the establishment of LTM, accounting for the apparent dependence of

LTM on ITM formation (Parvez et al., 2005).

The existence of ITM in mammals has been implied but not directly

studied. Specifically, work in novel object recognition has suggested that 4 h ITM

is different from 24 h LTM based only on its temporal characteristics. However,

these two memory phases have not been independently defined through altering

training procedures or molecular signaling, and thus cannot be distinguished

from each other yet at the molecular level (Taglialatela et al., 2009). Work on a

cellular memory model of long-term depression found that the In vivo formation of

this cellular memory within CA1 of the hippocampus through the administration of

low frequency stimulation depended on the translation of existing mRNA, but not

the synthesis of new mRNA (Manahan-Vaughan et al., 2000). The temporal and

molecular characteristics of this cellular memory suggests there could be an
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intermediate phase as the translation dependence was found to occur 4.5 hand

last to at least 8 h after induction. However, the fact that the memory never

encounters a transcription-dependent phase suggests that this may not be a

representation of ITM, but may be long-term cellular memory that is supported

through the translation of existing mRNA. The requirement for translation of

already existing mRNA for the formation of memory has previously been

supported in L-LTP studies (Bradshaw et al., 2003;Cracco et al., 2005).

However, this L-LTP was only seen to last about 4-5 h (Vickers et al., 2005)

similar to the ITM times in invertebrates, instead of a normal 8 h previously used

to define L-LTP (Nguyen et al., 1994;Nguyen and Kandel, 1996). Even though

the authors define this as L-LTP, it could actually be an intermediate phase of

LTP that does not require transcription and decays earlier than L-LTP,

demonstrating similar characteristics as ITM in invertebrates (Ghirardi et al.,

1995). Initial synaptic activation can cause the localization of already existing

mRNA at the active dendrite (Havik et al., 2003;Steward et al., 1998;Steward and

Worley, 2002), suggesting that the ability to form ITM within mammalian systems

exists. However, the majority of memory models use adolescent to adult animals

within their training procedures, which may make it difficult to observe ITM.

Studies training animals for long-term taste aversion memory found that blocking

translation out to 1 h after learning in PND 3 animals caused LTM impairments.

However, as the animals grew older, the translational mechanisms appeared to

be accelerated and PND 10 animals only showed impairment when translation

was blocked immediately after learning while PND 18 animals only showed
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partial impairment even under these conditions. It is possible that this

accelerated translational activity in older animals is the reason there have been

no observations of mammalian translation-dependent ITM, as not blocking the

translation soon enough could leave ITM intact with only LTM being partially or

fully inhibited (Languille et al., 2008).

1.3.4 The involvement of PKA in short-term memory

An increase in cAMP levels in Aplysia has been linked to the formation of

short-term facilitation (Braha et al., 1990;Schacher et al., 1988;Chang et al.,

2000) and sensitization (Bernier et al., 1982). Since the primary action of cAMP

is to activate PKA (Taylor et al., 1990;Dell'Acqua and Scott, 1997), this would

suggest that PKA is involved in cellular and behavioural non-associative short

term invertebrate memory formation. The induction of short-term facilitation or

sensitization has been shown to cause the activation of PKA (Muller and Carew,

1998), which is necessary for the formation of both short-term facilitation

(Ghirardi et al., 1992;Castellucci et al., 1982;Schacher et al., 1988;Chang et al.,

2000;Byrne and Kandel, 1996;Ghirardi et al., 1995) and sensitization (Castellucci

et al., 1982;Lee et al., 2008;Antonov et al., 2010). Since this phase of memory is

independent of translation and transcription, it suggests that PKA modifies

existing proteins to form and sustain STM. This short-term invertebrate memory

is sustained through the ability of PKA to decrease K+ channel activity at the

presynaptic sensory neuron terminal (Hochner and Kandel, 1992), which causes
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increased excitation and neurotransmitter release (Hochner et al., 1986;Klein et

al., 1982). However, there is invertebrate STM that is not dependent on the

activation of PKA. The formation of both short-term habituation in the crab

Chasmagnathus (Romano et al., 1996) and short-term associative olfactory

memory in the honeybee (Fiala et al., 1999) does not require PKA activity.

The examination of the requirement for PKA activity for s~ort-term

mammalian memory formation found similar results to the invertebrate analysis

where, as a function of the memory model, there could be a dependence or

independence on the kinase. However, unlike the invertebrate findings, there is

more evidence demonstrating that PKA activation is not required for short-term

mammalian memory formation. The short-term mammalian cellular memory, E

LTP, does not require the activation of PKA for its formation or maintenance

(Nguyen and Kandel, 1996;Abel et al., 1997;Nguyen and Kandel, 1997). Further

behavioural analysis revealed that PKA activity in the amygdala is not required

for short-term auditory fear (Schafe et al., 1999;Schafe and LeDoux,

2000;Goosens et al., 2000) or conditioned taste aversion (Koh et al., 2003;Koh et

al., 2002) memories. The examination of hippocampal-dependent STM

demonstrates both independence and dependence on the activation of PKA

depending on the task. The formation of short-term contextual fear memory

(Abel et al., 1997;Schafe et al., 1999) does not require PKA activation, while the

formation of short-term inhibitory avoidance does require hippocampal PKA

activity (Vianna et al., 1999;Vianna et al., 2000;lzquierdo et al., 2000b).
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PKA could support STM by enhancing synaptic excitation for the entire

duration of the STM phase. PKA has the ability to inhibit protein phosphatase 1

(PP1), which is an enzyme that dephosphorylates AMPA receptors leading to

their internalization and resulting depression of synaptic potentials (Mulkey et al.,

1994;Lee et al., 2000;Man et al., 2007;Kameyama et al., 1998;Lee et al., 1998),

through its ability to phosphorylate inhibitor-1 (Blitzer et al., 1998;Blitzer et al.,

1995;Greengard et al., 1999;Hemmings, Jr. et al., 1984) (see Figure 1.4). The

ability of PKA to decrease the activity of PP1 has been implicated as a

mechanism in the formation of E-LTP (Blitzer et al., 1998;Blitzer et al., 1995)

possibly through the increased phosphorylation and insertion of AMPA receptors

and subsequent potentiation of the synapse (Lee et al., 2000;Man et al., 2007).

PKA has the ability to traffic AMPA receptors to the synapse (Zheng and Keifer,

2009) and insert them into the membrane (Esteban et al., 2003;Man et al., 2007)

resulting in enhanced synaptic excitation (Han and Whelan, 2009;Bocchiaro et

al., 2003;Duffy and Nguyen, 2003;Wang et al., 1991 ;Greengard et al., 1991).

PKA can also enhance synaptic excitation through its direct regulation of AMPA

receptor activity. PKA phosphorylation of the GluA1 subunit of AMPA receptors

at the serine 845 site causes enhanced receptor activity by increasing the

probability, frequency, and duration of channel opening (Banke et al.,

2000;Roche et al., 1996;Ahn and Choe, 2009;Greengard et al., 1991). However,

when this was explored in neonatal odor preference memory, it was discovered

that the phosphorylation of AMPA receptors on the PKA site in the olfactory bulbs

of learning animals only lasts for 1 h after learning (Cui et al., 2011), which is not
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long enough to sustain memory through the entire short-term phase (see

Appendix). The insertion of AMPA receptors was found to be increased in the

olfactory bulbs between 1 and 3 h after learning and lasted 24 h in animals that

had learned an odor preference (Cui et al., 2011). This is long enough to support

the later component of short-term memory, and all of intermediate-term and long-

term memory.

1.3.5 The involvement of PKA in intermediate-term memory

The involvement of PKA in mammalian ITM has not been explored.

However, it has been implicated in invertebrate intermediate-term cellular and

behavioural memory. Intermediate-term facilitation and ITM can be isolated in

Aplysia as mentioned through decreasing the amount of serotonin exposure to

the sensory neuron or the amount of tail shocks given to the intact animal (Sutton

and Carew, 2000;Sutton et al., 2004;Ghirardi et al., 1995;Sutton et al.,

2001 ;Antonov et al., 2010). The formation of intermediate-term memories

causes an increase in PKA activity (Muller and Carew, 1998;Sutton et al., 2001)

that is required for the formation of intermediate-term facilitation and sensitization

(Sutton and Carew, 2000;Sutton et al., 2001 ;Antonov et al., 2010). Since this

memory phase is translation dependent it suggests that PKA affects translational

mechanisms. PKA has been shown to regulate local translation in the

hippocampus (Nayak et al., 1998), which could occur through the ability of PKA

to regulate the activities of elongation factors (Sutton and Schuman, 2005).

Again ITM could also be sustained through enhancing the excitation of the
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synapse by increasing synaptic AMPA receptors. PKA has the ability to traffic

AMPA receptors to the synapse (Zheng and Keifer, 2009) and insert them into

the membrane (Esteban et al., 2003;Man et al., 2007). The formation of LTP in

the hippocampus causes a significant increase in the synthesis of AMPA

receptors at the synapse 3 h after induction (Nayak et al., 1998), which is the

time period of invertebrate ITM (Muller and Carew, 1998;Sutton et al.,

2001 ;Sutton et al., 2004;Lukowiak et al., 2000;Sangha et al., 2003). This

synaptic AMPA receptor synthesis is dependent on PKA activity through its

regulation of local translation (Nayak et al., 1998), which could be a possible

mechanism for sustaining ITM.

There is also invertebrate cellular and behavioural ITM that does not

require PKA activation. These memories are formed through administering

reduced serotonin exposure or tail shocks to already active sensory neurons

(Shobe et al., 2009;Sutton and Carew, 2000;Sutton et al., 2004). This activity

dependent ITM differs from the previously described ITM as it requires the

sensory neuron to be in a stimulated state and demonstrates different molecular

characteristics as it does not require translation and is formed and maintained

through sustained protein kinase C activation (Shobe et al., 2009;Sutton and

Carew, 2000;Sutton et al., 2004).

1.3.6 The involvement of PKA in long-term memory
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The exploration of LTM in invertebrates has found that the formation of

non-associative long-term facilitation and sensitization causes a significant

increase in cAMP of the sensory neuron (Brunelli et al., 1976;Schacher et al.,

1988;Braha et al., 1990;Bernier et al., 1982;Khabour et al., 2004). As noted

earlier the primary action of cAMP is to activate PKA (Dell'Acqua and Scott,

1997;Taylor et al., 1990), suggesting that PKA activity is involved in the formation

of long-term invertebrate memories. In support of this inference the formation of

long-term facilitation and sensitization in Aplysia requires the activation of PKA

(Castellucci et al., 1980;Castellucci et al., 1982;Chain et al., 1999;Bao et al.,

1998;Chang et al., 2000). Again the process of creating a LTM causes a

significant increase in PKA activity in the sensory neuron (Muller and Carew,

1998;Bergold et al., 1990;Chain et al., 1999;Khabour et al., 2004), which causes

the reduction of K+ channel currents leading to enhanced neurotransmitter

release at the newly potentiated synapse (Hochner and Kandel, 1992). The

examination of associative long-term invertebrate memory demonstrated similar

results to the non-associative analysis. Operant conditioning in Aplysia causes a

significant increase in PKA activity, and the inhibition of this activity impairs LTM

formation (Michel et al., 2011). Studies of LTM in the honeybee found that

acquiring an associative olfactory memory causes a significant increase in PKA

activity (Muller, 2000), and the reduction of this activity by 10-15% impaired LTM

formation (Fiala et al., 1999). Further analysis found that PKA activity increases

had to occur within a short period after learning, as the inhibition of PKA activity 3

h after learning had no effect on LTM formation (Fiala et aI., 1999). Similar
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results were found in the pond snail, Lymnaea stagna/is, where inhibiting the

significant increase in PKA activity that occurred immediately after training in an

operant conditioning task, resulted in the impairment of LTM formation (Michel et

al.,2008).

The mammalian analysis of PKA activation in LTM formation has

produced results similar to what has been described in invertebrates. The

induction of long-term mammalian cellular memory, L-LTP, requires the activation

of PKA, transcription, and translation (Nguyen and Kandel, 1996;Abel et al.,

1997;Nguyen and Kandel, 1997;Frey et al., 1993;Woo et al., 2000;Huang and

Kandel, 1994). Mammalian long-term behavioural memory studies found that the

acquisition of fear memory (Cammarota et al., 2000;Sindreu et al., 2007) or

spatial memory (Vazquez et al., 2000;Mizuno et al., 2002) causes a significant

increase in PKA activity. If PKA is inhibited in the amygdala (Jentsch et al.,

2002;Schafe and LeDoux, 2000;Koh et al., 2002) before or immediately after

learning, it causes an impairment of long-term auditory fear (Schafe and LeDoux,

2000) and conditioned taste aversion (Koh et al., 2002;Koh et al., 2003)

memories, while the same inhibition in the hippocampus (Abel et al.,

1997;Bernabeu et al., 1997;Sharifzadeh et al., 2005;Ma et al.,

2009;Bourtchouladze et al., 1998;Ahi et al., 2004) impairs contextual fear (Abel et

al., 1997;Schafe et al., 1999;Ma et al., 2009;Bourtchouladze et al., 1998;Ahi et

al., 2004), inhibitory avoidance (Bernabeu et al., 1997;Bevilaqua et al.,

1997;Vianna et al., 1999;Vianna et al., 2000) and spatial (Sharifzadeh et al.,

2005) memories. The pharmacological activation of PKA combined with the
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CS+US pairing in mammalian memory causes a stronger LTM response (Jentsch

et al., 2002;Ma et al., 2009;Bernabeu et al., 1997;Vianna et al., 2000), but the

extension of the memory has not been examined. The extensive work in

invertebrate and mammalian memory systems demonstrates that PKA activation

is required for LTM formation in multiple brain areas and memory models.

In terms of mechanism, as reviewed previously PKA could affect LTM

formation through multiple molecular mechanisms. LTM is transcription-

dependent and PKA mediates transcriptional activity through translocating to the

nucleus and phosphorylating transcription factors (Bacskai et al., 1993). As

noted, the catalytic subunits of PKA translocate to the nucleus and phosphorylate

CREB on serine 133 (Bacskai et al., 1993;Delghandi et al., 2005;Arias et al.,

1994) (see Figure 1.4), which initiates the transcription of CRE associated genes

(Gonzalez et al., 1989;Gonzalez and Montminy, 1989;Yamamoto et al., 1988)

(see Figure 1.7). Focusing on the activity of PKA within the nucleus, it has been

reported that inhibiting nuclear PKA activity causes a reduction in the

phosphorylation of CREB and deficiencies in L-LTP formation in CA1 of the

mammalian hippocampus (Matsushita et al., 2001). This memory phase also

requires the translation of the newly transcribed mRNA. Again PKA can regulate

local translation (Nayak et al., 1998) through its regulation of elongation factors

(Sutton and Schuman, 2005). The regulation of transcription and translation by

PKA is a possible mechanism for the synthesis of synaptic AMPA receptors

affecting the induction and sustainability of hippocampal L-LTP (Nayak et al.,

1998). The sustainability of LTM is thought to occur through the potentiation of

46



synaptic connections. Post-synaptic potentiation can occur through increased

trafficking (Zheng and Keifer, 2009) and insertion (Esteban et al., 2003;Man et

al., 2007) of AMPA receptors by PKA, which could be the molecular processes

involved in the formation and maintenance of long-term neonatal odor preference

memory (Cui et al., 2011).

1.3.7 The involvement of Epac in long-term memory

cAMP can also drive memory formation through an alternate target

besides PKA. The formation of long-term facilitation in crayfish requires cAMP

but not PKA activation. This facilitation occurs by the enhancement of glutamate

release through the ability of cAMP to activate Epac, which may increase the

availability of synaptic vesicles for release (Zhong and Zucker, 2005). Within

mammalian long-term cellular memory, postsynaptic Epac activation coupled with

low frequency stimulation results in the induction of hippocampal long-term

depression. This Epac mediated long-term depression was induced through

Epac activating Rap1 resulting in the activation of protein interacting with c

kinase 1 (PICK1) that binds to the GluA2 subunit of the AMPA receptor

controlling its internalization (Ster et al., 2009). Similar results were found when

exploring hippocampal LTP. LTP elicited through high frequency stimulation,

when coupled with Epac activation, enhances the maintenance of the LTP

leading to an increased duration. This enhanced LTP is not dependent on PKA,

but requires ERK activity and is sustained through the translation of existing
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synaptic mRNA (Gelinas et al., 2008). This Epac-mediated LTP mimics LTP

induced through ~-adrenoceptor activation as both require ERK activation and

translation (Gel inas et al., 2008;Gelinas and Nguyen, 2005). This suggests that

~-adrenoceptoractivation can drive cAMP to work through either the PKA (see

Figure 1.4) or Epac/ERK (see Figure 1.6) pathways to affect long-term memory

(Gelinas and Nguyen, 2005;Nguyen and Kandel, 1997;Nguyen and Kandel,

1996;Gelinas et al., 2008).

Mammalian behavioural studies confirmed the involvement of Epac in

memory. Mutating the G-proteins coupled to ~-adrenoceptors caused a

reduction in cAMP and the impairment of contextual fear memory. This memory

impairment could be rescued through the activation of Epac (Kelly et al., 2008).

The Kelly study of contextual fear memory found an enhancement that was

initiated when Epac was activated immediately after the US. This Epac activation

increased Rap1 activity (Ma et al., 2009) suggesting that the activation of the

ERK pathway could be involved, as was seen in cellular memory (Gelinas et al.,

2008;Morozov et al., 2003). The findings from all this work demonstrate a link

between ~-adrenoceptors, cAMP, and Epac activation in the generation of

memory.

1.3.8 The involvement of ERK in short-term memory

The ability of ERK to translocate to the nucleus (Martin et al., 1997b;Hu et

al., 2004;Fioravante et al., 2006;Shobe et al., 2009;Treisman, 1996;Davis et al.,

2000) and regulate the activity of transcription factors (Davis et al., 2000;lmpey et
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al., 1998a;Roberson et al., 1999;Deak et al., 1998), suggests that it is involved in

longer phases of memory. This seemed to be the case when ERK activity was

analyzed in invertebrate memory, as short-term facilitation (Martin et al., 1997b)

and sensitization (Sharma et al., 2003a;Sharma et al., 2003b) did not require its

activation. A mutation in Drosophilia that results in the reduction of ERK activity

demonstrated that there was no interruption of olfactory learning and immediate

memory (Moressis et al., 2009). The examination of ERK activity in short-term

phases of mammalian memory demonstrated similar results to the invertebrate

analysis. The induction and maintenance of E-LTP in the mammalian

hippocampus (English and Sweatt, 1997;Wu et al., 1999) and amygdala (Huang

et al., 2000) does not require ERK activation. Behavioural memory solidified

these results as ERK activity is not required in the hippocampus (Blum et ai.,

1999;Kelly et al., 2003), amygdala (Schafe et al., 2000), thalamus (Apergis

Schoute et al., 2005), or olfactory bulb (Zhang et al., 2003) for short-term object

recognition (Bozon et al., 2003;Kelly et al., 2003), spatial (Blum et al., 1999), fear

(Apergis-Schoute et al., 2005;Schafe et al., 2000), or aversive olfactory (Zhang et

al., 2003) memories respectively. However, there is work in short-term

mammalian cellular and behavioural memory that has demonstrated a

requirement for the activation of ERK and, as will be discussed, ERK can affect

nonnuclear proteins. The establishment of theta-frequency E-LTP and P1

adrenoceptor-dependent E-LTP requires the activation of ERK (Winder et al.,

1999). This is of interest as we know that the activation of p1-adrenoceptors is

the US for neonatal odor preference memory (Harley et al., 2006). Short-term
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hippocampal dependent fear memory also requires ERK activation. Learning an

inhibitory avoidance task causes ERK to become phosphorylated in the CA1

region of the hippocampus and the inhibition of this phosphorylation caused the

impairment of short-term fear memory (Igaz et al., 2006). ERK may affect short-

term memory through its ability to alter synaptic excitation. ERK is localized at

the synapse through scaffolding proteins (Krapivinsky et al., 2003;Komiyama et

al., 2002) and has the ability to modulate synaptic excitation through closing

post-synaptic K+ channels (Adams and Sweatt, 2002;Sweatt, 2004;Watanabe et

aI., 2002). The ERK pathway also affects synaptic excitation through its ability to

traffic and insert AMPA receptors into the synapse (Zhu et al., 2002) (see Figure

1.6). ERK activation is required for the induction of theta burst LTP (Selcher et

al., 2003;Winder et al., 1999). Of possible relevance is the observation that this

mode of stimulation coupled with ~-adrenoceptor activation produces a cellular

model of neonatal odor preference memory (Yuan, 2009).

1.3.9 The involvement of ERK in intermediate-term memory

The involvement of ERK activation in intermediate-term mammalian

memory is unknown. However, work in invertebrate associative (Rosenegger

and Lukowiak, 2010) and non-associative (Sharma et al., 2003a;Sharma et al.,

2003b;Lyons et al., 2008) memory models have revealed a requirement for ERK

activation in the formation of this memory phase. The generation of intermediate-

term facilitation (Sharma et al., 2003b) and ITM (Sharma et al., 2003b;Sharma et

al., 2003a) causes a significant increase in ERK phosphorylation. When this
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phosphorylation was blocked it resulted in the impairment of both the

intermediate-term facilitation (Sharma et al., 2003b) and memory (Rosenegger

and Lukowiak, 2010;Lyons et al., 2008;Sharma et al., 2003b;Sharma et al.,

2003a).

As described above, the activation of the Epac/ERK pathway initiates a

translation-dependent LTP (Gelinas et al., 2008). ERK can regulate translation

through its ability to affect the translational factors eIF4E, 4EBP1, and ribosomal

protein S6 (Kelleher, III et al., 2004). It also regulates mTor activity, which is

associated with the ribosomal activity that is necessary for the translation of new

proteins (Kelleher, III et al., 2004;Tang et al., 2002). These are possible

molecular mechanisms for how ERK can regulate the formation of translation

dependent ITM.

However, there is another form of intermediate-term facilitation (Sutton

and Carew, 2000) and memory (Sutton et al., 2004) described in the sensitization

Aplysia model, as mentioned earlier, that is generated through the exposure of

serotonin or tail shock to an already active sensory neuron. This activity

dependent ITM differs from the previously described ITM as it is independent of

translation and requires ERK and PKC activation but not PKA activation (Shobe

et al., 2009;Sutton and Carew, 2000;Sutton et al., 2004). This suggests that in

Aplysia, ERK activity is required for two distinct intermediate-term memories,

however, the formation of translation dependent ITM requires the activation of

both ERK and PKA.
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1.3.10 The involvement of ERK in long-term memory

The involvement of ERK activity in long-term cellular and behavioural

memory in both invertebrates and mammals has been widely hypothesized. As

discussed above, this phase of memory requires the activation of transcriptional

and translational mechanisms and ERK has the ability to regulate the activities of

both. When ERK is phosphorylated it can translocate to the nucleus (Martin et

al., 1997b;Hu et al., 2004;Fioravante et al., 2006;Shobe et al., 2009;Treisman,

1996;Davis et al., 2000) and regulate transcription (Davis et al., 2000;lmpey et

al., 1998a;Roberson et al., 1999;Deak et al., 1998). ERK also regulates somatic

and synaptic translation through its modulation of the translational factors eIF4E,

4EBP1, ribosomal protein S6, and mTOR as described above (Kelleher, III et al.,

2004).

The examination of ERK in long-term facilitation and sensitization in

Aplysia revealed that the induction of these memories causes ERK to become

phosphorylated (Sharma et al., 2003b;Hu et al., 2004;Lyons et al., 2006) and the

inhibition of this phosphorylation resulted in LTM impairments for both models

(Hu et al., 2004;Sharma et al., 2003b;Martin et al., 1997b;Shobe et al., 2009).

Further examination revealed that the phosphorylated ERK must translocate to

the nucleus of the presynaptic sensory neuron for the formation of long-term

facilitation (Martin et al., 1997b;Hu et al., 2004). Additional invertebrate studies

in Orosophilia discovered that a mutation that causes a significant decrease in
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ERK activity in the mushroom bodies results in the impairment of long-term

olfactory memory (Moressis et al., 2009).

Long-term mammalian cellular memory models examining ERK activity

demonstrated very similar results to the invertebrates. The induction of LTP in

CA1 (Winder et al., 1999;Rosenblum et al., 2002), dentate gyrus (Davis et al.,

2000;Ying et al., 2002), or the insular cortex (Jones et al., 1999) causes a rapid

increase in the phosphorylation of ERK. This increased phosphorylation causes

the nuclear translocation of ERK resulting in the phosphorylation of CREB (Davis

et al., 2000). This nuclear translocation is required for LTP formation (Patterson

et al., 2001) and inhibiting ERK phosphorylation reduced nuclear translocation,

CREB phosphorylation, and resulted in impaired LTP (Davis et al., 2000). The

inhibition of ERK in the amygdala (Huang et al., 2000) and CA1 (English and

Sweatt, 1997;Wu et al., 1999) resulted in significant impairments of LTP,

including its induction through the coupling of theta frequency stimulation with P1

adrenoceptor activation (Winder et al., 1999). The extensive amount of work in

mammalian cellular memory demonstrates that the activation of ERK is required

for the induction of synaptic plasticity in multiple conditions and areas of the

brain.

Further examination in mammalian behavioural memory replicated the

findings from cellular models, as learning amygdala-dependent Pavlovian fear

(Schafe et al., 2000) or hippocampal-dependent contextual fear (Atkins et al.,

1998;Runyan et al., 2004) results in the phosphorylation of ERK 1 h after
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learning. However, ERK phosphorylation can decay quickly as studies on taste

aversion memory found that ERK was phosphorylated in the nucleus tractus

solitarius (Swank, 2000) and the insular cortex (Berman et al., 2000) 20-30 min

after learning, then returned to basal levels within 1 h. Hippocampal memory

through massed training (Blum et al., 1999) and spaced training (Kelly et al.,

2003) causes ERK phosphorylation to occur as quickly as 5 min after learning.

However, it should be noted that over activation of the ERK pathway has been

linked to cellular and behavioural hippocampal dependent memory impairments

in the mouse model of neurofibromatosis type 1 (Costa et al., 2002). There is the

possibility that ERK activity follows an inverted U-curve for memory formation,

much like what is seen with the US of p-adrenoceptor activation in neonatal odor

preference memory (Langdon et al., 1997). The inhibition of ERK in the

amygdala (Duvarci et al., 2005;Schafe et al., 2000), hippocampus (Eckel-Mahan

et al., 2008;Ohno et al., 2001 ;Zhang et al., 2004;Kelly et al., 2003;Walz et al.,

1999), thalamus (Apergis-Schoute et al., 2005), and olfactory bulbs (Zhang et al.,

2003) has revealed that its activation is required in different areas of the brain for

the formation of different long-term memories.

There are multiple possible mechanisms for how ERK mediates the

formation of LTM. ERK could drive LTM formation through its ability to

phosphorylate the transcription factor CREB (Impey et al., 1998a;Roberson et al.,

1999;Deak et al., 1998;Davis et al., 2000) or its ability to stabilize Fos proteins

(Murphy et al., 2002) resulting in robust transcriptional activation. The formation

of hippocampal-dependent long-term contextual memory requires CRE-driven
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gene expression (Impey et al., 1998b) that is mediated through ERK (Athos et

al., 2002;West et al., 2002). The impairment of long-term aversive olfactory

memory, through inhibiting bulbar ERK, resulted in decreasing CREB

phosphorylation in the olfactory bulbs (Zhang et al., 2003). However, ERK could

also mediate LTM formation through its ability to modify synaptic connections.

ERK is localized at the synapse through scaffolding proteins (Krapivinsky et al.,

2003;Komiyama et al., 2002) where it can structurally reorganize the synapse

(Wu et al., 2001 ;Goldin and Segal, 2003) through its effects on the cytoskeleton

proteins MAP2 and tau (Vaillant et al., 2002). Long-term facilitation studies in

Aplysia have found that ERK phosphorylation is required for the formation of new

synapses (Bailey et ai., 1997). However, ERK can also alter the excitation of

existing synapses through its closure of post-synaptic K+ channels (Adams and

Sweatt, 2002;Sweatt, 2004;Watanabe et al., 2002) and its ability to traffic and

insert AMPA receptors into the post-synaptic membrane (Zhu et al., 2002) (see

Figure 1.6).

1.4 Rationale and hypotheses for the present thesis

As previously reviewed, mitral cells are the neuronal target for the

convergence of the CS of novel odor exposure and the US of ~-adrenoceptor

activation. There is evidence that enhanced olfactory nerve input coupling to

mitral cell activity occurs in neonatal odor preference learning (Yuan, 2009) with
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significant increases in cAMP levels (Cui et al., 2007;Yuan et al., 2003b) and the

phosphorylation of CREB (McLean et al., 1999) occurring within mitral cells in

conditioned odor specific areas. The requirement for the phosphorylation of

CREB for neonatal odor preference memory formation (Yuan et al., 2003a)

suggests that the transcription of new mRNA and the translation of new protein is

also required. The manipulation of the US of ~-adrenoceptoractivation causes

alterations in bulbar cAMP levels leading to the formation or impairment of odor

preference memory (Cui et al., 2007) and promotion of cAMP levels by

phosphodiesterase inhibition induces learning with subthreshold stimuli (McLean

et al., 2005). This suggests that the downstream targets of cAMP are involved in

neonatal odor preference memory formation. The work in this thesis will

elaborate on previous work that has defined the phases of memory formation,

STM, ITM, and LTM that occur following a single trial of neonatal odor preference

training (see Appendix). It will examine the molecular mechanisms involved in

the formation of these memory phases with a specific focus on the US signaling

by cAMP. The two known pathways of cAMP signaling will be explored, first,

direct activation of the PKA pathway, and, second, the indirect activation of the

ERK pathway through Epac activation.

Different phases of invertebrate memory are defined based on their

independence or dependence on the activation of transcriptional and

translational mechanisms (Ghirardi et al., 1995). Recent experiments from this

laboratory (See Appendix) assessed the involvement of the activation of

transcriptional and translational mechanisms in different phases of neonatal odor
56



preference memory. We hypothesized that neonatal odor preference memory

would demonstrate similar memory phases as those first seen in Aplysia, with

neonatal odor preference memory having a translation-independent STM,

translation- dependent ITM, and transcription- and translation-dependent LTM.

Further, the ability to selectively generate ITM without LTM through reducing the

US, as seen in invertebrates (Ghirardi et al., 1995), was also assessed. The

existence of the three hypothesized phases and their independence and/or

dependence on protein synthetic machinery was confirmed.

The first series of experiments in the thesis (Chapter 2) focuses on the

involvement of the activation of PKA in the three distinct phases of short-term,

intermediate-term, and long-term neonatal odor preference memory. As

discussed above, there are studies in both invertebrates (Castellucci et al.,

1980;Castellucci et al., 1982;Chain et al., 1999;Bao et al., 1998;Chang et al.,

2000) and mammals (Abel et al., 1997;Bernabeu et al., 1997;Sharifzadeh et al.,

2005;Ma et al., 2009;Bourtchouladze et al., 1998;Ahi et al., 2004;Schafe et al.,

1999;Schafe and LeDoux, 2000) demonstrating the requirement for PKA

activation in LTM formation. Its requirement in ITM has only been examined in

Aplysia (Sutton and Carew, 2000;Sutton et al., 2001 ;Antonov et al., 2010) and

there are studies in invertebrates and mammals demonstrating both the

dependence (Vianna et al., 1999;Vianna et al., 2000;lzquierdo et al.,

2000b;Castellucci et al., 1982;Lee et al., 2008;Antonov et al., 2010) and

independence (Abel et al., 1997;Schafe et al., 1999;Romano et al., 1996;Fiala et

al., 1999;Koh et al., 2002;Schafe and LeDoux, 2000) of STM on PKA activation.
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Since cAMP is involved in the formation of neonatal odor preference memory

(Cui et al., 2007) and its primary action is to activate PKA (Dell'Acqua and ScoU,

1997;Taylor et al., 1990), we hypothesize that PKA activation is required for all

phases of neonatal odor preference memory formation. The regulation of the

phosphorylation of CREB, which is required for neonatal odor preference

memory formation (Yuan et al., 2003a), through PKA activity is also examined as

PKA has the ability to translocate and phosphorylate this nuclear target (Bacskai

et al., 1993;Delghandi et al., 2005;Arias et al., 1994). Activating PKA in the

hippocampus and amygdala enhances the formation of mammalian associative

memory (Jentsch et al., 2002;Ma et al., 2009;Bernabeu et al., 1997;Vianna et al.,

2000). We hypothesize that activating bulbar PKA will not just enhance neonatal

odor preference memory formation leading to its extension, but will produce the

memory, acting as the US itself.

