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Abstract

Long-term potentiation of a synaptic and/or spike response, which is widely
accepted as a model for neuronal plasticity, was initially elicited by high frequency
stimulation in the hippocampus (Bliss and Lomo, 1973), but can also be induced by
neuromodulators like norepinephrine (NE: Neuman and Harley, 1983; Walling and
Harley, 2004). The neuropeptide vasopressin (AVP) (Chen et al, 1993; Chepkova et al,
2001; Dubrovsky et al, 2002; Dubrovsky et al, 2003) also produces enhancement of
synaptic responses and has a role in promoting n mory (Bohus et al, 1982). /n vitro
studies have shown NE plays a role in AVP-initiated increases in cyclic AMP (cAMP)
(Brinton, 2000; Brinton, 1993).

It has been proposed that NE. released into the dentate gyrus in vivo mediates
AVP memory enhancement (Bohus et al, 1993). This thesis examined 1) the perforant
path-dentate gyrus evoked response after intracercbroventricular (icv) AVP; 2) the p-
adrenergic influence on perforant path AVP cffects through the use of a double pipette
procedure using the (-adrenergic antagonist, propranolol; and 3) further examined the
pharmacology of the perforant path AVP response by the use of the Vla selective ag ist
DGAVP, an AVP fragment without p  pheral effects, in the urethane anesthetized rat.

In the first experiment, AVP (1 ng: icv) produced potentiation of perforant path
population spike amplitude in 15/16 animals and of the EPSP slope in 11/16 animals.
AVP significantly increased the population spike amplitude with a mean increase of 50%
over baseline at 30 minutes after AVP. Individual animals showed increases of up to
100% at peak potentiation. The mean increase for EPSP slope was 21% over baseline at
30 minutes after AVP. Those experiments followed beyond an hour (n=4) showed mean
amplitude increases of 100% at 60 minutes and mean slope increases of 24% at 60
minutes. At 100 minutes post AVP, n 1 spike amplitude was at a 90% increase with the

EPSP slope at a 16% increase above baseline.



In the second experiment using a two-pipette recording technique, perforant path
evoked potentials were recorded using a [(-adrenergic antagonist (propranolol)-filled
pipette and a saline-filled pipette before and after icv AVP. AVP produced a mean
increase of 50% of the baseline population spike amplitude in all 6 animals on the saline
pipette at 30 minutes after AVP. AVP also produced potentiation of the EPSP slope on
the saline pipette in all animals with a mean increase of 25% at 30 minutes after AVP
infusion. With the propranolol pipette at 30 minutes all 6 animals showed an unchanged
or decreased population spike amplitude /eraging 21% of baseline and a decr¢ ed
EPSP slope averaging 26% of baseline.

In the final experiment, the AVP fragment, DGAVP increased in the popul on
spike amplitude in 3 animals with a mean amplitude of 100% above baseline at 30
minutes which remained constant at 60 minutes. DGAVP did not significantly alter EPSP
slope.

Taken together, the results of these experiments demonstrate that AVP produces
long-lasting potentiation of the perforant path evol | potential in vivo in the dentate
gyrus. without tetanic stimulation. This confirms /n vitro experiments on the effec of
AVP on the perforant path evoked potential. The dependence of AVP-induced
electrophysiological potentiation on NE receptor mediation in the dentate  rrus parallels
the results obtained with AVP-infusion in the dentate gyrus in vivo on the potentiation of
avoidance memory and with in vitro effects of AVP potentiation of NE-me¢ ated cAMP

production.
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Introduction

Learning and memory are essential for all animals in order to satisfy their own
basic needs and to adapt to changes in the conditions of life. For every living organism,
adaptation reflects behavioral modification by experience. In order to cope with  2se
ongoing challenges throughout life. the brain is constantly reconstructing itself. Thus the
cognitive, behavioural and emotional status of an organism reflects a lifelong sclf-
adjustment and self-optimization process. Neuronal plasticity is a fundamental process by
which the brain adapts to sensory, cognitive, emotional, social, and endocrine inputs or a
combination of such inputs. During l¢ ning and memory, neurotransmitters and
neuropeptides promote a variety of structural and molecular changes that take place
throughout the brain.

Ramon Y Cajal initially proposed a thecory of memory storage as involving the
growth of new connections or the alteration of existing ones (Bailey et al., 2000). Donald
Hebb further proposed that memories are represen * as enduring changes in the
functional circuitry of the brain and that the synaptic contacts between neurons serve as
the pliable substrate for “memory traces™ (Abraham et al., 1991). Specifically Hebb
suggested the association of pre- and post- synaptic activity in two neurons elicits some
change in one or both of the neurons such that the synaptic connection between them is
strengthened (Hebb 1949). This model for memory formation has been intensively
studied in the dentate gyrus of the hippocampus, a structure which initially provided
evidence of long-lasting synaptic plasticity in the mammalian brain (Bliss and Lomo
1973). The discovery of long-lasting potentiated synaptic responses supported Hebb's
hypothesis of a cellular mechanism for lcarning and memory.

Long-term potentiation (L.. ) of a synaptic response, which is widely accepted
as a model for neuronal plasticity was initially elicited by h™ 11 frequency stimulation
(Bliss and Lomo. 1973), but also can be induced by a neuromodulator like

norepinephrine (NE: Neuman and Harley, 1983; Walling and Harley, 2004). The



neuropeptide arginine vasopressin (AVP) (Chen et al, 1993; Chepkova et al. . Jl;
Dubrovsky et al, 2003) also produces ent  cement of synaptic responses suggestii— its
possible role in memory fo ation. Studiecs have examined whether AVP and NE
together play a neuromodulatory role in synaptic plasticity (Brinton, 2000; Brinton,
1993).

The present study is concerned with two hypotheses. The first is that in vivo
AVP will induce lot  lasting potentiation of perforant path input to the dentate gyrus, as
has been observed in vitro (Chen et al, 1993), without tetanic stimulation of the perforant
path. The second 1s that the modulation of the perforant path potential by AVP is
dependent upon B-adrenoceptor activation.

These hypotheses arise from earlier evidence that AVP effects on learning and
memory in the dentate gyrus require NE input to be effective (Bohus et al, 1993; Kovacs
et al, 1979a; 1979b). If NE mediates the effects of AVP on learning and memory. and, if
long-term potentiation-like effects play a critical role in learning and memory. AVP
should, through its interactions with NE, produce an AVP-LTP of perforant path 1 Hut
that requires B-adrenoceptor support as does the LTP effect of NE itself. Finally, the
ability of a more restricted V1 activating fragment to induce perforant path LTP is
assessed.

The introduction briefly reviews AVP pathways and receptor distribution, rev’ s
evidence of the role that AVP may play in learning and memory and the evidence for
memory-like changes in the dentate gyrus circuit with an emphasis on thosc mediated by
NE and AVP. The focus first turns to the structure most studied in memory research, the

hippocampus and, more specifically. the dentate gyrus.

1.1 »ue Hippocampal Dentate ¢ _'rus and Memory i rocesses

[ £9]



The hippocampus is a bilaterally symmetrical structure comprised of the
hippocampus proper and the dentate gyrus. These two fields each contain a densely
packed sheet of cells, pyramidal and granule cells respectively, which are the principal
cell type of their field and which project outside their respective fields, as well as a
variety of interneurons, cells which limit their influence to the local circuit (Teyler,
1991). An important feature is the intrinsic trisynaptic circuitry of the hippocampus: the
entorhinal cortex projects to dentate gyrus granule cells (the perforant path), the granule
cells project onto CA3 pyramidal cells (the mossy fiber system) which project to CAI
pyramidal cells (the Shaffer collaterals) which in turn project to the subiculum. The main
input into the hippocampal system is from the entorhinal cortex which receives inputs
from multiple cortical regions and all sensory modalities. One of the primary projections
of the entorhinal cortex is to the dentate gyrus via cells in its second cortical layer
(Amaral and Witter, 1995). Thus the granule cells are in a position to control the flow of
information within the hippocampus as they receive excitatory input from the entorhinal
cortex via the perforant path into the molecular layer, and activate pyramidal cells in CA4
and CA3.

The hippocampal formation has been one of the most extensively studied regions
in the quest for further understandir - of learning and memory processes. Much of the
evidence used to examine the hippoc. pus and its role in learnit  and memory was
obtained through experimental studies with animals where damage was not limited to the
hippocampus. Selective removal of the hippocampal region consisting of CAI-CA3
pyramidal cells and hilar and granule cells in the dentate gyrus gives a clearer picture of
the extent of hippocampal involvement in learning and memory. In studies by Jarrard and
colleagues (Bouffard and Jarrard, 1988; Morris et al, 1990), axon-sparing ibotenic acid

lesions of the hi, , >campus used to study the effects of selective remo* ~ on the
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acquisition of spatial and non-spatial information: complex, non-spatial represen ional

learning; and acquisition and utilization of contextual information. These studies show



that rats with selective hippocampal removal by ibotenate lesioning exhibit severc

impairments in acquisition of spatial information when tested in the radial maze
(Bouffard and Jarrard, 1988), the rewarded alternation task (Jarrard and Hyko, 1994) and
the Morris water maze (Morris et al., 1990). In general, these studies have shown that the
performance of the rats with the hippocampus removed is impaired on tasks that require
utilization of spatial and contextual information. but is like that of controls in the learning
and handling of non-spatial information.

Many studies have tried to examine the specific function of the dentate gyrus and
its role in learning and memory. These studies have found that intradentate colchicine, a
neurotoxin that preferentially destroys granule cells and mossy fibers, disrupts the
acquisition and performance of spatial reference memory in the Morris swim maze
(Sutherland et al, 1983; Jeltsch et al, 2001), working memory in the radial arm maze
(McLamb et al, 1988a; Jeltsch et al, 2001) and the acquisition of a two-way ar ve
avoidance response in a Y-maze (McLamb et al, 1988b). Xavier and colleagues (1999)
tested rats with dentate gyrus lesions on tasks requiring spatial reference and working
memory in the Morris water maze and found that their deficit was the same as rats with
complete hippocampal lesions when the start location varied on each trial. From their
findings, Jeltsch and colleagues (2001) speculated that both types of memory are
sensitive to granule cell damage.

Rolls (1996) suggests that pattern separation may be a function of the der e
gyrus and the mossy fiber projections to CA3. Pattern separation can be described as a
mechanism for separating partially overlapping patterns of activation so that one pattern
may be retrieved as separate from the other pattern (Rolls 1996). Rolls’ model proposes
that pattern separation is facilitated by the sparse connections in the mossy fiber sys n.
which connects granule cells in the dentate 'rus to pyramidal neurons in the CA3. The
mossy fiber inputs to the CA3 from the dentate gyrus may influence which CA3 neurons

will fire based on the distribution of activity in the dentate gyrus.



Lee and Kesner (2004) tested rats with selective dentate gyrus lesions on the
acquisition and retrieval of contextual fear conditionit  The lesioned rats showed initial
impairments in freezing behavior but eventually reached the level of freezing in controls
with subsequent training. When retrieval was examined in rats with dentate gyrus lesions
24 hours after acquisition, the animals showed a significant deficit in freezing compared
to controls. These studies support the hypothesis that the dentate gyrus plays a role in
both the encoding and retrieval of spatial information.

Since the dentate gyrus receives inputs from all sensory modalities, it is possible
that the dentate gyrus uses sensory markers to mark a spatial location. Kesner and
colleagues (2004) speculate that one function of the dentate gyrus would be to encode
events and separate events in space resulting in spatial pattern separation. This would
ensure that new highly processed sensory information is organized efficiently in the
hippocampus. The induction and maintenance of LTP in the dentate gyrus is enhanced
after exposure to novel or enriched environments (Davis et al, 2004) suggesting a role in

encoding new spatial environments.

1.1.1 Long-term Potentiation

In 1949, Donald Hebb published his now famous synaptic medification postulate:
“When an axon of cell A is near enough to excite cell B and repeatedly or persistently
takes part in firing it, some growth process or metabolic change takes place in one or both

cells such that A’s efficiency, as one of the cells firing B, is increased™ (Hebb, 1949).

In 1973, Bliss and Lomo first reported that brief high-frequency electrical
stimulation of the perforant path input to the dentate tus of the hippocampus could
elicit a lasting enhancement of synaptic transmission in this pathway that persisted for

days and this enhancement was termed LTP. LTP is a synapse-specific enhancement of
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excitatory postsynaptic responses that has been repeatedly proposed as a mechanism of
memory (Douglas & Goddard. 1975; Bliss & Collingridge, 1993; Izquierdo, 1993). LTP
shares several characteristics with memory including synapse specificity (Dunwiddie and
Lynch, 1978), rapid acquisition, incremental nature, durability and persistence for very
long periods in the absence of stimu :ion. The fact that it can be tri; :red by brief trains
of high frequency stimulation is presumably analogous to the way brief. unique sensory
or behavioral stimuli set the learning process in motion (Teyler and DiScenna, 1 17;
Bliss & Collingridge, 1993; Izquirdo & Medina, 1995). In addition, LTP is accomp: ed
by biochemical and morphological changes which have long been proposed as a basic
mechanism upon which synaptic connections are strengthened as a result of a lear ng

experience.

Andersen and Lomo (1966) electrophysiologically examined the unique anatomy
of the hippocampus and found that the extracellular population field potentials recorded
at various depths directly reflect excitatory postsynaptic potentials (EPSPs) and cell body
spike discharges. The evoked potentials reflect summed synaptic currents (EPSP) and
unit spiking activity (population spike). The response of the population of granule cells
firing action potentials to elicited perforant } h stimulation is measured as the population
spike. The initial slope of the evoked r onse is a measure of synaptic strength. Long-
term potentiation, LTP, was first described in the dentate gyrus and was seen as long-
lasting increases in both the population sj :e amplitude and in EPSP slope (Bliss and

Lomo, 1973).



1.1.1.1 Dentate and Long Term Potentiation (LTP) studies

Bliss and Lomo (1973) set a precedent for studying field potentials in the dentate
gyrus in awake animals for the purpose of investigating the properties and persistence of
LTP. Brief high frequency stimulation of the dentate gyrus in the rabbit in vivo was found
to induce LTP lasting as long as 3 days. Tetanization of the perforant path results in
robust and enduring increases in the population spike amplitude and the EPSP slope in
the dentate gyrus evoked by single pulse stimulation of this input pathway (Bliss and
Lomo, 1973; Bliss and Garner-Medwin 1973; Bronzino et al.,1994). This homosynaptic
LTP is presumed to involve glutamate-med :ed modulation of glutamate synapses.

However some early studies established that perforant path stimulation aftected
the population spike and EPSP cc ponents differently. Potentiation of the popul on
spike was found to be much eater than that of EPSP (Bliss and Gardner-Medwin,
1973). Racine and colle: 1es (1983) reported that the EPSP potentiation decayed at a
faster rate than the population spike potentiation. Subsequent studies from several labs
confirmed in rats that LTP can last from 1 hour to a day to many weeks, depending on the
stimulation parameters (Barnes 1979: de Jonge and Racine 1985; Staubli and Lynch
1987: Jeffrey et al., 1990; Abraham et al., 1993; Bronzino et al, 1994). Abraham and
colleagues demonstrated that in the dentate gyrus LTP could last many months (1' 3),
even up to a year (Abraham et al, 2002), under certain conditions. Protocol variables like
the number and timing of high frc , ency stimulus trains (Huang and Kandel, 1994;
Abraham et al 2002), the time before and after stimulation that the animal is in the

recording chamber (Abraham et al 2002) and the level of neuromodulatc |, activity at the

o

induction time (Swanson-Park et al 1999) have been found to influence L TP duration.



Studies have reported that the unusually long duration of LTP may be due to
structural synaptic modifications such as an inc  se in the number of synapses (Lynch et
al., 1988; Lynch and Baudry, 1991; Bliss and Collingridge, 1993) and changes in
dendritic spines. Many studies have reported that the early maintenance phase of LTP in
the dentate gyrus 1s protein synthesis-dependent (Otani and Abraham, 1989: Otani et al.,
1989: Nguyen et al., 1994). Kelly et al (1998) reported that nerve growth  :tor plays a

role in potentiation of the rat perforant path-granule cell synapses.

1.1.1.2 Norepinephrine-Induced LTP

The neurotransmitter NE has been 1died in the hippocampus and been found to
be involved both in memory processes and in hippocampal plasticity. In behavioral
studies, NE has been linked to enhanced memory retrieval, increased behavioral
responses to novel objects or novel stimulation, and facilitated learning of new response
contingencies in a familiar task (Sara and Bergis, 1991). Various studies have shown that
NE depletion in rodents and monkeys results in increased distractability and deficits in
spatial working memory while " ninistration of NE agonists improved mer ory
performance (Carli et al, 1983; Arnsten and Contant, 1992; Cai et al, 1993 ). The n jor
source of dentate /rus NE is the terminals of the locus coeruleus (LC) (Loy et al, 1' D).
The LC has been a site of activation for studies examining the physiolc cal effects of
NE release (Dahl and Winson, 1985; Harley and Milway, 1986; Harley et al. 1989:
Klukowski and Harley, 1994; Walling et al, 2004). ...e L.C is a noradrenergic nucleus of
the pontine reticular formation, which sends a dense terminal projection to the dentate

gyrus, as well as to neocortex and o r fi as (Aston-Jones et al, 1999).



Stimulation of this ascending NE pathway was initially reported to modulate the
rate of spontaneous unit activity in the hippocampus (Segal & Bloom,1976), and the
spike potential amplitude evoked by stimulation of the main excitatory input to the
dentate gyrus, the perforant path (Assaf et al, 1978). NE-modulated signals were first
observed in the hippocampus by Segal and Bloom (1976). They reported at
iontophoresed NE appeared to suppress all hippocampal unit firing whether spontaneous
or driven by cholinergic stimulation, but natural release of NE through activation of the
LC enhanced tone-induced excitation (S¢ | & Bloom, 1976). Also enhancement was
observed when LC stimulation was paired with sensory inputs to neocortex (Berridge and
Foote, 1991). These results led to the proposal that LC-NE acts to enhance the signal-to-
noise ratio both in sensory areas and in the hippocampus (Harley, 1991).

In 1983, NE application in the dentate gyrus was found to result in a long-la  ng
potentiation of the perforant path cvoked population spike amplitude in the granule cells
of the dentate gyrus. Neuman and Harley (1983) observed that one to eight minutes of
NE iontophoretic application in the granule cells produced a potentiation of the
population spike amplitude that climbed to 40% in vivo and lasted at least 30 min. Such
observations were reported as NI nd ed lor lastir  potentiation (i.ol.,, a
heterosynaptic modulation by NE of utamate responses to distinguish it from the tetanic

stimulation-induced homosynaptic potentiation.

1.1.1.3. Norepinephrine-Induced Long-Term Potentiation: In vitro studies
Lacaille and Harley (1985) found that in the hippocampal slice, ten  nutes of NE

exposure (10 uM) produced a 31% enhancement of spike amplitude that was long-lasting



(30 minutes) in one-quarter of the experiments. Forty-seven percent of the spike

amplitude potentiation could be accounted for by the increase in EPSP slope, thus
suggesting an additional increase in EPSP/spike coupling. The population spike and
EPSP slope potentiation was seen in all slices exposed to the B-adrenoceptor agonist
isoproterenol and was blocked with a B-adrenoceptor antagonist, timolol, arguing for B—
adrenoceptor mediation. In contrast, an o-receptor agonist, phenylephrine. and
antagonist, phentolamine produced only weak effects.

Stanton and Sarvey (1985) carried out a number of in vitro experiments to better
examine NE effects in the dentate gyrus. They discovered two forms of NE-induced
potentiation of population spike amplitude through the manipulation of emetine, a protein
synthesis inhibitor. A short-term NE-induced potentiation was seen in the presence of
emetine. This potentiation only lasted as long as NE was present. An NE-induced long-
lasting potentiation occurred in the absence of emetine and lasted for the 5 hour recording
time. The thirty minutes of NE superfusion produced an enhancement of spike amplitude
that was 85% greater than control. In the same study, Stanton and Sarvey (1985) found
forskolin, an adenylate cyclase activator. greatly enhanced the NE-potentiation dose-
response curve supporting a role for adenylate cyclase generation of cAMP in NE
potentiation. Both forms of NE potentiation were blocked by the B-adrenergic antagonist,
propranolol, a 3,/B, antagonist and metoprc H>l, a 3; antagonist.

In a subsequent study, Stanton and Sarvey (1985b) examined slices from normal
and NE-depleted hippocampi and found high frequency LTP of the perforant path
population spike was blocked in the dentate gyrus. Upon recovery from the depletion,

LTP occurred in the slice. Forskol and B-adrenergic antagonists produced the same

10



results as in the previous study. The final follow-up study reported that LTP in the
dentate gyrus and NELLP both correlated with increased cAMP in the dentate gyrus, with
NE stimulation showing increased cAMP long after washout (Stanton and Sa :y,
1985c¢). These studies by Stanton and Sarvey supported the existence of NELLP in the
dentate gyrus in vitro and showed that this form of LTP depends on the activation of -
adrenergic receptors, adenylate cyclase and protein synthesis and the elevation of cAMP,
They also argued that high frequency L..' in dentate gyrus normally recruits this

pathway.

1.1.1.4 Norepinephrine-induced Long-Term Potentiation: in vivo Studies

As discussed previously, Neuman and Harley (1983) first described NELI  in the
dentate gyrus /n vivo in anesthetized animals in which the population spike of the
perforant path potential was consistently potentiated by NE iontophoresis in the granule
cell layer. A subsequent study conducted by Dahl and Winson (1985) in vivo supported
this long-lasting enhancement of the population spike amplitude. In one of the earliest
experiments on the modulation of perforant path evoked potential in the dentate gyrus by
LC clectrical stimulation, they reported that the population spike amplitude showed long-
lasting potentiation without any chan in the EPSP slope at the cell body level. They
observed a decrease in the EPSP slope at the dendritic level.

Population spike enhancement has . o been found following glutamate activation
of the LC to stimulate endogenous NE in the anaesthetized rat. Harley and Milway
(1986) ejected glutamate into the LC and reported a spike enhancement 40% gre 1 than
the controls and lasting more than 20 minutes in 39% of the animals tested. The ISP

slope increased briefly ™ 3 mil Hin I f of the ex  1ments and decreased or was
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unchanged in the remainder of experiments. The different latencies suggested that EPSP
slope and spike effects were uncorrelated. Another study by Harley and Evans (1988)
supported these results. Harley and Sara (1992) found the EPSP slope again did not
correlate with the population spike amplitude. EPSP slope increases occurred on less than
30% of the evoked potentials with increased population spikes.

Recently, Walling and colleagues (2004) investigated the activation of the LC in
the urethane anesthetized rat by the neuropeptide, orexin-A. They reported that orexin-A
caused a long-lasting and gradually increasing (over 3 hours) potentiation of the
population spike amplitude with no change in the EPSP slope.

Spike amplitude enhancement by glutamate activation of the LC has also  en
seen in the awake animal (Sara and Bergis, 1991; Klukowski and Harley, 1994; Walling
and Harley, 2004). A study in the awake rat by Sara and Bergis (1991) examined cffccts
of the drug idazoxan, which increases the relcase of NE, and found potentiation of the
population spike amplitude, but no change in the EPSP slope. Walling and Harley (2004)
studied NE release and subsequent modulation of the perforant path evoked potential in
dentate gyrus at 3 hours and at 24 hours following glutamate activation of the LC. They
found that LC activation resulted in immediate spike potentiation lasting 3 hours, but
observed both spike and EPSP slope potentiation ©  hours after LC activa »n.
Propranolol. a B-adrenergic antagonist, and anisomycin, a protein synthesis inhibitor.
given (icv) before LC activation was found to block both slope and spike potentiatic — at
24 hours. Thus, LC activation seems to initiate a f-adrenergic and protein synthesis
dependent long-lasting enhancement in the granule c... excitability and synaptic stre :th

of the perforant path input to the dentate gyrus.



While in vitro studies concluded that o-agonists failed to mimic the effects of NE
and that all potentiation depended on B-receptor activation, Chaulk and Harley (1998) in
an in vivo study, found a possible role for both o- and B-adrenoceptors in NE
potentiation. They used icv NE to mimic in vitro conditions in vivo and found that both
the B-agonist isoproterenol and the o-agonist phenylephrine, produced potentiation
although potentiation was more commonly long-lasting in isoproterenol treated animals.
Both (-and a-antagonists attenuated NE potentiation in the icv studies. Babstock and
Harley (1992) examined the role of the P-receptors in vivo after stimulation of the
paragigantocellularis (PGI). The PGI provides a major source of glutamate excitation to
the LC which is another method of activating NE release. PGI activation induced only
spike potentiation which was blocked by the -antagonist propranolol. In contrast, Munro
and colleagues (2001) found that the [-antagonist, timolol, partially prevented high-
frequency-induced LTP in vivo of the EPSP slope, but LTP of the population ike
amplitude was unaffected.

The inconsistent demonstration of LTP of the EPSP slope in NE-induced
potentiation studies in vive stands in contrast to the previous in vitro data but is fairly
consistent within the /11 vivo experiments.

NE-induced LTP shares important qualities with the late-phase tetanic induced
LTP. B-adrenergic receptor activation was found to be required for tetanus-induced ite-
phase LTP at both the lateral and medial perforant pathways (Bramham et al.. 1997) and
at the mossy fiber-CA3 synapse (Hu z and Kandel,1996). More recently, Straube et al.