The second series of experiments (Chapter 3) examines an alternate US

pathway that can be activated by cAMP. cAMP can activate Epac (Kawasaki et

al., 1998;de Rooij J. et al., 1998), which leads to the activation of the ERK

pathway (Keiper et al., 2004;Lin et al., 2003b;Gelinas et al., 2008). The

activation of Epac (Ma et al., 2009) and ERK (Eckel-Mahan et al., 2008;Ohno et

al., 2001 ;Zhang et al., 2004;Kelly et al., 2003;Walz et al., 1999;Schafe et al.,

1999;Apergis-Schoute et al., 2005;Schafe et al., 2000) is required in long-term

associative mammalian memory formation. Long-term mammalian aversive

olfactory memory causes the phosphorylation of bulbar ERK, which is required

for its formation (Zhang et al., 2003). Epac has not been examined in STM and
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ITM paradigms. ERK activity is required for short-term mammalian memory (Igaz

et al., 2006), but has only been explored in invertebrates for ITM formation

(Sharma et al., 2003a;Sharma et al., 2003b;Lyons et al., 2008;Rosenegger and

Lukowiak, 2010). We hypothesize that cAMP can also work through Epac to

activate the ERK pathway for the formation of all phases of neonatal odor

preference memory. We will examine bulbar ERK activity under learning and

non-learning conditions and examine if inhibiting this activity impairs memory

formation. The ability of Epac activation to be a sufficient US for the formation of

neonatal odor preference memory will also be assessed.
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Chapter 2

Increased bulbar PKA activity is necessary and

sufficient for neonate intermediate- and long-term

odor preference memory, but not required for short

term memory

Submitted to:

Learning and Memory 2011
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2.1 Introduction

Rat pup odor preference learning is an adaptive form of learning critical for

organisms that require their mother for protection, warmth, and food during early

life. Within the adult mammalian brain, odor pathways are extensive and multiple

areas are recruited to facilitate odor learning (Rolls et al., 2003;Staubli et al.,

1995;Tronel and Sara, 2002). However, the advantage of rat pup odor

preference learning is that many components of the odor pathway are immature,

resulting in the elements of odor learning being localized to the olfactory bulbs

(Sullivan et al., 2000b).

Odor preference learning can be induced in a single trial of 10 min

exposure to novel odor (conditioned stimulus, CS) paired with ~-adrenoceptor

activation in the olfactory bulb (unconditioned stimulus, US) (Sullivan et al.,

1991a;Langdon et al., 1997;Price et al., 1998). The combination of~

adrenoceptor activation, which activates coupled G-proteins, with odor exposure,

which stimulates calcium entry through NMDA receptors, activates adenylate

cyclase leading to the conversion of adenosine tri-phosphate (ATP) to cyclic

adenosine mono-phosphate (cAMP) (Rosenberg and Li, 1995;Yovell and

Abrams, 1992;Yuan et al., 2003b). Odor preference learning induces a significant

phasic increase in cAMP immediately after training (Cui et al., 2007) and the

primary action of cAMP is to activate protein kinase A (PKA) (Taylor et al.,

1990;Dell'Acqua and Scott, 1997).
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PKA is involved in long-term memory formation in both invertebrates

(Barco et al., 2006) and vertebrates (Abel and Nguyen, 2008b). The catalytic

subunits of PKA phosphorylate multiple learning-relevant substrates such as

serine 845 of the AMPA receptor GluA1 subunit (Banke et al., 2000;Ahn and

Choe, 2009) and serine 133 of the transcription factor cAMP response element

binding protein (CREB) (Arias et al., 1994;Delghandi et al., 2005;Tao et al.,

1998).

The phosphorylation of CREB (pCREB) is implicated as a mediator of

learning and memory in fruit flies (Tully et al., 2003;Tully and Quinn, 1985;Yin et

al., 1995), Aplysia (Abel and Kandel, 1998), and rodents (Brightwell et al.,

2007;Colombo et al., 2003;Kudo et al., 2005;Silva et al., 1998). Previous

research from our laboratory demonstrated the requirement for an increase in

pCREB within the mitral cells of the olfactory bulb 10 min after learning for the

formation of long-term odor preference memory (Yuan et al., 2003a;Yuan et al.,

2000;McLean et al., 1999). Knowing that odor preference learning causes an

increase in cAMP and CREB phosphorylation, we sought, in the present study, to

determine the involvement of PKA in odor preference memory.

We generated both intermediate-term and long-term memory with direct

PKA activation as the US. These memories were formed independently of short

term odor preference memory suggesting a PKA-independent mechanism for

short-term memory and supporting the hypothesis of parallel memory pathways.

We found long-term memory blocked by PKA inhibition could be rescued and
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formed apparently independent of PKA, suggesting a compensating molecular

pathway. This compensating pathway was also associated with CREB

phosphorylation solidifying previous results demonstrating the requirement of

pCREB for long-term odor preference memory (Yuan et al., 2003a).

2.2 Materials and Methods

2.2.1 Animals

Sprague-Dawley rat pups of both sexes were used. The dams were

maintained under a 12 h lighUdark cycle, with ad libitum access to food and

water. The litters were culled to 12 pups on postnatal day 1 (PND1). No more

than one male and one female pup were used for each condition per litter. All

experimental procedures were approved by the Memorial University Institutional

Animal Care Committee.

2.2.2 Experimental Design

2.2.2.1 Cannula surgery
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On PND5, pups underwent guide cannula placement surgery. The guide

cannula was constructed of two 23 gauge/6 mm long stainless steel tubes (Small

Parts Inc., WA, USA) set in dental acrylic (Lang Dental, IL, USA) 2 mm apart.

Each pup was anaesthetized by hypothermia and then placed in an ice bath in a

stereotaxic apparatus (Rumsey et al., 2001). A sagittal incision of the scalp was

made from the snout to approximately the level of the lamboid suture. Two holes

were drilled through the skull over the olfactory bulbs and the dura was removed

gently with fine forceps. The guide cannula was lowered into place such that

each olfactory bulb had a stainless steel cannula resting on the top of it. The

guide cannula was held in place while it was secured to an upside down plastic

screw glued to the skull using dental acrylic. The animal was removed from the

ice bath and placed on a heating pad where its scalp was sutured around the

cannula. When the pup was resuscitated, bitter apple biting deterrent

(Grannick's Bitter Apple Company) was applied to the sutures and cannula to

prevent the dam from biting at the area. The pup was then placed back with the

dam.

2.2.2.2 Odor-preference learning

Experiments were completed in a sound proof dimly lit room with a

temperature of 2rC. On PND6, the pups underwent odor-preference training.

The training started with the pup receiving a subcutaneous (s.c.) injection of

either saline or isoproterenol (2 mg/kg or 6 mg/kg, Sigma). Thirty minutes after
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the s.c. injection of saline or isoproterenol, the pup was removed from the dam

and placed in a clean weigh boat for 10 min. The pup was then placed on

peppermint scented bedding (500 ml of bedding containing 300 III of peppermint

extract and allowed to air out for 5-10 min for the evaporation of alcohols) for 10

min, where it was allowed to freely move. After the odor exposure, the pup was

placed back with the dam.

2.2.2.3 Inhibiting PKA during odor-preference learning

Pups underwent odor-preference learning as described above except 10

min after the isoproterenol or saline injection, the animal received a 1 III infusion

of either saline or Rp-cAMPS (22 mM, dissolved in saline, Sigma) into both

olfactory bulbs. The infusion was administered by lowering a 30 gauge/? mm

long stainless steel infusion cannula into each of the guide cannula. The infusion

cannula was attached to polyethylene tubing which was, in turn, connected to a

10 III Hamilton syringe (Hamilton Company). One microliter of solution was

infused into each olfactory bulb over a 4 min period. The infusion cannulae were

left in the guide cannulae for an additional two min to allow the solution to diffuse

throughout the olfactory bulb. The animal was placed back with the dam after the

olfactory bulb infusion.

2.2.2.4 Activating PKA to generate odor preference learning
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On PND6, odor preference training started with the pups receiving an

olfactory bulb infusion (described above in section 2.2.2.3) of either saline or Sp-

cAMPs (4.5, 9,18, or 36 ~g/0.5 ~I, dissolved in saline, Alexis Biochemicals).

Twenty minutes later, the pup was placed on peppermint scented bedding

(described above in section 2.2.2.2) for 10 min, where it was allowed to freely

move. After odor exposure, the pup was returned to the dam.

2.2.2.5 Odor-Preference Testing

For PKA inhibition studies, pups were tested 3, 5, or 24 h after odor

exposure for short, intermediate, and long-term odor preference memory

respectively. With PKA activation studies, pups were tested 3, 5, 24, 48, 72, or

96 h after odor exposure for short, intermediate, long-term, and extension of odor

preference memory, respectively. Each pup was tested at one time point only.

The pup was removed from the dam and placed in a clean weigh boat and

transferred to a separate testing room that was dimly lit, 27°C, and sound proof.

The animal was lowered into the testing chamber (36 cm x 20 cm x 18 cm),

which consisted of a stainless steel box with a small grid floor that was covered in

a 1000 ~m polypropylene mesh (Small Parts Inc., WA, USA), that was separated

into two halves by a small neutral zone (no bedding underneath, 2.5 cm x 20 cm).

One half of the floor lay over natural bedding, while the other half lay over

peppermint-scented bedding. The animal was placed into the neutral zone and

the examiner, who was blind to the treatment, recorded the time the animal spent
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over the peppermint scented bedding compared to the natural bedding for a total

of 1 min. The animal was given five 1 min trials, switching the direction (away or

towards the examiner) the animal faced each time.

2.2.3 Sample Collection IPKA Activity Assay

The pups were given the odor-preference learning procedure. The

animals were then killed by decapitation at 5 different time points (immediately

before odor exposure, 5 min into odor exposure, immediately after odor

exposure, 5 min after odor exposure, and 10 min after odor exposure). The

olfactory bulbs were removed from the skull within 2 min of decapitation, frozen

on dry ice, and stored at -80°C in microcentrifuge tubes until they were assayed

for PKA activity. Olfactory bulbs were homogenized in a microcentrifuge tube

with 100 III of ice cold extraction buffer (PBS containing 1 mM EGTA, 1 mM

EOTA, 0.01% Triton X-100, 5 mM OTT, 0.5 mM PMSF, 10 mg/ml Chymostatin,

10 mg/ml Leupeptin, 10 mg/ml Antipain, 10 mg/ml Pepstatin, & 10 mg/ml

Aprotinin) using a tissue grinder. The tubes were quickly vortexed and stored on

ice, then transferred to a rotator at 4°C for 30 min. The tubes were then

centrifuged at 14,000 RPM for 15 min. The supernatant solution was carefully

transferred to a clean centrifuge tube and stored on ice, while the pellet was

discarded. The protein content of the supernatant solutions was assayed using a

Bicinchoninic Acid protein assay kit (Pierce). PKA content was normalized by

protein content in each sample. PKA activity in the supernatant was measured
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by using a PKA activity assay kit (Millipore/Upstate). Briefly, 20 ~g of protein

from the supernatant was mixed in a microcentrifuge tube with Kemptide,

PKC/CaMK inhibitor cocktail, and Magnesium/ATP cocktail containing [y-

32P]ATP. Background controls contained everything except the supernatant,

while negative samples contained everything plus PKA inhibitor cocktail (PKI).

Each sample was incubated at 30°C for 5 min and assayed in duplicate by

blotting the mixture on P81 paper squares (Clegg et al., 1987). The paper

squares were washed 5 X 2 min in 0.75% phosphoric acid and allowed to air dry

for 90 min. The squares were then submerged in scintillation fluid in scintillation

tubes and read in a scintillation counter for the counts per minute (CPM). PKA

activity (expressed as pmol [y-32P]ATP/min/~g of protein) was calculated relative

to the background activity without added supernatant (Isiegas et al., 2006).

2.2.4 Immunohistochemistry

Pups underwent cannula surgery and the odor-preference learning (2

mg/kg, 6 mg/kg Iso or saline) procedures as described above. However, during

the olfactory bulb infusion, the pup received Rp-cAMPS (22 mM) in one olfactory

bulb while being given saline in the other olfactory bulb. Each pup was perfused

10 min after the peppermint odor exposure, as this was determined to be a

critical time point for the phosphorylation of CREB (McLean et al., 1999;Yuan et

al., 2000) and the increase in PKA activity. The perfusion procedure was

completed as previously reported by this lab (McLean et al., 1999).
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Immunohistochemical procedures followed a standard protocol for this laboratory

as published previously (McLean et al., 1999;Yuan et al., 2003b). Briefly, 30 llm

sections were melted on slides with two alternating slide sets collected. Rabbit

phosphorylated CREB (Ser133, Cell Signaling Technology) and phosphorylated

PKA substrate (Cell Signaling Technology) antibodies were diluted to 1:500 or

1:1000 in 0.1 M phosphate buffered saline with 0.2% Triton X-100, 0.02% sodium

azide, and 2% normal goat serum and placed on the tissue for 48 h in a

humidified chamber at 4°C. The tissue was removed from the cold room and

processed further using the avidin-biotin complex technique (Vectastain Elite,

Vector Labs). All sections from the same experiment had identical incubation

times in the antibodies and identical exposure to chromogen solutions.

2.2.5 Image Analysis

The density of pCREB staining was analyzed using a Bioquant image

analysis system (R&M Biometrics). Slides were coded so the observer was blind

to the experiment. The glomerular, mitral cell, and granule cell layers were

encircled by visualizing sections of the olfactory bulb on a computer screen using

a 4X objective on a Leitz microscope connected to a CCO camera. Light

intensity from the microscope was always set at an optical density (OD) of 220.

Background correction was performed to provide an even field of illumination.

Relative optical density was determined by the optical density of the background

region (reading taken from the olfactory nerve layer) subtracted from the optical
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density of the area of interest on the tissue (i.e. glomerular, mitral cell, or granule

cell layer) divided by the optical density of the background tissue. The relative

optical density was obtained from all regions of the main olfactory bulb.

2.2.6 Statistical Analysis

A one-way analysis of variance (ANOVA) was used in the animal

behaviour analysis to compare drug effects. A Dunnett's post hoc analysis was

used to compare the various behavioural training groups to the non-learning

saline control group. For the PKA activity assay, the isoproterenol experimental

groups were normalized to the saline control within the same time point and

analyzed using a one sample T-test. For the relative optical density analysis of

immunohistochemistry a repeated measures ANOVA was used followed by

Bonferroni post hoc analysis. Statistical significance was taken as p<0.05 for all

tests.

2.3 Results

2.3.1 PKA activity increases 10 min following odor preference training

Single trial odor preference training induces an oscillatory peak in olfactory

bulb cAMP levels at the end of the 10 min odor presentation (Cui et al., 2007).
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Phosphorylation of PKA substrates CREB (McLean et al., 1999;Yuan et al.,

2000;Yuan et al., 2003a), NMDA receptor subunit N1, and AMPA receptor

subunit GluA1 (Cui et al., 2011) are highest 10 min following the end of odor

presentation and the cAMP peak (Cui et al., 2007). In the present study PKA

activity was assessed using a multi-substrate phosphorylation assay in groups

sacrificed immediately prior to odor presentation and at 5 min intervals during

and up to 10 min following odor presentation. Animals receiving odor+saline

served as the baseline standard in each assay run. PKA activity was significantly

elevated 10 min following odor presentation in the odor+2 mg/kg isoproterenol

group (the learning condition, 36% increase) relative to odor+6 mg/kg

isoproterenol (non-learning condition, 6% increase) with PKA activity normalized

to the non-learning saline control. No other time points differed (Fig. 2.1). The

result replicates the temporal pattern of PKA activity indexed by the PKA

substrate phosphorylation measures already described.

2.3.2 Inhibition of PKA disrupts intermediate-term and long-term odor preference

memory with no effect on short-term memory

Work from this laboratory has found three different phases of neonatal

odor preference memory (Grimes et al., 2011). Short-term memory up to 3 h is

translation-independent, while intermediate-term memory occurs around 5 hand

is translation-dependent and transcription-independent. Long-term memory at 24

h is both translation- and transcription-dependent. To examine the causal role of
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PKA in these distinct phases of odor preference memory, Rp-cAMPs, a

competitive inhibitor of PKA, was infused into the olfactory bulbs 10 min after the

s.c. injection of isoproterenol and 30 min before odor presentation. PKA

inhibition disrupted normal odor preference (2 mg/kg isoproterenol as the US) 24

h after training (Fig. 2.2A) and 5 h after training (Fig. 2.2B), while pups tested 3 h

after training displayed odor preference memory with a normal inverted U curve

relationship between isoproterenol dosages (Fig. 2.2C).

In rat pups given 6 mg/kg isoproterenol as the US, which normally do not

learn (Langdon et al., 1997;Yuan et al., 2000), Rp-cAMPs produced a 24 h odor

preference (Fig. 2.2A). In the 3 h memory group (Fig. 2.2C) and 5 h memory

group (Fig. 2.2B), no odor preference occurred in the 6 mg/kg isoproterenol

group even with prior intrabulbar Rp-cAMPs (Fig. 2.2C). The inhibition of

intermediate-term and long-term odor preference memory by Rp-CAMPs

suggests intermediate-term and long-term memories require PKA activation,

while short-term memory uses alternate molecular pathways. This is the first test

of the role of the cAMP/PKAlCREB cascade in short and intermediate-term

mammalian odor preference memory.

2.3.3 PKA activity in the olfactory bulb under training conditions is strongest in

the glomerular and mitral cell layers and is significantly inhibited by

infusion of Rp-cAMPs
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PKA activity patterns have not been previously described in the olfactory

bulb. As seen in Figure 2.3C, PKA activity assessed by a multiple

phosphorylated substrates antibody (Sindreu et al., 2007) and

immunohistochemistry at 10 min after training, was highest in the glomeruli (gl)

and in the mitral cells (mcl). Mitral cell dendrites also exhibited reactivity in the

region of lateral dendritic spread (inner external plexiform layer, epl). Reactivity

was lower in the granule cell region (gel). High levels of AKAP-150, a PKA

anchoring protein, have been described in the glomeruli and in the lateral mitral

cell dendritic area in rats (Glantz et al., 1992) and in the mitral cell bodies in mice

(Ostroveanu et al., 2007), which is consistent with the picture here for PKA. A

high level of PKA in the granule cell layer reported for AKAP-150 in rats (Glantz

et al., 1992), but not mice (Ostroveanu et al., 2007) was not observed. MAP2,

which may be the main neuronal PKA anchoring protein (Zhong et al., 2009) has

a similar distribution to that seen here for PKA (Philpot et al., 1997) and is located

in glomerular mitral cell dendrites at the EM level (Kasowski et al., 1999).

Unilateral infusion of Rp-cAMPs into one bulb versus saline in a control

bulb in pups trained with a 2 mg/kg learning dose of isoproterenol produced a

significant decrease in PKA activity in all regions of the Rp-cAMPs infused bulb

(Fig. 2.3A). In a second set of comparisons, pups received 6 mg/kg

isoproterenol. Despite the higher dose of isoproterenol, Rp-cAMPS induced a

significant decrease in all regions of the infused bulb relative to the saline infused

bulb 10 min after training (Fig. 2.38). This result suggests Rp-cAMPs inhibited

PKA throughout different levels of ~-adrenoceptoractivity.
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2.3.4 Olfactory bulb infusion of Rp-cAMPs decreases CREB phosphorylation,

but increased ~-adrenoceptoractivation rescues CREB phosphorylation

Since phosphorylation of CREB on serine 133 is required for odor

preference learning (McLean et al., 1999;Yuan et al., 2003a), it was hypothesized

that PKA inhibition would be associated with lower levels of CREB

phosphorylation, particularly in non-learning groups. Immunohistochemistry on

olfactory bulbs taken 10 min after training from pups given odor + 2 mg/kg

isoproterenol revealed a decrease in pCREB in the Rp-cAMPs infused bulb

relative to the saline infused bulb as predicted (Fig. 2.4A). Experiments

conducted with odor + 6 mg/kg isoproterenol revealed elevated pCREB staining

density in the Rp-cAMPs bulb relative to the saline infused bulb (Fig. 2.4B)

demonstrating the association of the restoration of learning in the 6 mg/kg

condition and elevated phosphorylation of CREB.

2.3.5 Activating PKA generates intermediate-term and long-term memory without

short-term memory

The blocking effect of PKA inhibition on odor preference memory at 24 h

supports a causal role for PKA in odor preference learning. A causal role was

further probed by attempting to induce learning with PKA activation. The PKA

activator, Sp-cAMPs, was infused at varying concentrations into the olfactory

74



bulbs 20 min before odor exposure. Three hours after training there was no

evidence of odor preference memory at any concentration of Sp-cAMPS paired

with odor (Fig. 2.5A). However, 5 h after training and 24 h after training all

groups of pups given a concentration of 9 Ilg/0.5 III or higher, showed odor

preference memory (Fig. 2.5B and Fig. 2.5C). The lowest concentration of Sp

cAMPs used (4.5 Ilg/0.5 Ill) was ineffective. This pattern of results is consistent

with the inactivation data. Both inhibition and activation manipulations suggest

PKA has a causal role in intermediate-term and long-term odor preference

memory. PKA is neither necessary, nor sufficient, for short-term odor preference

memory. These results support a model of independent and parallel memory

mechanisms for short-term and longer-term odor preference learning.

2.3.6 Increasing PKA activity extends the duration of odor preference memory

Increases in cAMP levels using phosphodiesterase inhibition have

previously been shown to extend the duration of single trial odor preference

memory in the rat pup, which is normally limited to 24 h (McLean et al., 2005). In

the present study, extended memory durations were assessed when directly

activating PKA with varying concentrations of Sp-cAMPS as the US. The two

highest concentrations (18 Ilg/0.5 III and 36 Ilg/0.5 Ill) were associated with

significant odor preference for peppermint 48 h (Fig. 2.6A) and 72 h (Fig. 2.6B)

after training. There was no evidence of odor preference at 96 h (Fig. 2.6C) with
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the concentrations used. Enhanced activation of PKA alone is sufficient to

extend memory duration for odor preference.

2.4 Discussion

2.4.1 PKA activation can act as an US

PKA activity is required for long-term memory formation across many

mammalian models (Abel and Nguyen, 2008b). In typical associative memory,

the activation of PKA has been shown to promote long-term memory when

CS+US pairings are given, but not to create it (Ma et al., 2009;Viola et al.,

2000;Muller, 2000). Here we were able to generate associative mammalian

memory with direct PKA activation as the sole US. This underscores the

requirement of cAMP signaling through PKA within the olfactory bulbs for the

formation of odor preference memory. Rat pups are primed for odor memory

formation and retrieval for their survival. Special features of early locus

coeruleus (Moriceau and Sullivan, 2004;Sullivan et al., 2000b;Rangel and Leon,

1995) and amygdala (Thompson et al., 2008;Moriceau et al., 2006;Sullivan et al.,

2000a) functioning result in locus coeruleus activation and/or norepinephrine

acting as the US for early odor preference learning. Isoproterenol in the olfactory

bulbs will produce preference learning in older pups beyond the critical period

(Moriceau and Sullivan, 2004). It will be interesting to examine direct PKA
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activation within the olfactory bulbs of older rats in this context. This could

provide a memory model and tool to define downstream mechanisms of memory

over the lifespan.

2.4.2 PKA activation does not exhibit an inverted U-curve response and can lead

to memory extension

When PKA activity was increased with higher activator doses, an inverted

U-curve response did not occur. An inverted U-curve is found with ~

adrenoceptor activation (Langdon et al., 1997). Consistent with the inverted U

curve for learning was the finding here that PKA activation 10 min following

training did not occur with 6 mg/kg isoproterenol as the US. However higher

doses of our PKA activator, instead of being less effective, both initiated and

extended memory. Memory enhancement through increasing PKA activity has

been found in other mammalian memory models (Izquierdo et al.,

2000a;Bernabeu et al., 1997;Vianna et al., 2000;Jentsch et al., 2002;Ma et al.,

2009), but these also required an additional US and memory extension was not

probed. With punishment, memory can be so robust that extension is hard to

measure (Izquierdo et al., 2000a). This is an advantage of our model where

single trial training just produces 24 h memory, while multiple trials lead to longer

memory (Woo and Leon, 1987), permitting us to relate memory extension to

altered molecular events within the olfactory bulb.
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We hypothesize that these changes in molecular activity would alter

synaptic strength in order to cause memory formation and extension. Activating

PKA can deliver AMPA receptors to the synapse (Zheng and Keifer, 2009),

increase excitation of existing synapses (Banke et al., 2000;Han and Whelan,

2009;Bocchiaro et al., 2003) and activate silent synapses (Ma et al., 1999).

Investigation of synaptic changes between the olfactory nerve and mitral cells

within odor learning areas (Sullivan and Leon, 1987;Sullivan et al., 1989;Sullivan

et al., 1991a;McLean et al., 1999) could illuminate the cellular modifications

required for memory formation and extension.

2.4.3 Intermediate-term and long-term memories, but not short-term memory,

depend on PKA activation

PKA activation within the olfactory bulbs was not sufficient or necessary

for short-term odor preference memory. Inhibiting PKA activity inhibited

intermediate-term and long-term memory, but not short-term memory. Activating

PKA reinforced these results as it generated intermediate-term and long-term

memory without short-term memory. Work in both invertebrate (Fiala et al.,

1999;Michel et al., 2008;Muller and Carew, 1998;Romano et al., 1996) and

vertebrate (Ma et al., 2009;Abel et al., 1997;Bernabeu et al., 1997;Locatelli et al.,

2002;Sharifzadeh et al., 2005;Jentsch et al., 2002;lzquierdo et al., 2000a)

memory models have shown that PKA activity is implicated selectively in long

term memory. Some forms of intermediate-term memory are PKA-dependent
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within invertebrates (Sutton et al., 2001 ;Sutton and Carew, 2000), but this is the

first demonstration in an associative mammalian memory model. Knowing our

intermediate-term memory is translation-dependent (Grimes et al., 2011),

suggests PKA could be an important kinase for regulating translation within the

olfactory bulb. PKA has been found to regulate local translation in the

hippocampus (Nayak et al., 1998) possibly through its regulation of elongation

factors (Sutton and Schuman, 2005).

Other short-term mammalian memory models reinforce the present

pattern of results in demonstrating PKA activity is not required for short-term

memory (Abel et al., 1997;Schafe and LeDoux, 2000;Koh et al., 2003;Goosens et

al., 2000) but there is some support for PKA in short-term memory (Runyan and

Dash, 2005;Vianna et al., 2000). An alternative mechanism to covalent

modification of existing proteins by PKA is the activation of calcium pathways.

Ca2+/calmodulin dependent kinase 2 (CaMK2) has autophosphorylating

capabilities (Lisman et al., 2002;Miller and Kennedy, 1986;Rich and Schulman,

1998;Yang and Schulman, 1999) and can cause receptor insertion (Lisman and

Zhabotinsky, 2001 ;Hayashi et al., 2000), trafficking (Lisman et al., 2002;Hayashi

et al., 2000;Malinow and Malenka, 2002), and phosphorylation at Ser831 of the

AMPA receptor (Barria et al., 1997a;Derkach et al., 1999;Barria et al.,

1997b;Mammen et al., 1997). Unpublished data from our laboratory demonstrate

a causal role for this kinase in odor preference memory and it is activated earlier

than PKA. The involvement of autophosphorylated CaMK2 in short-term memory

79



has been shown in other memory models (Zhao et al., 1999;Takahashi et al.,

2009;Antonov et al., 2010).

Another possibility for short-term memory support and/or for the long-term

memory seen with higher doses of isoproterenol, both occurring in the presence

of PKA inhibition, is the activation of Epac. Epac is activated by cAMP increases

and activates Rap1 (de Rooij J. et al., 1998;Kawasaki et al., 1998;Ma et al.,

2009) which increases the phosphorylation of ERK (Gelinas et al., 2008;Morozov

et al., 2003;Lin et al., 2003b;Keiper et al., 2004). Epac can initiate a cellular

model of short-term memory, early phase LTP (Gelinas et al., 2008) and ERK is

also implicated in some forms of short-term mammalian memory (Igaz et al.,

2006). Thus, an increase in the activities of the ERK pathway through ~

adrenceptor activation and the calcium pathway through novel odor exposure

could be responsible for memories occurring in the presence of PKA inhibition.

2.4.4 The role of CREB

Mammalian memory models have demonstrated the requirement for the

phosphorylation of CREB, for long-term but not short-term memory

(Bourtchuladze et al., 1994;Guzowski and McGaugh, 1997;Lamprecht et al.,

1997;Kogan et al., 1997;Pittenger et al., 2002;Josselyn et al., 2001). The

examination of CREB phosphorylation in the olfactory bulbs here also suggests

this transcription factor is required for long-term, but not short-term memory
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formation. The rescuing of long-term memory in the presence of bulbar Rp-

cAMPS through increased ~-adrenoceptor activation is accompanied by

increased CREB phosphorylation 10 min after learning, when PKA activity is

inhibited. This suggests an alternate molecular pathway is responsible for CREB

phosphorylation. We know cAMP levels are linearly increased with 6 mg/kg

isoproterenol (Cui et al., 2007). It is possible that this could increase Epac

activity and stimulate ERK. Such a parallel pathway could restore the

phosphorylation of CREB and long-term memory while PKA is inhibited. PKA

activation appears to require a pulsatile cAMP signal (Cui et al., 2007). CREB

phosphorylation is likely not required for intermediate-term memory, consistent

with its dependence on translation, not transcription.

2.4.5 Summary

Our work suggests that different phases of a mammalian odor preference

memory are formed via different molecular pathways that work in parallel. We

determined that an increase in PKA activity is required 10 min after learning for

the formation of 5 h intermediate-term and 24 h long-term memory. However, 3 h

short-term memory does not require a PKA activity increase. Inhibition of PKA

also decreased CREB phosphorylation. However, when long-term memory was

rescued through increased ~-adrenoceptor activation, CREB phosphorylation

was restored apparently without an increase in PKA activity. This underscores

the requirement of CREB phosphorylation for our long-term memory (Yuan et al.,
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2003a;Yuan et al., 2000;McLean et al., 1999), which can apparently also occur

through a pathway independent of PKA. Of particular interest was the ability to

generate an associative memory by pairing odor and PKA activation directly.

The lack of an inverted U curve with PKA activation suggests memory strength

and duration may be directly related to PKA activation strength and duration.
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Figure 2.1 Learning causes a significant increase in PKA activity 10 min after learning.

Pups were subcutaneously injected with varying doses of isoproterenol and sacrificed

for removal of olfactory bulbs at different time points during odor preference training.