(2003) have shown that novelty exploration transforms early-phase LTP (non-protein



synthesis dependent) in the dentate gyrus into late-phase LTP, which is prevented by the

B-antagonist propranolol, as well as by the protein translation inhibitor, anisomycin.

NE has been reported to work with the neuropeptide AVP in the enhanc ent of
memory (Kovacs et al, 1979a;1979b) which will be discussed shortly. The follc ng
section is a brief overview of AVP, its anatomical distribution and its historical role in

learning and memory studies.

1.2 AVP

1.2.1 Structure, neural pathways and receptor distribution

AVP is a nonapeptide derived from larger precursor proteins. In peptide synthesis,
the amino group of one amino 'd is bonded with the carboxyl group of the adjoining
amino acid. The side chains of the amino acids identify the various peptides and are
responsible for their physical and functional attributes (McEwen 2004). AVP and
oxytocin are synthesized in, transported within, and secreted by both magnocellular cells
and parvocellular cells which are predominantly located within the paraventricular (PVN)
and supraoptic (SON) nuclei. The magnocellular cells are neuroendocrine cells which
project to the capillaries in the posterior pit tary lobe where they secrete their contents as
hormones into the systemic circulation. Some parvocellular cells secrete releasing
hormones into the portal circulation of the anterior pituitary gland, others activate,
inhibit, or modulate, activity in other neurons in the brain and others synapse on blood
vessels in the brain (Sofroniew, 1985; Buijs et al, 1991). Extrahypothalamic (from the
bed nucleus of the stria terminalis) and hypothalamic (from PVN) AVP-ergic t ers

innervate limbic areas like septum and hippocampus (Sofroniew 1985; Buijs 1991). VP
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and OT are released synaptically from axon terminals and from dendrites and somata of
hypothalamic neurons (Pow and Morris, 1989).

The neuropeptide concept was originally formulated by De Wied (1965) whe  his
findings indicated the neurogenic effects of pituitary hormones. Generally, De Wied
came to recognize that AVP is a peptide that can act at both peripheral target sites and at
neural structures within the brain. In both periphery and brain, metabolic altera ins
mediated by peptidase enzymes convert the parent peptide into smaller peptides. The
neuropeptide concept proposes that in the brain the smaller active fragments generated
from AVP can function as neurotransmitters or neuromodulators at brain target sites. It
also suggests that some of these fragments t at relevant brain sites to influence mer oy
consolidation and retrieval. Traditionally in De Wied’s studies lysine vasopressin (LVP)
has the same function as AVP but the form is found only in the pig. A number of studies
carried out by De Wied and colleagues (1972) found that the entire AVP molecule. which
produced other hormonal effects, was not required for effects on memory processes.
Desglycinamide-lysine vasopressin (DG-LVP), produced trom the parent peptide LVP
with the glycine residue removed, lost its endocrine activity but retained its ability to
inhibit extinction of a pole-jump avoidance response. The behavioral research of De

Wied and colleagues is reviewed in a later section.

Studies have shown that AVP binding sites are widely distributed throughout the
brain and the spinal cord (Triboliet et ., 1998). Tribollet and colleagues (1998)
summarized the distribution of central AVP binding sites using microscopy
autoradiography in the adult rat brain and compared it with distribution patterns found in
other mammalian species. Receptors specific for AVP were identified within numerous

areas of the brain and spinal cord in the rat and oth s but th- are ed



species related differences in their distribution. which may be because these rece ors
mediate species typical behaviors.

Some studies using non-radioactive selective analogues together with tritiated
AVP suggested that only Vla-like vasopressin receptors are detectable within the brain
(Barberis et al, 1995; Tribollet et al.. 1998b). There appears also to be an absence of V2
receptor mRNA in the adult rat brain (Ostrowski et al, 197" Saito et al, 1995), wher it
may be expressed during development (Saito et al, 1995; Croiset and De Wied, 1997). A
study by Hirasawa and colleagues (1994) suggests that the hippocampus also contains
V1b receptor mRNA, but expression is low which probably accounts for the failure to
detect it in some autoradiographic studies (Sugimoto et al, 1983). The oxytocin receptor
also has a high aftinity for AVP, which has been speculated to mediate central effects of
both AVP and oxytocin (Elands et al, 1988).

There are still questions concerning the central distribution of AVP-ergic cells
and their fibers. In some cases, knowledge is lacking about the terminal sites of localized
cell clusters, while in others the sites of the AVP-ergic fibers or terminals are known, but
not their cells of origin. In particular, while the or'~'n of the AVP-ergic fibers in the
ventral hippocampus (CAl, CA3) appears to be in the medial am' lala (Caffe et al..
19¢.,, the origin of the AVP-e 'c fibers in the dentate rus is not « ar.
Immunohistochemical studies have shown AVP-e ¢ neurons in a variety of structures,
such as the bed nucleus of stria terminalis (De Vries and Buijs, 1983; Caffe” and van
Leeuwen, 1983; Sofroniew, 1985). tt vertical limb of the nucleus of the hori: tal
diagonal band (Sofroniew, 19¢_ ), tt s (Sofroniew, 1985), the PVN ( 1ys, 78;

De Vries et al., 1985), the SON (De Y s et al.,1985), the suprachiasmatic nucleus
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(Buijs. 1978; Sofroniew and Weindl, 1980), the dorsomedial hypothalamus (Caffe” and
van Leeuwen, 1983; De Vries et al., 1985), the medial amygdaloid nucleus (Caffe” and
van Leeuwen,l1983; De Vries et al., 1985; Sofroniew, 1985), the locus coeruleus (LC)
(Caffe” and van Leeuwen, 1983; Caffe” et al., 1985; De Vries et al., 1985; Sofro1 :w,
1985), the nucleus subcoeruleus (Caffe” et al., 1985; Sofroniew, 1985), and the spinal
cord (Kai-Kai et al., 1986). In many of these neurons, AVP has a neuromodulatory effect
since it produced long-lasting facilitation of the response to the excit ory
neurotransmitter glutamate (Urban, 1987). De Vries and colleagues (1984) found that the
distribution of AVP in the rat brain included androgen dependent pathways in which a
higher density of AVP fibres in the bed nucleus of the stria terminalis, the amygdala and
the LC is found only in male rats.

Since neuropeptides are often produced in small amounts and rapidly transported
from the cell body, many of these studies used the axonal transport inhibitor colchicine to
permit cell body stainii ywever, colchicine has profound effects on the ultrastructural
features of neurons (Alonso, 1988) and can affect eptide production (Ceccatelli et al.,
1991; Re’'thelyi et al., 1991). This technique has been replaced by in situ hybridiz on
that permits detection of cells possessing peptidergic mRNA. Hallbeck and colle: 1es
(1999) used this technique to identify the distribution of neurons that may be the orig  of
AVP in the hippocampus of the ma Sp zue-Dawley rat. APV mRNA labeling was
seen in the pyramidal layer of the hippocampus thror “out the CA1-CA3 fields and in
the dentate gyrus. Thus hippocampal granule cells may produce AVP. AVP binding sites
in the dentate gyrus are the densest within the hippocampus (Brinton et al., 1984; Phillips

et al, 1988).
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Studies have reported that AVP activates hippocampal neurons (Versteeg et al.,
1984 Brinton and McEwen, 1989; Giri et al.,1990; Maegawa et al.,1992), which supports
the possible involvement of AVP in learning and emory (Bohus, 1977; Leshner and
Roche, 1977; Bohus et al, 1978; De Wied and Versteeg, 1979). Hallbeck and colleagues
(1999) concluded that their findings of AVP mRNA expression throughout the
hippocampus indicate that many of the AVP effects in the hippocampus could be elicited
by intrinsic AVP-ergic neurons. There is also evidence that AVP is relcased
extrajunctionally (Buijs and Swaab, 1979), which suggests that AVP may diffuse over
long distances to other brain areas. M y regions containing AVP receptors ick
AVPergic or oxytocinergic fiber innervation and some regions are devoid of rec tor
sites but instead show neuropeptide terminals (Barberis and Tribollet, 1996). Such

observations suggest these peptides may also be involved in nonsynaptic communication.

1.2.2 AVP and learning and memory: A history of De Wied’s studies

The earliest reports on AVP and its effects on learning and memory came  »m
the classic studies by De Wied and his colleagues in the late 1960s in which he originally
investigated the effect of a posterior pituitary lobectomy and the conscquent loss of
associated hormones on avoidanc  behavior. Avoidance behavior 1s a behavioral
response which an organism uses to prevent contact with an aversive stimulus, either
actively avoiding it or passively avoiding it through behavioral inhibition. Active and
passive avoidance tasks were the primary paradigms used by De Wied and colle: 1es
(De Wied and Bohus, 1966; De Wied,1976; De Wied,1977: Bohus, Kovacs and De Wied,
1978) in their research on AVP and oxytor 1 and memory processes. These consisted of
multi-trial active avoidance tasks like the pole jump d the shuttlebox tasks, and the
single-trial passive avoidance task. Such tests reflect the ability of the animals to handle

sudden and dramatic changes in their environment. In 1965, De Wied reported that a
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conditioned avoidance response is extinguished at a much more rapid rate with the
removal of the posterior pituitary lobe. The lobectomy increased the rate of extinction of
the shuttlebox avoidance training response while a relatively crude extract called pitressin
tannate, prepared from the posterior and intermediate lobes. prevented this abnormally
rapid rate of extinction and maintained the conditioned response. This extract consisted
of the posterior pituitary hormones. AVP and oxytocin, and the intermediate  be
hormone melanocyte stimulating hormone. LVP was also found to inhibit this 1 Hid
extinction rate when injected peripherally (De Wied and Bohus, 1966). It was concluded
from their studics that the peptides present in the posterior and intermediate lobe of the
pituitary are physiologically involved in 1intaining, but not acquiring the learned
avoidance response.

Subsequently, De Wied and Bohus (1966) also found that when rats were treated
with pitressin tannate, they exhibited a delay in the extinction of the active avoidance
response and maintained the previously acquired avoidance response for a longer period
consistent with the view that the peptides in pitressin were preserving and promoting
long-term memory of the conditioned response. De Wied (1971) compared the effects of
various peptides including LVP and a1 ‘otensin on acquisition of a pole-jump active
avoidance response in intact rats. The rationale for using these particular peptides was
that they were structurally or physioli = "y similar to AVP. They found only LVP
inhibited extinction in acquisition of = pole-jt  -oi sonse and the eritical
period for administration was immediately or 1 hour after completion of the first
extinction session. The authors concluded that AVP is the peptide in pitressin that
improves retention and its long-term effect suggests an influence on memory
consolidation. The effect did not appear  be related to the effects of AVP ¢ " od
pressure or carbohydrate metabolism since neither the pressor substance, angiotens 11,
nor insulin or growth hormone had any effects on tl extinction of the avoidance

response.
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Researchers also found long-term behavioral effects of AVP in studies involving
passive avoidance responses in which the animal’s motor activity is decreased in order to
avoid the aversive stimulus. The passive avoidance test consists of an acquisition trial in
which a rat receives a footshock after entering a box, and a test trial, in which latency
time to enter the box again is measured (Ader and De Wied, 1972). The stronger the
association of the box with the footshock, the longer the latency will be. The acquis on
trial and the test trial are often separated by a 24-hour period. The passive avoidance test
allows measurement of drug effects on consolidatic by administering the drug befo or
just after the acquisition trial, and retrieval, by administration before the test trial
(Reijmers et al., 1998). Ader and De Wied (1972) used this passive avoidance task to test
the effects of LVP (subcutaneous) and were able to demonstrate that this AVP analog not
only induces strengthened maintenance of a conditioned avoidance response in a multi-
trial active avoidance paradigm, but also in the single-trial passive avoidance paradigm.

In a 1976 study by De Wied. examining the effects of AVP, intraventricular
administration of AVP (1 ng/ul) was given immediately (0 hours), 3 hours. 6 hours or 23
hours after a passive avoidance learning trial. Rats _ AVP exhibited longer latencics
to enter the shock compartment relative to controls, when AVP was given immediately
after the learning trial and 23 hours after : trial. Kovacs and colleagues (1978) tested
LVP eftects on acquisition and retention of a passive avoidance response in which rats
were trained to escape footshock from a  id floor by jumping onto a bench: stepping
down to the floor produced more footshock. LVP given 10 minutes before the passive
avoidance retention session did not influence acquisition. but facilitated retention since

the step-down latency increased.



1.2.2.1 AVP’s effects on memory acquisition, consolidation and retrieval

Memory processes involve consolidation and retrieval of acquired information.
Studies have examined the role of AVP on both consolidation and retrieval memory
processes as well as acquisition in an effort to distinguish its specific role.

Bohus and colleagues (19°  studied time gradient effects of icv administration of
AVP on retention of a passive avoidance response. AVP significantly prolonged reentry
latencies relative to the controls and demonstrated a time dependent facilitation. AVP
was most effective when injected immediately posttraining (consolidation effect) or 1
hour prior to the 24-hour retention test (retrieval effcct). These results were simil  to
those of the 1976 study previously described. Bohus and colleagues (1978b) investigated
both peripheral and centrally administered AVP and found no effect on acquisition, but
significantly delayed extinction on both active and passive avoidancc tasks. The
observation that the retention effects occur at a much lower dose centrally then
peripherally is consistent with the notion that AVP exerts its effect by influencing ce ral
rather than peripheral receptor sites.

Other researchers studied the effects of AVP on retrograde amnesia to examine
effects on memory retrieval. Retrograde amnesia refers to the inability to remember
experiences that occurred just before a temporary but severe disturbance of the normal
physiological activity of the brain (McEwen 2004). The amnesia can be produce by
postlearning or preretention application « a variety of treatments that disrupt neural
activity, such as carbon dioxide ugter et al, 1974; Sato et al, 2004), electrocony " iive
shock or pentylenetetrazole (Bookin and Pfeifer,1978) or by inhibiting protein syn'  sis
using puromycin. There is a de e about whether tI amnesia produced is d to
disruption of memory consolidation. in  1ich shor 2rm memories arc changed into
permanent long-term memories, or di  to an impairment of memory retrieval because of

the demonstrations of spontaneous recovery from this amnesia (Davis et al., 1971; Miller
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processes in an aversive memory task (De Wied et al., 1984; Gaffori et al., 1985). AVP
(4-8) appears to be the active sequence of the DGAVP molecule.

Gaffori and De Wied (1986) investigated the time periods for the modul ng
effects of AVP and several analogues with a sc injection (3 Hg) in rats in a passive
avoidance paradigm. AVP 4-8 and AVP 5-8 were most active when given immediately
after the learning trial; DGAVP and AVP 5-9 were most active when given 23 hours after
the learning trial while |-deamino-8-D-arginine-vasopressin (DDAVP) d AVP 4-9
were most active when given immediately and 23 hours after the learning trial. So the
analogues seem to have different time-related effects on memory.

Car and Murtazina (1994) invest ed the effects of AVP and its analogue
([d(CH2)1/5,Tyr(Me)2]AVP) in a lever-touch autoshaping model of learning and
memory. The analogue lacks endocrine and pressor activity. ICV injection of | pg AVP
and 2 pg of the analogue 24 hours prior to extinction did not alter the response in
extinction sessions compared to the saline controls, but in the retention test, a higher level
of correct responses in analogue-treated rats was found. The behavioral processes
involved in the extinction of an operant response are not clear. During the carly stages of
extinction, the level of responding may possibly reflect the strength of retention of the
conditioned response, so extinction could  considered as a measure of memory for the
original task. The delay in extinction, seen in other studies, does suggest a reten -
enhancing effect of AVP. But as extinction continues, the decline in responsc over a
period of time can itself be considered as a form of learning.

In a study by Kumar and Karanth (1995) animals conditioned in a T-maze with
appetiti-  (10% sucrose) and aversive (2.0 mA footshock) events were administered (icv)
a single dose ot 2.5, 5, 10 or 20 ng AVP 20 minutes before testing. In the retention test
conducted with the same training apparatus .. hours after conditioning, the peptide
treated rats showed a dose-dependent increase in latencies to enter the previously shocked

goal arm with the absence of such a difference in responding to the non-shocked goal
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arm. This differential response was not observed in saline-treated rats. The ICV studies
and analogous studies are the main evidence that peripheral effects are not necessary for
memory improvement.

The physiological s ifi ce of centrr  AVP modulation has also been
demonstrated using specific antisera. An antiserum temporarily blocks the biological
activity of AVP in the brain when “ven icv and results in a time-dependent decline in
memory processes (Van Wimersma Greidanus & De Wied, 1976; Van Wimersma
Greidanus et al., 1975). Wimersma Greidanus et al. (1975) found that icv administr  on
of AVP antiserum either 30 minutes before or immediately after the learning trial induces
a marked deficit in a one-trial passive avoidance task, when tested 24 or 48 hours later,
but not when tested 2 minutes or | hour after the learning trial. This suggests that
memory rather than learning processes are disru; :d by AVP inactivity. Kovacs and
colleagues (1982) examined the effect of intraventricular anti-AVP serum and also
microinjections into the dentate gyrus on passive avoidance behavior. When injected
immediately after the learning trial the anti-AVP serum resulted in marked impairment of
the behavioral performance for the dentate gyrus group. Injection into the cere ral
ventricles only affected passive avoidance retention when given at a higher dosage than
that given in the dentate gyrus group. This indicates that the effects of the hippocampal
application cannot be explained by leakage to the brain ventricular system and the
neutralization of the AVP must have occurred within the hippocampus.

Collectively, it seems that under normal circumstances AVP is primarily involved
in memory processes of consolidation and retrieval and not in the initial phases of
memory processing like attention, arour  and motivation. However, under cc 1n
conditions, AVP does influence learnii  through peripheral effects. Gaffori and De
Wied, (1985) found enhanced avoidance learning on a pole-jump task when AVP (3 pg
sc) was gi* 1 at a high dose immediately before the training. Such enhancing cffects

were not seen with a high dose of the fragment DG-AVP which is devoid of endocrine
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effects. Arousal level effects of the peptide have also been found to enhance an other
AVP effect on learning (Skopkova et al,1991). Acquisition of a shuttlebox avoidance sk
was facilitated in low-activity rats with the lowest dose of DG-AVP (0.1 pg sc) but not in
high activity rats as prerated on the basis of exploratory behavior. AVP also improves
acquisition of a new behaviour when the subject’s ability to process information and
learning is impaired, as in completely hypophysectomized rats ( De Wied 1965; Bohus et

al, 1973; De Wied and Gispen, 1977)..

1.2.3 Brain sites involved in the AVP influence on memory

Lesion and microinjection techniques have provided insight into the localization
of the brain sites involved in  diating the effects of AVP on memory storage and
retrieval. In a study by Van Wimersma Greidanus et al. (1974), the mediodorsal thal: s
and the parafascicular nucleus were lesioned resulting in an impairment in acquisitic  of
a pole-jump avoidance task. LVP (sc) reversed this impairment. When the parafasicular
nuclcus alone was lesioned, there was no effect. Thus 1t was concluded that the
parafasicular region and the mediodorsal thalamus were not essential for the AVP et ts
to occur. On the other hand, limbic system sites such as hippocampus (Van Wimersma
Greidanus et al., 1976), septal re ‘on (Van Wimersma Greidanus et al., 197. ). and
amygdala (Van Wimersma Greidanus et al., 1979b) do play a role in mediating the
effects of AVP on retention behavior. LVP (3 ug and 9 ug sc) given before extinction
failed to maintain avoidance responding in rostral septal lesioned subjects, which
involved complete destruction of the medial septal nucleus and partial destruction of the
lateral septal nucleus and nucleus accumb s (Van Wimersma Greidanus et al., 1975b).
An anterodorsal hippocampal lesion celerated the rate of extinction in a pole-jump
shock avoidance response which was unaffec | by LV (Van Wim na Greidanus ct
al, 1976). Lesions to the central and basolateral amygdaloid complex also prevented the

inhibitory effects of DG-LVP on extinction of a pole-jump avoidance task (Van
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Wimersma Greidanus et al, 1979b). These results suggest that an intact septal region and
anterodorsal hippocampal region 1s important for mediating the AVP-induced prolonged
extinction in the pole-jump avoidance task.

Ibragimov (1990) also found enhanced acquisition of an active avoidance reflex
response after the hippocampal administration of AVP agonists 60 minutes before each
session.

In a study examining  munoreactive AVP (irAVP) content in various midbrain-
limbic system sites following footshock, Laczi and colleagues (1983a,b) found that
irAVP levels increased in both the LC and the central amygdala, but decreased in the
lateral septum and hippocampus. They also found that the hippocampal irAVP content
was related to avoidance perfc 1ance in that good avoiders exhibited reduced
hippocampal irAVP content.

Kovacs and colleagues (Kovacs et al.. 14.); 1982; and 1986) found that
postlearning and preretention microinjection of 20-25 pg AVP or AVP fragments into the
dorsal or ventral hippocampus resulted in an improvement of retention of passive
avoidance behavior. When 50 | AVP was microinjected into midline dorsal septal
nuclei or dorsal raphe nucleus, retention was enhanced by increased reentry latency at the
24 hr retention test but not at 48 hr. AVP (25pg) microinjected in either the central
nucleus of the amygdala or the LC failed to have any effect on consolidation. Such doses
are behaviorally ineffective when injected into the lateral ventricle (Bohus et al, 1978b).
The results of these cxperiments as well as those of Bohus et al. (1982) suggest that
selective brain sites may mediate both consolidation and retrieval effects of AVP while
other sites may mediate either consolidation or retrieval. As previously discussed, Bohus
and colleagues (1982) examined the ability of A'v. to reverse retrograde amnesia in a
step-through _ 1ssive avoidance task whe injected into specific bra s  ctures. ..e
rationale for this is that the amnesia is seen as an impairment of retrieval. AVP (10 ng

icv) reversed the severe amnesia, induced by penetylenetetrazole. when injected into
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either the central amygdaloid complex or the hippocampal dentate /rus. AVP inje on
into the dorsal septum and dorsal raphe nucleus failed to reverse the amne 1 The
findings suggest that the hippoc 1pal dentate  /rus mediates the effects of AVP in both
memory consolidation and retrieval, but the dorsal septal nucleus and dors: raphe
nucleus are involved in the effects of AVP on consolidation, but not retrieval. The

amygdala i1s suggested to be involved in the  rieval process and not consolidation.

1.2.3.1 FOS protein and AVP

One of the consequences of neuronal excitation by AVP, acting through V1
receptors, is the activation of the immediate early gene c-fos. Studies have shown that the
icv injection of AVP stimulates c-fos mRNA expression in the hippocampus and lateral
septum (Andreae and Herbert, 1993; Giri et al., 1990). This provides evidence that the
central action of AVP must take place in these structures. The increase in c-fos message
1s rapid and short term, thus it became more practical to measure the gene product. Fos
protein, since protein expression often is of longer duration.

Studies using Fos protein confirm the differential sensitivity of the hippocan us.
Fos protein was measured following an icv AVP injection in unconditioned and
conditioned mice (Paban et al., 1999). The conditioned mice learned a visual
discrimination task and were then given icv A\. (21 ~ while the unconditioned ice
just received the icv AVP injection. The unconditioned mice showed an increase in Fos
protein expression in the dentate gyrus over the entire septotemporal area, the CA1 and
CA3 hippocampal fields, also through the lateral septum, the bed nucleus of the stria
terminalis, and the basolateral and central amygdaloid nuclei. In contrast, in the
conditioned mice, the increase in s expression was specifically detected in the dentate
gyrus alor its septoten  oral axis, the ventral CA3 hippocampal field and the lateral
septum. Such specific Fos protein activated sites following post-training icv AVP

supports the view that these specific areas (septum and hippocampus) are involved  the
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cnhancing effect of AVP on memory consc dation in visual discrimination learning. The
conditioned mice tended to have specific Fos expression only in areas specific to
hippocampus, a central target structure of the effects of AVP on memory processes. The
authors hypothesized that the Fos expression seen in the lateral septum is a consequence
of the hippocampal activation based on the neural connections between these two

structures (Paban et al., 1999)

1.3 AVP in vitro and in vivo studies

Studies conducted by Joels, Urban, De Wied and other colleagues have ed
electrophysiological techniques in both in vivo and in vitro paradigms to investigate the
putative neurotransmitter-neuromodulator functions of AVP. Joels and Urban (1982)
investigated the actions of AVP on single cells in the lateral septal complex and the
dorsal hippocampus. The iontophoretically applied AVP induced significant excitation of
the cells of lateral septal complex and the dorsal hippocampus. Such excitation of
hippocampal cells was also seen in a study by Muhlethaler and Dreifuss (1982) and also
reported in ventral hippocampal cells (Urban and Killian, 1990). AVP enh: ‘ed
responsivity of glutamate-induced activity in both structures, especially in those cells
which did not respond to AVP on its own. This suggests a neuromodulatory role of AVP.
This modulatory influence on lateral septal neuronal responsivity was found to persist up
to 15 minutes after termination of AVP treatment in a follow-up study by Joels and
Urban (1984).

Chepkova et al. (1995) carried ¢ CAl ‘uronal recording in slices for 15
minutes in a 0.1 mM solution of either A.. or the A.. fra_ ent (4-8) both of v ich

resulted in an increase in the amplitude and slope of the Schaffer collateral EPSP in 21
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neurons tested. The peptide-induced increase in EPSP slope reached a maximum 30-45
minutes after peptide application. In 14 of these neurons the increase in EPSP slope
lasted throughout the 60-120 minute washout period. In 7 of these, the increase was
followed by a gradual decline to the pre-administration level.