Olfactory bulb tissue was assayed for PKA activity and data was normalized to

respective saline control. A one sample two-tail T-test demonstrated that only learning

animals (2 mg/kg Isoproterenol + odor) demonstrated a significant increase in PKA

activity compared to saline controls. This increase occurred ten minutes after odor

presentation, the same time point that an increase in the phosphorylation of CREB

occurs. N=5 pups per group. *p<O.05. Error bars indicate SEM.
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Figure 2.2 PKA activity is required for 5 h intermediate-term and 24 h long-term

memory, but not 3 h short-term memory, while 24 h long-term memory is formed

through increased p-adrenoceptor activity. Pups received an olfactory bulb infusion of

Rp-cAMPs 10 min after the s.c. injection of isoproterenol. A, Pups were tested 24 h

after learning for long-term odor preference memory. A one way ANOVA F(4,

36)=13.339, p<O.0001; N=8-9 per group and Dunnett's post hoc test comparing

experimental groups to the saline/saline non-learning control revealed that inhibiting

PKA activity in the olfactory bulbs disrupts long-term memory formation. However, long-

term memory was formed with increasing p-adrenoceptor activation. B, 5 h

intermediate-term memory is also reliant on PKA activity. A one way ANOVA

F(4,15)=24.255, p<O.0001; N=4 and Dunnett's post hoc test comparing experimental

groups to the saline/saline non-learning control revealed that PKA inhibition in the

olfactory bulb disrupts intermediate-term memory. However, the memory was not

rescued through increased p-adrenoceptor activity. C, 3 h short-term memory does not

rely on PKA activity. A one way ANOVA F (4,21 )=34.398, p<O.0001; N=5-6 and
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Dunnett's post hoc test comparing experimental groups to the saline/saline non-learning

control revealed that inhibiting PKA had no effect on short-term memory formation and

the experimental groups demonstrated an inverted U-curve response to ~-adrenoceptor

activation, which has been demonstrated in previous work without olfactory bulb

manipulations (Grimes et al., 2011). *p<0.05, **p<0.01. Error bars are SEM.
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Figure 2.3 Olfactory bulb infusion of Rp-cAMPs decreases PKA immunohistochemical

activity across multiple layers of the olfactory bulb. Ale, Pups received an olfactory

bulb infusion of saline in one bulb and Rp-cAMPs in the other bulb 10 min after a s.c.

injection of 2 mg/kg isoproterenol. They were sacrificed 10 min after odor training,

which is the time point of significant increase in PKA activity (Fig. 2.1). A repeated

measures ANOVA F(5,3)=93.032, p<O.0001 and Bonferroni post hoc test comparing the

density of immunoreactivity in the bulbs between conditions revealed a significant

decrease in PKA activity in the glomerular layer (gl, N=4,***p<O.001), mitral cell layer

(mel, N=4,***p<O.001), and granule cell layer (gel, N=4,***p<O.001). BID, Supra-optimal
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~-adrenoceptor activation (6 mg/kg Iso) also produced visible reduction in PKA activity

ipsilateral to the Rp-cAMPs infusion. The reduction was found to be significant using a

repeated measures ANOVA F(5,3)=35.154, p<0.0001 and Bonferroni post hoc test

revealing a decrease in PKA activity in the glomerular layer (gl, N=4,**p<0.01). mitral

cell layer (mcl, N=4,**p<0.01). and granule cell layer (gel, N=4,*p<0.05). Error bars are

SEM. Scale bar is 200 ~M.
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Figure 2.4 Olfactory bulb infusion of Rp-cAMPs decreases the phosphorylation of

CREB (pCREB) immunohistochemical expression across multiple layers of the olfactory

bulb (A,C). However, pCREB is elevated when long-term memory is rescued by

increased B-adrenoceptor activation (8,0). AlC, Pups received an olfactory bulb

infusion of saline in one bulb and Rp-cAMPs in the other bulb 10 min after a s.c.

injection of 2 mg/kg isoproterenol. Pups were sacrificed 10 min after training, which is

the time point of significant bulbar pCREB increase (McLean et al., 1999;Yuan et al.,

2000). Olfactory bulb sections were subsequently processed for pCREB

immunohistochemistry. A repeated measures ANOVA F(5,4)=15.036, p<0.0001 and
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Bonferroni post hoc test comparing the Rp-cAMPs infused olfactory bulb to the saline

infused olfactory bulb revealed a significant decrease in pCREB expression in the

glomerular layer (gl, N=5,*p<0.05), mitral cell layer (mel, N=5,**p<0.01), and granule cell

layer (gcl, N=5,**p<0.01). B/D, When we examined increased p-adrenoceptor

activation that rescued long-term memory, there was an elevation in the

phosphorylation of CREB. Pups underwent the same procedure as described above

(fig. 2.4A) except they received a s.c. injection of 6 mg/kg isoproterenol instead of 2

mg/kg. A repeated measures ANOVA F(5,4)=18.498, p<0.0001 and Bonferroni post

hoc test comparing the Rp-cAMPs infused olfactory bulb to the saline infused olfactory

bulb revealed a significant increase in CREB phosphorylation in the glomerular layer (gl,

N=5,**p<0.01), mitral cell layer (mel, N=5,**p<0.01), and granule cell layer (gel,

N=5,**p<0.01). Error bars are SEM. Scale bar is 200 ~M.
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Figure 2.5 Activating PKA as an US generated 5 h intermediate-term and 24 h long-

term memory, without 3 h short-term memory. Pups received an olfactory bulb infusion

of Sp-cAMPs 20 min before odor exposure. A, Pups were tested 3 h after training for

short-term odor preference memory. A one way ANOVA F(4,28)=1.657, p=0.188; N=6-

7 and Dunnett's post hoc test comparing experimental groups to the saline non-

learning control revealed that activating PKA in the olfactory bulbs is not sufficient to

generate short-term memory. The examination of intermediate-term memory at 5 h (8)

and long-term memory at 24 h (C) demonstrated opposite results. In B a one way

ANOVA F(4,28)=37.686, p<0.0001; N=6-7 and Dunnett's post hoc test comparing

experimental groups to the saline non-learning control for 5 h intermediate-term memory

revealed that the three higher doses of Sp-cAMPs produced odor preference memory

and in C a one way ANOVA F(4,26)=53.759, p<0.0001; N=5-7 and Dunnett's post hoc

test comparing experimental groups to the saline non-learning control for 24 h long-term

memory similarly revealed that activating PKA within the olfactory bulbs as an US at all

three higher doses was adequate to generate 24 h long-term memory. No inverted U-
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curve response occurred with increasing Sp-cAMPS concentration. **p<O.01. Error

bars are SEM.
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Figure 2.6 Increased PKA activity as an US generated memory extension that lasted

72 hours after learning. Pups received an olfactory bulb infusion of Sp-cAMPs 20 min

before odor exposure. At Pups tested 48 h after training exhibited an odor preference if

given the two highest doses of Sp-cAMPs. A one way ANOVA F(4,21 )=22.143,

p<0.0001; N=4-6 and Dunnett's post hoc test comparing experimental groups to the

saline non-learning control revealed that increased PKA activity in the olfactory bulbs

extended normal 24 h long-term memory. B, Pups tested 72 h after training also

demonstrated memory extension at the two highest doses of Sp-cAMPs. Again a one

way ANOVA F(4,24)=21.947, p<0.0001; N=5-7 and Dunnett's post hoc test comparing

experimental groups to the saline non-learning control revealed a significant odor

preference. C, However, memory extension was not seen 96 h after training with these

doses. A one way ANOVA [F(4,25)=0.3751, p=0.8241; N=5-8 per group] was not

significant. **p<0.01. Error bars are SEM.
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Chapter 3

The activation of the Epac/ERK pathway is required

for specific phases of associative mammalian

olfactory memory
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3.1 Introduction

We use the well defined neonatal rat odor preference memory model to

examine the molecular mechanisms involved in the formation of three distinct

phases of associative mammalian memory consisting of a translation-

independent 3 h STM, a translation-dependent 5 h ITM, and translation- and

transcription-dependent 24 h LTM (see Appendix). This neonatal memory model

is an adaptive form of learning critical for organisms that depend on the dam for

thermoregulation, protection, and food during early life. Although adult odor

learning may require extensive odor pathways and the recruitment of multiple

neural areas (Rolls et al., 2003;Staubli et al., 1995;Tronel and Sara, 2002), the

advantage of neonatal odor preference learning is that the elements of learning

are localized to the olfactory bulbs due to the immature development of the odor

pathways at this stage of life (Sullivan et al., 2000b).

A single 10 min trial consisting of novel odor exposure (conditioned

stimulus, CS) paired with ~-adrenoceptor activation in the olfactory bulb

(unconditioned stimulus, US) induces neonatal odor preference learning (Sullivan

et al., 1991a;Langdon et al., 1997;Price et al., 1998). The US demonstrates an

inverted U-curve in which ~-adrenoceptor activation needs to be optimal (s.c.

injection of 2 mg/kg Iso) for learning to occur, as lower and higher activity causes

learning impairments (Yuan et al., 2000;Langdon et al., 1997;McLean et al.,

2005;Price et al., 1998;Sullivan et al., 1991 a). The activation of ~-adrenoceptors,
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which activates coupled G-proteins, paired with odor exposure, which stimulates

calcium entry through NMDA receptors, results in the activation of adenylyl

cyclase leading to the conversion of adenosine tri-phosphate (ATP) to cyclic

adenosine mono-phosphate (cAMP) (Choi et al., 1992b;Dittman et al., 1994;De

Blasi, 1989;Rosenberg and Ut 1995;Yovell and Abrams, 1992;Yuan et al.,

2003b) (see figure 1.2). Optimal ~-adrenoceptoractivation paired with novel odor

generates neonatal odor preference learning and induces a significant phasic

increase in cAMP immediately after training (Cui et al., 2007). This~

adrenoceptor activation is involved in the formation of all phases of odor

preference memory (see Appendix). Since PKA is not involved in the formation

of short-term neonatal odor preference memory (Chapter 2), there is a possibility

that cAMP works through an alternate target and pathway to generate STM.

A possible alternate target for cAMP is the exchange protein activated by

cAMP (Epac). When cAMP binds to the regulatory subunit of Epac, it causes the

regulatory subunit to shift and expose the Rap1 binding site on the catalytic

subunit (Gloerich and Bos, 2010;de Rooij et al., 2000) (see figure 1.5). Epac is

involved in hippocampal-dependent cellular (Gelinas et al., 2008) and

behavioural memory (Kelly et al., 2008;Ma et al., 2009). Its activation can

promote long-term associative memory when it is coupled with an additional US

(Ma et al., 2009). Epac works through Rap1 (de Rooij J. et al., 1998;Kawasaki et

al., 1998) to activate the extracellular signal-regulated kinase (ERK) pathway (Un

et al., 2003b;Keiper et al., 2004;Gelinas et al., 2008) (see figure 1.6). The
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phosphorylation of ERK is increased immediately after training for hippocampal

dependent memories (Slum et al., 1999;Kelly et al., 2003). ERK phosphorylation

has been shown to be required for short-term (Igaz et al., 2006) and long-term

(Duvarci et al., 2005;Schafe et al., 2000;Eckel-Mahan et al., 2008;Ohno et al.,

2001;Zhang et al., 2004;Kelly et al., 2003;Walz et al., 1999;Zhang et al., 2003)

associative mammalian memory. However, its requirement in ITM has only been

examined in invertebrates (Sharma et al., 2003b;Sharma et al., 2003a;Lyons et

al., 2008;Rosenegger and Lukowiak, 2010). We hypothesize that cAMP can

work through Epac to activate the ERK pathway to generate all phases of

neonatal odor preference memory.

We found that generating neonatal odor preference memory caused an

increase in bulbar ERK phosphorylation immediately after learning that lasted for

10 min. The increased activation of p-adrenoceptors with a higher dose of

isoproterenol, which is detrimental for memory formation, causes a second period

of increased ERK phosphorylation occurring 1 h after learning. We were able to

generate 24 h neonatal odor preference memory through direct activation of

bulbar Epac paired with odor exposure, demonstrating that Epac can function as

an US. The inhibition of bulbar ERK activity caused ITM and LTM impairments,

with no effect on STM suggesting the requirement for an ERK-independent

mechanism for STM and supporting the hypothesis of parallel memory pathways.

Finally, LTM inhibited by blocking bulbar ERK activity can be rescued through

increasing p-adrenoceptor activation, as was previously seen in PKA studies
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(Chapter 2). This rescued memory does not occur if bulbar ERK and PKA are

simultaneously inhibited, demonstrating that these two pathways can cooperate

and compensate for each other.

3.2 Materials and Methods

3.2.1 Animals

This study used Sprague-Dawley rat pups of both sexes. The dams had

ad libitum access to food and water and were maintained under a 12 h light/dark

cycle. On postnatal day 1 (PND1), the litters were culled to 12 pups. No more

than one male and one female pup were used for each condition per litter. All

experimental procedures were approved by the Memorial University Institutional

Animal Care Committee.

3.2.2 Cannula surgery

Pups underwent guide cannula placement surgery on PND5. The guide

cannula consisted of two 23 gauge/6 mm long stainless steel tubes (Small Parts

Inc., WA, USA) set in dental acrylic (Lang Dental, IL, USA) 2 mm apart. Each

pup was anaesthetized by hypothermia and then placed in an ice bath in a

stereotaxic apparatus (Rumsey et al., 2001). A sagittal incision of the scalp was
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made from the snout to approximately the level of the lamboid suture. Two holes

were drilled through the skull over the olfactory bulbs and the dura was removed

gently with fine forceps. The guide cannula assembly was lowered into place

until each olfactory bulb had a stainless steel cannula resting on the top of it. An

upside down plastic screw was glued to the skull, which was secured to the guide

cannula assembly using dental acrylic. The animal was removed from the ice

bath and placed on a heating pad where its scalp was sutured around the

assembly. After the pup was resuscitated, bitter apple biting deterrent

(Grannick's Bitter Apple Company) was applied to the sutures and cannula to

prevent the dam from biting. The pup was then placed back with the dam.

3.2.3 Odor-preference learning

Experiments were completed in a sound proof dimly lit room with a

temperature of 2rC. On PND6, the pups underwent odor-preference training,

which started with the pup receiving a subcutaneous (s.c.) injection of either

saline or isoproterenol (2 mg/kg or 6 mg/kg, Sigma). Thirty minutes after the s.c.

injection of saline or isoproterenol, the pup was removed from the dam and

placed in a clean weigh boat for 10 min. The pup was then placed on peppermint

scented bedding (500 ml of bedding containing 300 f.ll of peppermint extract and

allowed to air out for 5-10 min for the evaporation of alcohols) for 10 min, where it

was allowed to freely move. After the odor exposure, the pup was placed back

with the dam.
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3.2.4 Inhibiting ERK during odor-preference learning

Pups underwent odor-preference learning as described above in section

3.2.3 except 10 min before the isoproterenol or saline injection, the animal

received a 0.5 III infusion of either 50% DMSO and ACSF or 5.3 mM U0126 (this

compound inhibits ERK through specifically inhibiting its upstream activator MEK,

Cayman Chemical, MI, USA), which is dissolved in 50% DMSO and ACSF (10

mM glucose, 2 mM CaCb, 126 mM NaCI, 1.2 mM MgCb, 25 mM NaHC03, 2.5

mM KCI, 1.2 mM NaH2P04 , Ph=?35) (Favata et al., 1998;Duvarci et al.,

2005;Apergis-Schoute et al., 2005;Schafe et al., 2000), into both olfactory bulbs.

The infusion was administered by lowering a 30 gauge/? mm long stainless steel

infusion cannula into each of the guide cannula. The infusion cannulae were

attached to polyethylene tubing which was, in turn, connected to two 10 III

Hamilton syringes (Hamilton Company, NV, USA). 0.5 III of solution was infused

into each olfactory bulb over a 4 min period. The infusion cannulae were left in

the guide cannulae for an additional two min to allow the solution to diffuse

throughout the olfactory bulb. The animal was placed back with the dam after the

s.c. injection.

For the inhibition of bulbar ERK and PKA simultaneously, the same

procedure was carried out as described above except 10 min before the s.c.

injection of either saline or Iso, the animal received a 0.5 III infusion of either 50%
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DMSO and ACSF or a cocktail solution of 5.3 mM U0126 and 22 mM Rp-cAMPs

dissolved in 50% DMSO and ACSF.

3.2.5 Activating Epac to generate odor preference learning

On PND6, odor preference training started with the pups receiving an

olfactory bulb infusion (described above in section 3.2.4) of either saline or the

highly selective Epac agonist 8-pCPT-2'-0-Me-cAMP (8-pCPT, 0.5, 2.5,5, or 10

~g/0.5 ~I, dissolved in saline, Axxora Biochemicals, CA, USA) (Christensen et al.,

2003;Ma et al., 2009;Gelinas et al., 2008). Twenty minutes later, the pup was

placed on peppermint scented bedding (described above in section 3.2.3) for 10

min, where it was allowed to freely move. After odor exposure, the pup was

returned to the dam.

3.2.6 Odor-Preference Testing

For ERK inhibition studies, pups were tested 3, 5, or 24 h after odor

exposure for short-, intermediate-, and long-term odor preference memory

respectively. Each pup was tested at one time point only. For simultaneous

inhibition of ERK and PKA or Epac activation studies, pups were tested 24h after

odor exposure for long-term odor preference memory. The pup was removed

from the dam and placed in a clean weigh boat and transferred to a separate

testing room that was dimly lit, 27°C, and sound proof. The animal was lowered
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into the testing chamber, which consisted of a stainless steel box with a small

grid floor that was covered in a 1000 flm polypropylene mesh (Small Parts Inc.,

WA, USA), that was separated into two halves by a small neutral zone (no

bedding underneath). One half of the floor lay over natural bedding, while the

other half lay over peppermint-scented bedding. The animal was placed into the

neutral zone and the examiner recorded the time the animal spent over the

peppermint-scented bedding compared to the natural bedding for a total of 1 min.

The animal was given five 1 min trials, switching the direction (away or towards

the examiner) the animal faced each time.

3.2.7 Sample collection and protein determination

Olfactory bulb protein for each group that was analyzed was collected

from the same litter and determined in the same plate and analyzed in the same

gel and same membrane for Western blot analysis. The procedure started with

the pups receiving the odor-preference learning procedure described in section

3.2.3. The animals were sacrificed by decapitation at 5 different time points

(immediately before odor exposure, immediately after odor exposure, 10 min

after odor exposure, 30 min after odor exposure, and 60 min after odor

exposure). The olfactory bulbs were removed from the skull within 2 min of

decapitation, frozen on dry ice, and stored at -BO°C in microcentrifuge tubes until

the day of the Western blot procedure. Olfactory bulbs were homogenized in a

microcentrifuge tube with 100 fll of ice cold extraction buffer (PBS containing
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0.1 % SOS, 10% NP-40, 20 mM Tris, 10% glycine, and 1.37 mM sodium chloride

with 2 Ilg/mlleupeptin, 2 mM PMSF, 19 Ilg/ml aprotinin, 1 mM sodium vanadate,

and 2.1 mg/ml sodium fluoride) using a tissue grinder. The tubes were quickly

vortexed and stored on ice, then transferred to a rotator at 4°C for 30 min. The

tubes were then centrifuged at 14,000 RPM for 15 min. The supernatant solution

was carefully transferred to a clean centrifuge tube and stored on ice, while the

pellet was discarded. The protein content of the supernatant solutions was

assayed using a Bicinchoninic Acid protein assay kit (Pierce, IL, USA). ERK

content was normalized by protein content in each sample. The phosphorylation

of ERK was assessed in the supernatant through Western blotting.

3.2.8 Western blotting

50 Ilg of protein was used from the Iysates and was prepared using 4 III of

5X sample buffer (10% SOS, 0.05% bromophenol blue, 0.3 M Tris-HCI, 50%

glycerol, and 0.5 M dithiothreitol added just before use) and deionized water was

added to bring the total volume up to 20 Ill. The samples were then boiled for 5

min. The gels were 7.5% SOS-PAGE, and one color-coded molecular weight

ladder (10 Ill, Invitrogen, CA, USA) and all the samples were loaded into

separate lanes. After loading the samples and molecular weight ladder, the gel

apparatus was attached to a Bio-Rad power supply set at 60 mA for 10 min. The

current was then reset to 30 mA for -1 h or until the blue line of the sample buffer

ran off the gel. The running buffer that the gel was submerged in during this time
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consisted of 25 mM Tris, 250 mM glycine, and 3.5 mM SOS at pH 8.8. After the

blue line of the sample buffer ran off the gel, the proteins in the gel were

transferred to a nitrocellulose membrane (Amersham, PA, USA) for 1 h by being

transported to a 4°C cold room and submerged in transfer buffer (25 mM Tris,

192 mM glycine, 20% methanol, pH 8.3) in a transfer apparatus that was set at

350 mA. After the transfer, the nitrocellulose membranes were transported back

to room temperature and rinsed 3 x 5 min in TBST (Tris-Buffered Saline Tween

20, 20 mM Tris, 137 mM sodium chloride, 0.1 % Tween 20). After rinsing, the

membranes were immersed and agitated in 5% milk made in TBST for 1 hr,

followed by 3 x 5 min rinses in TBS1. The blots were incubated with agitation in

a 4°C cold room in 10 ml of 5% milk in TBST containing phosphorylated ERK1/2

(Thr202/Tyr204, 1/1000; Cell Signaling Technology, MA, USA) overnight. The

next day, the membranes were removed from the 5% milk and antibody solution

and rinsed 5 x 5 min in TBST, followed by a 1 h incubation in goat-anti-rabbit

IgG-horseradish peroxidase (1:10000, Pierce, IL, USA) made up in 5% milk in

TBS1. The membranes were then rinsed 3 x 5 min in TBST, followed by a 5 min

immersion in SuperSignal West Pico Chemiluminescent Substrate (Pierce, IL,

USA). The membranes were then analyzed in the ImageQuant LAS 4000

biomolecular imager (GE Healthcare Life Sciences, QE, Canada). Briefly, the

membrane was placed on the Epi tray and set to position 1 (105 mm x 70 mm)

and the door of the imager was closed. Next, the detection method of

chemiluminescence was selected and the focus adjusted. The exposure type

"precision" was selected and exposure time was set to auto with exposure
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sensitivity set at high. The exposure images were digitized and saved to the hard

drive. The membranes were then exposed to film (AGFA, Mortsel, Belgium) for

representative pictures. The images from the biomolecular imager were

analyzed using ImageQuant analyzing software which gives optical density

readings for all bands on the membrane. These numbers were entered into an

Excel program which normalized the experimental groups to the non-learning

saline control. The percentages for each condition were analyzed using InStat.

After the analysis, the membranes were rinsed in TBST for 3 x 5 min, followed by

an immersion in stripping buffer (Restore, Thermo Scientific, UT, USA) with

agitation for 15 min at room temperature. The membranes were then rinsed 3 x

10 min in TBST and incubated with agitation in a 4°C cold room in 5% milk in

TBST containing total ERK1/2 (1 :1000; Cell Signaling Technology, MA, USA)

overnight. The next day, the procedures for incubating in secondary antibody

and analysis were completed as described above.

3.2.9 Statistical Analysis

A one-way analysis of variance (ANOVA) was used in the animal

behaviour analysis to compare drug effects. A Dunnett's post hoc analysis was

used to compare the various behavioural training groups to the non-learning

saline control group. For the Western blot experiments, the isoproterenol

experimental groups were normalized to the non-learning saline control and

analyzed using a repeated measures ANOVA and Dunnett's post hoc analysis
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comparing the experimental groups to the non-learning saline control. Statistical

significance was taken as p<0.05 for all tests.

3.3 Results

3.3.1 A single early increase in bulbar ERK phosphorylation is associated with

odor preference learning

As cAMP undergoes a single phasic increase at the end of training in the

olfactory bulbs of pups that learn an odor preference (Cui et al., 2007), we

examined the activation of the Epac/ERK pathway in odor preference memory

through measuring the phosphorylation of ERK within the olfactory bulbs of

learning (2 mg/kg Iso + odor) and non-learning (6 mg/kg Iso + odor) animals.

Pups underwent the sample collection and protein determination and Western

blotting procedures as described above in sections 3.2.7 and 3.2.8. Repeated

measures ANOVAs (Fig. 3.1A: F(6,24)=10.546, P<0.0001; Fig. 3.18:

F(4, 16)=3.264, P=0.0388) revealed there was a significant difference in ERK1

phosphorylation between learning and non-learning animals compared to the

non-learning saline control (s.c. injection of saline without odor). A Dunnett's

post-hoc test (*P<0.05, **P<0.01) revealed that learning animals (2 mg/kg Iso +

odor) had a significant increase in the phosphorylation of ERK1 immediately after

training relative to the non-learning saline control (Fig. 3.1 A). This increase
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remained elevated for 10 min after training, but then returned to control levels 30

min after training where it remained (Fig. 3.1 B). However, this differed from non

learning animals (6 mg/kg Iso + odor) where the significant increase in the

phosphorylation of ERK1 occurred immediately after training, remained elevated

for 10 min (Fig. 3.1 A), and then became elevated again 60 min after learning

(Fig. 3.1 B). There was also a difference in the phosphorylation of ERK2 as

repeated measures ANOVAs (Fig. 3.1 C: F(6,24 )=7.182, P=0.0002; Fig. 3.10:

F(4, 16)=4.134, P=0.0173) revealed a significant difference between learning and

non-learning animals compared to the non-learning saline control. A Ounnett's

post-hoc test (*P<0.05, **P<0.01) revealed that learning animals had a significant

increase in the phosphorylation of ERK2 immediately after training relative to the

non-learning saline control (Fig. 3.1 C). This increase in phosphorylation was not

present 10 min later and remained at control levels (Fig. 3.10). However, this

differed from non-learning animals where the significant increase in the

phosphorylation of ERK2 occurred immediately after training, stayed elevated for

10 min (Fig. 3.1 C) and then became elevated again 60 min after training (Fig.

3.10).

3.3.2 Inhibition of ERK disrupts intermediate-term and long-term odor preference

memory with no effect on short-term memory, while ERK and PKA can

compensate for each other to rescue long-term memory
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We examined the requirement for the phosphorylation of bulbar ERK

through inhibiting ERK in the olfactory bulbs before learning took place as

described above in section 3.2.4. We found that inhibiting bulbar ERK had no

effect on 3 h STM (one-way ANOVA, F(4,25)=19.424, P<0.0001), with the results

demonstrating a normal inverted U-curve response (see Appendix). A Dunnett's

post-hoc test (**P<0.01) revealed that the learning control (2 mg/kg Iso + vehicle

infusion + odor) and ERK-inhibited learning animals (2 mg/kg Iso + U0126

infusion + odor) significantly differed from the non-learning control (saline

injection + vehicle infusion + odor), while ERK inhibited non-learning animals (0

mg/kg Iso + U0126 infusion +odor & 6 mg/kg Iso + U0126 infusion + odor) did not

(Fig. 3.2A). The examination of 5 h ITM demonstrated the requirement for

bulbar ERK activation (one-way ANOVA, F(4,25)=12.872, P<0.0001). Both ERK

inhibited learning and non-learning animals did not significantly differ from the

non-learning control (Dunnett's post-hoc, **P<0.01) (Fig. 3.2B). LTM

demonstrated a similar result to ITM, where learning was inhibited with the

inhibition of bulbar ERK activity (one-way ANOVA, F(4,15)=59.917, P<0.0001).

Dunnett's post-hoc analysis (**P<0.01) revealed that ERK-inhibited learning

animals did not differ from the non-learning control. However, increased p

adrenoceptor activation, which normally does not produce learning (Yuan et al.,

2000;Langdon et al., 1997), caused learning and LTM formation to occur as

animals receiving a U0126 infusion with 6 mg/kg Iso and odor significantly

differed from the non-learning control (Fig. 3.2C). Previous work found that

inhibiting PKA disrupts LTM unless increased p-adrenoceptor activation occurs,
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which causes the phosphorylation of CREB to increase while PKA is inhibited

(Chapter 2). We hypothesize that cAMP could work through the Epac/ERK

pathway to drive transcription and LTM formation when PKA is inhibited. The

cooperation and compensation between these two pathways could be occurring

in this instance as well, with elevated cAMP from increased p-adrenoceptor

activation (Cui et al., 2007) working through the PKA pathway while ERK is

inhibited. We examined this cooperation and compensation between the PKA

and ERK pathways by conducting a LTM experiment as described above in

section 3.2.4, but the animals received an infusion containing both U0126 and 22

mM Rp-cAMPs (a PKA antagonist, Sigma, MO, USA) to block ERK and PKA

simultaneously. The one-way ANOVA (F(4,27)=12.950, P<0.0001) and

Ounnett's post-hoc analysis (**P<0.01) revealed no difference between any of

the experimental groups and the non-learning control, even when p-adrenoceptor

activation was increased (Fig. 3.20), suggesting that cAMP works through both

the PKA and ERK pathways to generate memory, even under non-physiological

conditions, demonstrating both pathways' ability to compensate while the other is

inhibited.

3.3.3 Epac is a sufficient US to generate odor preference memory

cAMP stimulates the ERK pathway through its ability to activate Epac

(Keiper et al., 2004;Lin et al., 2003b;Gelinas et al., 2008) and we examined this

through bulbar infusions of the selective agonist for Epac, 8-pCPT (Christensen
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et al., 2003;Ma et al., 2009;Gelinas et al., 2008). A one-way ANOVA

(F(4,26)=7.412, P=0.0004) and Dunnett's post-hoc analysis (**P<0.01) revealed

that all experimental groups significantly differed from the non-learning control.

This shows that the activation of bulbar Epac as the sole US results in the

generation of odor preference memory at four increasing different concentrations

(Fig. 3.3). This demonstrates that cAMP can activate Epac to generate odor

preference memory and that activating bulbar Epac results in a similar pattern as

seen with direct activation of bulbar PKA (Chapter 2).

3.4 Discussion

The purpose of the present study was to determine if cAMP can work

through the Epac/ERK pathway to generate odor preference memory. We found

that the activation of Epac can generate odor preference memory and ERK

activity is required for the formation of ITM and LTM but not STM. Also, the

activity of ERK occurs immediately after learning and is only associated with

learning if it decreases subsequently and remains at control levels in later

samples, demonstrating the requirement for a temporal pattern of activity similar

to bulbar cAMP (Cui et al., 2007). It is also interesting to discover that the

inhibition of ERK and PKA simultaneously eliminates LTM formed through

increased p-adrenoceptor activation suggesting both molecular pathways are
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normally co-operating in generating odor preference learning and either can

compensate for the lack of the other, but at least one is necessary.

3.4.1 A short period of bulbar ERK phosphorylation occurs immediately after

odor preference learning

The phosphorylation of ERK is increased by many different types of

mammalian learning. Sampling ERK phosphorylation at multiple times after

learning found that it occurs 1 h after learning in robust fear memory models

(Atkins et al., 1998;Schafe et al., 2000;Runyan et al., 2004). However,

immediate ERK phosphorylation occurs in hippocampal-dependent memory

(Kelly et al., 2003;Blum et al., 1999) and aversive odor learning causes bulbar

ERK to be phosphorylated for about 60 min after learning (Zhang et al., 2003).

We found that several kinds of molecular signaling occur within a 10 min period

after one trial odor preference learning (Yuan et al., 2000;Cui et al., 2007;Grimes

et al., 2011 ;Grimes et al., 2010), which is what is seen with ERK phosphorylation

in learning animals in the present study. ERK can activate the transcription factor

CREB (Impey et al., 1998a;Roberson et al., 1999;Deak et al., 1998;Davis et al.,

2000), which is required for neonatal odor preference learning (Yuan et al.,

2003a) and could be a target of the immediate increase of bulbar ERK

phosphorylation seen here. However, a non-learning dose of supra-optimal Iso

causes a second period of ERK phosphorylation which could increase CREB

phosphorylation further. We have found that too much CREB activity is
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detrimental to odor preference learning (Yuan et al., 2003a). It is possible that

the second period of increased ERK activity in non-learning animals receiving

supra-optimal US, increases CREB activity at a later time period which could be

detrimental to learning. However, another possible mechanism is that ERK

hyperactivity causes increased GABA release which results in learning

impairments that can be rescued by inhibiting ERK or GABA-dependent activity

(Costa et al., 2002;Cui et al., 2008;Guilding et al., 2007). It is possible that the

increased p-adrenoceptor activity which increases bulbar ERK activity could

potentiate GABA release from granule or periglomerular cells leading to

decreased mitral cell excitation and learning impairments. Increasing GABA

effects from granule or periglomerular cells is detrimental to olfactory memory

formation (Okutani et al., 1999;Okutani et al., 2003). The hyperactivity of ERK

and increased GABAergic activity has been linked to cognitive impairments in

rodents and humans (Guilding et al., 2007;Cui et al., 2008;Costa et al., 2002;Li et

al., 2005;Krab et al., 2008;Ehninger et al., 2008). The pattern of bulbar ERK

activity here is similar to bulbar cAMP signaling in learning animals (Cui et al.,

2007), where ERK phosphorylation is increased immediately after and 10 min

after learning. This would suggest that cAMP signaling rapidly enhances ERK

activity through Epac, however, we cannot say if ERK phosphorylation follows an

identical phasic pattern as cAMP as we did not measure ERK phosphorylation 5

min after learning.
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3.4.2 The activation of Epac as a sufficient US implicates an alternate

molecular pathway for odor preference memory formation

We examined whether cAMP could activate the ERK pathway for odor

preference memory formation solely through the activation of the cAMP target

Epac (Kawasaki et al., 1998;de Rooij J. et al., 1998), which leads to the activation

of the ERK pathway (Keiper et al., 2004;Lin et al., 2003b;Gelinas et al., 2008)

(see figure 1.6). We tested this possibility through bulbar infusions of the

selective Epac agonist, 8-pCPT (Christensen et al., 2003;Ma et al., 2009;Gelinas

et al., 2008). We found that the activation of bulbar Epac was a sufficient US to

generate long-term odor preference memory, demonstrating that cAMP can

activate Epac to induce odor preference memory formation. Epac has been

demonstrated as a molecular mechanism involved in US signaling in

hippocampal-dependent memory (Ma et al., 2009), however, it has never been

shown that Epac activation alone is a sufficient US. The activation of bulbar

Epac results in a similar behavioural pattern as activating bulbar PKA (Chapter

2). The lack of a dose-dependent inverted U-curve, which is normally seen with

~-adrenoceptor activation (Yuan et al., 2000;Langdon et al., 1997), with Epac

activation could be due to the possibility that activating downstream molecules

such as Epac could bypass the activation of molecules that decrease cAMP

signaling such as phosphodiesterases (McLean et al., 2009;McLean et al., 2005)

and cause protein dephosphorylation such as phosphatases (Christie-Fougere et

al., 2009;Genoux et al., 2002;Malleret et al., 2001 ;Woo et al., 2002).
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Phosphodiesterases may be upregulated with increased p-adrenoceptor

activation (Vacas et al., 1985;Ye and O'Donnell, 1996) and we have found that

inhibiting the activity of the phosphatase calcineurin causes learning to occur

even in the presence of supra-optimal p-adrenoceptor activity (Christie-Fougere

et al., 2009) suggesting that increased p-adrenoceptor activity could cause a shift

from essential cAMP signaling and increased phosphorylation to detrimental

cAMP signaling and dephosphorylation.