AVP also increases the perfor  path evoked EPSP elicited in the granule cell
body layer of the dentate gyrus in vitro (Chen et al., 1993). In this study AVP was stu ed
in the presence of varying concentrations of calcium. The effect was dose-dependent and
peptide specific since there was no effect with oxytocin infusion (Chen et al, 1993). s
effect of AVP was blocked by a V1 receptor antagonist demonstrating that the long-term
enhancement induced by AVP is receptor-  zcific (Chen et al, 1993).

In the presence of 1.5 mM calcium, 100-500 nM AVP applied for 15 minutes
increased the amplitude and slope of the EPSP which persisted for the 60 minute period
of exposure. This enhancement also lasted in the absence of AVP for 60 minutes. In the
presence of 2.5 mM calcium (a supraphysiological concentration) similar concentrations
of AVP decreased the amplitude and slope of the EPSP. Thus the potentiation occ ed
only at physiological levels of calcium. This implicated dependency of long-term AVP-
induced potentiation on extracellu’ calcium concentration was also observed in the
expression of AVP-induced modulation of NE effects, where in the presence of 0.8 M
calcium AVP potentiated noradrenergic-induced cAMP formation, while in 2.5 M
calcium AVP induced a depression of noradrenergic-induced cAMP formation (Brinton
& McEwen. 1989). Neuromodulation of NE and AVP is further discussed in the

follown section.



Calcrum s critical in the development of the CNS (Berridge. 1993) and the
various types of calcium channels play a ¢ ical role in neurite growth, gene expression,
and modulation of learning and memory (Bliss and Collingridge. 1993; Goelet et al,
1986). Calcium is a critical component of L., expression and maintenance (Dunwiddie
and Lynch, 1979) and because calcium regulates expression of long sting AVP
potentiation or depression (depending on the concentration) we can speculate that the
mechanism is a calcium-dependent mechanism that is common to many forms of LTP
previously studied (Dunwiddie and Lynch 1979; Malenka, 1991; Son and Brinton, 1998;
Son and Brinton, 2001).

Dubrovsky and colleagues (2003) examined icv AVP (1 pg) in the anesthe ed
rat with tetanic stimulation and found that icv AVP produced a significant enhancement
of tetanus-induced potentiation in the amplitude of both EPSP slope and population
spikes of the perforant path-evoked potentials in the dentate gyrus. The effects were
evident | minute after tetanization. ..e population spike amplitude increased
continuously for the 2 hour recording time, reaching values 100% above baseline level.
Without tetanization, dentate gyrus-evoked potentials were often of higher amplitude

than baseline, but these values did not reach statistical significance.

1.4 Neuromodulation of NE . __1 AVP

A neuromodulatory action of a neurotransmitter enhances or diminishes the effects of
another neurotransmitter on a given target uron by means of an interaction between the
receptors for the two neurotransmitters. A neuromodulatory action is mediated by
metabotropic receptors. It occurs wl | G-protein coupled transmitter ef ts produce

long-lasting neuronal changes that influence the normal responses to a fast ionotropic
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neurotransmitter. A neuromodulatory effect is of slow onset and results in a longer la  ng
metabolic and structural effect that alters e transmitter output or responsivity of the
target neuron to other transmitter inputs (McEwen, 2004). This provides a mechanism by
which biochemical association could occur. A neuromodulatory interaction that has been
linked to memory function and which has been the subject of biochemical investigation is
the interaction between NE and AVP (Church, 1983; Brinton, 1990). This is also the
focus of the present electrophysiological study.

There has been extensive research on the possibility that the three brainstem-
tclencephalic monoaminergic projection systems, NE. dopamine (DA) and serotonin (5-
HT) modulate memory processes (Hasselmo, 1994; Myhrer, 2003). Of particular
importance to this thesis, is the noradrenergic projection system that originates in the cell
populations localized in the LC of the pons and the LC fibres projecting to telencephalic
structures implicated in memory processing for example, the hippocampus and the
septum. These same structures receive terminals from extrahypothalamic AVP-
containing fiber projections or contain AVP receptors. As outlined previously, there is
support for the propositions that noradrenergic projections facilitate  emory processing
(Borrell et al, 1983, Ellis, 1985; Sara, 1985; Lee and Ma, 1995), at least in some types of
learning and memory. Studies by De Wied and Kovacs and colleagues have investigated
the possibility that the central neurohypophysial peptidergic fiber systems mod ate
memory processes by influencing neurotransmis Hn in these brainstem-telencer  lie
monoaminergic projections. Their research has specifically focused on the fiber
projections containing NE or DA.

Kovacs et al. (1977) carried out behavioral and biochemical experii nts to
investigate an AVP and catecholamine interaction in memory processing. In the
behavioral experiments, the catecholamine synthesizing enzyme inhibitor, alpha-mcthyl-
p-tyrosine methylester (MPT) was injected alone or in combination with LVP and

learning and retention of a bench-jump passive avoidance task was assessed. The
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treatment had no effect on learning but the MPT and LVP combination prevented the
LVP-retention effect. The biochemical experiments tested if LVP influenced NE through
the study of NE levels after LVP injection in different areas of the brain. The NE
turnover rate was measured in thesc structures. LVP was not found to affect NE content
in the hypothalamus, septum or striatum but 1t increased the MPT-induced disappcarance
of NE in the hippocampus. This study supports the findings that AVP plays a role in
retention and also suggests that NE, or catecholamines in general, may be involved in
mediating AVP’s effect since inhibiting cathecholamine synthesis prevented AVP
enhancement of retention.

Kovacs et al. (1979a) examined the effects of AVP (not LVP) on memory
consolidation in a passive avoidance task and on NE neurotransmission. AVP injection
into the dentate gyrus of the hippocampus facilitated passive avoidance memory
consolidation and increased utilization of NE in that structure and also in the dorsal septal
nuclei. Kovacs, Bohus and Versteeg (197¢ ) reported that intra-dentate injections of 25
pg of AVP were effective in improving task retention of passive avoidance behaviour and
that NE depletion, using 6-OHDA lesions of the dorsal noradrenergic bundle, blocked
this etfect. The results of this study led the authors to conclude that the dorsal
noradrenergic bundle-LC-NE fiber pathway is important for the expression of AVP-
it~ ced facilitation of passive avoidance memory  nsol I "o that the
interaction between AVP and the dorsal noradrenergic bundle pathway-l.. fiber system
occurs in the region of the fiber terminals of this pa  way in the dentate gyrus.

Church (1983) examined the influence of LVP, NE and their combination ¢ the
stimulation of cAMP accumulation in the hippocampal slice. He found that NE produced
a 4-5 fold increase in cAMP concentration, but no effect was seen with LVP alone.
However, LVP potentiated the cAMP stimulative effect of NE twice as much as NE
alone. In support of these findit , another study found that anti-AVP serum, which

reduces endogenous AVP, injected into the hippocampus and septal area attenuated
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retrieval and consolidation and also showed that AVP enhances NE turnover in these
structures (Veldhuis et al., 1987).

Tanaka et al. (1977} also studied icv AVP effects on catecholaminergic rates of
utilization in various brain sites. Their study supports the lesion and microinjection
studies described previously in that the same regions showed increased AVP-induced
catecholaminergic utilization. These regions included the hippocampus, parafaciscular
thalamus, dorsal septal nucleus, L.C and dorsal raphe nucleus.

In a later biochemical invest ition of this AVP dependency on NE, Brinton and
McEwen (1989) found that AVP not only significantly potentiated NE-induced cAMP
formation but the potentiation was selective for B-adrenoceptor-stimulated adenylate
cyclase. It was later found that AVP-induced potentiation was a Ca**-dependent process
and could be blocked by an antagonist to the calcium-binding protein, calmodulin
(Brinton and Brownson, 1993). So it has been proposed that NE release into the dentate

gyrus mediates the AVP memory enhancement.

The microinjection, lesion and biochemical studies provide evidence for the
theory that the memory-modulating effects of AVP involve brainstem and forel n
limbic system structures that are implicated in memory processing. These studies suj  ort
the hypothesis that the interaction of AV and central catecholamine neurotransmitters,
in particular, NE, mediate A%. s ir...aence on memory processit ~ with tted studies
identifying the dentate gyrus as a critical structure in this interaction.

The purpose of the present study is to ask if AVP plays a role in the potentiation
of glutamatergic perforant path input to the dentate gyrus in vivo and to determine
whether that potentiation is dependent on local noradrer gic B-rec | or activation. In the

first experiment, urethane-anaestheti | : ‘ven icv infusions of AVP while



responses to perforant path 1 _ it are monitored in the dorsal dentate gyrus. In the second
experiment the procedure is repeated but two micropipettes, one filled with saline ¢ | a
second filled with the B-receptor antagonist, propranolol, are used to monitor the
perfc  nt path evoked potential responses before and following icv infusion of AV A
third experiment examined icv infusion of the AVP fragment, DGAVP which selectively
activates the VIA receptor, while responses to perforant path stimulation were again

monitored in the dorsal dentate gyrus.

METHODS

All procedures and methods were conducted in cordance with the guidelines and
procedures of the Canadian Council on Animal Care and were approved by the Memorial

University of Newfoundland Institutional Animal Care Committee.

Experiment 1

Subjects:

Twenty male Sprague-Dawley rats weighing 250-300 g; Memorial University
vivarium, were anesthetized with urethane (1.5 g/kg; 1.p.).

Surgical procedure:

When tail pinch no longer caused a response, the head fur was shaved, and the
animal was placed into the earbars in a stereotaxic frame, in the skull flat position.
Temperature was maintained at 37.5 degrees Celsius with the use of a rectal probe 1d
heating pad. Skin was cut along the midline and held back with forceps. Coordinates
were mapped as follows: the cannula was targeted to the lateral ventricle at 0.8 mm
posterior to bregma and 1.5 mm lateral; the recc lii  electrode was targeted to the

dentate gyrus at 3.5 mm posterior to brc na and 2.0 mm lateral and the stimulating



clectrode was targeted to the perforant path at 7.2 mm posterior to bregma and 4.1 mm
lateral. A stainless steel guide cannula (28 ga; Plastics One, Roanoke VA) was lowered
into the lateral ventricle to a depth of 3.2 mm below skull surface and secured with dental

cement to a jeweller’s screw implanted into the skull.

Recording and stimulating procedure :

A single saline-filled glass micropipette was lowered 2.5-3 mm into the dentate
gyrus, and a single bipolar stimulating electrode (NE-100; Kopf) lowered 3.0 mm into the
perforant path. Stimulation consisted of a single .2 ms square wave pulse delivered with a
10 second interstimulus interval (0.1 Hz). Depths were optimized to produce a maximal,
positive-going population spike in the dentate granule cell layer. Recordings were
amplified by a Grass P5 series amplifier (fi :rs 1 Hz - 3 kHz). The signals were digitized
(10 kHz) and stored on a computer using the Datawave Technologies "Brainwave"
software package. After 23-30 minutes of baseline recording, 1 ng (in 2 ul saline) AVP
was  ‘ven icv via an internal injection cannula (40 um tip) placed into the guide cannula
in the lateral ventricle. Infusion occurred at a rate of 2 pl/min. Responses were recorded
for a minimum period of 30 minutes post-injection.

Upon completion of the experiment, methylene blue (1%: ~ ul) was delivered 1to
the lateral ventricle to confirm ventricular placements. The animal was then sa  ficed
and the brain fresh frozen in -72 degrees Celsius methylbutane. Cannula and clectrode
placements were confirmed histologically. Brains were sectioned in a cryostat in the
coronal plane (40 pm thickness) and alternate sections were taken for dye verific on
(methylene blue) and electrode placements (Nissl stain). Data were included if methylene
blue was located within the lateral ve 1 e.

Experiment 2
Subjects:



Six male Sprague-Dawley rats weighing 250-300 g: Memorial University vivarium) were
anesthetized with urcthane (1.5 g/kg; i.p.).
Surgical and recording procedure:

This experiment followed the same surgical procedure for cannula and recording
procedures as the first experiment. but used (wo recording micropipettes (40 pm tips) in
which one recording pipette was filled wi  saline (0.9%) and the other filled with the
norepinephrine [-antagonist, propranolol (50 UM, mixed in 0.9% saline). s
methodology has been used previously to study local pharmacological cffects in the
dentate gyrus (see Munro et al, 2001). The pipettes were placed 0.5 mm apart in a 2
clectrode holder with ecach optimized for a positive population spike. Typically the
posterior pipette was more medial and deeper than the anterior one. The pipettes were
adjusted until similar population spikes were recorded on each so as o be comparable

prior to AVP infusion.

Experiment 3

Three male Sprague-Dawley rats weighn  770-300 g; Memorial University

vivarium, were anesthetized with urethane (1.5 g/kg: i.p.).

Surgical i 1 recording procedure:
This experiment followed the procedurcs of ex] iment | with the exception that
the AVP fragment DGAVP (I ng/2 ul saline), was injected into the lateral ventricle

istead of AVP.

Data Analysis:
The Brainware Software allowed for parameter extraction to be performed to
measure 2 characteristics of “e  ponse: (1) the excitatory post-synaptic pote lial

(EPSP) slope - average rate of change (rise/run; mV/ms) of the rising segment of the
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EPSP, (2) the population spike - average voltage difference (mV) between the peak and
trough of the downward deflecting spike /ent. Following measurement extraction of
each waveform, data were transferred to an Excel spreadsheet program. The final ¢ Hhs
were prepared in Prism (for percentages, ; phing and statistics). Paired samples t-tests
were performed on the average 30 minutes baseline compared to the average of 30

minutes post injection.



RESUI TS

Experiment 1: Response to AVP
The effect of intracerebroventricular (icv) application of AVP on the population
spike amplitude and the EPSP slope of the perforant path-dentate gyrus evoked pot tial

was examined post AVP infusion in 16 rats.

1.1 Population spike changes

AVP reliably produced potentiation of the population spike amplitude in 15 out of
16 animals at the 1 ng dose (Table 1-1 and Figure 1-1). Fifteen of the animals infused
with AVP demonstrated potentiation of the dentate Is evoked response as potentiation
of the amplitude of the population spike. Eleven rats showed potentiation of EPSP s pe.
Table 1-1 shows the effect of 1 ng AVP icv on the population spike amplitude and the
PSP slope in the dentate gyrus in each animal (n=10).

In the fifteen animals. AVP increased the population spike amplitude with a mean
increase of 94% averaged over 30 minute post AVP. This increase typically occurred
within 3-5 minutes and potentiation continued to rise over the 30-35 minutes post-
injection period. Individually the increase ranged from 10% to 250% at the peak in  me
experiments. The baseline mean increased from an amplitude of 2.67 mV to 3.66 mV 30
minutes post AVP application (t  5.57. df = 14: p<0.05). One animal showed a
significant decrease of 28% in population spike amplitude and showed no change in
1:PSP slope.

In four experiments the potentiation was fi owed beyond 30 minutes and lasted
more than 1 hour in all cases. The lo: st monito g occurred in experiment 12 (Table
1-1 or #4 in Table 1-2) which had a mean baseline (30 minutes) of 2... mV of the
population spike amplitude, the 30 minutes post mean was 3.28 mV. in the next 30

minutes block (1 hour post) it increased to 3.84 mV and in the last 30 minutes block (2
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Iigure 1-1: Intracerebroventricular applic ion of AVP induces a potentiation of the
population spike amplitude and field EPSP slope in the urethane anesthetized rat. A) i.c.v
AVP (arrow) induced a long-term potentiation of the dentate gyrus evoked popu ion
spike in the anesthetized rat (n = 15). Inset. Sample waveforms with parameter
measurements of the dentate rus evoked potential before (solid line) and after (dashed)
infusion of AVP into the lateral ventricle. Scale bar = 2 mV and 2 ms. B)
Intracerebroventricular AVP also produced a lot term potentiation of the EPSP 1 =
11).
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1.2 EPSP slope changes

AVP reliably produced potentiation of the EPSP slope in 11 out of the 16 animals
ata dose of 1 ng icv. Table 1-1 and I 1re 1-1 show the effect of AVP on EPSP slope in
the dentate gyrus across all animals (1 6). EPSP slope increased stepwise sta ng
within 2-4 minutes, peaked between 10-20 minutes and continued to be elevated over the
typical 30 minute recording period. The aseline mean increased from 3.27 to 3.55
mV/ms with 30 minute blocks pre and post AVP (t = 2.45: df = 15; p<0.05). The increase
was an average of 20% at the peak overall from baseline with a range of a ~™% increase to
a 46% increase in individual animals. Out of the fifteen animals that showed an increased
population spike, 11 animals or 73% showed increased slope as well. In 3 of the an: als
AVP produced a 10% decrease from baseline in EPSP slope and no change in thc I SP
slope occurred in 2 animals. Figure 1- 3 illustrates the 5 animals that showed a decrease
or slight change in the EPSP slope.

The increases in EPSP slope were further followed from 75 min. to 125 min. in
four experiments. Table 1-2 shows a mean increase of 21% in the 30-60 minute block,
but individual animals varied. and ranged from a 5% increase to an increase of «_. % 60
minutes after AVP. With reference again to experiment 12 (Table 1-1 or #4 in Table 1-2),
a significant increase is seen in the EPSP slope which had a 30 minute baseline of 2.34
mV/ms, a mean of 3.18 mV/ms at _J minutes, an mn of 3.56 mV/ms at 1 hour and a

mean of 3.74 mV/ms 2 hours post AVP.
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Figure 1-2 : Intracerebroventricular application of AVP induces a potentiation of the
population spike amplitude and field EPSP slope in the urethane anesthetized rat that
lasted beyond an hour. /nser: Sample waveforms (exp. 12) with parameter measurements
of the dentate gyrus evoked potential before (solid line) and 30 minutes, and 1.5 ur
after (dashed) infusion of AVP into the lateral ventricle. Scale bar =" mY "~ "1 A)
i.c.v AVP (arrow) induced a lo m potent ion of the dentate evoked
population spike in the anesthetized rat and EPSP slope that lasted beyond an hour (n =
4)



—— pre AVP
e post AVP

@ 4007 . Spike

E—, oo a  Slope

g 2004 I ]
5 anﬂﬂﬁﬂﬂﬁﬂmﬂﬂ
g 100 $epuoet sl preBolasagas mmwmﬂaqg;m

T
-20 -10 0 10 20 30
Tir in minutes

Figure 1-3 Intracerebroventricular application of AVP decreased the field EPSP slope in
the urethane anesthetized rat (1 ) or produced little change (n="". Inset: Sample
waveforms for experiment 10 (Table 1-1) with parameter measurements of the de ate
gyrus evoked potential before (solid line) and after (dashed) infusion of AVP into the
lateral ventricle. Scale bar = 1 mV and 2 ms.

1.3 Population spike / EPSP s e re ionships
An overlay of | <e . slope (n  16) is seen  Figure 1-4 to illustrate the

profile of slope and spike at 20 minutes of baseline and 40 minutes after AVP.
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Figure 1-4: A closer look at an overlay of population spike amplitude effects against
EPSP slope effects 1 6).

Since AVP was found to increase the population spike amplitude and the EPSP
slope, correlations were conducted to determine if the increase in granule cell firing (the
population spike) was the result of postsynaptic depolarization (EPSP slope). These
analyses were examined to determine if the effects of AVP on the population spike
amplitude could be accounted for by the effects of AVP on the EPSP slope.

Table 1-2 shows the correlations of population spike amplitude and EPSP slope in
all 16 single pipette experiments. Prior to AVP, only two rats showed a significant
increase in slope/spike correlation. Following AVP. nine rats showed significant
correlations with all rats having significantly strong correlations for slope to account for
more than 30% of the variance in spike.

Thus the slope/spike relationship was variable with slope accounting for some of
the spike change in about a third of the experiments, but not contributing to the ¢ ke
change in the majority in others. Temporal dissociations between slope and spike changes

canbeseenin " esl-1,17 ' 1-4.
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Experiment 2: Response to NE antagonist and AVP

2.1 Evoked potential changes

The eftfect of I ng AVPicv v examined on the population spike amplitude and
EPSP slope in the dentate gyrus at both a saline and propranolol-filled (50 mM
propranolol dissolved in saline) micropipette across 6 animals. Results are show in
Table 2-1 and Figure 2-1. Prior to AV . . the size of the EPSP slope, with a mean of 3.38
mV/mS for the saline pipette and 2.26 mV/mS for the propranolol pipette, and the
population spike, with a mean of 2.c mV for saline and 1.95 mV for the propranolol
pipette were not significantly different (t(slope) = 2.072, df = 5, p>0.05)and (t(spike) =
1.091. di=5. p>0.05).

2.2 Population spike changes on the saline pipette

AVP reliably produced potentiation of the population amplitude in all six animals
at the 1 ng dose on the saline pipette. The mean increase was 50% from baseline. The
increase typically occurred within 2-5 minutes and continued after 30-35 minutes post-
injection. As seen in Table 2-1, the saline filled pipette showed a population spike
amplitude increase from 2.64 mV to 3.59 mV post AVP (t = 5.150; df = 5; p<0.05).

Increases ranged from . % to * " 1%.

2.3 EPSP slope changes on the saline pipette

AVP also produced a significant p« :ntiation of the EPSP slope in four of the six
animals at the 1 ng dose on the saline pipette. The mean increase was 20%. This inc  ase
typically occurred within 5 minutes and peaked at between 10-15 minutes post-injection.
The saline filled pipet showed al ‘:line 1ean increase of 3.38 //mS to 3.80 mV/ms

post AVP ( 2.699:dt 5:p<0.05). Individual ranged from 1% to 96%.
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Figure 3-1: Intracerebroventricular application of DGAVP induces a potentiation of the
population spike amplitude but has varied effects on the field EPSP slope in the uretl ¢
anesthetized rat. Inser: Sample waveforms with parameter measurements of the dentate
gyrus evoked potential before (solid line) and 30 minutes after (dashed) infusion of
DGAVP into the lateral ventricle. Scale bar = " mV d 2 ms.
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3.2. EPSP slope changes

DGAVP did not alter EPSP slope overall post DGAVP (t = 0.5269; df = 2:

p>0.05: see Table 3-1 and Fig. 3-1). One animal showed a significant increase, one a

decrease and one. no change. The | :rcentage cffects ranged from a 72% decrease to a

29% increase.

3.3. Population spike/EPSP slope relationship

There was no s ificant slope/spike correlation prior to DGAVP. After DGAVP.

a significant slope/spike effect was seen in the rat with a decrease in EPSP slope.

although spike had increased significantly overall in this experiment. Spike increases did

not depend on slope changes in this experi

the fragment experiments.

nt. Table 3-2 summarizes the correlations of

Table 3-2: Correlations (1) of spike ar- ~1~~~ ~# Fenmenant experiments (n=3)
Fragment Experiments Correlation (R?)
- Pre NGAVP Post DGAVP
- ] 0.0084 0.0058
2 0.0103 0.0110
2 0.0812 0.2836*
Grc M V) 0.0: | nAnns

4.1 Histology for Experiments 1-3

All animals showed clear methylene blue in the lateral ventricles while waveforms w

indicative of proper placement with the dentate gyrus and perforant path electrodes. The




placement of the dentate gyrus recording electrodes was also reconstructed from the
Paxino atlas (Paxinos and Watson. 2004). Placements for each experiment are presented
in figures 4-1 to 4-3. While it was difticult to visualize the exact tips of the glass pipettes,
the tracks and waveforms taken together suggest placement in or slightly below the
dorsal blade granule cell layer. In Figure 4-2 both propranolol and saline pipette tips are

shown with the more posterior placements being propranolol.
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Figure 4-1: Placement of recording electrode in areas of dentate gyrus in experiment 1
showing placements of all 16 animals.
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Discussion

AVP effects on the perforant path evoked potential i~ *h~ d--*atr —-us:

Experiment 1

Intracerebroventricular administration of 1 ng of AVP produced long-lasting
potentiation of the perforant path evoked population spike in the dentate gyrus of the
urethane-anesthetized rat. Potentiation of the perforant path evoked EPSP slope was also
observed in a majority of experiments. This is the first report of AVP-induced long-
lasting potentiation in vivo. In addition, the results provide a plasticity mechanism to
support earlier observations of icv and direct dentate gyrus AVP infusion enhancement of
the retention for avoidance learning first reported by De Wied's group and recent
observations of spatial learning enhancement (Paban et al. 2003). De Wied (1976) found
1 ng of AVP given icv immediately after a passive avoidance learning trial resulted in
longer latencies to enter the shock compartment relative to controls the next day.
Vasopressin injected directly into the dentate gyrus (25 pg), immediately after a learning
trial also improved passive avoidance behaviour (Kovacs et al, 1979). A study
examining AVP in mice in the Hebb-Williams maze also found improved spatial memory
following 1 ng i.c.v. and dorsal hippocampal administration, but not ventral hippocampal
administration (Paban et al, 2003).

While both population spike and EPSP slope were potentiated, only slightly  »re
than 50% of subjects showed a significant contribution of EPSP  ope to the ike
increases after AVP based on correlational analyses. The distinct time courses of EPSP
slope and population spike increases, the failure to see EPSP slope increases in nearly a
third of the experiments and the lack of significant slope/spike correlations 1| a
substantial proportion of subjects sug 2sts two di nct plasticity processes are engaged
by AVP: EPSP slope increases and population spike or excitability increases.

EPSP slope increases in the dentate ~vrus were first reportt * by Chen et al.