3.4.3 Intermediate-term and long-term memories depend on ERK activation

As Epac is involved in neonatal odor preference memory formation, we

examined the involvement of the downstream ERK pathway in all phases of

neonatal odor preference memory through inhibiting bulbar ERK activity. The

inhibition of bulbar ERK resulted in impaired intermediate-term and long-term

memory. Work in invertebrate associative (Rosenegger and Lukowiak, 2010)

and non-associative (8harma et al., 2003a;8harma et al., 2003b;Lyons et al.,

2008) memory models has shown a requirement for ERK activation for the

formation of ITM. As this memory phase requires translation (see Appendix),

ERK could be involved in ITM formation through its ability to mediate the

activities of the translational factors eIF4E, 4EBP1, ribosomal protein 86, and

mTor (Kelleher, III et al., 2004), giving ERK the ability to directly regulate the

translation of existing mRNA which is required for ITM formation (see Appendix).
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ERK activity is also required in the amygdala (Duvarci et al., 2005;Schafe

et al., 2000), hippocampus (Eckel-Mahan et al., 2008;Ohno et al., 2001 ;Zhang et

al., 2004;Kelly et al., 2003;Walz et al., 1999), thalamus (Apergis-Schoute et al.,

2005), and olfactory bulbs (Zhang et al., 2003) for the formation of different long

term mammalian memories. LTM requires the activation of transcriptional and

translational mechanisms (see Appendix) and ERK has the ability to regulate the

activities of both. When ERK is phosphorylated it can translocate to the nucleus

(Martin et al., 1997b;Hu et al., 2004;Fioravante et al., 2006;Shobe et al.,

2009;Treisman, 1996;Davis et al., 2000) and regulate transcription (Davis et al.,

2000;lmpey et al., 1998a;Roberson et al., 1999;Deak et al., 1998) through its

ability to stabilize Fos proteins (Murphy et al., 2002), causing robust

transcriptional activation. The nuclear translocation of ERK can also result in the

phosphorylation of CREB (Davis et al., 2000), causing transcription through

CRE-driven gene expression (Athos et al., 2002;West et al., 2002) (see figure

1.7). The inhibition of ERK phosphorylation reduces its nuclear translocation,

CREB phosphorylation, and results in impaired long-term mammalian cellular

memory (Davis et al., 2000). ERK can also affect LTM memory formation

through its ability to regulate synaptic mechanisms. ERK is localized at the

synapse through scaffolding proteins (Krapivinsky et al., 2003;Komiyama et al.,

2002) where it can regulate local synaptic translation through its modulation of

the translational factors eIF4E, 4EBP1, ribosomal protein S6, and mTOR as

described above (Kelleher, III et al., 2004). ERK can also alter synaptic

excitation through its closure of post-synaptic K+ channels (Adams and Sweatt,
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2002;Sweatt, 2004;Watanabe et al., 2002) and its ability to traffic and insert

AMPA receptors into the post-synaptic membrane (Zhu et al., 2002) (see figure

1.6).

Previous work found that inhibiting PKA disrupts LTM unless increased ~

adrenoceptor activation occurs, which causes the phosphorylation of CREB to

increase while PKA is inhibited (Chapter 2). We hypothesize that cAMP could

also work through the Epac/ERK pathway to drive transcription and LTM

formation when PKA is inhibited. The present study found that increased ~

adrenoceptor activation, which normally does not lead to learning (Yuan et al.,

2000;Langdon et al., 1997), caused learning and LTM formation to occur when

bulbar ERK was inhibited. The uniqueness of LTM is its requirement for

transcription (see Appendix) and the fact that the phosphorylation of CREB was

restored when this learning occurred in the PKA inhibited condition (Chapter 2)

suggests that ERK or PKA may drive this LTM through their common ability to

phosphorylate the transcription factor CREB when the other kinase is inhibited.

Supporting this idea is the inhibition of memory seen when both kinases are

inhibited simultaneously in the olfactory bulbs, demonstrating a cooperation and

compensation between the PKA and ERK pathways in which activity in at least

one is required for learning. Moreover, normal levels of activity in only one

pathway are not sufficient to compensate. This suggests that the extended

period of elevated cAMP with increased ~-adrenoceptoractivation (Cui et al.,
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2007) is needed to sufficiently stimulate the uninhibited pathway alone to drive

adequate transcription for LTM formation.

The formation of ITM cannot occur through this increased stimulation of

just one cAMP pathway. The inhibition studies on PKA (Chapter 2) and ERK

have demonstrated that when either one of the pathways is inhibited, then ITM is

inhibited at all concentrations of Iso tested. We were able to generate ITM using

a PKA agonist as the US (Chapter 2) demonstrating that cAMP signaling is

involved in ITM formation. I hypothesize that Epac activation as the US will also

generate ITM and should be explored in the future. The work thus far suggests

that both the PKA and ERK pathways need to be activated to generate ITM and

that activating PKA and Epac together at different concentrations may give us the

ability to selectively generate ITM without STM or LTM. Since ITM requires

translation of existing mRNA (see Appendix), it is possible that the regulation of

local translation factors to form ITM requires the activation of both PKA and ERK.

3.4.4 The ERK pathway is not involved in STM formation

As PKA is not involved in short-term odor preference memory formation

(Chapter 2), we hypothesized that STM could be supported through the activation

of the Epac/ERK pathway. Epac can initiate a short-term cellular memory, early

phase LTP (Gelinas et al., 2008), and ERK is implicated in some forms of short

term mammalian memory (Igaz et al., 2006). However, we found that bulbar
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ERK activation is not required for STM which also demonstrated a normal

inverted U-curve response (see Appendix & Chapter 2). This is supported with

findings from other mammalian memory models (Apergis-Schoute et ai.,

2005;Schafe et al., 2000;Blum et al., 1999;Kelly et al., 2003;Schafe et al., 1999),

including aversive short-term odor memory (Zhang et al., 2003), which

demonstrate that STM can form independently of ERK. Since STM does not

require transcription or translation (see Appendix), an alternative mechanism for

STM formation is the covalent modification of existing proteins by the Ca2+

pathway. Ca2+/calmodulin dependent kinase 2 (CaMK2), which is also implicated

in long-term odor preference memory (de Jong et al., 2008), has

autophosphorylating capabilities (Lisman et al., 2002;Miller and Kennedy,

1986;Rich and Schulman, 1998;Yang and Schulman, 1999) and can cause

AMPA receptor insertion (Lisman and Zhabotinsky, 2001 ;Hayashi et al., 2000),

trafficking (Lisman et al., 2002;Hayashi et al., 2000;Malinow and Malenka, 2002),

and phosphorylation of its Ser831 site (Barria et al., 1997a;Derkach et al.,

1999;Barria et al., 1997b;Mammen et al., 1997). The involvement of

autophosphorylated CaMK2 in short-term memory has been shown in other

memory models (Zhao et al., 1999;Takahashi et al., 2009;Antonov et al., 2010).

3.4.5 Summary

Our work suggests that different phases of a mammalian odor preference

memory are formed via different molecular pathways that work in parallel. We
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determined that a 10 min increase in ERK activity is required immediately after

learning for the formation of 5 h intermediate-term and 24 h long-term memory,

but not 3 h short-term memory. When long-term memory was rescued through

increased ~-adrenoceptor activation, it could be eliminated through the

simultaneous inhibition of bulbar ERK and PKA. This demonstrates the

cooperation and compensation that these pathways can exhibit under non

physiological conditions to restore memory formation. Of particular interest was

the ability to generate an associative memory by pairing odor and Epac activation

directly. The lack of an inverted U curve with Epac activation suggests memory

strength and duration may be directly related to the strength of Epac activation

and its duration.
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Figure 3.1 Odor preference learning causes immediate activation of ERK that decays

quickly, while non-learning animals demonstrate two periods of ERK activation. AlB,

The phosphorylation of ERK1 increases immediately after learning and remains

elevated for 10 min in learning animals (2 mg/kg Iso + odor), after which it returns to

normal control levels. However, in non-learning animals (6 mg/kg Iso + odor) the

phosphorylation of ERK1 increases at two separate time periods. It increases

immediately after learning and remains elevated for 10 min after which it returns to

normal control levels, but then becomes elevated again 1 h after learning. CID, The

phosphorylation of ERK2 increases immediately after learning and returns to normal

control levels 10 min later in learning animals. However, in non-learning animals the

phosphorylation of ERK2 increases at two separate time periods. It increases

immediately after learning and remains elevated for 10 min after which it returns to

normal control levels, but then becomes elevated again 1 h after learning. ElF, A

representative immunoblot of phosphorylated ERK1/2 (1 :1000, Cell Signaling) under

learning (2 mg/kg Iso + odor) and non-learning (6 mg/kg Iso + odor) conditions. GIH, A

representative immunoblot of total ERK1/2 (1:1000, Cell Signaling) under learning and

non-learning conditions demonstrates no change in total ERK between conditions and

across all time points. n=5 for all groups. Data are expressed as phosphorylated ERK

normalized to total ERK and expressed as percentage relative to saline non-learning

control ran in the same experiment. Error bars are SEM. *P<0.05, **P<0.01.
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Figure 3.2 The activation of bulbar ERK is required for 5 h ITM and 24 h LTM, but not 3

h STM, while ERK and PKA can compensate for each other to rescue LTM. A, An

olfactory bulb infusion of U0126 50 min before learning does not affect 3 h STM

formation (n=6 for all groups). This ERK inhibition had no effect on learning (2 mg/kg

Iso + odor), resulting in a normal inverted U-curve response. B, An olfactory bulb

infusion of U0126 50 min before learning causes the inhibition of 5 h ITM formation (n=6

for all groups). This ERK inhibition disrupted normal learning (2 mg/kg Iso + odor)
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resulting in ITM being reduced to non-learning control levels. C, The olfactory bulb

infusion of U0126 50 min before learning also caused the inhibition of 24 h LTM

formation (n=4 for all groups). The inhibition of bulbar ERK before learning disrupts

normal learning (2 mg/kg Iso + odor) and inhibits LTM formation. However, learning for

24 h LTM is restored with increased ~-adrenoceptor activation (6 mg/kg Iso). D, An

olfactory bulb infusion of U0126 and Rp-cAMPs 50 min before learning causes the

inhibition of 24 h LTM formation (sal/sal, n=6; 2 mg/kg Iso/sal, n=6; sal/U0126+Rp

cAMPs, n=6; 2 mg/kg Iso/U0126+Rp-cAMPs, n=7; 6 mg/kg Iso/U0126+Rp-cAMPs,

n=7). The inhibition of both bulbar ERK and PKA before learning inhibits normal

learning (2 mg/kg Iso + odor) and learning that is achieved with increased ~

adrenoceptor activation (6 mg/kg Iso) when either ERK or PKA is inhibited. Data are

expressed as mean +/- SEM. **P<0.01.
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Figure 3.3 Epac activation is a sufficient US to generate LTM. An olfactory bulb

infusion of 8-pCPT 20 min before odor exposure generates 24 h LTM (sal, n=7; 0.5 ~g

8-pCPT, n=6; 2.5 ~g 8-pCPT, n=5; 5 ~g 8-pCPT, n=6; 10 ~g 8-pCPT, n=7),

demonstrating the bulbar Epac activation is a sufficient US to generate neonatal odor

preference memory. No inverted U-curve response occurred which is what was seen

with the activation of another cAMP target, PKA, as the US (Chapter 2). Data are

expressed as mean +/- SEM. **P<0.01.
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Chapter 4

Summary and General Discussion

4.1 Neonatal odor preference learning forms three distinct phases of memory

There is evidence in invertebrates demonstrating that not all phases of

memory are the same in terms of molecular initiation. STM and LTM are different

due to independence or dependence on protein synthesis, respectively. Another

interesting aspect of the temporal analysis of memory is the report of a novel

intermediate-term phase of memory that is dependent on translation, but

independent of transcription. Further analysis found that these three memory

phases could be generated selectively by altering the concentration of serotonin

exposure (Ghirardi et al., 1995). ITM within mammalian models has been implied

but not directly tested (Taglialatela et al., 2009). We found that neonatal odor

preference memory consists of at least three distinct memory phases as was

seen in the invertebrate analysis. Specifically, the bulbar infusions of ACTI and

ANI dissected neonatal odor preference memory as predicted, demonstrating a

translation-independent STM that lasts for about 3 h, a translation-dependent

ITM that occurs around 5 h after training, and a transcription- and translation

dependent LTM lasting for 24 h. Infusing ANI at different times after training

showed that the activation of learning-critical protein synthesis mechanisms

occurs during training and lasts for about 1 h after, whereas an infusion of ANI 3
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h after training has no effect in inhibiting LTM. To bring this mammalian model of

memory even closer to invertebrate memory models, we tested our ability to

selectively generate ITM without LTM. Decreasing the US of p-adrenoceptor

activation through a s.c. injection of 1.5 mg/kg Iso causes the formation of a 5 h

ITM without the presence of a 24 h LTM (see Appendix).

Neonatal odor preference memory requires the translation of new proteins

to induce an ITM, while the transcription of new mRNA is required for LTM. It is

important to now ask what proteins are critical for the formation of both

translation- and transcription-dependent memory. They need not be the same.

A proteomics approach could be helpful here since changes are confined to the

bulb and control conditions can be quite specific.

4.2 The PKA and ERK pathways are required for longer protein synthesis

dependent phases of memory

The formation of long-term neonatal odor preference memory requires a

specific temporal increase in cAMP levels occurring immediately after learning

(Cui et al., 2007) and the phosphorylation of CREB occurring 10 min after

learning (Yuan et al., 2003a;Yuan et al., 2000). cAMP directly activates the PKA

pathway (Dell'Acqua and ScoU, 1997;Taylor et al., 1990), while it indirectly

activates the ERK pathway through its activation of Epac (Keiper et al., 2004;Lin

et al., 2003b;Gelinas et al., 2008). Learning within invertebrate (Muller and
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Carew, 1998;Bergold et al., 1990;Chain et al., 1999;Khabour et al., 2004) and

mammalian (Vazquez et al., 2000;Mizuno et al., 2002;Cammarota et al.,

2000;Sindreu et al., 2007) memory models causes the activation of PKA, which is

required for LTM formation (Abel et aI., 1997;Bernabeu et aI., 1997;Sharifzadeh

et al., 2005;Ma et al., 2009;Bourtchouladze et al., 1998;Ahi et al., 2004). Epac

activation is also involved in long-term mammalian cellular (Gelinas et al., 2008)

and behavioural (Ma et al., 2009) memories, while mammalian hippocampal-

dependent memory causes an increase in the phosphorylation of ERK

immediately after learning (Blum et al., 1999;Kelly et al., 2003), which is also

required for LTM formation (Eckel-Mahan et al., 2008;Ohno et al., 2001 ;Zhang et

al., 2004;Kelly et al., 2003;Walz et al., 1999;Zhang et al., 2003).

The involvement of PKA in STM is demonstrated in invertebrates (Ghirardi

et al., 1992;Castellucci et al., 1982;Schacher et al., 1988;Chang et al.,

2000;Byrne and Kandel, 1996;Ghirardi et al., 1995) but is less clearly implicated

in mammals where short-term memory testing has demonstrated both their

independence (Schafe et al., 1999;Schafe and LeDoux, 2000;Goosens et al.,

2000) and dependence (Vianna et al., 1999;Vianna et al., 2000;lzquierdo et al.,

2000b) on PKA activity. The requirement for ERK activity in short-term

mammalian memory is also indecisive as different memory models are

dependent (Igaz et al., 2006) or independent (Kelly et al., 2003;Blum et al.,

1999;lzquierdo et al., 2000a;Schafe et al., 1999;Schafe et al., 2000;Zhang et al.,

2003) of this activity. PKA (Sutton and Carew, 2000;Sutton et al., 2001 ;Antonov

et al., 2010) and ERK (Sharma et al., 2003a;Sharma et al., 2003b;Lyons et al.,
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2008;Rosenegger and Lukowiak, 2010) have only been explored in invertebrates

for the formation of ITM, which has demonstrated their requirement.

Odor preference training caused a significant increase in bulbar PKA

activity 10 min after training, which is the same time point as bulbar CREB

phosphorylation (Yuan et al., 2000). Inhibiting PKA activity selectively impaired

ITM, LTM, and bulbar CREB phosphorylation. However, the LTM could be

restored through increased ~-adrenoceptor activation, which caused the

restoration of CREB activity without the activation of PKA. This suggests that an

alternate compensating pathway is involved in this memory formation. The

exploration of the alternate Epac/ERK pathway found that neonatal odor

preference learning caused a significant increase in bulbar ERK phosphorylation

immediately after training. Further, if ERK activity was inhibited then ITM and

LTM were impaired but there was no effect on STM. However as with the

inhibition of PKA, we see the restoration of LTM through increasing ~

adrenoceptor activation while ERK is inhibited. When we inhibited ERK and PKA

simultaneously, memory restoration was eliminated demonstrating that each

pathway can compensate for the other inhibited pathway to restore LTM.

These antagonist studies suggest that the three phases of short-term,

intermediate-term, and long-term odor preference memory are truly separate

entities. We were able to generate STM without ITM and LTM and LTM without

STM and ITM. The fact that ITM could not be generated under any Iso

concentration tested when either the PKA or ERK pathway was inhibited
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suggests that both pathways need to be activated to some degree for ITM

formation. Future focus should be on the generation of ITM without STM or LTM,

which I hypothesize, requires a small amount of activation of the PKA pathway

and the ERK pathway together.

Activating bulbar PKA is a sufficient US resulting in the generation of ITM

and LTM, but not STM. Further, this PKA activation also extended odor

preference memory to 72 h after learning. This work further demonstrated that

PKA is not involved in the alteration of existing proteins for the formation and

support of STM. It is selectively involved in the formation of longer phases of

memory that require protein synthesis, suggesting that PKA may regulate this

synthesis. The examination of the ability of cAMP to activate Epac to generate

neonatal odor preference memory found that the activation of bulbar Epac is a

sufficient US to generate neonatal odor preference memory. This suggests that

both PKA and ERK are involved in the regulation of protein synthesis suggesting

that the US of cAMP signaling is very precise in its involvement in the formation

of longer protein synthesis dependent phases of memory. This leads me to

propose that the formation of STM may be reliant on the activity of the calcium

pathway, which is influenced by the CS of novel odor exposure.
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Increased Activity 3hSTM Sh ITM 24LTM

PKA =10 min After Odor PKA PKA PKA

Independent Dependent Dependent

ERK =Immediately After Odor ERK ERK Epac & ERK

Independent Dependent Dependent

Figure 4.1 The summary table shows the current evidence of the involvement of two

molecular pathways in the olfactory bulb for three distinct phases of neonatal odor

preference memory. Bulbar ERK and PKA activity are increased immediately after and

10 min after odor preference training in learning animals, respectively. Short-term

memory formation does not depend on the activation of the PKA or ERK pathways.

Intermediate-term memory and long-term memory both depend on the activation of the

PKA and ERK pathways. The two molecular pathways of PKA and Epac/ERK are

involved in longer protein synthesis dependent memory phases but not shorter protein

synthesis independent memory.
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4.3 General Limitations

Specific limitations for the experiments undertaken in this thesis were

discussed in each chapter, however, there are some general overall limitations

that merit discussion.

4.3.1 The assumption that the molecular signaling involved in neonatal odor

preference learning occurs through f31-adrenoceptor activation

Several experiments were completed using a s.c. injection of a general ~-

adrenoceptor agonist (Iso) as the US. We know from past studies that the

activation of ~1-adrenoceptorsor u1-adrenoceptors, but not ~2-adrenoceptors or

u2-adrenoceptors, is sufficient to generate neonatal odor preference memory

(Harley et al., 2006). From this past research we assume that Iso is working

through the ~1-adrenoceptors to generate neonatal odor preference memory.

However, we have not directly tested this hypothesis by administering a specific

~1-arenoceptor agonist, such as dobutamine, as the US for the undertaken

molecular studies. Thus, there could be different molecular signaling occurring

from the activation of both ~1 and ~2 adrenergic receptors due to the s.c.

injection of Iso compared to the activation of ~1-adrenoceptorsalone.

4.3.2 Does the molecular signaling that is involved in neonatal odor preference

learning also apply to adolescent and adult memories?
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The work we have completed is in neonatal rats. We hypothesize that the

molecular signaling we have discovered in neonatal odor preference learning and

memory formation would be very similar for olfactory learning in adult animals

that are not dependent on the dam. There is work that demonstrates that the

development of auto-inhibitory a2-adrenoceptors in the locus coeruleus prevents

the formation of odor preference learning in these older animals. However,

manipulating ~-adrenoceptor signaling directly in the olfactory bulb is necessary

and sufficient for generating odor preference learning in these older animals

(Moriceau and Sullivan, 2004), suggesting that the molecular signaling we have

described downstream of this receptor activation is still involved in older animals.

However, this has not been directly tested. There could be changes in receptor

and molecular dynamics in adult animals which we are unaware of. However,

our ability to generate odor preference memory through the direct bulbar

activation of PKA or Epac now gives us a valuable molecular tool to test the

downstream signaling for memory formation in mature animals.

4.3.3 Does neonatal odor preference memory form serially or in parallel?

The serial processing of 'consolidating' short-term memories into long-

term memories is a popular ideology in the study of memory. This would suggest

that STM must occur to form ITM and ITM must occur to form LTM. However,

there is work that suggests that memory phases do not form in a serial fashion,

but that they are separate entities that form in parallel to each other (Izquierdo et

131



al., 1998;Emptage and Carew, 1993;Lukowiak et al., 2000;McGaugh, 2000). Our

work seems to agree with the later theory as we were able to generate STM

without LTM and vice versa. Specifically, inhibiting either PKA or ERK caused

STM to be present without ITM or LTM. This still could suggest a serial

processing mechanism as it might not be enough molecular activation for longer

phases of memory, but enough for STM. However, if we increased ~

adrenoceptor activation, then we were able to generate LTM without STM or ITM

(Chapter 2 & 3). PKA agonist studies demonstrated that we were able to

generate ITM and LTM without STM (Chapter 2) suggesting that these three

phases of neonatal odor preference memory may not be linked and are separate

entities that form in parallel to each other. I will mention that the final piece that

would solidify this idea is if we were able to generate ITM without STM or LTM.

Altering the level of ~-adrenoceptoractivation causes the formation of ITM

without LTM (see Appendix), suggesting that ITM is its own separate phase,

however, STM was not tested. We hypothesize that these three memory phases

are sensitive to cAMP signaling and focusing on its downstream targets may be

the key to isolating them. Since PKA or ERK inhibition eliminates ITM at all Iso

concentrations tested, it suggests that both pathways need to be activated for

ITM formation. Activating PKA and Epac together at different concentrations may

give us the ability to selectively generate ITM without STM and LTM and give us

the definitive result demonstrating that these three memory phases are truly

independent of each other.
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4.3.4 Does neonatal odor preference learning only require one period of

molecular activity?

The process of 'consolidating' short-term memories into long-term

memories occurs over hours after learning (McGaugh, 2000). There is variation

in identifying the number of consolidation periods that occur after learning to

solidify LTM. Invertebrate (Epstein et al., 2003) and mammalian (Richter et al.,

2005) memory models have demonstrated two phases of protein synthesis

dependent-consolidation occurring immediately and 3-6 h after learning, while the

same was shown with PKA activity in mammalian memory (Vianna et al.,

2000;Bernabeu et al., 1997). We have examined PKA, ERK, and translational

activity at varying time points after neonatal odor preference learning. We found

that PKA activity is increased 10 min after learning, while ERK and translational

activity is increased immediately after learning and decays 10 min or 1 h later,

respectively. We suggest that only this single period of molecular activity occurs

to initiate 24 h neonatal odor preference memory. However, we did not explore

PKA activity after its increase so we do not know if its activity is maintained,

returns to baseline, or appears again at a second time point. With the

examination of ERK and translational activity, we do not know if there is a second

period of activation that occurs around 3-6 h after learning. The two periods of

molecular activity that have been seen in previous models appear robust and

required for the formation and duration of their memories. Work in invertebrates

133



(Fulton et al., 2005) and mammals (Robinson and Franklin, 2007) revealed that

LTM can be formed from a single consolidation period occurring immediately

after training. It is possible that the pairing of the CS and US during neonatal

odor preference learning is enough stimulation to generate one phase of

molecular activity that is sufficient to generate all phases of odor preference

memory. However, we cannot say this definitively without examining molecular

signaling at later time points (e.g. 3h and 5h) after learning.

Future directions

4.4 The formation and maintenance of short-term neonatal odor preference

memory could occur through the CS pathway

The examination of short-term neonatal odor preference memory has

revealed that the US pathway of cAMP signaling seems not to be involved. It is

possible that the covalent modifications needed for synaptic strengthening and

STM formation and maintenance occur through the CS pathway of Ca 2+

signaling. The generation of neonatal odor preference memory causes the

activation of NMDA receptors (Yuan et al., 2000) and increased Ca2+ influx into

the mitral cells (Yuan, 2009). Examining the molecular activity required for STM

formation has revealed that the downstream target of Ca2+/calmodulin, CaMK2, is

required for some forms of STM (Zhao et al., 1999;Takahashi et al.,
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2009;Antonov et al., 2010). CaMK2 could sustain covalent modifications for STM

formation through its ability to autophosphorylate (Lisman et al., 2002;Miller and

Kennedy, 1986;Rich and Schulman, 1998;Yang and Schulman, 1999), which

causes an extended period of activation without elevated levels of

Ca2+/calmodulin. When CaMK2 is activated, it binds to NMDA receptors which

results in anchoring AMPA receptors to the synapse (Lisman and Zhabotinsky,

2001 ;Hayashi et al., 2000). Activated CaMK2 also phosphorylates AMPA

receptors at serine 831 (Barria et al., 1997a;Derkach et al., 1999;Barria et al.,

1997b;Mammen et al., 1997), which causes their insertion (Lisman and

Zhabotinsky, 2001 ;Hayashi et al., 2000) resulting in the synapse becoming

potentiated (Malinow and Malenka, 2002). AMPA receptor activity in neonatal

odor preference memory has revealed that the PKA-specfic phosphorylation of

AMPA receptors does not sustain activity long enough for 3 h STM. However, it

was found that the insertion of AMPA receptors into the synapse could be the

mechanism for both later STM and LTM formation in neonatal odor preference

learning (Cui et al., 2011). CaMK2 could be the kinase responsible for this

increased membrane insertion due to the molecular characteristics described

above and the fact that it has been shown to be required for long-term neonatal

odor preference memory formation (de Jong et al., 2008), which is dependent on

the insertion of AMPA receptors into the membrane (Cui et al., 2011). The

examination of CaMK2 activity for STM formation should be examined in

neonatal odor preference learning. CaMK2 could phosphorylate AMPA receptors

for a longer period of time than PKA, or it could increase the post-synaptic
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localization and insertion of AMPA receptors, and either or both could extend

synaptic potentiation for the formation of short-term neonatal odor preference

memory.

4.5 Modifying synaptic connections could maintain long-term neonatal odor

preference memory

4.5.1 Neonatal odor preference memory could be sustained through synaptic

PKA activity counteracting phosphatase activity

Exploration of the apical dendrites of mitral cells could lead to the

discovery of the molecular mechanisms of synaptic strengthening and neonatal

odor preference memory formation. The formation of LTF in Aplysia causes

immediate and significantly greater increases in cAMP levels and PKA activity in

the processes of the cell compared to the soma (Bacskai et al., 1993). PKA is

localized at the synapse through its binding to anchoring proteins, which also

bind and localize protein phosphatases (Dell'Acqua et al., 2006). Protein

phosphatase 1 (PP1) can counteract the activity of PKA causing the

dephosphorylation of synaptic proteins leading to the inhibition of memory

formation. However, PKA can counteract PP1 by phosphorylating and activating

the endogenous inhibitor of PP1, inhibitor-1 (Blitzer et al., 1998;Blitzer et al.,

1995;Greengard et al., 1999;Hemmings, Jr. et al., 1984). At the synapse PKA
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can counteract PP1 activity leading to the induction of LTP (Blitzer et al.,

1998;Blitzer et al., 1995), while the knockout of hippocampal PKA resulted in

impaired L-LTP in the CA1, which was rescued through the inhibition of PP1

(Woo et al., 2002). Dephosphorylation of inhibitor-1 by calcineurin caused

increased activation of PP1 and the induction of long-term depression (Mulkey et

al., 1994), while the genetic inhibition of calcineurin enhanced the expression of

LTP (Malleret et al., 2001). Our examination of calcineurin revealed that

decreasing its activity enhanced odor preference memory formation leading to its

extension (Christie-Fougere et al., 2009). This could occur through increased

inhibitor-1 activity and decreased PP1 activity, as learning and memory

enhancement was also seen with the direct reduction of PP1 activity (Genoux et

al., 2002). PKA can regulate both positive and negative molecular signaling at

the synapse, and this synaptic regulation likely needs to be optimally tuned to

initiate neonatal odor preference memory formation. Also, the memory

enhancement seen with decreasing PP1 activity could be a mechanism

underlying memory extension with increased bulbar PKA activity.

Another means by which PKA can modify the synapse is through the

formation of a synaptic tag. After transcription and translation occurs within the

neuron, the newly synthesized mRNAs and proteins are delivered throughout the

cell but are only functionally incorporated in synapses that have been tagged by

previous synaptic activity to potentiate and strengthen the synapse for LTM

formation. Weak synaptic activation that causes the induction of E-LTP, forms a

synaptic tag for about 3 hours which causes the synapse to capture the
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synthesized mRNAs and proteins, leading to its potentiation and formation of L

LTP (Frey and Morris, 1997;Frey and Morris, 1998;Barco et al., 2002). Work in

Aplysia (Casadio et al., 1999) and mice (Barco et al., 2002) has demonstrated

that PKA is involved in this molecular tagging signal to mark stimulated synapses

for the capture of newly synthesized products of gene expression. The inhibition

of PKA blocked the synaptic capture of L-LTP, while the activation of PKA

produced this synaptic capture and maintained a persistent facilitation at the

synapse (Young et al., 2006). PKA could form this synaptic tag through its

reduction of PP1 as this caused an increase in CREB phosphorylation (Genoux

et al., 2002), which lead to CRE-driven gene expression and the production of

proteins that can tag the synapse (Barco et al., 2002). Synaptic tagging should

be examined within the apical dendrites of mitral cells that are activated by the

learned odor, as this could be both a molecular and cellular mechanism for the

formation of long-term neonatal odor preference memory.

4.5.2 Post-synaptic excitation can be regulated through K+ channel and NMDA

receptor activity

The strengthening of a synapse could also involve the effects that

intracellular kinase signaling has on K+ channels. Voltage-dependent K+

channels of the Kv4.x family regulate dendritic membrane depolarization through

regulating the effects of dendritic back propagating action potentials (Birnbaum et

aI., 2004). K+ channels are subject to modulation through both PKA and p-

138



adrenoceptor activation, however, these modulations are dependent on ERK

activation such that the inhibition of ERK causes increased K+ channel activity

reducing the excitation of the synapse. ERK decreases the activity of K+

channels through phosphorylating the alpha subunit, which alters the channel

properties causing the requirement for a greater depolarization to open (Adams

et al., 2000;Yuan et al., 2002a;Morozov et al., 2003;Watanabe et al.,

2002;Birnbaum et al., 2004). K+ channels can modulate NMDA receptor activity

through controlling the membrane potential that the NMDA receptor detects. The

reduction of K+ channel activity enhances membrane excitation resulting in

increased NMDA receptor activation (Watanabe et al., 2002;Birnbaum et al.,

2004). The NMDA receptor is activated during neonatal odor preference learning

(Yuan et al., 2000). Increased CREB activity, which is required for neonatal odor

preference memory (Yuan et al., 2003a), causes an increase in NMDA receptor

expression (Marie et al., 2005). PKA is coupled to NMDA receptors, through an

A-kinase anchoring protein (AKAP), allowing it to readily modulate receptor

channel activity (Westphal et al., 1999). Inhibiting PKA within the hippocampus

reduces both the calcium permeability of NMDA receptors and calcium signaling

in active dendritic spines. This PKA regulation of NMDA receptor currents was

more prominent in neurons cultured from immature animals (Skeberdis et al.,

2006), suggesting that NMDA receptor regulation by PKA may be an important

molecular mechanism for neonatal odor preference learning.

Neonatal odor preference learning is likely to cause synaptic

enhancement between the olfactory nerve and the apical dendrite of the mitral
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cell. We know that ~-adrenoceptor, PKA, ERK, and CREB activation are all

required for long-term odor preference memory. It is possible that these

mechanisms enhance the olfactory nerve and mitral cell synapse through

decreasing K+ channel activity and increasing NMDA receptor activity. Cellular

modeling of neonatal odor preference memory has shown that activation of the

olfactory nerve in combination with ~-adrenoceptor activation causes an

increased influx of Ca2+ into the mitral cells (Yuan, 2009) and increased mitral

cell firing (Lethbridge et al., 2011). This suggests that neonatal odor preference

learning causes enhanced NMDA receptor activation on the post-synaptic mitral

cell dendrites, which could occur through the molecular signaling of PKA, ERK,

CREB, and K+ channel activity.

4.5.3 New synaptic connections can be established through the activation of

silent synapses

The maintenance of long-term neonatal odor preference memory could

occur through the formation of new synaptic connections. Work in Aplysia

demonstrated that pre-existing presynaptic varicosities that are empty of synaptic

vesicles become active during LTF. These empty varicosities are filled with

synaptophysin and synaptic vesicles 3-6 h after the induction of LTF. These

newly activated presynaptic varicosities account for approximately 32% of newly

activated synapses seen 24 hours after LTF induction (Kim et al., 2003).

However, within the mammal, silent synapses refer to excitatory glutamatergic
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synapses whose postsynaptic membrane contains no AMPA receptors. Even

though the membrane contains NMDA receptors, the lack of AMPA signaling at

the synapse renders it silent under normal conditions (Malinow et al., 2000).

However, this silence can be eliminated through synaptic stimulation, which

activates silent synapses through the insertion of AMPA receptors into the

membrane. The activation of CaMK2 causes it to bind to NMDA receptors

resulting in additional sites to anchor AMPA receptors (Lisman and Zhabotinsky,

2001 ;Hayashi et al., 2000). When CaMK2 is active, it phosphorylates AMPA

receptors (Barria et al., 1997a;Derkach et al., 1999;Barria et al., 1997b;Mammen

et al., 1997), which causes their insertion (Lisman and Zhabotinsky,

2001 ;Hayashi et al., 2000) and renders the synapse not only active but

potentiated (Malinow and Malenka, 2002). The activation of these new silent

synapses may involve the synthesis of new CaMK2 (Ouyang et al., 1999;Huang

et al., 2002) and AMPA subunits (Nayak et al., 1998), possibly through the

activation of CREB (Marie et al., 2005). CaMK2 (de Jong et al., 2008), CREB

(Yuan et al., 2003a), and AMPA receptor insertion (Cui et al., 2011) are required

for long-term neonatal odor preference memory, suggesting that the activation of

silent synaptic connections through these mechanisms could be a cellular

change that occurs for the formation, maintenance, and extension of LTM.

4.6 Transcription could be regulated through histone acetylation
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Histone acetylation is the process of transferring acetyl groups to histones,

which causes the release of DNA from the histone complex resulting in the

activation of transcription (Levenson and Sweatt, 2006). Work in Aplysia has

shown that facilitatory stimuli leads to acetylation, while inhibitory stimuli causes

deacetylation and that histone acetylation is involved in the maintenance of LTF

(Guan et al., 2002). Mammalian contextual fear conditioning also leads to an

ERK-dependent histone acetlyation in CA1 of the hippocampus as the activation

of ERK in CA1 caused histone acetylation, while its inhibition blocked it

(Levenson et al., 2004). The activation of CREB recruits CREB binding protein

(CBP) which acts as an acetyl-transferase and leads to histone acetylation in

both Aplysia (Guan et al., 2002) and mammals (Alarcon et al., 2004). CBP

activity is required for hippocampal dependent L-LTP and long-term spatial and

contextual fear memory (Wood et al., 2005), while eliminating the ability of CBP

to act as an acetyl-transferase impairs long-term memory formation (Korzus et

aI., 2004). The enhancement of histone acetylation through the inhibition of the

deacetylating enzyme, histone deacetylase (HDAC), facilitated the induction of

LTF (Guan et al., 2002). Mammalian studies have shown similar results with

HDAC inhibitors enhancing LTP induction in the Schaffer collateral pathway of

the hippocampus (Alarcon et al., 2004;Levenson et al., 2004), and the formation

of hippocampal (Levenson et al., 2004) and amygdala-dependent (Yeh et al.,

2004) fear conditioning. As histone acetylation is a mechanism of LTM formation

and maintenance in a broad range of memory models, it is a possible novel

mechanism that should be studied within the MOB for the formation of neonatal
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odor preference memory. Since neonatal odor preference memory is reliant on

both ERK (Chapter 3) and CREB (Yuan et al., 2003a) activity, this highlights

possible bulbar molecular mechanisms that can regulate histone acetylation, the

enhancement of transcription, and LTM formation.

4.7 Other transcription factors besides CREB could be involved in neonatal

odor preference memory formation

Neonatal odor preference learning requires the phosphorylation of CREB

(Yuan et al., 2003a), which has the ability to activate other transcription factors

(Conkright et al., 2003;Zhang et al., 2005) leading to multiple transcriptional

mechanisms working together. Other transcription factors such as Ets-like

protein (Elk-1), c-fos, Zif268, or NF-kb can also be involved in the transcriptional

regulation of long-term synaptic changes and memory (Sgambato et al.,

1998;Albensi and Mattson, 2000;lzquierdo and Cammarota, 2004;Tischmeyer

and Grimm, 1999;Davis et al., 2000;Davis and Laroche, 2006). We have shown

that the activation of ERK is required for ITM and LTM formation (Chapter 3).

The phosphorylation of ERK directly activates the transcription factor Elk-1 ,

which leads to serum response element (SRE) activation (Marais et al.,

1993;Hipskind et al., 1994;Wasylyk et al., 1998). The promoter region of the

Zif268 gene contains 2 CRE sites and 6 SRE sites (Beckmann and Wilce, 1997),

demonstrating that Zif268 can be controlled by PKA or ERK though the activation

of CREB or by ERK through the activation of Elk-1 (Bozon et al., 2003;Davis and
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Laroche, 2006;Thomas and Huganir, 2004). The induction of hippocampal LTP

causes the rapid phosphorylation of ERK and its translocation to the nucleus

resulting in Elk-1 phosphorylation. Inhibiting ERK phosphorylation resulted in

decreased Elk-1 and CREB phosphorylation and inhibited LTP-dependent

transcriptional activation of Zif268 in dentate gyrus granule cells, which resulted

in impaired LTP induction (Davis et al., 2000). The parallel activation of CREB

and Elk-1 by ERK has been seen in the hippocampus after one-trial avoidance

learning (Cammarota et al., 2000), while the retrieval of fear memory causes the

activation of Zif268 in the CA1 or amygdala (Hall et al., 2001). As neonatal odor

preference memory causes and requires the activation of bulbar ERK (Chapter 3)

and CREB (Yuan et al., 2003a;Yuan et al., 2000), special focus should be given

to the molecular regulation of the transcription factors Elk-1 and Zif268 as a

requirement for these factors has also been shown in a wide range of

mammalian memories.

4.8 Concluding remarks

The data presented in this thesis extends the existing literature regarding

mammalian memory formation. We have found three distinct phases of

mammalian memory that follow the molecular characteristics described

previously in invertebrate models. We have extended this analysis by examining

the enzymatic activity that is involved in the formation of these distinct memory
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phases. From this work we have shown that memory does not necessarily

transition in a serially dependent fashion from STM into LTM. The fact that we

are able to generate ITM and LTM without STM, STM without ITM or LTM, and

LTM without STM and ITM suggests that these memory phases undergo

formation separately and parallel to each other. As noted, evidence suggesting

separate and parallel mechanisms for the formation of both STM and LTM is the

ability to generate LTM without the presence of STM. We were able to do this on

two separate occasions through the selective generation of LTM by inhibiting

bulbar PKA or ERK and increasing p-adrenoceptor activation. We also found

that this LTM formation occurred through the activation of the other uninhibited

compensating pathway. These results in combination with the activation of

bulbar PKA not generating STM suggests that the PKA and ERK molecular

pathways are involved in the formation of longer-term memories that require

protein synthesis. To better understand the role of each pathway it would be

useful to look at STM and ITM when both pathways are blocked. That remains

for a future study. Hopefully, this work will inspire people to examine the less

studied memory phases of STM and ITM in mammals, as it is essential to clarify

how mammalian memory forms over time. Further analysis of the involvement of

the PKA and Epac/ERK signaling pathways in protein synthesis regulation may

reveal the mechanisms for LTM formation and maintenance. Defining this

molecular signaling may lead to specific targets that can be manipulated for the

rescue and restoration of memory that is in an inhibited or impaired state.
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A.1 Introduction

In 1995 Kandel's group, investigating cAMP/PKA-dependent synaptic

sentization in Aplysia cell cultures (Ghirardi et al., 1995), reported a novel

intermediate phase of sensitization that was blocked by disruption of protein

translation using anisomycin, but that was not blocked by disruption of protein

transcription using actinomycin D. This intermediate form could be selectively

demonstrated using serotonin concentrations higher than those that elicited short

term sensitization, which was insensitive to any disruption of protein synthesis,

and lower than those that induced long-term sensitization (24 h), which could be

disrupted by both the transcription inhibitor actinomycin D and the translation

inhibitor, anisomycin. Subsequently, behavioral sensitization with three distinct

time phases (short-term memory, STM; intermediate-term memory, ITM; long

term memory, LTM) was demonstrated in intact Aplysia, with ITM outlasting STM

by more than an hour (Sutton et al., 2001). The same unconditioned stimulus

protocols delivered in a reduced preparation showed ITM was sensitive to

inhibition of protein translation, but not protein transcription (Parvez et al.,

2006b). These were the first mechanistic studies of multiphasic memory. A

protein synthesis-independent ITM has also been described in Aplysia and is

distinguished, in part, from translation-dependent ITM by dependence on protein

kinase C rather than protein kinase A (Sutton et aI., 2004).
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Associative memory also exhibits a protein translation-dependent ITM.

This has been characterized in some detail using operant conditioning in the

pond snail (Lymnea) (Parvez et al., 2006a). Following 30 min of training an

operant ITM is seen at 3 h, which is blocked by the translation blocker

anisomycin, but not the transcription blocker actinomycin D. With one hour of

training, memory is seen at longer intervals, up to and including 24 h, and this

LTM is blocked by both translation and transcription inhibitors of protein synthesis

(Sangha et al., 2003). When the soma critical for inducing pond snail LTM is

removed, operant ITM is still observed, providing additional evidence that

translation in neurites provides the support for ITM (Scheibenstock et al., 2002).

ITM has also been reported in a classical conditioning paradigm using light as the

conditioned stimulus (CS) in Hermissenda. Again this ITM is translation, but not

transcription, dependent as revealed by selective protein synthesis inhibitors

(Crow et al., 1999).

The discovery of protein synthesis machinery and mRNAs near synaptic

sites (Steward and Levy, 1982), which are regulated, as first proposed, by

synaptic activation (for a recent review see (Bramham and Wells, 2007) and

behavioral work with learning and memory in mutant mice with impaired local

mRNA targeting (Miller et al., 2002) point to a role for local protein translation in

mammalian memory. However, translation dependent ITM has not yet been

described in vertebrates. Translation-dependent ITM in rodents has been

assumed in a novel object recognition paradigm, but has not been tested with a

translation inhibitor (Taglialatela et al., 2009).
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The neonate rat shows both short-term and long-term odor preference

memory initiated by activation of the cAMP/PKA cascade. Neonate rat odor

preference learning depends on the activation of ~-adrenoceptorsin the olfactory

bulb (Sullivan et al., 2000b;Harley et al., 2006). Activation of ~-adrenoceptors(as

the unconditioned stimulus, US), paired with a novel odor (as the conditioned

stimulus, CS), is both necessary and sufficient for the expression of a preference

for the odor 24 h later (Sullivan et al., 1991 a). We (Langdon et al., 1997;Rumsey

et al., 2001 ;Yuan et al., 2003a) and others (Moriceau and Sullivan, 2004) have

shown that manipulations limited to the olfactory bulb are sufficient to induce or

prevent early odor preference learning.

In the present experiments, intrabulbar infusions of protein synthesis

inhibitors for translation (anisomycin) and transcription (actinomycin) given

immediately after training were used to explore the protein synthesis

requirements of 3 h, 5 hand 24 h odor preference memory in rat pups. We also

varied the dose of the US (isoproterenol, Iso) to probe the induction of ITM

without LTM in this model.

A.2 Materials and Methods

A.2.1 Subjects
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Subjects were Sprague-Dawley pups. Litter effects were controlled by

using one male and one female for a training condition within a litter. Animals

were maintained on a 12 h light/dark cycle with food and water available ad

libitum. All experiments were approved by the Institutional Animal Care

Committee of Memorial University and followed the standards of the Canadian

Council on Animal Care.

A.2.2 Surgery

On postnatal day (PND) 5, pups were anesthetized by hypothermia and

the skull over the olfactory bulbs exposed. A small plastic screw (Small Parts

Inc., USA) was glued upside down caudally and two holes 2 mm apart were

drilled over the central portion of the bulbs. A pair of 23 gauge stainless steel

guide cannulae, 6 mm long, was lowered until it rested on the surface of the

olfactory bulbs. Dental acrylic secured the cannula assembly to the plastic

screw. A biting deterrent gel (Four Paws Ltd., NY) was applied to the sutured

skin to minimize maternal disturbance. Pups were returned to the dam within 30

min from the start of surgery.

A.2.3 Training

On PND 6 pups were removed from the dam to receive a 50 IJI s.c.

injection of either sterile saline or 1, 1.5 or 2 mg/kg Iso (Sigma Chem) and then
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returned to the home cage for 30 min. The pup was then placed into a clean

weigh boat for 10 min away from the dam. Next, it was placed in a polycarbonate

cage (30 cm x 19 cm x 13 cm) containing peppermint-scented bedding (0.3 ml

peppermint extract in 500 ml fresh bedding) for 10 min in a separate room

maintained at 2rC. In many experiments, the 10 min odor exposure was

followed by olfactory bulb infusion of saline, anisomycin, or actinomycin D as

described below. After infusion, the pup was returned to the dam.

A.2.4 Macromolecular synthesis inhibitor infusions

Insect pins blocking the 23 gauge guide cannula were replaced with 7 mm

long 30 gauge stainless steel tubes attached to PE 20 polyethylene tubing and a

10 IJI Hamilton syringe secured in a syringe pump (Razellnstruments). Bilateral

infusion of 1.25 IJI of a blocker into each bulb was made over a two min period

either immediately after training (anisomycin, actinomycin D) or 1 or 3 h after

training (anisomycin). The infusion cannulae were left in place for an additional 2

min to allow the solutions to diffuse throughout the olfactory bulbs.

Anisomycin (100 f..I.g/f..I.l, Alexis Biochemicals, San Diego, USA) was

prepared by mixing 3.2 mg with 14.8 f..I.l of phosphate buffered saline (PBS),

followed by 1.15 f..I.l of equimolar HCI and an additional 14.8 f..I.l of PBS. The pH

was readjusted to 7.4. Prior to infusion, frozen aliquots of anisomycin were

thawed on ice and sonicated for 20 min to ensure the compound was dissolved

151



and mixed. The choice of infusion concentration was based on the work of

Schafe and LeDoux (Schafe and LeDoux, 2000). Their work had shown a similar

concentration injected in a smaller volume and targeting the lateral amygdala

blocked fear memory when given immediately after a single auditory fear

conditioning trial. However, with their concentration, Schafe and LeDoux also

reported failure of learned freezing at 1 h, but not at 4 h. They attributed this

early failure to protein synthesis-dependent impairment of sensory processing at

1 h. Thus, there was some concern here that impairment of olfactory function

might compromise the separation of STM and LTM effect in the rat pup.

However rat pups infused with anisomycin in the olfactory bulbs immediately after

learning exhibited intact STM, allaying these concerns.

A careful investigation of protein synthesis inhibition with an

intrahippocampal dose of 62.5 ~g/0.5/~1 anisomycin (Wanisch and Wotjak, 2008)

provides evidence of more than 90% inhibition of protein synthesis 30 min after

infusion with significant depression of protein synthesis continuing for 6 hand

recovery to control levels by 9 h.

Actinomycin D (2.5 I-Ig/1-l1, Alexis Biochemicals, San Diego, USA) was

prepared fresh by dissolving 1 mg of actinomycin in 200 ~I of sterile saline and

200 ~I of 50% dimethyl sulfoxide followed by 30 min sonication to dissolve and

mix the compound prior to infusion. This is similar to the dose (5 1-19/0.81-11) used

by Yang and Lu (Yang and Lu, 2005) in the amygdala which blocked d

cycloserine facilitation of extinction and had also been shown to block fear
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conditioning memory at 24 h (Un et al., 2003a), but not extinction itself (Un et al.,

2003a;Yang and Lu, 2005). Otani et al. (Otani et al., 1989) had shown that 5

IJg/lJl actinomycin 0 infused at 2 IJl/min in the lateral ventricle produces 95%

inhibition of RNA synthesis in the dorsal dentate gyrus measured at the end of 30

min, the earliest time point assessed. A drawback of microgram per microliter

concentrations of actinomycin 0 is the possibility of toxic effects at 24 h (e.g. see

(Rizzuto and Gambetti, 1976b); using 10 IJg). However, these effects are not

typically seen at early time points and for the current study it was important to

ensure substantial suppression of RNA synthesis in the first hours after training.

Proven nontoxic nanogram per microliter doses of actinomycin 0 produce only

-40% suppression of RNA synthesis 2 h after injection, the earliest time point

tested (Bailey et al., 1999). Finally, in the Yang and Lu study with 5 IJg/.81J1

infusions, rats exhibit normal extinction levels 24 and 48 h after actinomycin 0

and normal potentiation of extinction by cycloserine after an actinomycin 0

infusion that blocked earlier cycloserine potentiation suggesting no permanent

loss of function due to their concentration, which is somewhat higher than that

used in the present study.

A.2.5 Testing

Pups were tested 1, 3, 5 or 24 h after odor preference training. Pups from

each litter were only tested at one time point and training groups were run one at

a time. Pups were given an odor preference test in a quiet room at 2rC. A
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stainless steel testing box (36 x 20 x 18 cm) with a mesh bottom was centered

over two trays. The trays were 2 cm apart, creating a neutral zone in the center.

One tray contained 500 ml of fresh bedding while the other contained 500 ml of

peppermint scented bedding prepared at the same concentration used during

training. The tester was blind to the previous training procedure given to the pup.

Each pup underwent five one minute trials, starting in the neutral zone and

alternately facing towards or away from the tester with each subsequent trial.

When the pup's snout and one paw moved from the neutral zone to either the

peppermint or control zone, a timer for that side was started. Pups were given

thirty second rest periods between trials. Summation of the time spent over the

peppermint side divided by the total time active (time spent over peppermint· plus

time spent over control) gave the percent time over peppermint. Thus,

preference for the conditioned odor was measured by the percent of time spent

by the pup over the peppermint odor.

A.2.6 Statistics

A one-way analysis of variance (ANOVA) determined the difference

among experimental groups and the Dunnett's post hoc test was used for

comparisons with the Iso + saline (plus odor) group as the control.

A.3 Results
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A.3.1 Immediate post-training anisomycin

Interference with protein-translation by intrabulbar anisomycin infusion

immediately after the 10 min training trial blocked expression of ITM and LTM,

but not STM. Memory was tested at four time points with separate groups of

pups: 1 h, 3 h, 5 hand 24 h (see Figure A.1 for percent time spent by pups over

peppermint odor in memory tests). Odor preference memory in the anisomycin

infused groups was normal when tested 1 h or 3 h after training. ANOVAs for

short term memory tests were: 1 h groups, F[3, 14] = 18.91, P < 0.0001, and 3 h

groups, F[3,24] = 10.95, P < 0.0001. The non-learning control group (saline +

saline infusion) in the 1 hand 3 h tests was significantly different (p < 0.05) from

the learning control group (2 mg/kg Iso + saline infusion). Finally, pups given

odor and a 2 mg/kg Iso injection + anisomycin were not significantly different

from the learning group (odor and 2 mg/kg Iso+saline, p> 0.05) in the 1 hand 3

h tests. This result also suggests odor sensing itself was not impaired by

anisomycin.

Odor preference memory was blocked in the immediate anisomycin

infused groups tested at 5 h or 24 h after training (Fig. A.1). ANOVAs for longer

term memory tests were: 5 h group, F[3,26] = 23.55, P < 0.0001, and 24 h group,

F[3, 14] = 17.59, P < 0.0001. Again, the non-learning control pups spent

significantly less time over the peppermint than the learning control pups (p <

0.01). However, now the 2 mg/kg Iso injection + anisomycin infusion condition
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differed significantly from the learning control (p < 0.01) and did not show

evidence of odor preference. Odor preference memories appear to switch from

not requiring post-training olfactory bulb protein translation for memories of 3 h or

less to requiring post training translation for memories of 5 h or longer.

A.3.2 Anisomycin 1 h or 3 h post-training

Interference with protein-translation by intrabulbar anisomycin infusion

beginning 1 h or 3 h after training indicates the requirement of 24 h term memory

for bulbar protein synthesis is diminished 1 h after training and no longer present

at 3 h (Fig. A.2). The inhibition of protein synthesis in the olfactory bulbs of pups

at 1 h post-training (Fig. A.2A) produced odor preferences at 24 h (-57% time

over peppermint) that fell between those of learning (Iso+saline, 75% time over

peppermint) and non-learning controls (saline+saline -24%, saline+anisomycin

-32% time over peppermint) (F[3, 20)= 6.16, P < 0.005). Four of the 2

mg/lso+anisomyin pups spent 68-89% of the test time over the conditioned odor,

a normal memory result, while 3 pups spent 4-44% of the time over the

conditioned odor, a range characteristic of non-learning. This suggests one hour

after training is near the limit of the interval in which new protein synthesis (via

translation) must occur for 24 h memory.

When anisomycin was infused 3 h after training (Fig. A.2B), odor

preference memory was normal in the group receiving the protein synthesis
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inhibitor (F[3, 12] = 25.33, P < 0.0001). The 2 mg/kg Iso+saline learning group

(spending -75% time over peppermint) differed significantly from the

saline+saline non-learning control group (spending -20% time over peppermint,

while the 2 mg/kg Iso injection + anisomycin experimental group (spending -66%

time over peppermint) did not differ from the learning group. The non-learning

control group for anisomycin (saline+ansiomycin spending -27% time over

peppermint) did differ from the learning group as expected (non-trained pups do

not like the smell of peppermint). This suggests the proteins required for LTM

are synthesized prior to 3 h after training. It also argues that the earlier lack of 24

h memory with immediate post training anisomycin was not due to an odor

detection impairment caused by a delayed effect of anisomycin.

A.3.3 Immediate post-training actinomycin 0

Interference with protein transcription by intrabulbar actinomycin D

infusion immediately after the 10 min training trial prevented expression of LTM,

but not ITM. Transcription (Fig. A.3A) is not required for 5 h ITM, ANOVA (F [3, 20]

= 13.13, P < 0.0001). The Iso + actinomycin group was not significantly different

from the learning (Iso + saline) group when pups were tested for odor preference

5 h after training. These results imply that memory seen 5 h after training can be

supported through the translation of existing mRNA within the olfactory bulb.

also demonstrates that this dose of actinomycin D did not prevent normal

olfactory discrimination at 5 h after delivery.
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The inhibition of transcription through olfactory bulb infusions of

actinomycin 0 immediately after training did prevent 24 h memory (Fig. A.3B)

with the ANOVA showing a significant group effect (F[3, 42] = 3.75, P < 0.05). All

conditions examined (saline + saline, Iso + actinomycin, or saline + actinomycin)

differed significantly from the learning control (p < 0.05). Twenty-four hour odor

preference memory requires transcription as well as translation (anisomycin

experiments).

A.3.4 An intermediate unconditioned stimulus elicits intermediate-term memory

Varying the strength of the unconditioned stimulus resulted in a dose

dependent length of memory for the conditioned odor. One-way ANOVA

revealed a group effect for odor preference memory for both 5 h (F[3,4o] =3.82, P <

0.05) and 24 h (F[3,15] =53.32, P < 0.0001) memory. Post hoc Dunnett's tests

revealed that a dose of 1.5 mg/kg Iso and 2.0 mg/kg Iso produced odor

preferences significantly different from the non-learning control (Fig. AAA) at 5 h,

while only the 2 mg/kg Iso dose induced an odor preference memory at 24 h (Fig.

AAB).

AA Discussion

158



These results are consistent with the hypothesis that a protein translation

dependent intermediate term memory exists in a cAMP/PKA-dependent

mammalian learning model, paralleling what was described first in invertebrates.

Translation-dependent, but not transcription-dependent, cAMP-initiated long-term

synaptic plasticity has also been identified in mammalian hippocampus. The

activation of B-adrenoceptors in CA1 induces a translation-dependent long-term

potentiation mediated by Epac rather than by the cAMP/PKA cascade (Gelinas et

aI., 2008). A translation-dependent long-term depression has also been reported

in CA1 (Manahan-Vaughan et al., 2000). Whether Epac (as in the Gelinas

experiments) or PKA (as in the earlier Aplysia experiments) plays the pivotal role

in the present ITM remains to be investigated.

The ability to elicit an ITM, without a LTM, shown here with an

intermediate dose of isoproterenol, also replicates earlier findings in the

invertebrate models (Lukowiak et al., 2000;Sutton et al., 2002). Since we can

now elicit an ITM in isolation, it will be possible to probe whether or not ITM can

be boosted to LTM (for example by 24 h spaced presentations) suggesting a

serial component to this multi-phasic memory (as in the pond snail (Parvez et al.,

2005) or whether the two processes operate in parallel (see (Izquierdo et al.,

2002).

Recently, systemic anisomycin given to 6 day rat pups immediately after

an hour of odor+mild shock pairings (14 total), which also produces an odor

preference, was shown to prevent memory at 24 h as seen here (Languille et al.,
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2009), but anisomycin did not affect preference memory at 4 h (see also (Schafe

and LeDoux, 2000) for a similar effect with fear conditioning). The choice of a 5 h

testing point in the present study may have been fortuitous for detecting

translation-dependent odor preference memory since translation dependence

was not seen at 3 h, while 4 h was not tested. Nonetheless, the odor preference

training paradigm used here and that used by Languille et al. differ in other

outcomes. The memory they induce with repeated shock lasts at least 6 days

since pups tested at 12 d show memory, while our single 10 min odor pairing no

longer influences odor preference 48 h after training unless steps are taken to

boost memory (Christie-Fougere et al., 2009;McLean et al., 2005). Additionally,

the odor preference Languille et al. induce reverses to an odor aversion by day

12. The avoidance memory seen with shock pairings at day 12 was also blocked

by anisomycin immediately after training on day 6 suggesting both the appetitive

and aversive memory are part of the same process (Languille et al., 2009).

Extending the present odor + Iso (or tactile stimulation) training using spaced

trials to induce a multi-week memory does not lead to reversal of the original odor

preference (Sullivan et al., 1989;Woo and Leon, 1987).

Temporally, the important translation events for LTM here are confined to

- 1 h after training since anisomycin given at 1 h post training had mixed effects

on LTM; with a subgroup of pups failing to learn, while others were successful.

There was no significant effect of anisomycin given at 3 h on LTM (see also

Languille et al. (2009) as discussed earlier). A similar short time window for

'consolidation' using anisomycin has been reported in pond snail (Fulton et al.,
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2005). In conditioned taste aversion learning in 3 day old rat pups, anisomycin

prevents 24 h memory when given 1 h, but not 6 h, after training (Gruest et al.,

2004). Interestingly, in rat pups, the 'consolidation' window for conditioned taste

aversions shows a developmental progressive decrease in the temporal window

for anisomycin interference. While effective 1 h after training on day 3, it is only

disruptive immediately after training on day 10, and by day 18, even with

immediate injection, anisomycin disruption of LTM is only partial (Languille et al.,

2008). Thus, translation-dependent protein synthesis may occur quite rapidly

with learning in adult rodents and the very brief time window for disruption could

account for the failure to observe mammalian translation-dependent ITM

previously.

We set out, initially, to characterize the role of protein synthesis in our

memory model. Our results appear consistent with a canonical view of that role,

i.e. a role in LTM but not STM, and with the update that there is a translation-, but

not transcription-dependent, ITM (see Fig. A.6 for a summary diagram).

However, there is currently a controversy about whether or not protein synthesis

has any unique role in learning and memory (for a recent review see (Gold,

2008). The antibiotic tools used each have other effects that could provide

alternate explanations of their actions.

Of particular importance for our rat pup model is evidence that local

infusion of anisomycin in the amygdala causes a dramatic increase in

monoamines including norepinephrine, followed by a marked reduction, and that
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infusing norepinephrine prior to an inhibitory learning task produces the same

amnesia (at 48 h) seen with pretraining anisomycin (Canal et al., 2007). The

memory block by anisomycin can be reduced by propranolol implicating ~

adrenoceptor over-activation in the amnesia (Canal et al., 2007). A~

adrenoceptor agonist, isoproterenol, is the US in our rat pup odor preference

learning and varying dosages produce an inverted U curve for effectiveness in

inducing learning. When isoproterenol is given at doses higher than the optimal

2 mg/kg (e.g,. 4 or 6 mg/k), LTM is not seen (Langdon et al., 1997).

Overactivation of ~-adrenoceptorsby anisomycin could account for a loss of

LTM. However, as seen here, and in Languille et al. 2009 (and in other fear

conditioning models, e.g., Schafe and LeDoux, 2000), anisomycin does not

disrupt STM. We tested STM with a 6 mg/kg Iso US that would not produce

LTM. Unlike the pattern of results with anisomycin, this high dose of a ~

adrenoceptor agonist prevented STM (Fig. A.5). It appears unlikely that

anisomycin is acting solely via over-activation of ~-adrenoceptors in our model.

This is only one of a number of alternative explanations (e.g"

electrophysiological changes (Sharma, 2010), activation of apoptotic cascades

(see for review (Alberini, 2008) and/or necrotic tissue effects, (Rizzuto and

Gambetti, 1976a)), which might explain differences in the temporal effects of the

two antibiotics used here, rather than their selective roles in blocking translation

and transcription. A conclusive demonstration of selective translational and

transcriptional dependence of learning events would require ruling out alternative

162



explanations. We suggest, however, as proposed by others ((Rudy, 2008), see

also (Rosenegger et al., 2010)), that a proteonomic approach in our model will be

more fruitful in illuminating the biology of memory than further explorations of

antibiotic effects. Translation-dependent memory events should be associated

with changes in the production and/or levels of proteins produced by pre-existing

mRNAs. The antibiotic data here suggest such proteins occur in the rat pup

olfactory bulb and the narrow time window (-1 h) for the putative critical

translation events provides a critical temporal target for analysis.
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Figure A.1 Behavioral results showing the effect of translation block immediately after

odor preference training on subsequent odor memory of rat pups at subsequent testing

times. A timeline for the injection, odor training, infusion and testing is given above the

graphs. Pups were given an s.c. injection of isoproterenol (Iso, 2 mg/kg) or saline 40

min before training and intrabulbar infusion of anisomycin (ANI) or saline (Sal)

immediately after training. Memory was examined (A) 1 h, (B) 3 h, (C) 5 h or (0) 24 h

after training. Each pup was tested only once in order to avoid possible extinction

effects. Each graph was analyzed by one way ANOVA. Post hoc analysis was by
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Dunnett's comparison to the learning controls (2 mg/kg Iso + odor). *, p<O.05; **,

p<O.01.
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Figure A.2 Effect of delaying translation block on memory. A timeline for the injection

of US injection, odor training, infusion of anisomycin (ANI) and test time is given above

the graph. Each pup was tested only once. A. Delaying anisomycin infusion to 1 h

post-training resulted in a non-significant effect on memory. B. Delay of anisomycin

infusion until 3 h post-training had no effect on 24 h memory of the peppermint (CS)

odor.). Each graph was analyzed by one way ANOVA. Post hoc analysis was by

Dunnett's comparison to the learning controls (2 mg/kg Iso + odor). These data suggest

that most critical translation is completed by 1 h after the commencement of memory

consolidation. The data also suggest that anisomycin infusion had no long lasting or

non-specific detrimental effect on memory. Post-hoc comparisons are against the

learning control (2 mg/kg Iso + odor). *, p<O.05; **, p<O.01.
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Figure A.3 The effect on memory by infusing a transcription blocker immediately after

odor preference training was examined at 5 h (A) or 24 h (8) post-training. The time-

line of training, transcription blocker infusion and odor preference testing is given above

the graph. Each pup was tested only once. Infusion of actinomycin (ACTI) had no

effect on 5 h memory (A) but significantly blocked 24 h odor preference memory (8).

Each graph was analyzed by one way ANOVA. Post hoc analysis was by Dunnett's

comparison to the learning controls (2 mg/kg Iso + odor). *, p<O.05; **, p<O.01.
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Figure A.4 The effect on ITM (5 h) and LTM (24 h) of pups given variable doses of the

unconditioned stimulus, isoproterenol (Iso). The time-line of training, odor preference

testing and testing is given above the graph. Each pup was tested only once. A.

Testing pups 5 h following paired CS (odor) and US (1.5, or 2 mg/kg Iso) resulted in

significant odor preference compared to pups given odor only. B. In contrast, the 1.5

mg/kg US dose was ineffective in enabling 24 h LTM while the 2 mg/kg dose was

effective. Each graph was analyzed by one way ANOVA. Post hoc analysis was by

Dunnett's comparison to the non-learning control group (odor only) *, p<O.05; ***,

p<O.001.
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Figure A.5 Supra-optimal level of ~-adrenoceptoractivation (6 mg/kg Iso) at the time of

pairing with the conditioned stimulus odor interferes with odor memory 3 h later while

2mg/kg Iso induces significant odor preference compared to the non-learning (0 mg/kg

Iso paired with odor); ANOVA p<0.5. This, in addition to the fact that anisomycin did not

inhibit STM at 3 h (Figure A.1 B), suggests that the effect of anisomycin is on LTM but

not STM. Further, it suggests that anisomycin use in this model does not cause a surge

in norepinephrine release that interferes with memory. The finding that infusion of

anisomycin 3 h after training does not interfere with 24 h memory (see Figure A.2B)

provides further evidence that the drug infusion is acting on protein translation during a

critical period of consolidation immediately after training. *, p<0.05
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Figure A.6 The summary table shows the current evidence for mammalian translation

dependent intermediate-term odor preference memory (ITM), which is absent following

immediate post-training bulbar infusion of the translation inhibitor, anisomycin. Long-

term memory (LTM) depends on protein synthesis within the first hour since partial LTM

is seen with anisomycin infusion at that interval and LTM is intact with anisomycin

infusion 3 h post-training. An immediate infusion of the transcription inhibitor

actinomycin, does not alter ITM, but LTM is absent, demonstrating the distinction

between translation-dependent ITM and transcription-dependent LTM in this model.

Finally a weaker unconditioned stimulus, 1.5 mg/kg Iso can induce an ITM at 5 h but is

insufficient to initiate an LTM at 24 h.