(1993) in an in vitro study. The present study confirms their effect in vivo. In their dose
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response study they found that at 100 nM potentiation was 18% over baseline while at
500 nM it was 50% over baseline. Our result with 2 pl of 500 nM AVP (the
concentration produced by our 1 ng solution) in the ventricles was 20% over baseline
suggesting the concentration reaching the dentate gyrus was likely less than 500 nM, but
above threshold, since Chen and colleagues (1993) found no response at 50 nM. Their
potentiation was only observed at physiological calcium concentrations and became
depression at higher calcium concentrations. Both EPSP slope increases and decreases
appeared within 5 minutes of application and lasted for the entire 60 minute recording
time, similar to what was found in the present study. The effect was dose-dependent and
also peptide specific since there was no effect with oxytocin infusion. This demonstrates
that AVP is not working through oxytocin receptors in the dentate gyrus. From the
combined in vivo and in vitro evidence we conclude that AVP increases the EPSP slope
or synaptic strength of perforant path input. Chen et al. (1993) suggested that the most
likely mechanism for this effect 1s postsyn tic, but that remains to be proven.

As reviewed above, in the present study. the increase in the population spike
amplitude is not fully accounted for by the EPSP slope increase. This is consistent with
an increase in the coupling of the EPSP to spike generation or increased cell firing
occurring independent of changes in synaptic strength. Though studies on LTP
mechanisms have mainly focused on synaptic stret h changes, there are other
determinants of neurot ° plasticity, I 11 and memory which include a wide array of
ion channels expressed in the neuronal dendrites. Neuronal excitability can be defined as
a propensity of the neuron to :nerate, beyond a articular threshold, an output signal
(the action potential) from a given input signal (an EPSP). This process involves the
opening of voltage gated ion channels in the neuronal membrane after the synapse is
activated. This coupling concept invokes complex processes involving the voltage gated
Ca®". Na". and K* channels in the dendrites (Reyes, 2002). These channels have been

reported to either amplify or attenuate the EPSP amplitude (Reyes 2002). Ultimately to
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neurons to AVP induced inositol-1-phosphate accumulation which was concentration
dependent and exhibited a steep inverted U curve that included stimulation and inhibition
of inositol -1-phosphate accumulation. The biphasic characteristic of vasopressin is not
unique to its neuromodulatory effects. Lower concentrations ot AVP facilitated neurite
growth in cultured embryonic neurons while h™ “ier concentrations inhibited neurite
outgrowth (Brinton and Gruener, 1987). Such a bell-shaped dose-response curve is
characteristic of other substances that affect memory consolidation and retrieval such as
NE which also favors memory enhancement at low to medium doses but depresses
memory at high doses (Izquierdo 1989).

Evidence for an inverted U curve in electrophysiological potentiation effects with
dosage of a vasopressin agonist comes from a CAl study by Chepkova. Kapai. and
Skrebitskii (2001). They reported enhanced population spike amplitude with an AVP
fragment, AVP 4-9 in the Schaffer collateral-pyramidal CA1 cell system. Here they
studied the effects of treatment with AVP 4-9, at varying dosages, on LTP induced by
short- and long-term high frequency stimulation. { ort term LTP became long-term and
was maximal (100%) in the presence of 1 utM AVP 4-9, but decreased in magnitude at a
lower concentration (1 puM) and at a higher concentration of AVP 4-9 (5 uM). The
modulating effect of AVP 4-9 was also found to depend on the intensity of the igh
frequency stimulus where it only significantly facilitated weak high frequency
stimulation. This suggests that AVP 4-9 facilitates L. .’ but also modulates its amplitude
depending on the intensity of the presynaptic activation at least in the CA1 region.

There was no facilitation of spike amplitude without LTP at the dosage of the
AVP fragment used, but the authors had reported earlier that both AVP and AVP 4-8
produced potentiation of EPSPs to Schaffer collateral input and also lowered the
threshold for firing and increased cell excitability in CA1 pyramidal cells. These etfects
were not blocked by NMDA blockers or GABA A blockers. The EPSP enhancement and

cell excitability effects were separable in that not all cells that showed enhanced EPSPs
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showed increased cell excitability and the time course of the two effects in a give cell
could differ. A similar pattern of AVP effects on intracellularly recorded EPSPs ar  cell
excitability has also been reported to fimbria fornix input in the lateral septum (Urban
and DeWied, 1986).

The effects seen here in the dentate gyrus at the population evoked potential :vel
parallel these earlier intracellular observations in related septohippocampal arcas and
suggest that AVP promotes an enhanced synaptic response to glutamate input and in
parallel lowers the threshold for cell excitability or enhances slope/spike coupling.

The present observation of electrophysiological AVP enhancement effects  the
dentate rus is also consistent with reports of cfos activation in the dentate gyrus with 2
ng AVP administered icv in either unconditioned or conditioned mice (Paban et al. 1999).

A direct test of the difference between the negative Dubrovsky result with AVP
alone and the present study would require a systematic dose-response investigation. In
the present study 1 ng icv was selected as it is the dose DeWied originally found to be
effective in learning and memory studies as noted above. A dose response study
examining AVPicv (11 200ng) d differential effects on abnormal behaviours such
as barrel rotation and crouching (Boakes et al,1985). found that doses of 10 ng and higher
resulted in abnormal behavior with convulsions starting at 100 ng. These results argue
against the use of high doses in assessing synaptic plasticity promotion in normal
learning and memory by AVP.

B-Adrenoceptor mediation of AVP cffects: F~me—*~-~nt 2

In the second experiment we tested the hypothesis that NE B-receptors in the
dentate gyrus are critical for EPSP and spike potentiation effects by using the double
pipette technique with propranolol (50 mM) and saline filled recording pipettes together
with the icv administration of 1 AVP. Our ___ly showed tI  6/6 experiments
significantly in.  1sed in population spike amplitude on the saline filled pipette post

AVP. There was no significant increase in spike an litude on the propranolol pipettes in
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the same experiment and in two cases there was a small, but significant, decrease in
population spike size. Thus, population spike increases by AVP require B-adrenoc tor
activation. The observation of decreases is consistent with an earlier report (Harley and
Evans,1988) using locus coeruleus activation in the presence of intra-dentate propra lol
and finding a decrease in spike size that was related to activation of a adrenoceptors. The
possibility that AVP affects the release of norepinephrine so that an imbalance of o and
adrenoceptor activation could be occurring will be discussed later in this section.

Four of the six rats showed a significant potentiation of EPSP slope on the saline
pipette, while two others did not. Three of the four that increased also had a significant
but small (.2-.4) positive correlation between slope and spike after AVP. This pattern of
slope and spike results on the saline pipette replicates that of Experiment I. AVP can
induce increases in both the EPSP slope and the population spike. The increases in spike
size are the most consistent. EPSP slope increases only partially account for the spike
increases observed supporting the initial hypothesis that there may be two mechanisms
for AVP effects in dentate gyrus.

EPSP slope increases did not occur on the propranolol pipette and in three
cxperiments EPSP slope showed a significant der :ase. Slope spike correlations were
rarely seen on the propranolol pipette. In one experiment both slope and spike decreased
on the propranol pipette. while both increased on the saline pipette. but the only
significant slope/spike correlation occurred on the saline pipette. In only one case was
there a significant increase in the slope/spike correlation after AVP on a propranolol
pipette st esting slope was contributing to the decrease in spike size.

Thus. NE B-adrenoceptor activation is required for both the EPSP slope and spike
potentiation effects seen in the dentate gyrus with central AVP activation. The weak
¢ clations between the EPSP sloj and population spike effec s st N7 also

operates on synaptic plasticity t 1two ¢ | rate B-adrenergic dependent mechanisms.
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Church (1983). Brinton and McEwen (1989) and Brinton, Thompson and
Brownson (2000) have reported that AVP significantly potentiates NE B-adren ic
receptor action by increasing the induction of cAMP accumulation in hippocamp:  slices.
This AVP-induced ¢cAMP increase was found not to occur in the absence of E.
Propranolol blocked both the NE-induced accumulation of cAMP and the cAMP
enhancement effect of AVP. The adenylate cyclase activator, forskolin, was found to
produce a 2-fold increase in cAMP accumulation, but there was no change in the
presence of AVP. This provides evidence that AVP is not modulating adenylate cyt ise
directly. but suggests that it is likely a receptor-coupled event. Petit, Barveris and ird
(1988) examined AVP in the superior cervical ganglion and found that AVP potentiates
cAMP accumulation when induced by the specific J-agonist isoproterenol. Brinton and
McEwen (1989) also found AVP-induced neuromodulation of cAMP in the dentate gyrus
was a Ca*'-dependent process. The AVP-induced potentiation of cAMP was blocked by
an antagonist to the Ca’"-binding protein. calmodulin. Interestingly, the AV -9
fragment did not enhance ¢cAMP, a point I will return to in considering the effects of
DGAVP.

If AVP and NE directly interact, the receptor systems may be functionally or
structurally coupled in select regions within the hippocampus. Brinton (1998) examined
this and found that high conc t ions of AVP in pos  al animals resulted in a down-
regulation of NE-induced ¢cAMP formation, but no cl : in vasopressin potentiation.
They also found that a site-specific upregulation of vasopressin receptors occ ed
following lesions to the dorsal noradrenergic bundle. This lesion also resulted in the
upregulation of the vasopressin receptor system that modulates adrenergic stimulated
adenylate cyclase (Brinton 1990:1998). is presence of AVP receptors after a B
lesion indicates that the AVP " be posts: ic to noradrenergic terminals.
Such results su; st ' t vasopressin and adrenergic receptors are an adaptive and

interactive complex.
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In the dentate gyrus, the present experiment argues that electrophysiological
AVP-induced potentiation in the dentate gyrus requires NE and [-adrenoceptor
activation. Studies by Stanton and Sarvey (1985a;1985b:1985¢) also argue that high
frequency-induced LTP depends on NE and [-adrenoceptor activation in the de ate
gyrus and that both frequency-induced LTP and NE-induced LTP initiate increases in
cAMP ( Stanton and Sarvey, 1985b;1985¢). LTP of the perforant path evoked potential in
vitro could not be induced with NE depletion, but recovered after application of NE.
Consistent with a requirement for cAMP. B-adrenoceptor antagonists blocked LTP in the
dentate gyrus (Stanton and Sarvey,1985a:1985c). In vivo there is partial, but less
complete, dependence of high frequency LTP effects, specifically potentiation of the
EPSP slope, on -adrenoceptor activation in dentate gyrus (Munro et al. 2001). Thus, NE
appears to be an important contributor to long-term enhancement of functional
connectivity in the perforant path input to dentate gyrus.

In an attempt to localize the site(s) where the interaction between NE and AVP
may occur, Brinton (2000) found that there are multiple sites within the hippocar jus
including especially the rostral dendritic zone of the dentate gyrus and the hilar or
polymorph region, as well as the CA3 sul eld. In these areas there is a strong parallel
between Bl and AVP receptor distribution. Brinton (2000) also examined tem ral
properties of adrenergic and vasopressin receptor interactions and found that re-
activation (for 1 minute) of the vasopressin VI receptor prior to NE activation « -
adrenergic receptors resulted in a s ficantly enhanced ‘:neration of cAMP. s
synergy was found in both neurons and glia (Son and Brinton, 1998). This suggests that
temporal priming by vasopressin may have a special role in the enhancement « ect of
NE-induced potentiation. Such a prediction remains to be tested in electrophysiological
and/or behavioural experiments. Brinton and McEwen argued the properties of AVP-NE

neuromodulation paralleled the associative :a ng requirements of spatial and temx  ral
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coupling. The calcium dependency of AVP potentiation of cAMP is also in line with the
calcium dependency for induction of associative long-term potentiation (Brinton 199(
NE and AVP dissociation of slope and sp ¢ effects

One explanation for the weak correlations between slope and spike effects, which
are seen with /in vivo NE studies as well as described here for AVP, is the differential
eftect of NE on the medial and lateral perforant path input to the dentate gyrus.