170



References

Abate P, Varlinskaya El, Cheslock SJ, Spear NE, Molina JC (2002) Neonatal activation
of alcohol-related prenatal memories: impact on the first suckling response. Alcohol Clin
Exp Res 26:1512-1522.

Abel T, Kandel ER (1998) Positive and negative regulatory mechanisms that mediate
long- term memory storage. Brain Res Rev 26:360-378.

Abel T, Nguyen PV (2008b) Regulation of hippocampus-dependent memory by cyclic
AMP-dependent protein kinase. Prog Brain Res 169:97-115.

Abel T, Nguyen PV (2008a) Regulation of hippocampus-dependent memory by cyclic
AMP-dependent protein kinase. Prog Brain Res 169:97-115.

Abel T, Nguyen PV, Barad M, Deuel TA, Kandel ER, Bourtchouladze R (1997) Genetic
demonstration of a role for PKA in the late phase of LTP and in hippocampus-based
long-term memory. Cell 88:615-626.

Abrams TW, Yovell Y, Onyike CU, Cohen JE, Jarrard HE (1998) Analysis of sequence
dependent interactions between transient calcium and transmitter stimuli in activating
adenylyl cyclase in Aplysia: possible contribution to CS--US sequence requirement
during conditioning. Learn Mem 4:496-509.

Adams JP, Anderson AE, Varga AW, Dineley KT, Cook RG, Pfaffinger PJ, Sweatt JD
(2000) The A-type potassium channel Kv4.2 is a substrate for the mitogen-activated
protein kinase ERK. J Neurochem 75:2277-2287.

Adams JP, Sweatt JD (2002) Molecular psychology: roles for the ERK MAP kinase
cascade in memory. Annu Rev Pharmacol ToxicoI42:135-163.

Ahi J, Radulovic J, Spiess J (2004) The role of hippocampal signaling cascades in
consolidation of fear memory. Behav Brain Res 149:17-31.

Ahn SM, Choe ES (2009) Activation of group I metabotropic glutamate receptors
increases serine phosphorylation of GluR1 alpha-amino-3-hydroxy-5-methylisoxazole-4
propionic acid receptors in the rat dorsal striatum. J Pharmacol Exp Ther 329: 1117
1126.

171



Akirav I, Maroun M (2006) Ventromedial prefrontal cortex is obligatory for consolidation
and reconsolidation of object recognition memory. Cereb Cortex 16:1759-1765.

Alarcon JM, Malleret G, Touzani K, Vronskaya S, Ishii S, Kandel ER, Barco A (2004)
Chromatin acetylation, memory, and LTP are impaired in CBP+/- mice: a model for the
cognitive deficit in Rubinstein-Taybi syndrome and its amelioration. Neuron 42:947-959.

Albensi BC, Mattson MP (2000) Evidence for the involvement of TNF and NF-kappaB in
hippocampal synaptic plasticity. Synapse 35:151-159.

Alberini CM (2008) The role of protein synthesis during the labile phases of memory:
revisiting the skepticism. Neurobiol Learn Mem 89:234-246.

Antonov I, Kandel ER, Hawkins RD (2010) Presynaptic and postsynaptic mechanisms
of synaptic plasticity and metaplasticity during intermediate-term memory formation in
Aplysia. J Neurosci 30:5781-5791.

Apergis-Schoute AM, Debiec J, Doyere V, LeDoux JE, Schafe GE (2005) Auditory fear
conditioning and long-term potentiation in the lateral amygdala require ERK/MAP kinase
signaling in the auditory thalamus: a role for presynaptic plasticity in the fear system. J
Neurosci 25:5730-5739.

Arias J, Alberts AS, Brindle P, Claret FX, Smeal T, Karin M, Feramisco J, Montminy M
(1994) Activation of cAMP and mitogen responsive genes relies on a common nuclear
factor [see comments] Activation of cAMP and mitogen responsive genes relies on a
common nuclear factor [see comments]. Nature 370:226-229.

Aroniadou Anderjaska V, Ennis M, Shipley MT (1997) Glomerular synaptic responses to
olfactory nerve input in rat olfactory bulb slices. Neuroscience 79:425-434.

Aroniadou Anderjaska V, Zhou FM, Priest CA, Ennis M, Shipley MT (2000) Tonic and
synaptically evoked presynaptic inhibition of sensory input to the rat olfactory bulb via
GABA(B) heteroreceptors. J Neurophysiol 84:1194-203.

Arshavsky YI (2003) Long-term memory: does it have a structural or chemical basis?
Trends Neurosci 26:465-466.

Artinian J, McGauran AM, De J, X, Mouledous L, Frances B, Roullet P (2008) Protein
degradation, as with protein synthesis, is required during not only long-term spatial
memory consolidation but also reconsolidation. Eur J Neurosci 27:3009-3019.

172



Athos J, Impey S, Pineda VV, Chen X, Storm OR (2002) Hippocampal CRE-mediated
gene expression is required for contextual memory formation. Nat Neurosci 5:1119
1120.

Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD (1998) The MAPK
cascade is required for mammalian associative learning. Nat Neurosci 1:602-609.

Bacskai BJ, Hochner B, Mahaut Smith M, Adams SR, Kaang BK, Kandel ER, Tsien RY
(1993) Spatially resolved dynamics of cAMP and protein kinase A subunits in Aplysia
sensory neurons. Science 260:222-226.

Bailey CH, Kaang BK, Chen M, Martin KC, Um CS, Casadio A, Kandel ER (1997)
Mutation in the phosphorylation sites of MAP kinase blocks learning-related
internalization of apCAM in Aplysia sensory neurons. Neuron 18:913-924.

Bailey DJ, Kim JJ, Sun W, Thompson RF, Helmstetter FJ (1999) Acquisition of fear
conditioning in rats requires the synthesis of mRNA in the amygdala. Behav Neurosci
113:276-282.

Balderas I, Rodriguez-Ortiz CJ, Salgado-Tonda P, Chavez-Hurtado J, McGaugh JL,
Bermudez-Rattoni F (2008) The consolidation of object and context recognition memory
involve different regions of the temporal lobe. Learn Mem 15:618-624.

Banke TG, Bowie 0, Lee H, Huganir RL, Schousboe A, Traynelis SF (2000) Control of
GluR1 AMPA receptor function by cAMP-dependent protein kinase. J Neurosci 20:89
102.

Bao JX, Kandel ER, Hawkins RD (1998) Involvement of presynaptic and postsynaptic
mechanisms in a cellular analog of classical conditioning at Aplysia sensory-motor
neuron synapses in isolated cell culture. J Neurosci 18:458-466.

Barco A, Alarcon JM, Kandel ER (2002) Expression of constitutively active CREB
protein facilitates the late phase of long-term potentiation by enhancing synaptic
capture. Cell 108:689-703.

Barco A, Bailey CH, Kandel ER (2006) Common molecular mechanisms in explicit and
implicit memory. J Neurochem 97:1520-1533.

Barria A, Derkach V, Soderling T (1997a) Identification of the Ca2+/calmodulin
dependent protein kinase 11 regulatory phosphorylation site in the alpha-amino-3
hydroxyl-5-methyl-4-isoxazole-propionate-type glutamate receptor. J Bioi Chem
272:32727-32730.

173



Barria A, Muller D, Derkach V, Griffith LC, Soderling TR (1997b) Regulatory
phosphorylation of AMPA-type glutamate receptors by CaM-KII during long-term
potentiation [see comments]. Science 276:2042-2045.

Barrientos RM, O'Reilly RC, Rudy JW (2002) Memory for context is impaired by
injecting anisomycin into dorsal hippocampus following context exploration. Behav Brain
Res 134:299-306.

Bartsch D, Ghirardi M, Skehel PA, Karl KA, Herder SP, Chen M, Bailey CH, Kandel ER
(1995) Aplysia CREB2 represses long-term facilitation: relief of repression converts
transient facilitation into long-term functional and structural change. Cell 83:979-992.

Beavo JA, Bechtel PJ, Krebs EG (1974) Activation of protein kinase by physiological
concentrations of cyclic AMP. Proc Natl Acad Sci USA 71 :3580-3583.

Beckmann AM, Wilce PA (1997) Egr transcription factors in the nervous system.
Neurochem Int 31 :477-510.

Bergold PJ, Sweatt JD, Winicov I, Weiss KR, Kandel ER, Schwartz JH (1990) Protein
synthesis during acquisition of long-term facilitation is needed for the persistent loss of
regulatory subunits of the Aplysia cAMP-dependent protein kinase. Proc Natl Acad Sci
USA 87:3788-3791.

Berman DE, Hazvi S, Neduva V, Dudai Y (2000) The role of identified neurotransmitter
systems in the response of insular cortex to unfamiliar taste: activation of ERK1-2 and
formation of a memory trace. J Neurosci 20:7017-7023.

Bernabeu R, Bevilaqua L, Ardenghi P, Bromberg E, Schmitz P, Bianchin M, Izquierdo I,
Medina JH (1997) Involvement of hippocampal cAMP/cAMP-dependent protein kinase
signaling pathways in a late memory consolidation phase of aversively motivated
learning in rats. Proc Natl Acad Sci USA 94:7041-7046.

Bernier L, Castellucci VF, Kandel ER, Schwartz JH (1982) Facilitatory transmitter
causes a selective and prolonged increase in adenosine 3':5'-monophosphate in
sensory neurons mediating the gill and siphon withdrawal reflex in Aplysia. J Neurosci
2:1682-1691.

Bevilaqua L, Ardenghi P, Schroder N, Bromberg E, Quevedo J, Schmitz PK, Bianchin
M, Walz R, Schaeffer E, Medina JH, Izquierdo I (1997) Agents that affect cAMP levels
or protein kinase A activity modulate memory consolidation when injected into rat
hippocampus but not amygdala. Braz J Med Bioi Res 30:967-970.

174



Birnbaum SG, Varga AW, Yuan LL, Anderson AE, Sweatt JD, Schrader LA (2004)
Structure and function of Kv4-family transient potassium channels. Physiol Rev 84:803
833.

Blitzer RD, Connor JH, Brown GP, Wong T, Shenolikar S, Iyengar R, Landau EM (1998)
Gating of CaMKII by cAMP-regulated protein phosphatase activity during LTP. Science
280:1940-1942.

Blitzer RD, Wong T, Nouranifar R, Iyengar R, Landau EM (1995) Postsynaptic cAMP
pathway gates early LTP in hippocampal CA1 region. Neuron 15:1403-1414.

Blum S, Moore AN, Adams F, Dash PK (1999) A mitogen-activated protein kinase
cascade in the CA1/CA2 subfield of the dorsal hippocampus is essential for long-term
spatial memory. J Neurosci 19:3535-3544.

Bocchiaro CM, Saywell SA, Feldman JL (2003) Dynamic modulation of inspiratory drive
currents by protein kinase A and protein phosphatases in functionally active
motoneurons. J Neurosci 23:1099-1103.

Botzer D, Markovich S, Susswein AJ (1998) Multiple memory processes following
training that a food is inedible in Aplysia. Learn Mem 5:204-219.

Bourtchouladze R, Abel T, Berman N, Gordon R, Lapidus K, Kandel ER (1998) Different
training procedures recruit either one or two critical periods for contextual memory
consolidation, each of which requires protein synthesis and PKA. Learn Mem 5:365
374.

Bourtchuladze R, Frenguelli B, Blendy J, Cioffi D, Schutz G, Silva AJ (1994) Deficient
long-term memory in mice with a targeted mutation of the cAMP-responsive element
binding protein. Cell 79:59-68.

Bozon B, Kelly A, Josselyn SA, Silva AJ, Davis S, Laroche S (2003) MAPK, CREB and
zif268 are all required for the consolidation of recognition memory. Philos Trans R Soc
Lond B Bioi Sci 358:805-814.

Bradshaw KD, Emptage NJ, Bliss TV (2003) A role for dendritic protein synthesis in
hippocampal late LTP. Eur J Neurosci 18:3150-3152.

Braha 0, Dale N, Hochner B, Klein M, Abrams TW, Kandel ER (1990) Second
messengers involved in the two processes of presynaptic facilitation that contribute to
sensitization and dishabituation in Aplysia sensory neurons. Proc Natl Acad Sci USA
87:2040-2044.

175



Bramham CR, Wells DG (2007) Dendritic mRNA: transport, translation and function. Nat
Rev Neurosci 8:776-789.

Brennan PA, Keverne EB (1997) Neural mechanisms of mammalian olfactory learning.
Prog Neurobiol 51 :457-481.

Brightwell JJ, Smith CA, Neve RL, Colombo PJ (2007) Long-term memory for place
learning is facilitated by expression of cAMP response element-binding protein in the
dorsal hippocampus. Learn Mem 14:195-199.

Brunelli M, Castellucci V, Kandel ER (1976) Synaptic facilitation and behavioral
sensitization in Aplysia: possible role of serotonin and cyclic AMP. Science 194:1178
1181.

Byrne JH, Kandel ER (1996) Presynaptic facilitation revisited: state and time
dependence. J Neurosci 16:425-435.

Cadd G, McKnight GS (1989) Distinct patterns of cAMP-dependent protein kinase gene
expression in mouse brain. Neuron 3:71-79.

Cammarota M, Bevilaqua LR, Ardenghi P, Paratcha G, Levi de Stein M, Izquierdo I,
Medina JH (2000) Learning-associated activation of nuclear MAPK, CREB and Elk-1,
along with Fos production, in the rat hippocampus after a one- trial avoidance learning:
abolition by NMDA receptor blockade. Mol Brain Res 76:36-46.

Camp LL, Rudy JW (1988) Changes in the categorization of appetitive and aversive
events during postnatal development of the rat. Dev Psychobiol 21 :25-42.

Canal CE, Chang Q, Gold PE (2007) Amnesia produced by altered release of
neurotransmitters after intraamygdala injections of a protein synthesis inhibitor. Proc
Natl Acad Sci USA 104:12500-12505.

Casadio A, Martin KC, Giustetto M, Zhu H, Chen M, Bartsch D, Bailey CH, Kandel ER
(1999) A transient, neuron-wide form of CREB-mediated long-term facilitation can be
stabilized at specific synapses by local protein synthesis. Cell 99:221-237.

Castellucci VF, Blumenfeld H, Goelet P, Kandel ER (1989) Inhibitor of protein synthesis
blocks long-term behavioral sensitization in the isolated gill-withdrawal reflex of Aplysia.
J NeurobioI20:1-9.

176



Castellucci VF, Frost WN, Goelet P, Montarolo PG, Schacher S, Morgan JA,
Blumenfeld H, Kandel ER (1986) Cell and molecular analysis of long-term sensitization
in Aplysia. J Physiol (Paris) 81 :349-357.

Castellucci VF, Kandel ER, Schwartz JH, Wilson FD, Nairn AC, Greengard P (1980)
Intracellular injection of the catalytic subunit of cyclic AMP-dependent protein kinase
simulates facilitation of transmitter release underlying behavioral sensitization in
Aplysia. Proc Natl Acad Sci USA 77:7492-7496.

Castellucci VF, Nairn A, Greengard P, Schwartz JH, Kandel ER (1982) Inhibitor of
adenosine 3':5'-monophosphate-dependent protein kinase blocks presynaptic facilitation
in Aplysia. J Neurosci 2:1673-1681.

Castro JB, Urban NN (2009) Subthreshold glutamate release from mitral cell dendrites.
J Neurosci 29:7023-7030.

Chain DG, Casadio A, Schacher S, Hegde AN, Valbrun M, Yamamoto N, Goldberg AL,
Bartsch 0, Kandel ER, Schwartz JH (1999) Mechanisms for generating the autonomous
cAMP-dependent protein kinase required for long-term facilitation in Aplysia. Neuron
22:147-156.

Chang DJ, Li XC, Lee YS, Kim HK, Kim US, Cho NJ, Lo X, Weiss KR, Kandel ER,
Kaang BK (2000) Activation of a heterologously expressed octopamine receptor
coupled only to adenylyl cyclase produces all the features of presynaptic facilitation in
aplysia sensory neurons. Proc Natl Acad Sci USA 97:1829-1834.

Choi EJ, Wong ST, Hinds TR, Storm OR (1992a) Calcium and muscarinic agonist
stimulation of type I adenylylcyclase in whole cells. J Bioi Chem 267: 12440-12442.

Choi EJ, Xia Z, Storm OR (1992b) Stimulation of the type III olfactory adenylyl cyclase
by calcium and calmodulin. Biochem 31 :6492-6498.

Christensen AE, Selheim F, de RJ, Dremier S, Schwede F, Dao KK, Martinez A,
Maenhaut C, Bos JL, Genieser HG, Doskeland SO (2003) cAMP analog mapping of
Epac1 and cAMP kinase. Discriminating analogs demonstrate that Epac and cAMP
kinase act synergistically to promote PC-12 cell neurite extension. J Bioi Chem
278:35394-35402.

Christie-Fougere MM, Darby-King A, Harley CW, McLean JH (2009) Calcineurin
inhibition eliminates the normal inverted U curve, enhances acquisition and prolongs
memory in a mammalian 3'-5'-cyclic AMP-dependent learning paradigm. Neuroscience
158:1277-1283.

177



Clegg CH, Carrell LA, Cadd GG, McKnight GS (1987) Inhibition of intracellular cAMP
dependent protein kinase using mutant genes of the regulatory type I subunit. J Bioi
Chem 262:13111-13119.

Colombo PJ, Brightwell JJ, Countryman RA (2003) Cognitive strategy-specific increases
in phosphorylated cAMP response element-binding protein and c-Fos in the
hippocampus and dorsal striatum. J Neurosci 23:3547-3554.

Conkright MD, Guzman E, Flechner L, Su AI, Hogenesch JB, Montminy M (2003)
Genome-wide analysis of CREB target genes reveals a core promoter requirement for
cAMP responsiveness. Mol Cell 11 :1101-1108.

Costa RM, Federov NB, Kogan JH, Murphy GG, Stern J, Ohno M, Kucherlapati R,
Jacks T, Silva AJ (2002) Mechanism for the learning deficits in a mouse model of
neurofibromatosis type 1. Nature 415:526-30.

Cracco JB, Serrano P, Moskowitz SI, Bergold PJ, Sacktor TC (2005) Protein synthesis
dependent LTP in isolated dendrites of CA1 pyramidal cells. Hippocampus 15:551-556.

Crow T, Siddiqi V, Dash PK (1997) Long-term enhancement but not short-term in
Hermissenda is dependent upon mRNA synthesis. Neurobiol Learn Mem 68:343-350.

Crow T, Xue-Bian JJ, Siddiqi V (1999) Protein synthesis-dependent and mRNA
synthesis-independent intermediate phase of memory in Hermissenda. J Neurophysiol
82:495-500.

Crowley DE, Hepp-Reymond MC (1966) Development of cochlear function in the ear of
the infant rat. Journal of Comparative and Physiological Psychology 62:427-432.

Cui W, Darby-King A, Grimes MT, Howland JG, Wang YT, McLean JH, Harley CW
(2011) Odor preference learning and memory modify GluA1 phosphorylation and GluA1
distribution in the neonate rat olfactory bulb: Testing the AMPA receptar hypothesis in
an appetitive learning model. Learn Mem 18:283-291.

Cui W, Smith A, Darby-King A, Harley CW, McLean JH (2007) A temporal-specific and
transient cAMP increase characterizes odarant classical conditioning. Learn Mem
14:126-133.

Cui Y, Costa RM, Murphy GG, Elgersma Y, Zhu Y, Gutmann DH, Parada LF, Mody I,
Silva AJ (2008) Neurofibromin regulation of ERK signaling modulates GABA release
and learning. Cell 135:549-560.

178



Dash PK, Hochner B, Kandel ER (1990) Injection of the cAMP-responsive element into
the nucleus of Aplysia sensory neurons blocks long-term facilitation. Nature 345:718
721.

Davis HP, Squire LR (1984) Protein synthesis and memory: a review. Psychol Bull
96:518-559.

Davis RL, Cherry J, Dauwalder B, Han PL, Skoulakis E (1995) The cyclic AMP system
and Drosophila learning. Mol Cell Biochem 149-150:271-278.

Davis S, Laroche S (2006) Mitogen-activated protein kinaselextracellular regulated
kinase signalling and memory stabilization: a review. Genes Brain Behav 5 Suppl 2:61
72.

Davis S, Vanhoutte P, Pages C, Caboche J, Laroche S (2000) The MAPKlERK cascade
targets both Elk-1 and cAMP response element-binding protein to control long-term
potentiation-dependent gene expression in the dentate gyrus in vivo. J Neurosci
20:4563-4572.

De Blasi A (1989) Advances on beta-adrenergic receptors: Molecular structure and
functional regulation. Am J Hypertens 2:252S-256S.

de Jong JD, Harley CW, McLean JH (2008) CaMKII activation modulates associative
odor preference learning. Soc Neurosci Abst 38:688.17.

de Rooij J., Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM, Wittinghofer A, Bos JL
(1998) Epac is a Rap1 guanine-nucleotide-exchange factor directly activated by cyclic
AMP. Nature 396:474-477.

de Rooij J, Rehmann H, van TM, Cool RH, Wittinghofer A, Bos JL (2000) Mechanism of
regulation of the Epac family of cAMP-dependent RapGEFs. J Bioi Chem 275:20829
20836.

Deak M, Clifton AD, Lucocq LM, Alessi OR (1998) Mitogen- and stress-activated protein
kinase-1 (MSK1) is directly activated by MAPK and SAPK2/p38, and may mediate
activation of CREB. EMBO J 17:4426-4441.

Deisseroth K, Bito H, Tsien RW (1996) Signaling from synapse to nucleus: postsynaptic
CREB phosphorylation during multiple forms of hippocampal synaptic plasticity. Neuron
16:89-101.

179



Delghandi MP, Johannessen M, Moens U (2005) The cAMP signalling pathway
activates CREB through PKA, p38 and MSK1 in NIH 3T3 cells. Cell Signal 17:1343
1351.

Dell'Acqua ML, Scott JD (1997) Protein kinase A anchoring. J Bioi Chem 272:12881
12884.

Dell'Acqua ML, Smith KE, Gorski JA, Horne EA, Gibson ES, Gomez LL (2006)
Regulation of neuronal PKA signaling through AKAP targeting dynamics. Eur J Cell Bioi
85:627-633.

Derkach V, Barria A, Soderling TR (1999) Ca2+/calmodulin-kinase 11 enhances channel
conductance of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate type glutamate
receptors. Proc Natl Acad Sci USA 96:3269-3274.

Desgranges B, Levy F, Ferreira G (2008) Anisomycin infusion in amygdala impairs
consolidation of odor aversion memory. Brain Res 1236:166-175.

Dittman AH, Weber JP, Hinds TR, Choi EJ, Migeon JC, Nathanson NM, Storm OR
(1994) A novel mechanism for coupling of m4 muscarinic acetylcholine receptors to
calmodulin-sensitive adenylyl cyclases: crossover from G protein-coupled inhibition to
stimulation. Biochemistry 33:943-951.

Duffy SN, Nguyen PV (2003) Postsynaptic application of a peptide inhibitor of cAMP
dependent protein kinase blocks expression of long-lasting synaptic potentiation in
hippocampal neurons. J Neurosci 23:1142-1150.

Duvarci S, Nader K, LeDoux JE (2005) Activation of extracellular signal-regulated
kinase- mitogen-activated protein kinase cascade in the amygdala is required for
memory reconsolidation of auditory fear conditioning. Eur J Neurosci 21 :283-289.

Duvarci S, Nader K, LeDoux JE (2008) De novo mRNA synthesis is required for both
consolidation and reconsolidation of fear memories in the amygdala. Learn Mem
15:747-755.

Eayrs JT (1951) The factors governing the opening of the eyes in the albino rat. Journal
of Anatomy 85:330.

180



Eckel-Mahan KL, Phan T, Han S, Wang H, Chan GC, Scheiner ZS, Storm OR (2008)
Circadian oscillation of hippocampal MAPK activity and cAMP: implications for memory
persistence. Nat Neurosci 11 :1074-1082.

Ehninger 0, Li W, Fox K, Stryker MP, Silva AJ (2008) Reversing neurodevelopmental
disorders in adults. Neuron 60:950-960.

Emptage NJ, Carew TJ (1993) Long-term synaptic facilitation in the absence of short
term facilitation in Aplysia neurons. Science 262:253-256.

English JD, Sweatt JD (1997) A requirement for the mitogen-activated protein kinase
cascade in hippocampal long term potentiation. J Bioi Chem 272:19103-19106.

Ennis M, Linster C, Aroniadou Anderjaska V, Ciombor K, Shipley MT (1998) Glutamate
and synaptic plasticity at mammalian primary olfactory synapses. Ann N Y Acad Sci
855:457-466.

Ennis M, Zhu M, Hayar A (2006) Olfactory Nerve-Evoked, Metabotropic Glutamate
Receptor-Mediated Synaptic Responses In Rat Olfactory Bulb Mitral Cells. J
Neurophysiol.

Ennis M, Zimmer LA, Shipley MT (1996) Olfactory nerve stimulation activates rat mitral
cells via NMDA and non-NMDA receptors in vitro. NeuroReport 7:989-992.

Epstein HT, Child FM, Kuzirian AM, Alkon DL (2003) Time windows for effects of protein
synthesis inhibitors on Pavlovian conditioning in Hermissenda: behavioral aspects.
Neurobiol Learn Mem 79: 127-131.

Esteban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, Malinow R (2003) PKA
phosphorylation of AMPA receptor subunits controls synaptic trafficking underlying
plasticity. Nat Neurosci 6:136-143.

Favata MF, Horiuchi KY, Manos EJ, Daulerio AJ, Stradley DA, Feeser WS, Van Dyk
DE, Pitts WJ, Earl RA, Hobbs F, Copeland RA, Magolda RL, Scherle PA, Trzaskos JM
(1998) Identification of a novel inhibitor of mitogen-activated protein kinase kinase. J
Bioi Chem 273:18623-18632.

Fiala A, Muller U, Menzel R (1999) Reversible downregulation of protein kinase A
during olfactory learning using antisense technique impairs long-term memory formation
in the honeybee, Apis mellifera. J Neurosci 19:10125-10134.

181



Fillion TJ, Blass EM (1986) Infantile experience with suckling odors determines adult
sexual behavior in male rats. Science 231 :729-731.

Fioravante 0, Smolen PO, Byrne JH (2006) The 5-HT- and FMRFa-activated signaling
pathways interact at the level of the Erk MAPK cascade: potential inhibitory constraints
on memory formation. Neurosci Lett 396:235-240.

Fischer A, Sananbenesi F, Schrick C, Spiess J, Radulovic J (2004) Distinct roles of
hippocampal de novo protein synthesis and actin rearrangement in extinction of
contextual fear. J Neurosci 24:1962-1966.

Frey U, Huang V-V, Kandel ER, Huang YY (1993) Effects of cAMP simulate a late stage
of LTP in hippocampal CA1 neurons. Science 260:1661-1664.

Frey U, Morris RG (1997) Synaptic tagging and long-term potentiation. Nature 385:533
536.

Frey U, Morris RG (1998) Weak before strong: dissociating synaptic tagging and
plasticity-factor accounts of late-LTP. Neuropharmacology 37:545-552.

Fulton 0, Kemenes I, Andrew RJ, Benjamin PR (2005) A single time-window for protein
synthesis-dependent long-term memory formation after one-trial appetitive conditioning.
EurJ Neurosci 21:1347-1358.

Gelinas IN, Banko JL, Peters MM, Klann E, Weeber EJ, Nguyen PV (2008) Activation
of exchange protein activated by cyclic-AMP enhances long-lasting synaptic
potentiation in the hippocampus. Learn Mem 15:403-411.

Gelinas IN, Nguyen PV (2005) Beta-adrenergic receptor activation facilitates induction
of a protein synthesis-dependent late phase of long-term potentiation. J Neurosci
25:3294-3303.

Genoux 0, Haditsch U, Knobloch M, Michalon A, Storm 0, Mansuy IM (2002) Protein
phosphatase 1 is a molecular constraint on learning and memory. Nature 418:970-975.

Ghirardi M, Braha 0, Hochner B, Montarolo PG, Kandel ER, 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.

Ghirardi M, Montarolo PG, Kandel ER (1995) A novel intermediate stage in the
transition between short- and long-term facilitation in the sensory to motor neuron
synapse of aplysia. Neuron 14:413-420.

182



Gibbs CS, Knighton OR, Sowadski JM, Taylor SS, Zoller MJ (1992) Systematic
mutational analysis of cAMP-dependent protein kinase identifies unregulated catalytic
subunits and defines regions important for the recognition of the regulatory subunit. J
Bioi Chem 267:4806-4814.

Glantz SB, Amat JA, Rubin CS (1992) cAMP signaling in neurons: patterns of neuronal
expression and intracellular localization for a novel protein, AKAP 150, that anchors the
regulatory subunit of cAMP-dependent protein kinase 11 beta. Mol Bioi Cell 3:1215-1228.

Gloerich M, Bos JL (2010) Epac: defining a new mechanism for cAMP action. Annu Rev
Pharmacol Toxicol 50:355-375.

Gold PE (2008) Protein synthesis inhibition and memory: formation vs amnesia.
Neurobiol Learn Mem 89:201-211.

Goldin M, Segal M (2003) Protein kinase C and ERK involvement in dendritic spine
plasticity in cultured rodent hippocampal neurons. Eur J Neurosci 17:2529-2539.

Gonzalez GA, Montminy MR (1989) Cyclic AMP stimulates somatostatin gene
transcription by phosphorylation of CREB at serine 133. Cell 59:675-680.

Gonzalez GA, Yamamoto KK, Fischer WH, Karr 0, Menzel P, Biggs W, Ill, Vale WW,
Montminy MR (1989) A cluster of phosphorylation sites on the cyclic AMP-regulated
nuclear factor CREB predicted by its sequence. Nature 337:749-752.

Goosens KA, Holt W, Maren S (2000) A role for amygdaloid PKA and PKC in the
acquisition of long-term conditional fear memories in rats. Behav Brain Res 114:145
152.

Greengard P, Alien PB, Nairn AC (1999) Beyond the dopamine receptor: the DARPP
32/protein phosphatase-1 cascade. Neuron 23:435-447.

Greengard P, Jen J, Nairn AC, Stevens CF (1991) Enhancement of the glutamate
response by cAMP-dependent protein kinase in hippocampal neurons. Science
253:1135-1138.

Grimes MT, Harley CW, McLean JH (2010) PKA and MAPK involvement in intermediate
and long-term mammalian memory. Soc Neurosci Abst 40:704.25.

Grimes MT, Smith M, Li X, Darby-King A, Harley CW, McLean JH (2011) Mammalian
intermediate-term memory: New findings in neonate rat. Neurobiol Learn Mem 95:385
391.

183



Grollman AP (1967) Inhibitors of protein biosynthesis. 11. Mode of action of anisomycin.
J Bioi Chem 242:3226-3233.

Gruest N, Richer P, Hars B (2004) Memory consolidation and reconsolidation in the rat
pup require protein synthesis. J Neurosci 24:10488-10492.

Guan Z, Giustetto M, Lomvardas S, Kim JH, Miniaci MC, Schwartz JH, Thanos D,
Kandel ER (2002) Integration of long-term-memory-related synaptic plasticity involves
bidirectional regulation of gene expression and chromatin structure. Cell 111 :483-493.

Guilding C, McNair K, Stone TW, Morris BJ (2007) Restored plasticity in a mouse model
of neurofibromatosis type 1 via inhibition of hyperactive ERK and CREB. Eur J Neurosci
25:99-105.

Guzowski JF, McGaugh JL (1997) Antisense oligodeoxynucleotide-mediated disruption
of hippocampal cAMP response element binding protein levels impairs consolidation of
memory for water maze training. Proc Natl Acad Sci USA 94:2693-2698.

Hall J, Thomas KL, Everitt BJ (2001) Cellular imaging of zif268 expression in the
hippocampus and amygdala during contextual and cued fear memory retrieval: selective
activation of hippocampal CA1 neurons during the recall of contextual memories. J
Neurosci 21:2186-2193.

Han P, Whelan PJ (2009) Modulation of AMPA currents by D(1 )-like but not D(2)-like
receptors in spinal motoneurons. Neuroscience 158:1699-1707.

Harley CW, Darby-King A, McCann J, McLean JH (2006) Beta1-adrenoceptor or
alpha1-adrenoceptor activation initiates early odor preference learning in rat pups:
support for the mitral cell/cAMP model of odor preference learning. Learn Mem 13:8-13.

Havik B, Rokke H, Bardsen K, Davanger S, Bramham CR (2003) Bursts of high
frequency stimulation trigger rapid delivery of pre-existing alpha-CaMKII mRNA to
synapses: a mechanism in dendritic protein synthesis during long-term potentiation in
adult awake rats. Eur J Neurosci 17:2679-2689.

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow R (2000) Driving AMPA
receptors into synapses by LTP and CaMKII: requirement for GluR1 and PDZ domain
interaction. Science 287:2262-2267.

Hemmings HC, Jr., Nairn AC, Greengard P (1984) DARPP-32, a dopamine- and
adenosine 3':5'-monophosphate-regulated neuronal phosphoprotein. 11. Comparison of

184



the kinetics of phosphorylation of DARPP-32 and phosphatase inhibitor 1. J Bioi Chem
259:14491-14497.

Hernandez PJ, Abel T (2008) The role of protein synthesis in memory consolidation:
progress amid decades of debate. Neurobiol Learn Mem 89:293-311.

Hipskind RA, Baccarini M, Nordheim A (1994) Transient activation of RAF-1, MEK, and
ERK2 coincides kinetically with ternary complex factor phosphorylation and immediate
early gene promoter activity in vivo. Mol Cell Bioi 14:6219-6231.

Hochner B, Kandel ER (1992) Modulation of a transient K+ current in the pleural
sensory neurons of Aplysia by serotonin and cAMP: implications for spike broadening.
Proc Natl Acad Sci USA 89:11476-11480.

Hochner B, Klein M, Schacher S, Kandel ER (1986) Additional component in the cellular
mechanism of presynaptic facilitation contributes to behavioral dishabituation in Aplysia.
Proc Natl Acad Sci USA 83:8794-8798.

Hu JY, Glickman L, Wu F, Schacher S (2004) Serotonin regulates the secretion and
autocrine action of a neuropeptide to activate MAPK required for long-term facilitation in
Aplysia. Neuron 43:373-385.

Huang VS, Jung MY, Sarkissian M, Richter JD (2002) N-methyl-D-aspartate receptor
signaling results in Aurora kinase-catalyzed CPEB phosphorylation and alpha CaMKl1
mRNA polyadenylation at synapses. EMBO J 21 :2139-2148.

Huang YY, Kandel ER (1994) Recruitment of long-lasting and protein kinase A
dependent long-term potentiation in the CA1 region of hippocampus requires repeated
tetanization. Learn Mem 1:74-82.

Huang YY, Martin KC, Kandel ER (2000) Both protein kinase A and mitogen-activated
protein kinase are required in the amygdala for the macromolecular synthesis
dependent late phase of long-term potentiation. J Neurosci 20:6317-6325.

Igaz LM, Vianna MR, Medina JH, Izquierdo I (2002) Two time periods of hippocampal
mRNA synthesis are required for memory consolidation of fear-motivated learning. J
Neurosci 22:6781-6789.

Igaz LM, Winograd M, Cammarota M, Izquierdo LA, Alonso M, Izquierdo I, Medina JH
(2006) Early activation of extracellular signal-regulated kinase signaling pathway in the
hippocampus is required for short-term memory formation of a fear-motivated learning.
Cell Mol NeurobioI26:989-1002.

185



Impey S, Mark M, Villacres EC, Poser S, Chavkin C, Storm OR (1996) Induction of
CRE-mediated gene expression by stimuli that generate long-lasting LTP in area CA1 of
the hippocampus. Neuron 16:973-982.

Impey S, Obrietan K, Wong ST, Poser S, Yano S, Wayman G, Oeloulme JC, Chan G,
Storm OR (1998a) Cross talk between ERK and PKA is required for Ca2+ stimulation of
CREB-dependent transcription and ERK nuclear translocation. Neuron 21 :869-883.

Impey S, Smith OM, Obrietan K, Oonahue R, Wade C, Storm OR (1998b) Stimulation of
cAMP response element (CRE)-mediated transcription during contextual learning. Nat
Neurosci 1:595-601.

Isaacson JS (1999) Glutamate spillover mediates excitatory transmission in the rat
olfactory bulb. Neuron 23:377-384.

Isiegas C, McOonough C, Huang T, Havekes R, Fabian S, Wu LJ, Xu H, lhao MG, Kim
JI, Lee VS, Lee HR, Ko HG, Lee N, Choi SL, Lee JS, Son H, lhuo M, Kaang BK, Abel T
(2008) A novel conditional genetic system reveals that increasing neuronal cAMP
enhances memory and retrieval. J Neurosci 28:6220-6230.

Isiegas C, Park A, Kandel ER, Abel T, Lattal KM (2006) Transgenic inhibition of
neuronal protein kinase A activity facilitates fear extinction. J Neurosci 26:12700-12707.

Izquierdo I, Barros OM, Mello e Souza, de Souza MM, Izquierdo LA, Medina JH (1998)
Mechanisms for memory types differ. Nature 393:635-636.

Izquierdo I, Cammarota M (2004) Neuroscience. lif and the survival of memory.
Science 304:829-830.

Izquierdo LA, Barros OM, Ardenghi PG, Pereira P, Rodrigues C, Choi H, Medina JH,
Izquierdo I (2000a) Oifferent hippocampal molecular requirements for short- and long
term retrieval of one-trial avoidance learning. Behav Brain Res 111 :93-98.

Izquierdo LA, Barros OM, Vianna MR, Coitinho A, deOavid e Silva, Choi H, Moletta B,
Medina JH, Izquierdo I (2002) Molecular pharmacological dissection of short- and long
term memory. Cell Mol NeurobioI22:269-287.

Izquierdo LA, Vianna M, Barros OM, Mello e Souza, Ardenghi P, Sant'Anna MK,
Rodrigues C, Medinam JH, Izquierdo I (2000b) Short- and long-term memory are
differentially affected by metabolic inhibitors given into hippocampus and entorhinal
cortex. Neurobiol Learn Mem 73:141-149.

186



Jahr CE, Nicoll RA (1982) Noradrenergic modulation of dendrodendritic inhibition of the
olfactory bulb. Nature 297:227-229.

Jentsch JD, Olausson P, Nestler EJ, Taylor JR (2002) Stimulation of protein kinase a
activity in the rat amygdala enhances reward-related learning. Bioi Psychiatry 52: 111
118.

Johannessen M, Delghandi MP, Moens U (2004) What turns CREB on? Cell Signal
16:1211-1227.

Johanson IB, Hall WG (1982) Appetitive conditioning in neonatal rats: conditioned
orientation to a novel odor. Dev Psychobiol 15:379-397.

Jones MW, French PJ, Bliss TV, Rosenblum K (1999) Molecular mechanisms of long
term potentiation in the insular cortex in vivo. J Neurosci 19:RC36.

Josselyn SA, Kida S, Silva AJ (2004) Inducible repression of CREB function disrupts
amygdala-dependent memory. Neurobiol Learn Mem 82:159-163.

Josselyn SA, Shi C, Carlezon WA, Jr., Neve RL, Nestler EJ, Davis M (2001) Long-Term
Memory Is Facilitated by cAMP Response Element-Binding Protein Overexpression in
the Amygdala. J Neurosci 21 :2404-2412.

Kameyama K, Lee HK, Bear MF, Huganir RL (1998) Involvement of a postsynaptic
protein kinase A substrate in the expression of homosynaptic long-term depression.
Neuron 21:1163-1175.

Kasowski HJ, Kim H, Greer CA (1999) Compartmental organization of the olfactory bulb
glomerulus. J Comp NeuroI407:261-274.

Kawasaki H, Springett GM, Mochizuki N, Toki S, Nakaya M, Matsuda M, Housman DE,
Graybiel AM (1998) A family of cAMP-binding proteins that directly activate Rap1.
Science 282:2275-2279.

Keiper M, Stope MB, Szatkowski D, Bohm A, Tysack K, Vom DF, Saur 0, Oude
Weernink PA, Evellin S, Jakobs KH, Schmidt M (2004) Epac- and Ca2+ -controlled
activation of Ras and extracellular signal-regulated kinases by Gs-coupled receptors. J
Bioi Chem 279:46497-46508.

Kelleher RJ, Ill, Govindarajan A, Jung HY, Kang H, Tonegawa S (2004) Translational
control by MAPK signaling in long-term synaptic plasticity and memory. Cell 116:467
479.

187



Keller A, Yagodin S, Aroniadou Anderjaska V, Zimmer LA, Ennis M, Sheppard NF, Jr.,
Shipley MT (1998) Functional organization of rat olfactory bulb glomeruli revealed by
optical imaging. J Neurosci 18:2602-2612.

Kelly A, Laroche S, Davis S (2003) Activation of mitogen-activated protein
kinase/extracellular signal-regulated kinase in hippocampal circuitry is required for
consolidation and reconsolidation of recognition memory. J Neurosci 23:5354-5360.

Kelly MP, Stein JM, Vecsey CG, Favilla C, Yang X, Bizily SF, Esposito MF, Wand G,
Kanes SJ, Abel T (2008) Developmental etiology for neuroanatomical and cognitive
deficits in mice overexpressing Galphas, a G-protein subunit genetically linked to
schizophrenia. Mol Psychiatry 14:398-415.

Khabour 0, Levenson J, Lyons LC, Kategaya LS, Chin J, Byrne JH, Eskin A (2004)
Coregulation of glutamate uptake and long-term sensitization in Aplysia. J Neurosci
24:8829-8837.

Kida S, Josselyn SA, de Ortiz SP, Kogan JH, Chevere I, Masushige S, Silva AJ (2002)
CREB required for the stability of new and reactivated fear memories. Nat Neurosci
5:348-355.

Kim JH, Udo H, Li HL, Youn TY, Chen M, Kandel ER, Bailey CH (2003) Presynaptic
activation of silent synapses and growth of new synapses contribute to intermediate and
long-term facilitation in Aplysia. Neuron 40:151-165.

Klein M, Camardo J, Kandel ER (1982) Serotonin modulates a specific potassium
current in the sensory neurons that show presynaptic facilitation in Aplysia. Proc Natl
Acad Sci USA 79:5713-5717.

Kogan JH, Frankland PW, Blendy JA, Coblentz J, Marowitz Z, Schutz G, Silva AJ
(1997) Spaced training induces normal long-term memory in CREB mutant mice. Curr
BioI7:1-11.

Koh MT, Clarke SN, Spray KJ, Thiele TE, Bernstein IL (2003) Conditioned taste
aversion memory and c-Fos induction are disrupted in Rllbeta-protein kinase A mutant
mice. Behav Brain Res 143:57-63.

Koh MT, Thiele TE, Bernstein IL (2002) Inhibition of protein kinase A activity interferes
with long-term, but not short-term, memory of conditioned taste aversions. Behav
Neurosci 116:1070-1074.

188



Komiyama NH, Watabe AM, Carlisle HJ, Porter K, Charlesworth P, Monti J, Strathdee
DJ, Q'Carroll CM, Martin SJ, Morris RG, Q'Dell TJ, Grant SG (2002) SynGAP regulates
ERKlMAPK signaling, synaptic plasticity, and learning in the complex with postsynaptic
density 95 and NMDA receptor. J Neurosci 22:9721-9732.

Korzus E, Rosenfeld MG, Mayford M (2004) CBP histone acetyltransferase activity is a
critical component of memory consolidation. Neuron 42:961-972.

Krab LC, de Goede-Bolder A, Aarsen FK, Pluijm SM, Bouman MJ, van der Geest IN,
Lequin M, Catsman CE, Arts WF, Kushner SA, Silva AJ, de Zeeuw Cl, Moll HA,
Elgersma Y (2008) Effect of simvastatin on cognitive functioning in children with
neurofibromatosis type 1: a randomized controlled trial. JAMA 300:287-294.

Krapivinsky G, Krapivinsky L, Manasian Y, Ivanov A, Tyzio R, Pellegrino C, Ben-Ari Y,
Clapham DE, Medina I (2003) The NMDA receptor is coupled to the ERK pathway by a
direct interaction between NR2B and RasGRF1. Neuron 40:775-784.

Kudo K, Wati H, Qiao C, Arita J, Kanba S (2005) Age-related disturbance of memory
and CREB phosphorylation in CA1 area of hippocampus of rats. Brain Res 1054:30-37.

Lamprecht R, Hazvi S, Dudai Y (1997) cAMP response element-binding protein in the
amygdala is required for long- but not short-term conditioned taste aversion memory. J
Neurosci 17:8443-8450.

Langdon PE, Harley CW, McLean JH (1997) Increased ~ adrenoceptor activation
overcomes conditioned olfactory learning deficits induced by serotonin depletion. Dev
Brain Res 102:291-293.

Languille S, Gruest N, Richer P, Hars B (2008) The temporal dynamics of consolidation
and reconsolidation decrease during postnatal development. Learn Mem 15:434-442.

Languille S, Richer P, Hars B (2009) Approach memory turns to avoidance memory with
age. Behav Brain Res 202:278-284.

Lattal KM, Abel T (2001) Different requirements for protein synthesis in acquisition and
extinction of spatial preferences and context-evoked fear. J Neurosci 21 :5773-5780.

Lee HK, Barbarosie M, Kameyama K, Bear MF, Huganir RL (2000) Regulation of
distinct AMPA receptor phosphorylation sites during bidirectional synaptic plasticity.
Nature 405:955-9.

189



Lee HK, Kameyama K, Huganir RL, Bear MF (1998) NMOA induces long-term synaptic
depression and dephosphorylation of the GluR1 subunit of AMPA receptors in
hippocampus. Neuron 21 :1151-1162.

Lee YS, Bailey CH, Kandel ER, Kaang BK (2008) Transcriptional regulation of long-term
memory in the marine snail Aplysia. Mol Brain 1:3.

Lethbridge R, Hou Q, Harley CW, Yuan Q (2011) Olfactory bulb glomerular NMOARs
mediate odor learning in the neonate rat. Can Assoc Neurosci Abst 5:143.4.

Levenson JM, O'Riordan KJ, Brown KO, Trinh MA, Molfese OL, Sweatt JO (2004)
Regulation of histone acetylation during memory formation in the hippocampus. J Bioi
Chem 279:40545-40559.

Levenson JM, Sweatt JO (2006) Epigenetic mechanisms: a common theme in
vertebrate and invertebrate memory formation. Cell Mol Life Sci 63:1009-1016.

Li W, Cui Y, Kushner SA, Brown RA, Jentsch JO, Frankland PW, Cannon TO, Silva AJ
(2005) The HMG-CoA reductase inhibitor lovastatin reverses the learning and attention
deficits in a mouse model of neurofibromatosis type 1. Curr Bioi 15:1961-1967.

Lima RH, Rossato JI, Furini CR, Bevilaqua LR, Izquierdo I, Cammarota M (2009)
Infusion of protein synthesis inhibitors in the entorhinal cortex blocks consolidation but
not reconsolidation of object recognition memory. Neurobiol Learn Mem 91 :466-472.

Lin CH, Yeh SH, Lu HY, Gean PW (2003a) The similarities and diversities of signal
pathways leading to consolidation of conditioning and consolidation of extinction of fear
memory. J Neurosci 23:8310-8317.

Lin SL, Johnson-Farley NN, Lubinsky OR, Cowen OS (2003b) Coupling of neuronal 5
HT7 receptors to activation of extracellular-regulated kinase through a protein kinase A
independent pathway that can utilize Epac. J Neurochem 87:1076-1085.

Lisman J, Schulman H, Cline H (2002) The molecular basis of CaMKII function in
synaptic and behavioural memory. Nat Rev Neurosci 3:175-190.

Lisman JE, Zhabotinsky AM (2001) A model of synaptic memory: a CaMKII/PP1 switch
that potentiates transmission by organizing an AMPA receptor anchoring assembly.
Neuron 31:191-201.

190



Livingstone MS, Sziber PP, Quinn WG (1984) Loss of calcium/calmodulin
responsiveness in adenylate cyclase of rutabaga, a Drosophila learning mutant. Cell
37:205-215.

Locatelli F, Maldonado H, Romano A (2002) Two critical periods for cAMP-dependent
protein kinase activity during long-term memory consolidation in the crab
Chasmagnathus. Neurobiol Learn Mem 77:234-249.

Lonze BE, Ginty DD (2002) Function and regulation of CREB family transcription factors
in the nervous system. Neuron 35:605-623.

Lukowiak K, Adatia N, Krygier 0, Syed N (2000) Operant conditioning in Lymnaea:
evidence for intermediate- and long-term memory. Learn Mem 7:140-150.

Lukowiak K, Sangha S, Scheibenstock A, Parvez K, McComb C, Rosenegger 0,
Varshney N, Sadamoto H (2003) A molluscan model system in the search for the
engram. J Physiol Paris 97:69-76.

Lyons LC, Collado MS, Khabour 0, Green CL, Eskin A (2006) The circadian clock
modulates core steps in long-term memory formation in Aplysia. J Neurosci 26:8662
8671.

Lyons LC, Green CL, Eskin A (2008) Intermediate-term memory is modulated by the
circadian clock. J Bioi Rhythms 23:538-542.

Ma L, Zablow L, Kandel ER, Siegelbaum SA (1999) Cyclic AMP induces functional
presynaptic boutons in hippocampal CA3-CA1 neuronal cultures. Nat Neurosci 2:24-30.

Ma N, Abel T, Hernandez PJ (2009) Exchange protein activated by cAMP enhances
long-term memory formation independent of protein kinase A. Learn Mem 16:367-370.

Malenka RC, Bear MF (2004) LTP and LTO: an embarrassment of riches. Neuron 44:5
21.

Malinow R, Mainen ZF, Hayashi Y (2000) LTP mechanisms: from silence to four-lane
traffic. Curr Opin Neurobiol 10:352-357.

Malinow R, Malenka RC (2002) AMPA receptor trafficking and synaptic plasticity. Annu
Rev Neurosci 25:103-126.

Malleret G, Haditsch U, Genoux 0, Jones MW, Bliss TV, Vanhoose AM, Weitlauf C,
Kandel ER, Winder DG, Mansuy IM (2001) Inducible and reversible enhancement of

191



learning, memory, and long-term potentiation by genetic inhibition of calcineurin. Cell
104:675-686.

Mammen AL, Kameyama K, Roche KW, Huganir RL (1997) Phosphorylation of the
alpha -Amino-3-hydroxy-5-methylisoxazole4-propionic Acid Receptor GluR1 Subunit by
Calcium/ Calmodulin-dependent Kinase 11. J Bioi Chem 272:32528-32533.

Man HY, Sekine-Aizawa Y, Huganir RL (2007) Regulation of {alpha}-amino-3-hydroxy
5-methyl-4-isoxazolepropionic acid receptor trafficking through PKA phosphorylation of
the Glu receptor 1 subunit. Proc Natl Acad Sci USA 104:3579-3584.

Manahan-Vaughan 0, Kulla A, Frey JU (2000) Requirement of translation but not
transcription for the maintenance of long-term depression in the CA1 region of freely
moving rats. J Neurosci 20:8572-8576.

Marais R, Light Y, Paterson HF, Mason CS, Marshall CJ (1997) Differential regulation of
Raf-1, A-Raf, and B-Raf by oncogenic ras and tyrosine kinases. J Bioi Chem 272:4378
4383.

Marais R, Wynne J, Treisman R (1993) The SRF accessory protein Elk-1 contains a
growth factor-regulated transcriptional activation domain. Cell 73:381-393.

Maren S, Ferrario CR, Corcoran KA, Desmond TJ, Frey KA (2003) Protein synthesis in
the amygdala, but not the auditory thalamus, is required for consolidation of Pavlovian
fear conditioning in rats. Eur J Neurosci 18:3080-3088.

Marie H, Morishita W, Yu X, Calakos N, Malenka RC (2005) Generation of silent
synapses by acute in vivo expression of CaMKIV and CREB. Neuron 45:741-752.

Marlier L, Schaal B, Soussignan R (1998) Bottle-fed neonates prefer an odor
experienced in utero to an odor experienced postnatally in the feeding context. Dev
Psychobiol 33: 133-145.

Martens KR, De CP, Parvez K, Amarell M, Wong C, Lukowiak K (2007) Stressful stimuli
modulate memory formation in Lymnaea stagnalis. Neurobiol Learn Mem 87:391-403.

Martin KC, Casadio A, Zhu H, Yaping E, Rose JC, Chen M, Bailey CH, Kandel ER
(1997a) Synapse-specific, long-term facilitation of aplysia sensory to motor synapses: a
function for local protein synthesis in memory storage. Cell 91 :927-938.

192



Martin KC, Michael 0, Rose JC, Barad M, Casadio A, Zhu H, Kandel ER (1997b) MAP
kinase translocates into the nucleus of the presynaptic cell and is required for long-term
facilitation in Aplysia. Neuron 18:899-912.

Matsushita M, Tomizawa K, Moriwaki A, Li ST, Terada H, Matsui H (2001) A high
efficiency protein transduction system demonstrating the role of PKA in long-lasting
long-term potentiation. J Neurosci 21 :6000-6007.

Mayr B, Montminy M (2001) Transcriptional regulation by the phosphorylation
dependent factor CREB. Nat Rev Mol Cell Bioi 2:599-609.

McGaugh JL (2000) Memory--a century of consolidation. Science 287:248-251.

McKnight GS, Clegg CH, Uhler MD, Chrivia JC, Cadd GG, Carrell LA, Otten AD (1988)
Analysis of the cAMP-dependent protein kinase system using molecular genetic
approaches. Recent Prog Horm Res 44:307-335.

McLean JH, Darby-King A, Harley CW (2005) Potentiation and prolongation of long
term odor memory in neonate rats using a phosphodiesterase inhibitor. Neuroscience
135:329-334.

McLean JH, Darby-King A, Sullivan RM, King SR (1993) Serotonergic influence on
olfactory learning in the neonate rat. Behav Neural Bioi 60:152-162.

McLean JH, Harley CW (2004) Olfactory learning in the rat pup: A model that may
permit visualization of a mammalian memory trace. NeuroReport 15:1691-1697.

McLean JH, Harley CW, Darby-King A, Yuan Q (1999) pCREB in the neonate rat
olfactory bulb is selectively and transiently increased by odor preference-conditioned
training. Learn Mem 6:608-618.

McLean JH, Shipley MT (1991) Postnatal development of the noradrenergic projection
from locus coeruleus to the olfactory bulb in the rat. J Comp Neurol 304:467-477.

McLean JH, Shipley MT (1992) Neuroanatomical Substrates of Olfaction. In: Science of
Olfaction (Serby MJ, Chobor KL, eds), pp 126-171. New York: Springer Verlag.

McLean JH, Shipley MT, Nickell WT, Aston-Jones G, Reyher CK (1989)
Chemoanatomical organization of the noradrenergic input from locus coeruleus to the
olfactory bulb of the adult rat. J Comp Neurol 285:339-349.

193



McLean JH, Smith A, Rogers S, Clarke K, Darby-King A, Harley CW (2009) A
phosphodiesterase inhibitor, cilomilast, enhances cAMP activity to restore conditioned
odor preference memory after serotonergic depletion in the neonate rat. Neurobiol
Learn Mem 92:63-69.

Menzel R, Manz G, Menzel R, Greggers U (2001) Massed and spaced learning in
honeybees: the role of CS, US, the intertrial interval, and the test interval. Learn Mem
8:198-208.

Michel M, Green CL, Lyons LC (2011) PKA and PKC are required for long-term but not
short-term in vivo operant memory in Aplysia. Learn Mem 18:19-23.

Michel M, Kemenes I, Muller U, Kemenes G (2008) Different phases of long-term
memory require distinct temporal patterns of PKA activity after single-trial classical
conditioning. Learn Mem 15:694-702.

Miller S, Yasuda M, Coats JK, Jones Y, Martone ME, Mayford M (2002) Disruption of
dendritic translation of CaMKllalpha impairs stabilization of synaptic plasticity and
memory consolidation. Neuron 36:507-519.

Miller SG, Kennedy MB (1986) Regulation of brain type 11 Ca2+/calmodulin-dependent
protein kinase by autophosphorylation: a Ca2+-triggered molecular switch. Cell 44:861
870.

Miyamoto E, Kuo JF, Greengard P (1969) Adenosine 3',5'-monophosphate-dependent
protein kinase from brain. Science 165:63-65.

Mizuno M, Yamada K, Maekawa N, Saito K, Seishima M, Nabeshima T (2002) CREB
phosphorylation as a molecular marker of memory processing in the hippocampus for
spatial learning. Behav Brain Res 133:135-141.

Montarolo PG, Goelet P, Castellucci VF, Morgan J, Kandel ER, Schacher S (1986) A
critical period for macromolecular synthesis in long-term heterosynaptic facilitation in
Aplysia. Science 234:1249-1254.

Montminy M (1997) Transcriptional regulation by cyclic AMP. Annu Rev Biochem
66:807-822.

Moressis A, Friedrich AR, Pavlopoulos E, Davis RL, Skoulakis EM (2009) A dual role for
the adaptor protein DRK in Drosophila olfactory learning and memory. J Neurosci
29:2611-2625.

194



Mori K, Kishi K, Ojima H (1983) Distribution of dendrites of mitral, displaced mitral, and
granule cells in the rabbit olfactory bulb. J Comp Neurol 226:339-355.

Moriceau S, Sullivan RM (2004) Unique Neural Circuitry for Neonatal Olfactory
Learning. J Neurosci 24:1182-1189.

Moriceau S, Wilson DA, Levine S, Sullivan RM (2006) Dual circuitry for odor-shock
conditioning during infancy: corticosterone switches between fear and attraction via
amygdala. J Neurosci 26:6737-6748.

Morozov A, Muzzio lA, Bourtchouladze R, Van Strien N, Lapidus K, Yin 0, Winder DG,
Adams JP, Sweatt JD, Kandel ER (2003) Rap1 couples cAMP signaling to a distinct
pool of p42/44MAPK regulating excitability, synaptic plasticity, learning, and memory.
Neuron 39:309-325.

Mulkey RM, Endo S, Shenolikar S, Malenka RC (1994) Involvement of a
calcineurin/inhibitor-1 phosphatase cascade in hippocampal long-term depression.
Nature 369:486-488.

Muller U (2000) Prolonged activation of cAMP-dependent protein kinase during
conditioning induces long-term memory in honeybees. Neuron 27:159-168.

Muller U, Carew TJ (1998) Serotonin induces temporally and mechanistically distinct
phases of persistent PKA activity in Aplysia sensory neurons. Neuron 21 :1423-1434.

Murphy LO, Smith S, Chen RH, Fingar DC, Blenis J (2002) Molecular interpretation of
ERK signal duration by immediate early gene products. Nat Cell Bioi 4:556-564.

Naghdi N, Majlessi N, Bozorgmehr T (2003) The effects of anisomycin (a protein
synthesis inhibitor) on spatial learning and memory in CA1 region of rats hippocampus.
Behav Brain Res 139:69-73.

Nakamura S, Kimura F, Sakaguchi T (1987) Postnatal development of electrical activity
in the locus ceruleus. J Neurophysiol 58:510-524.

Nayak A, Zastrow DJ, Lickteig R, Zahniser NR, Browning MD (1998) Maintenance of
late-phase LTP is accompanied by PKA-dependent increase in AMPA receptor
synthesis. Nature 394:680-683.

Nguyen PV, Abel T, Kandel ER (1994) Requirement of a critical period of transcription
for induction of a late phase of LTP. Science 265:1104-1107.

195



Nguyen PV, Kandel ER (1996) A macromolecular synthesis-dependent late phase of
long-term potentiation requiring cAMP in the medial perforant pathway of rat
hippocampal slices. J Neurosci 16:3189-3198.

Nguyen PV, Kandel ER (1997) Brief theta-burst stimulation induces a transcription
dependent late phase of LTP requiring cAMP in area CA1 of the mouse hippocampus.
Learn Mem 4:230-243.

O'Keefe J (1999) Do hippocampal pyramidal cells signal non-spatial as well as spatial
information? Hippocampus 9:352-364.

Ohno M, Frankland PW, Chen AP, Costa RM, Silva AJ (2001) Inducible,
pharmacogenetic approaches to the study of learning and memory. Nat Neurosci
4:1238-43.

Okutani F, Kaba H, Takahashi S, Seto K (1998) The biphasic effects of locus coeruleus
noradrenergic activation on dendrodendritic inhibition in the rat olfactory bulb. Brain Res
783:272-279.

Okutani F, Vagi F, Kaba H (1999) Gabaergic control of olfactory learning in young rats.
Neuroscience 93:1297-1300.

Okutani F, Zhang JJ, Otsuka T, Vagi F, Kaba H (2003) Modulation of olfactory learning
in young rats through intrabulbar GABA(B) receptors. Eur J Neurosci 18:2031-2036.

Orona E, Scott JW, Rainer EC (1983) Different granule cell populations innervate
superficial and deep regions of the external plexiform layer in the rat olfactory bulb. J
Comp Neurol 217:227-237.

Ostroff LE, Fiala JC, Allwardt B, Harris KM (2002) Polyribosomes redistribute from
dendritic shafts into spines with enlarged synapses during LTP in developing rat
hippocampal slices. Neuron 35:535-545.

Ostroveanu A, Van der Zee EA, Dolga AM, Luiten PG, Eisel UL, Nijholt IM (2007) A
kinase anchoring protein 150 in the mouse brain is concentrated in areas involved in
learning and memory. Brain Res 1145:97-107.

Otani S, Marshall CJ, Tate WP, Goddard GV, Abraham WC (1989) Maintenance of
long-term potentiation in rat dentate gyrus requires protein synthesis but not messenger
RNA synthesis immediately post-tetanization. Neuroscience 28:519-526.

196



Ouyang Y, Rosenstein A, Kreiman G, Schuman EM, Kennedy MB (1999) Tetanic
stimulation leads to increased accumulation of Ca(2+)/calmodulin-dependent protein
kinase 11 via dendritic protein synthesis in hippocampal neurons. J Neurosci 19:7823
7833.

Parsons RG, Gafford GM, Baruch DE, Riedner BA, Helmstetter FJ (2006) Long-term
stability of fear memory depends on the synthesis of protein but not mRNA in the
amygdala. Eur J Neurosci 23:1853-1859.

Parvez K, Moisseev V, Lukowiak K (2006a) A context-specific single contingent
reinforcing stimulus boosts intermediate-term memory into long-term memory. Eur J
Neurosci 24:606-616.

Parvez K, Rosenegger 0, Martens K, Orr M, Lukowiak K (2006b) Canadian Association
of Neurosciences Review: learning at a snail's pace. Can J Neural Sci 33:347-356.

Parvez K, Stewart 0, Sangha S, Lukowiak K (2005) Boosting intermediate-term into
long-term memory. J Exp Bioi 208:1525-1536.

Patterson SL, Pittenger C, Morozov A, Martin KC, Scanlin H, Drake C, Kandel ER
(2001) Some forms of cAMP-mediated long-lasting potentiation are associated with
release of BDNF and nuclear translocation of phospho-MAP kinase. Neuron 32:123
140.

Pedersen PE, Williams CL, Blass EM (1982) Activation and odor conditioning of
suckling behavior in 3-day old albino rats. J Exp PsychoI8(4):329-341.

Philpot BD, Um JH, Halpain S, Brunjes PC (1997) Experience-dependent modifications
in MAP2 phosphorylation in rat olfactory bulb. J Neurosci 17:9596-9604.

Pinching AJ, Powell TPS (1971 a) The neuron types of the glomerular layer of the
olfactory bulb. J Cell Sci 9:305-345.

Pinching AJ, Powell TPS (1971b) The neuropil of the glomeruli of the olfactory bulb. J
Cell Sci 9:347-377.

Pittenger C, Huang YY, Paletzki RF, Bourtchouladze R, Scanlin H, Vronskaya S,
Kandel ER (2002) Reversible inhibition of CREB/ATF transcription factors in region CA1
of the dorsal hippocampus disrupts hippocampus- dependent spatial memory. Neuron
34:447-62.

197



Price TL, Oarby-King A, Harley CW, McLean JH (1998) Serotonin plays a permissive
role in conditioned olfactory learning induced by norepinephrine in the neonate rat.
Behav Neurosci 112:1430-1437.

Rangel S, Leon M (1995) Early odor preference training increases olfactory bulb
norepinephrine. Oev Brain Res 85:187-191.

Reich E, Franklin RM, Shatkin AJ, Tatum EL (1961) Effect of actinomycin 0 on cellular
nucleic acid synthesis and virus production. pp 556-557.

Reich E, Franklin RM, Shatkin AJ, Tatum EL (1962) Action of actinomycin 0 on animal
cells and viruses. pp 1238-1245.

Reimann EM, Walsh OA, Krebs EG (1971) Purification and properties of rabbit skeletal
muscle adenosine 3',5'-monophosphate-dependent protein kinases. J Bioi Chem
246:1986-1995.

Rich RC, Schulman H (1998) Substrate-directed function of calmodulin in
autophosphorylation of Ca2+/calmodulin-dependent protein kinase 11. J Bioi Chem
273:28424-28429.

Richter K, Wolf G, Engelmann M (2005) Social recognition memory requires two stages
of protein synthesis in mice. Learn Mem 12:407-413.

Rizzuto N, Gambetti PL (1976a) Status spongiosus of rat central nervous system
induced by actinomycin O. Acta Neuropathol 36:21-30.

Rizzuto N, Gambetti PL (1976b) Status spongiosus of rat central nervous system
induced by actinomycin O. Acta Neuropathol 36:21-30.

Roberson EO, English JO, Adams JP, Selcher JC, Kondratick C, Sweatt JO (1999) The
mitogen-activated protein kinase cascade couples PKA and PKC to cAMP response
element binding protein phosphorylation in area CA1 of hippocampus. J Neurosci
19:4337-4348.

Robinson MJ, Franklin KB (2007) Effects of anisomycin on consolidation and
reconsolidation of a morphine-conditioned place preference. Behav Brain Res 178:146
153.

Roche KW, O'Brien RJ, Mammen AL, Bernhardt J, Huganir RL (1996) Characterization
of multiple phosphorylation sites on the AMPA receptor GluR1 subunit. Neuron
16:1179-1188.