NE modulation preferentially potentiates input from the medial perforant path in
the middle molecular layer synapses of the dentate gyrus while depressing synaptic input
from the lateral perforant path in the outer molecular layer (Dahl and Sarvey,1989). The
medial/lateral pathways not only terminate in different parts of the dentate gyrus
molecular layer, but also arise from different parts of the entorhinal cortex: the medial
and lateral cortices (Hjorth-Simonsen and Jeune. 1972). However the dentate gyrus and
the CA3 receive projections from both medial and lateral entorhinal cortex and the two
pathways show interactive effects (McNaughton and Barnes, 1977; Abraham and
McNaughton, 1984). For example, when LTP is induced in one pathway. there : a
concurrent long-lasting depression (L. ..) of responses evoked by activation of the « 1er
pathway (Abraham and Goddard, 1983). L'TD entails a decrease in synaptic efticacy at
potentiated synapses which is hypothesized to be necessary to prevent oversaturation of
inputs and to increase the stor acity of the hippocampus network (Doyere +  al,
1997). In the Dahl and Sarvey (1989) in vitro study, they reported that NE induces
pathway specific potentiation and depression from stimulation of medial and lateral
perforant paths respectively, as recorded in the dentate /rus, which were both blocked
by the B-adrenergic antagonist, propranolol. The NE effect. then, is asymmetrical with
only the medial pathway showit  potentiation. It is the medial population spike that was
imvest” ited in these experiments as judged by latency, while the EPSP was a mixture of
both medial and lateral components and might not be consistently potentiated dependit

on the relative ratio of the two synaptic inf .
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In comparing AVP results to electrophysiological results reported for NE,
typically, slope increases are seen more with NE in vitro. Lacaille and Harley (1985)
reported 7n vitro that NE increased both amplitude and EPSP slope with 47% of the  ike
amplitude accounted for by the increase in EPSP slope. Another study (Stanton and
Sarvey; 1987) examined dendritic EPSPs and found that NE resulted in increased
dendritic EPSPs and increased population spike amplitude. The greater consistency of
EPSP slope potentiation in vitro may relate to the easier isolation of the medial perforant
path fibers in that preparation.

It will be interesting to examine whether or not AVP potentiation effects show the
same pathway selectivity as NE effects. Such a selectivity would be strongly predicted by
the present findings and would argue that AVP and NE cause the network to process
some inputs at the expense of others. onetheless. NE and the activation of -
adrenoceptors is reported to be essential for both medial and lateral perforant path high
frequency LTP in the perforant pathway (Bramham et al, 1997) and AVP could also
contribute to potentiation of both pathways.

A recent finding shows that NE can induce a delayed EPSP slope potentiation that
is not observable in the first 3 hours of recording in an awake rat (Walling and [arley.
2004). Walling and Harley found infusion of glutamate into the LC produced an i1 ial
increase in population spike with no effect on EPSP slope. Potentiation was seen 24
hours later in both the spike and EPSP slope. The B-antagonist, propranolol and the
protein synthesis inhibitor, anisomycin, blocked the long-term effects on EPSP slope and
spike. In the Walling and Harley experiments slope completely accounted for spike
increases 24 hours after NE release, but did not account for the initial spike increases. It
will be of interest to examine AVP potentiation in awake rats to«  if a similarly delayed
slope potentiation occurs.

To summarize Experiment ~ briefly, AVP potentiation of EPSP slc e and

population spike amplitude of perforant path input depends on -adrenoceptor activation.
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The dissociation of slope and spike seen in the weak or absent correlative relationship
suggests AVP effects in vivo are like NE effects in vivo. This dissociation may relate to
sclective modulation of medial and lateral perforant path inputs or to distinct temporal

and/or mechanistic modulations for the EPSP slope and spike components.

AVP Fragment Effects: Experiment 3

In the present study, the fragment DGAVP, a Vla receptor agonist, resul  in
increases in population spike amplitude across all tI :e animals while showing varied and
inconsistent effects on EPSP slope inch "1 decrease. increcase and no change. This
variable EPSP slope pattern is also reported with M7 in vivo (Klukowski and Harley,
1994; Harley et al. 1996; Walling and Harley. 2004) as well as in low dose in vitro
isoproterenol studies (Dahl and Li, 1994). Population spike increases occur independently
of slope increases when NE activation is increased in vivo, using a variety of NE release
paradigms.

While usii  the full AVP molecule produced both slope and spike changes, the
pattern of effects argued for separate mechanisms. The spike, but not slope, potentiation
produced by DGAVP strengthens the case for multiple mechanisms of AVP action.

Metabolite fragments of AVP, such as DGAVP (Burbach et al., 1983), show
several differences from the parent mwolecule. Fragments bind preferentially to the
polymorph region of the dentate /rus, wherr  the Il molecule binds to the molecular
layer as well (Brinton 1984 1986; Du et al. 1994). The AVP4-9 fragment was reported
not to synergistically elevate NE-induced cAMP in in vitro experiments (Brinton &
McEwen,1994). although it is effective | 1aviourally. DGAVP, an AVP 4-8 fragment,
was not tested in the cAMP study, altho "1 an earlier experiment reported DGAVP  ‘en
intraperitoncally increased cAM.. for up to 24 hours in several brain regions including
hippocampus (Schneider et al, 1982). However the inverted U-shaped dose-responsc

relationship for passive avoidance memory with AVP4-9 was not apparent for the AVP4-
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8 derivative (Burbach et al, 1983). In this early study pg quantities of AVP4-8 were
effective at all doses tried. It will be of interest in future in vivo electrophysiological
studies to try pg doses. but the lack of an inverted U curve in the earlier memory study
suggests the pattern of spike potentiation would not be altered by lower doses.

Since the spike potentiation induced by the arent molecule here was blocked by
propranolol it is likely that cAM.. is involved in spike potentiation, but an alternative
mechanism could be a synergistic calcium action, which will be treated in more det in
a later section. NE itself influences both molecular layer and the polymorph interneuron
region (Brown et al, 2005), so there could be two distinct spatial targets of modulation by
AVP and its metabolites which would involve NE.

As previously mentioned in the introduction, evidence derived from studies of
DGAVP suggests that this peptide analc is virtually devoid of vasopressor effects,
having little antidiuretic, corticotrophin-releasing activity, cardiovascular or endocrine
effects (De Wied et al, 1972; Van Wimersma Greidanus et al, 1979). Administratic  of
DGAVP has been found to result in resistance to extinction of active avoic ice
behaviour (De Wied and Bohus, 1966; Bu ~ ch et al. 1983; De Wied et al, 1984; Gaffori
and De Wied, 1985). Such effects on extinction sug st that the peptide tends to wo by
strengthening previously learned responses. In these studies. they found that both AVP
and DGAVP resulted in increa istance. but DGAVP was more potent in facili i1
passive avoidance behaviour. This supports the pr« osal that AVP promotes the activity
in the dentate gyrus directly and not through pressor effects. Our experiments show that
both AVP and DGAVP increased the perforant path evoked potential in the dentate gyrus
with DGAVP causing increased cell excitability. DGAVP, like AVP, was also found to
improve acquisition of an autoshaped behaviour thus demonstrating the specificity of the
fragment for learning and memory processes (Messing and Sparber, 1983).

De Wied and colleagues (1984) found that AVP produced a pressor effect and

facilitated passive avoidance retention when administered peripherally while it only
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resulted in enhanced passive avoidance response v en centrally (icv) administered. AVP
4-8, the more active DGAVP molecule, produced the facilitation in the passive avoic nce
retention when administered either centrally or peripherally. Thus it seems the receptors
mediating the pressor effects are in the periphery and not in the brain.

In the present study. the fragment molecule is working differently than in the first
experiments such that it is more similar to the effects of in vivo NE (increased population
spike amplitude and decreased or no change in the EPSP). Naturally, it is hardtod wa
conclusion from the response of 3 subjects and so a la r study is needed for a ore
complete examination of specific vasopressin fragments. But if this outcome is an
accurate reflection of DGAVP effects, then the larger vasopressin molecule appears to
recruit more mechanisms then the specific ta e fr: nent. The larger molecule may
interact more with other transmitters and pathways. It would be interesting to have done
the double pipette study with the fragment and propranolol to assess the importance of -

adrenoceptors in the fragment effect. .

AVP and NE Release

Vasopressin and NE appear to coe it in the rat LC (Caffe and
colleagues.1985,1988). High concen ons of A  have been found in the rat and the
human LC (Jenkins et al, 1984; Hawthorn et al, 1984) which also contains AVP receptors
(Phillips et al, 1988). In human brain, radioimmunoassay has shown that substantial
amounts of vasopressin-like immunoreactivity are present in the LC (Rossor et al, 1980).
Olpe and Baltzer (1981) found that microiontophoretic administration of AVP or LVP
excites noradrenergic neurons in the LC of the rat. This was also found in the LC of the
cat (Andre and colleagues,19¢”". TI  LC is a possible site for the interaction of
vasc, € n and NE containing neurons which indicates an additional site by which
vasopressin could affect NE release when it is given intracerebroventricularly. AVP has

been found to increase NE levels in the hypothalamus, hippocampus and tuberculum
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olfactorium when given intraperitoneally (Szadowska et al, 1982) and intraventricularly
(Schwarzberg et al, 1981). Since vasopressin-induced NE release has also been proposed
via an intrahippocampal route, as mentioned in earlier papers (Metzger et al, 1 4,
Brinton et al, 2000), there may be several routes for synergy.

In this study, AVP and DGAVP were infused into the lateral ventricles with the
expectation that it would be distributed easily throughout the brain to the target neurons
via diffusion within the CSF and the extracellular fluid. A disadvantage of this technique
is the likelihood of interaction with targets other than the area of interest. As just
described, the LC itself is likely to be one source of influence in the present study. Some
studies promote the use of microdialysis techniques to avoid these extra interactional
effects and to mimic more closely the natural release patterns in the brain (Engelmann et
al, 1992;1994:1996). A microdialysis approach would be of interest for future studies

looking at AVP modulation effects restricted to the dentate gyrus.

Mechanisms of AVP Effects

In addition to the ability of A'v. to enhance the B-adrenoceptor initiated rise in
cAMP discussed above, AVP has important and independent actions on intracellular
calcium modulation. Son and Brinton (2001) found that activation of the vasopressin V1
receptor produced o in racellular C through the activ ion of the
phosphotidyinositol signalli v and L-type Ca** channels. Fragn 1its 1 as
AVP 4-9 (Nakayama et al., 2000) also have this action. AVP thus causes intracellular
Ca’* concentration increases via release from intracellular Ca®" stores and via influx from
extracellular Ca®' (Nakayama et al, 2000; Yibchok et al, 2000). The rise of the
intracellular Ca®* concentration results in increased C  -dependent neurotran  tter
release (Son and Brinton, 1998) and NMDA-activated Ca®" currents. This st sests that
AVP actions on the IP3/intracellular ¢ " concent ion pathway in the rat hippocampus.

might be important in enhancing the range of synaptic plasticity. AVP4-8 also stimulates
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IP3 metabolism in the hippocampal slice in the presence of GTP (Gu and Du, 1991a).
Studies have found that among the vasopressin analogs, AVP 4-8 was a hundred nes
higher in potency than the parent molecule AVP in facilitatii the retention of passive
avoidance learning ( Gaffori and De Wied. 1986; De Wied et al, 1991).

However, AVP appears to require adrenergic innervation to the hippocampus to
promote synaptic plasticity (as seen here with propranolol) and learning since lesions to
the dorsal noradrenergic bundle abolished the behavioral effects of AVP (Kovacs et al,
1979b). Thus. if the calcium effects are relevant they must interact in some way with NE.
NE itselt promotes the opening of calcium L+ channels in the dentate gyrus granule cells
(Gray and Johnston,1987) and calcium effects of the two modulators may be additive or
synergistic in promoting plasticity. This remains to be investigated directly.

Another possible mechanism of the AVP effects on synaptic plasticity is AVP’s
activation of the receptor mediated signaling pathway involving mitogen-acti :ed
protein kinase (MAPK). This pathway is also recrui . by NE (Chen et al, 2007).
Administration of AVP 4-8 (sc) resulted in a significant increase of MAPK activity in the
hippocampus after 2 hours, but the protein levels had not increased, indicating that the
MAPK increase stimulated by AVP4-8 was caused by a short-term activation process
through protein phosphorylation and not by protein expression (Qiao and Du,1998).

Trophic factors are also promoted by the 4-8 AVP fragment. Zhou et al (1 '5)
found that nerve growth factor (NGF) mRNA expression in the hippocampus was
significantly enhanced 12 hours after administration of AVP4-8 (sc). They concluded that
the NGF gene was one of the target genes responsible for memory-enhancing responses
induced by AVP4-8 and that the enhancement of NGF :ne expression may be involved
in the signaling pathway mediated by the AVP4-8 receptor. In a subsequent study by
Zhou and colleagues (1996), n  nory impaired rats prepared by prenatal hypoxia showed
that NGF expression increased from a low level to a normal level when given an AVP4-8

agonist and the acquisition and maintenance of behavioural responses significantly
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memory in the dentate gyrus on NE has previously been demonstrated (Kovacs et al,
1979).

The present results provide a model for the way in which AVP might romote
memory through the promotion of synaptic plasticity and cell excitability to
glutamatergic inputs. The pharmacological block of that plasticity by blocking = post-
synaptic effects of NE provides a clear counterpart to the dependence of me ory
enhancement on the presence of NE fibers shown earlier (Metzger et al, 1994:; Alescio-
Lautier and Soumireu-Morat,1998). Surprisingly, a behaviourally highly effective
metabolite of AVP, DGAVP only produced long-lasting increases in cell excital ity.
This further supports the dissociation of the two plasticity mechanisms seen with AVP
and provides a tool for their dissection in future studies. The possibility that cell
excitability increases are another component of associative learning changes deserves

turther investigation.
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