198



Rodriguez-Ortiz CJ, Garcia-DeLaTorre P, Benavidez E, Ballesteros MA, Bermudez
Rattoni F (2008) Intrahippocampal anisomycin infusions disrupt previously consolidated
spatial memory only when memory is updated. Neurobiol Learn Mem 89:352-359.

Rolls ET, Kringelbach ML, de Araujo lE (2003) Different representations of pleasant and
unpleasant odours in the human brain. Eur J Neurosci 18:695-703.

Romano A, Locatelli F, Delorenzi A, Pedreira ME, Maldonado H (1996) Effects of
activation and inhibition of cAMP-dependent protein kinase on long-term habituation in
the crab Chasmagnathus. Brain Res 735:131-40.

Rosenberg PA, Li Y (1995) Adenylyl cyclase activation underlies intracellular cyclic
AMP accumulation, cyclic AMP transport, and extracellular adenosine accumulation
evoked by beta-adrenergic receptor stimulation in mixed cultures of neurons and
astrocytes derived from rat cerebral cortex. Brain Res 692:227-232.

Rosenblum K, Futter M, Voss K, Erent M, Skehel PA, French P, Obosi L, Jones MW,
Bliss TV (2002) The role of extracellular regulated kinases 1/11 in late-phase long-term
potentiation. J Neurosci 22:5432-5441.

Rosenegger 0, Lukowiak K (2010) The participation of NMDA receptors, PKC, and
MAPK in the formation of memory following operant conditioning in Lymnaea. Mol Brain
3:24.

Rosenegger 0, Parvez K, Lukowiak K (2008) Enhancing memory formation by altering
protein phosphorylation balance. Neurobiol Learn Mem 90:544-552.

Rosenegger 0, Wright C, Lukowiak K (2010) A quantitative proteomic analysis of long
term memory. Mol Brain 3:9.

Rossato JI, Bevilaqua LR, Myskiw JC, Medina JH, Izquierdo I, Cammarota M (2007) On
the role of hippocampal protein synthesis in the consolidation and reconsolidation of
object recognition memory. Learn Mem 14:36-46.

Rudy JW (2008) Is there a baby in the bathwater? Maybe: some methodological issues
for the de novo protein synthesis hypothesis. Neurobiol Learn Mem 89:219-224.

Rumsey JD, Darby-King A, Harley CW, McLean JH (2001) Infusion of the metabotropic
receptor agonist, DCG-IV, into the main olfactory bulb induces olfactory preference
learning in rat pups. Dev Brain Res 128:177-9.

199



Runyan JD, Dash PK (2005) Distinct prefrontal molecular mechanisms for information
storage lasting seconds versus minutes. Learn Mem 12:232-238.

Runyan JD, Moore AN, Dash PK (2004) A role for prefrontal cortex in memory storage
for trace fear conditioning. J Neurosci 24: 1288-1295.

Salin PA, L1edo PM, Vincent JD, Charpak S (2001) Dendritic glutamate autoreceptors
modulate signal processing in rat mitral cells. J Neurophysiol 85:1275-1282.

Sangha S, Scheibenstock A, McComb C, Lukowiak K (2003) Intermediate and long
term memories of associative learning are differentially affected by transcription versus
translation blockers in Lymnaea. J Exp Bioi 206:1605-1613.

Schaal B, Marlier L, Soussignan R (1998) Olfactory function in the human fetus:
evidence from selective neonatal responsiveness to the odor of amniotic fluid. Behav
Neurosci 112:1438-1449.

Schacher S, Castellucci VF, Kandel ER (1988) cAMP evokes long-term facilitation in
Aplysia sensory neurons that requires new protein synthesis. Science 240:1667-1669.

Schafe GE, Atkins CM, Swank MW, Bauer EP, Sweatt JD, LeDoux JE (2000) Activation
of ERK/MAP kinase in the amygdala is required for memory consolidation of pavlovian
fear conditioning. J Neurosci 20:8177-8187.

Schafe GE, LeDoux JE (2000) Memory consolidation of auditory pavlovian fear
conditioning requires protein synthesis and protein kinase A in the amygdala. J
Neurosci 20:RC96.

Schafe GE, Nadel NV, Sullivan GM, Harris A, LeDoux JE (1999) Memory consolidation
for contextual and auditory fear conditioning is dependent on protein synthesis, PKA,
and MAP kinase. Learn Mem 6:97-110.

Scharf MT, Woo NH, Lattal KM, Young JZ, Nguyen PV, Abel T (2002) Protein synthesis
is required for the enhancement of long-term potentiation and long-term memory by
spaced training. J Neurophysiol 87:2770-2777.

Scheibenstock A, Krygier 0, Haque Z, Syed N, Lukowiak K (2002) The Soma of RPeD1
must be present for long-term memory formation of associative learning in Lymnaea. J
NeurophysioI88:1584-1591.

200



Schoenfeld TA, Macrides F (1984) Topographic organization of connections between
the main olfactory bulb and pars externa of the anterior olfactory nucleus in the hamster.
J Comp NeuroI227:121-135.

Schwob JE, Price JL (1984) The development of axonal connections in the central
olfactory system of rats. J Comp Neurol 223: 177-202.

Scott JW (1986) The olfactory bulb and central pathways. Experientia 42:223-232.

Selcher JC, Weeber EJ, Christian J, Nekrasova T, Landreth GE, Sweatt JD (2003) A
role for ERK MAP kinase in physiologic temporal integration in hippocampal area CA1.
Learn Mem 10:26-39.

Sgambato V, Pages C, Rogard M, Besson MJ, Caboche J (1998) Extracellular signal
regulated kinase (ERK) controls immediate early gene induction on corticostriatal
stimulation. J Neurosci 18:8814-8825.

Shah A, Oxley G, Lovic V, Fleming AS (2002) Effects of preweaning exposure to novel
maternal odors on maternal responsiveness and selectivity in adulthood. Dev
Psychobiol 41: 187-196.

Sharifzadeh M, Sharifzadeh K, Naghdi N, Ghahremani MH, Roghani A (2005)
Posttraining intrahippocampal infusion of a protein kinase All inhibitor impairs spatial
memory retention in rats. J Neurosci Res 79:392-400.

Sharma AV (2010) Neurosilence: Intracerebral applications of protien synthesis
inhibitors eliminate neural activity. University of Alberta, Edmonton, Alberta, Canada.

Sharma SK, Bagnall MW, Sutton MA, Carew TJ (2003a) Inhibition of calcineurin
facilitates the induction of memory for sensitization in Aplysia: Requirement of mitogen
activated protein kinase. Proc Natl Acad Sci USA 100:4861-6.

Sharma SK, Sherff CM, Shobe J, Bagnall MW, Sutton MA, Carew TJ (2003b)
Differential role of mitogen-activated protein kinase in three distinct phases of memory
for sensitization in aplysia. J Neurosci 23:3899-907.

Shepherd GM (1972) Synaptic organization of the mammalian olfactory bulb. Physiol
Rev 52:864-917.

Shobe JL, Zhao Y, Stough S, Ye X, Hsuan V, Martin KC, Carew TJ (2009) Temporal
phases of activity-dependent plasticity and memory are mediated by compartmentalized
routing of MAPK signaling in aplysia sensory neurons. Neuron 61 :113-125.

201



Silva AJ, Kogan JH, Frankland PW, Kida S (1998) CREB and memory. Annu Rev
Neurosci 21:127-148.

Sindreu CB, Scheiner ZS, Storm OR (2007) Ca2+ -stimulated adenylyl cyclases
regulate ERK-dependent activation of MSK1 during fear conditioning. Neuron 53:79-89.

Skeberdis VA, Chevaleyre V, Lau CG, Goldberg JH, Pettit DL, Suadicani SO, Un Y,
Bennett MV, Yuste R, Castillo PE, Zukin RS (2006) Protein kinase A regulates calcium
permeability of NMDA receptors. Nat Neurosci 9:501-510.

Smotherman WP, Robinson SR (1994) Classical conditioning of opioid activity in the
fetal rat. Behav Neurosci 108:951-961.

Sobell HM (1985) Actinomycin and DNA transcription. Proc Natl Acad Sci USA
82:5328-5331.

Staubli U, Le TT, Lynch G (1995) Variants of olfactory memory and their dependencies
on the hippocampal formation. J Neurosci 15:1162-71.

Ster J, de BF, Bertaso F, Abitbol K, Daniel H, Bockaert J, Fagni L (2009) Epac mediates
PACAP-dependent long-term depression in the hippocampus. J PhysioI587:101-113.

Steward 0, Levy WB (1982) Preferential localization of polyribosomes under the base of
dendritic spines in granule cells of the dentate gyrus. J Neurosci 2:284-291.

Steward 0, Wallace CS, Lyford GL, Worley PF (1998) Synaptic activation causes the
mRNA for the lEG Arc to localize selectively near activated postsynaptic sites on
dendrites. Neuron 21:741-751.

Steward 0, Worley P (2002) Local synthesis of proteins at synaptic sites on dendrites:
role in synaptic plasticity and memory consolidation? Neurobiol Learn Mem 78:508-527.

Sullivan RM, Hall WG (1988) Reinforcers in infancy: classical conditioning using
stroking or intra-oral infusions of milk as UCS. Dev Psychobiol 21 :215-223.

Sullivan RM, Hofer MA, Brake SC (1986) Olfactory-guided orientation in neonatal rats is
enhanced by a conditioned change in behavioral state. Dev PsychobioI19:615-623.

Sullivan RM, Landers M, Yeaman B, Wilson DA (2000a) Good memories of bad events
in infancy. Nature 407:38-39.

202



Sullivan RM, Leon M (1986) Early olfactory learning induces an enhanced olfactory bulb
response in young rats. Brain Res 392:278-282.

Sullivan RM, 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 RM, McGaugh JL, Leon M (1991 a) Norepinephrine-induced plasticity and one
trial olfactory learning in neonatal rats. Dev Brain Res 60:219-228.

Sullivan RM, Stackenwalt G, Nasr F, Lemon C, Wilson DA (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 RM, Taborsky Barba S, Mendoza R, Itano A, Leon M, Cotman CW, Payne TF,
Lott I (1991b) Olfactory classical conditioning in neonates. Pediatrics 87:511-518.

Sullivan RM, Wilson DA (1991) The role of norepinephrine in the expression of learned
olfactory neurobehavioral responses in infant rats. Psychobiology (Austin, Tex )
19:308-312.

Sullivan RM, Wilson DA, Leon M (1989) Norepinephrine and learning-induced plasticity
in infant rat olfactory sytem. J Neurosci 9:3998-4006.

Sullivan RM, Zyzak OR, Skierkowski P, Wilson DA (1992) The role of olfactory bulb
norepinephrine in early olfactory learning. Dev Brain Res 70:279-282.

Sutton MA, Bagnall MW, Sharma SK, Shobe J, Carew TJ (2004) Intermediate-term
memory for site-specific sensitization in aplysia is maintained by persistent activation of
protein kinase C. J Neurosci 24:3600-3609.

Sutton MA, Carew TJ (2000) Parallel molecular pathways mediate expression of distinct
forms of intermediate-term facilitation at tail sensory-motor synapses in Aplysia. Neuron
26:219-231.

Sutton MA, Ide J, Masters SE, Carew TJ (2002) Interaction between amount and
pattern of training in the induction of intermediate- and long-term memory for
sensitization in aplysia. Learn Mem 9:29-40.

Sutton MA, Masters SE, Bagnall MW, Carew TJ (2001) Molecular mechanisms
underlying a unique intermediate phase of memory in aplysia. Neuron 31: 143-154.

203



Sutton MA, Schuman EM (2005) Local translational control in dendrites and its role in
long-term synaptic plasticity. J Neurobiol 64: 116-131.

Swank MW (2000) Pharmacological antagonism of tyrosine kinases and MAP kinase in
brainstem blocks taste aversion learning in mice. Physiol Behav 69:499-503.

Sweatt JD (2004) Mitogen-activated protein kinases in synaptic plasticity and memory.
Curr Opin NeurobioI14:311-317.

Sweatt JD, Kandel ER (1989) Persistent and transcriptionally-dependent increase in
protein phosphorylation in long-term facilitation of Aplysia sensory neurons. Nature
339:51-54.

Taglialatela G, Hogan 0, Zhang WR, Dineley KT (2009) Intermediate- and long-term
recognition memory deficits in Tg2576 mice are reversed with acute calcineurin
inhibition. Behav Brain Res.

Takahashi E, Niimi K, Itakura C (2009) Enhanced CaMKII activity and spatial cognitive
function in SAMP6 mice. Behav Neurosci 123:527-532.

Tang SJ, Reis G, Kang H, Gingras AC, Sonenberg N, Schuman EM (2002) A
rapamycin-sensitive signaling pathway contributes to long-term synaptic plasticity in the
hippocampus. Proc Natl Acad Sci USA 99:467-472.

Tao X, Finkbeiner S, Arnold DB, Shaywitz AJ, Greenberg ME (1998) Ca2+ influx
regulates BDNF transcription by a CREB family transcription factor-dependent
mechanism. Neuron 20:709-726.

Taubenfeld SM, Wiig KA, Bear MF, Alberini CM (1999) A molecular correlate of memory
and amnesia in the hippocampus. Nat Neurosci 2:309-310.

Taylor SS, Buechler JA, Yonemoto W (1990) cAMP-dependent protein kinase:
framework for a diverse family of regulatory enzymes. Annu Rev Biochem 59:971-1005.

Thomas GM, Huganir RL (2004) MAPK cascade signalling and synaptic plasticity. Nat
Rev Neurosci 5:173-183.

Thompson JV, Sullivan RM, Wilson DA (2008) Developmental emergence of fear
learning corresponds with changes in amygdala synaptic plasticity. Brain Res.

Tischmeyer W, Grimm R (1999) Activation of immediate early genes and memory
formation. Cell Mol Life Sci 55:564-574.

204



Treisman R (1996) Regulation of transcription by MAP kinase cascades. Curr Opin Cell
Bioi 8:205-215.

Tronel S, Sara SJ (2002) Mapping of olfactory memory circuits: region-specific c-fos
activation after odor-reward associative learning or after its retrieval. Learn Mem 9: 105
111.

Tully T (1991) Physiology of mutations affecting learning and memory in Drosophila--the
missing link between gene product and behavior. Trends Neurosci 14:163-4.

Tully T, Bourtchouladze R, Scott R, Tallman J (2003) Targeting the CREB pathway for
memory enhancers. Nat Rev Drug Discov 2:267-277.

Tully T, Quinn WG (1985) Classical conditioning and retention in normal and mutant
Drosophila melanogaster. J Comp Neurol 157:263-277.

Vacas MI, Keller Sarmiento MI, Cardinali DP (1985) Interaction between alpha- and
beta-adrenoceptors in rat pineal adenosine cyclic 3',5'-monophosphate
phosphodiesterase activation. J Neural Transm 62:295-304.

Vaillant AR, Zanassi P, Walsh GS, Aumont A, Alonso A, Miller FD (2002) Signaling
mechanisms underlying reversible, activity-dependent dendrite formation. Neuron
34:985-998.

Vazquez SI, Vazquez A, Pena de OS (2000) Different hippocampal activity profiles for
PKA and PKC in spatial discrimination learning. Behav Neurosci 114:1109-1118.

Vianna MR, Izquierdo LA, Barros DM, Ardenghi P, Pereira P, Rodrigues C, Moletta B,
Medina JH, Izquierdo I (2000) Differential role of hippocampal cAMP-dependent protein
kinase in short- and long-term memory. Neurochem Res 25:621-626.

Vianna MR, Izquierdo LA, Barros DM, Medina JH, Izquierdo I (1999) Intrahippocampal
infusion of an inhibitor of protein kinase A separates short- from long-term memory.
Behav Pharmacol 10:223-227.

Vickers CA, Dickson KS, Wyllie DJ (2005) Induction and maintenance of late-phase
long-term potentiation in isolated dendrites of rat hippocampal CA1 pyramidal neurones.
J Physiol 568:803-813.

Viola H, Furman M, Izquierdo LA, Alonso M, Barros DM, de Souza MM, Izquierdo I,
Medina JH (2000) Phosphorylated cAMP response element-binding protein as a

205



molecular marker of memory processing in rat hippocampus: effect of novelty. J
Neurosci 20:RC112.

Vossler MR, Yao H, York RD, Pan MG, Rim CS, Stork PJ (1997) cAMP activates MAP
kinase and Elk-1 through a B-Raf- and Rap1-dependent pathway. Cell 89:73-82.

Walsh DA, Perkins JP, Krebs EG (1968) An adenosine 3',5'-monophosphate-dependant
protein kinase from rabbit skeletal muscle. J Bioi Chem 243:3763-3765.

Walz R, Roesler R, Quevedo J, Rockenbach IC, Amaral OB, Vianna MR, Lenz G,
Medina JH, Izquierdo I (1999) Dose-dependent impairment of inhibitory avoidance
retention in rats by immediate post-training infusion of a mitogen-activated protein
kinase kinase inhibitor into cortical structures. Behav Brain Res 105:219-223.

Wang LY, Salter MW, MacDonald JF (1991) Regulation of kainate receptors by cAMP
dependent protein kinase and phosphatases. Science 253: 1132-1135.

Wanisch K, Wotjak CT (2008) Time course and efficiency of protein synthesis inhibition
following intracerebral and systemic anisomycin treatment. Neurobiol Learn Mem
90:485-494.

Wanisch K, Wotjak CT, Engelmann M (2008) Long-lasting second stage of recognition
memory consolidation in mice. Behav Brain Res 186:191-196.

Wasylyk B, Hagman J, Gutierrez-Hartmann A (1998) Ets transcription factors: nuclear
effectors of the Ras-MAP-kinase signaling pathway. Trends Biochem Sci 23:213-216.

Watabe AM, Zaki PA, O'Dell TJ (2000) Coactivation of beta-adrenergic and cholinergic
receptors enhances the induction of long-term potentiation and synergistically activates
mitogen-activated protein kinase in the hippocampal CA1 region. J Neurosci 20:5924
5931.

Watanabe S, Hoffman DA, Migliore M, Johnston 0 (2002) Dendritic K+ channels
contribute to spike-timing dependent long-term potentiation in hippocampal pyramidal
neurons. Proc Natl Acad Sci USA 99:8366-8371.

West AE, Griffith EC, Greenberg ME (2002) Regulation of transcription factors by
neuronal activity. Nat Rev Neurosci 3:921-931.

Westphal RS, Tavalin SJ, Un JW, Alto NM, Fraser ID, Langeberg LK, Sheng M, Scott
JD (1999) Regulation of NMDA receptors by an associated phosphatase-kinase
signaling complex. Science 285:93-96.

206



Wilson OA, Leon M (1986) Early appearance of inhibition in the neonatal rat olfactory
bulb. Oev Brain Res 26:289-292.

Wilson OA, Leon M (1987) Abrupt decrease in synaptic inhibition in the postnatal rat
olfactory bulb. Brain Res 430:134-138.

Wilson OA, Leon M (1988) Noradrenergic modulation of olfactory bulb excitability in the
postnatal rat. Oev Brain Res 470:69-75.

Wilson OA, Pham TC, Sullivan RM (1994) Norepinephrine and posttraining memory
consolidation in neonatal rats. Behav Neurosci 108:1053-1058.

Wilson OA, Sullivan RM (1994) Neurobiology of associative learning in the neonate:
Early olfactory learning. Behav Neural Bioi 61 :1-18.

Wilson OA, Sullivan RM, Leon M (1985) Odor familiarity alters mitral cell response in the
olfactory bulb of neonatal rats. Oev Brain Res 22:314-317.

Wilson OA, Sullivan RM, Leon M (1987) Single-unit analysis of postnatal olfactory
learning: modified olfactory bulb output response patterns to learned attractive odors
Single-unit analysis of postnatal olfactory learning: modified olfactory bulb output
response patterns to learned attractive odors. J Neurosci 7:3154-3162.

Winder OG, Martin KC, Muzzio lA, Rohrer 0, Chruscinski A, Kobilka B, Kandel ER
(1999) ERK plays a regulatory role in induction of LTP by theta frequency stimulation
and its modulation by beta-adrenergic receptors. Neuron 24:715-726.

Wong ST, Athos J, Figueroa XA, Pineda VV, Schaefer ML, Chavkin CC, Muglia LJ,
Storm OR (1999) Calcium-stimulated adenylyl cyclase activity is critical for
hippocampus-dependent long-term memory and late phase LTP. Neuron 23:787-798.

Woo CC, Leon M (1987) Sensitive period for neural and behavioral response
development to learned odors. Oev Brain Res 36:309-313.

Woo NH, Abel T, Nguyen PV (2002) Genetic and pharmacological demonstration of a
role for cyclic AMP-dependent protein kinase-mediated suppression of protein
phosphatases in gating the expression of late LTP. Eur J Neurosci 16:1871-1876.

Woo NH, Ouffy SN, Abel T, Nguyen PV (2000) Genetic and pharmacological
demonstration of differential recruitment of cAMP-dependent protein kinases by
synaptic activity. J Neurophysiol 84:2739-2745.

207



Wood MA, Kaplan MP, Park A, Blanchard EJ, Oliveira AM, Lombardi TL, Abel T (2005)
Transgenic mice expressing a truncated form of CREB-binding protein (CBP) exhibit
deficits in hippocampal synaptic plasticity and memory storage. Learn Mem 12:111-119.

Wu GY, Deisseroth K, Tsien RW (2001) Spaced stimuli stabilize MAPK pathway
activation and its effects on dendritic morphology. Nat Neurosci 4:151-158.

Wu SP, Lu KT, Chang WC, Gean PW (1999) Involvement of mitogen-activated protein
kinase in hippocampal long-term potentiation. J Biomed Sci 6:409-417.

Wustenberg D, Gerber B, Menzel R (1998) Short communication: long- but not medium
term retention of olfactory memories in honeybees is impaired by actinomycin D and
anisomycin. Eur J Neurosci 10:2742-2745.

Yamamoto KK, Gonzalez GA, Biggs WH, Ill, Montminy MR (1988) Phosphorylation
induced binding and transcriptional efficacy of nuclear factor CREB. Nature 334:494
498.

Yang E, Schulman H (1999) Structural examination of autoregulation of multifunctional
calcium/calmodulin-dependent protein kinase 11. J Bioi Chem 274:26199-26208.

Yang YL, Lu KT (2005) Facilitation of conditioned fear extinction by d-cycloserine is
mediated by mitogen-activated protein kinase and phosphatidylinositol 3-kinase
cascades and requires de novo protein synthesis in basolateral nucleus of amygdala.
Neuroscience 134:247-260.

Ye Y, O'Donnell JM (1996) Diminished noradrenergic stimulation reduces the activity of
rolipram-sensitive, high-affinity cyclic AMP phosphodiesterase in rat cerebral cortex. J
Neurochem 66:1894-1902.

Yeh SH, Un CH, Gean PW (2004) Acetylation of nuclear factor-kappaB in rat amygdala
improves long-term but not short-term retention of fear memory. Mol Pharmacol
65:1286-1292.

Yin JC, Del Vecchio M, Zhou H, 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 JC, Wallach JS, Del Vecchio M, Wilder EL, Zhou H, Quinn WG, Tully T (1994)
Induction of a dominant negative CREB transgene specifically blocks long-term memory
in Drosophila. Cell 79:49-58.

208



Ying SW, Futter M, Rosenblum K, Webber MJ, Hunt SP, Bliss TV, Bramham CR (2002)
Brain-derived neurotrophic factor induces long-term potentiation in intact adult
hippocampus: requirement for ERK activation coupled to CREB and upregulation of Arc
synthesis. J Neurosci 22:1532-1540.

York RD, Yao H, Dillon T, Ellig CL, Eckert SP, McCleskey EW, Stork PJ (1998) Rap1
mediates sustained MAP kinase activation induced by nerve growth factor. Nature
392:622-626.

Young JZ, Isiegas C, Abel T, Nguyen PV (2006) Metaplasticity of the late-phase of long
term potentiation: a critical role for protein kinase A in synaptic tagging. Eur J Neurosci
23:1784-1794.

Yovell Y, Abrams TW (1992) Temporal asymmetry in activation of Aplysia adenylyl
cyclase by calcium and transmitter may explain temporal requirements of conditioning.
Proc Natl Acad Sci USA 89:6526-6530.

Yuan LL, Adams JP, Swank M, Sweatt JD, Johnston D (2002a) Protein kinase
modulation of dendritic K+ channels in hippocampus involves a mitogen-activated
protein kinase pathway. J Neurosci 22:4860-4868.

Yuan Q (2009) Theta bursts in the olfactory nerve paired with beta-adrenoceptor
activation induce calcium elevation in mitral cells: a mechanism for odor preference
learning in the neonate rat. Learn Mem 16:676-681.

Yuan Q, Harley CW, Bruce AJ, Darby-King A, McLean JH (2000) Isoproterenol
increases CREB phosphorylation and olfactory nerve- evoked potentials in normal and
5-HT-depleted olfactory bulbs in rat pups only at doses that produce odor preference
learning. Learn Mem 7:413-421.

Yuan Q, Harley CW, Darby-King A, Neve RL, McLean JH (2003a) Early odor preference
learning in the rat: bidirectional effects of cAMP response element-binding protein
(CREB) and mutant CREB support a causal role for phosphorylated CREB. J Neurosci
23:4760-4765.

Yuan Q, Harley CW, McLean JH (2003b) Mitral cell ~1 and 5-HT2A receptor
colocalization and cAMP coregulation: a new model of norepinephrine-induced learning
in the olfactory bulb. Learn Mem 10:5-15.

Yuan Q, Harley CW, McLean JH, Knopfel T (2002b) Optical imaging of odor preference
memory in the rat olfactory bulb. J Neurophysiol 87:3156-3159.

209



Zhang HT, Zhao Y, Huang Y, Oorairaj NR, Chandler LJ, O'Oonnell JM (2004) Inhibition
of the phosphodiesterase 4 (POE4) enzyme reverses memory deficits produced by
infusion of the MEK inhibitor U0126 into the CA1 subregion of the rat hippocampus.
Neuropsychopharmacology 29: 1432-1439.

Zhang JJ, Okutani F, Inoue S, Kaba H (2003) Activation of the mitogen-activated protein
kinase/extracellular signal-regulated kinase signaling pathway leading to cyclic AMP
response element-binding protein phosphorylation is required for the long-term
facilitation process of aversive olfactory learning in young rats. Neuroscience 121 :9-16.

Zhang X, Odom OT, Koo SH, Conkright MD, Canettieri G, Best J, Chen H, Jenner R,
Herbolsheimer E, Jacobsen E, Kadam S, Ecker JR, Emerson B, Hogenesch JB,
Unterman T, Young RA, Montminy M (2005) Genome-wide analysis of cAMP-response
element binding protein occupancy, phosphorylation, and target gene activation in
human tissues. Proc Natl Acad Sci USA 102:4459-4464.

Zhao W, Lawen A, Ng KT (1999) Changes in phosphorylation of Ca2+/calmodulin
dependent protein kinase 11 (CaMKII) in processing of short-term and long-term
memories after passive avoidance learning. J Neurosci Res 55:557-568.

Zheng Z, Keifer J (2009) PKA has a critical role in synaptic delivery of GluR1- and
GluR4-containing AMPARs during initial stages of acquisition of in vitro classical
conditioning. J Neurophysiol 101 :2539-2549.

Zhong H, Sia GM, Sato TR, Gray NW, Mao T, Khuchua Z, Huganir RL, Svoboda K
(2009) Subcellular dynamics of type 11 PKA in neurons. Neuron 62:363-374.

Zhong N, Zucker RS (2005) cAMP acts on exchange protein activated by cAMP/cAMP
regulated guanine nucleotide exchange protein to regulate transmitter release at the
crayfish neuromuscular junction. J Neurosci 25:208-214.

Zhu JJ, Qin Y, Zhao M, Van AL, Malinow R (2002) Ras and Rap control AMPA receptor
trafficking during synaptic plasticity. Cell 110:443-455.

210










	0001_Cover
	0002_Inside Cover
	0003_Blank Page
	0004_Blank Page
	0005_Title Page
	0006_Abstract
	0007_Abstract iii
	0008_Abstract iv
	0009_Acknowledgements
	0010_Co-authorship Statement
	0011_Co-Authorship Statement vii
	0012_Table of Contents
	0013_Table of Contents ix
	0014_Table of Contents x
	0015_Table of Contents xi
	0016_Table of Contents xii
	0017_Table of Contents xiii
	0018_List of Figures
	0019_List of Figures xv
	0020_Abbreviations
	0021_Abbreviations xvii
	0022_Abbreviations xviii
	0023_Chapter 1 - Page 1
	0024_Page 2
	0025_Page 3
	0026_Page 4
	0027_Page 5
	0028_Page 6
	0029_Page 7
	0030_Page 8
	0031_Page 9
	0032_Page 10
	0033_Page 11
	0034_Page 12
	0035_Page 13
	0036_Page 14
	0037_Page 15
	0038_Page 16
	0039_Page 17
	0040_Page 18
	0041_Page 19
	0042_Page 20
	0043_Page 21
	0044_Page 22
	0045_Page 23
	0046_Page 24
	0047_Page 25
	0048_Page 26
	0049_Page 27
	0050_Page 28
	0051_Page 29
	0052_Page 30
	0053_Page 31
	0054_Page 32
	0055_Page 33
	0056_Page 34
	0057_Page 35
	0058_Page 36
	0059_Page 37
	0060_Page 38
	0061_Page 39
	0062_Page 40
	0063_Page 41
	0064_Page 42
	0065_Page 43
	0066_Page 44
	0067_Page 45
	0068_Page 46
	0069_Page 47
	0070_Page 48
	0071_Page 49
	0072_Page 50
	0073_Page 51
	0074_Page 52
	0075_Page 53
	0076_Page 54
	0077_Page 55
	0078_Page 56
	0079_Page 57
	0080_Page 58
	0081_Page 59
	0082_Chapter 2 - Page 60
	0083_Page 61
	0084_Page 62
	0085_Page 63
	0086_Page 64
	0087_Page 65
	0088_Page 66
	0089_Page 67
	0090_Page 68
	0091_Page 69
	0092_Page 70
	0093_Page 71
	0094_Page 72
	0095_Page 73
	0096_Page 74
	0097_Page 75
	0098_Page 76
	0099_Page 77
	0100_Page 78
	0101_Page 79
	0102_Page 80
	0103_Page 81
	0104_Page 82
	0105_Page 83
	0106_Page 84
	0107_Page 85
	0108_Page 86
	0109_Page 87
	0110_Page 88
	0111_Page 89
	0112_Page 90
	0113_Page 91
	0114_Page 92
	0115_Chapter 3 - Page 93
	0116_Page 94
	0117_Page 95
	0118_Page 96
	0119_Page 97
	0120_Page 98
	0121_Page 99
	0122_Page 100
	0123_Page 101
	0124_Page 102
	0125_Page 103
	0126_Page 104
	0127_Page 105
	0128_Page 106
	0129_Page 107
	0130_Page 108
	0131_Page 109
	0132_Page 110
	0133_Page 111
	0134_Page 112
	0135_Page 113
	0136_Page 114
	0137_Page 115
	0138_Page 116
	0139_Page 117
	0140_Page 118
	0141_Page 119
	0142_Page 120
	0143_Page 121
	0144_Page 122
	0145_Page 123
	0146_Chapter 4 - Page 124
	0147_Page 125
	0148_Page 126
	0149_Page 127
	0150_Page 128
	0151_Page 129
	0152_Page 130
	0153_Page 131
	0154_Page 132
	0155_Page 133
	0156_Page 134
	0157_Page 135
	0158_Page 136
	0159_Page 137
	0160_Page 138
	0161_Page 139
	0162_Page 140
	0163_Page 141
	0164_Page 142
	0165_Page 143
	0166_Page 144
	0167_Chapter 5 - Page 145
	0168_Page 146
	0169_Page 147
	0170_Page 148
	0171_Page 149
	0172_Page 150
	0173_Page 151
	0174_Page 152
	0175_Page 153
	0176_Page 154
	0177_Page 155
	0178_Page 156
	0179_Page 157
	0180_Page 158
	0181_Page 159
	0182_Page 160
	0183_Page 161
	0184_Page 162
	0185_Page 163
	0186_Page 164
	0187_Page 165
	0188_Page 166
	0189_Page 167
	0190_Page 168
	0191_Page 169
	0192_Page 170
	0193_References
	0194_Page 172
	0195_Page 173
	0196_Page 174
	0197_Page 175
	0198_Page 176
	0199_Page 177
	0200_Page 178
	0201_Page 179
	0202_Page 180
	0203_Page 181
	0204_Page 182
	0205_Page 183
	0206_Page 184
	0207_Page 185
	0208_Page 186
	0209_Page 187
	0210_Page 188
	0211_Page 189
	0212_Page 190
	0213_Page 191
	0214_Page 192
	0215_Page 193
	0216_Page 194
	0217_Page 195
	0218_Page 196
	0219_Page 197
	0220_Page 198
	0221_Page 199
	0222_Page 200
	0223_Page 201
	0224_Page 202
	0225_Page 203
	0226_Page 204
	0227_Page 205
	0228_Page 206
	0229_Page 207
	0230_Page 208
	0231_Page 209
	0232_Page 210
	0233_Blank Page
	0234_Blank Page
	0235_Inside Back Cover
	0236_Back Cover

