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Endogenous Acetylcholine Modulates Synaptic Plasticity in
the Hippocampus in vivo

By
Shaomin Li, MD, MSc.

Summary

Long-term potentiation (LTP) provides a model for the synaptic mechanisms
underlying learning and memory. Acetylcholine (ACh) is an important excitatory
transmitter in the hippocampus, and cholinergic activity is essential for learning in a
range of behavioral tasks. Thus, the search for the physiological actions of ACh may
be of major importance for understanding the role of ACh in cognitive functions.

The role of ACh in synaptic plasticity was assessed in anaesthetised and freely
behaving adult rats. Electrodes were implanted into the CA1 area of the hippocampus,
and field excitatory postsynaptic potential (EPSP) slope was measured. Drugs were
injected via a cannula into the lateral cerebral ventricle. The effects of M, muscarinic
ACh receptor (mAChR) antagonists on glutamatergic synaptic transmission and
possible mechanisms were investigated.

Among mAChR antagonists, the M, receptor subtype selective antagonist
methoctramine (12.5 ug), but not M;, M5 or non-selective antagonist, significantly
increased synaptic transmissions. Blockade of M, receptors induced a fast onset,
long-lasting potentiation (methoctramine-'LTP’). The magnitude of the
methoctramine enhancement of the EPSP was dose-dependent. The induction, but not
the maintenance, of the methoctramine-‘LTP’ was blocked by scopolamine, a non-
selective mAChR antagonist. Further study showed that an M, receptor antagonist,
telenzepine (12.5 pg) partially blocked and an M; receptor antagonist, 4-DAMP (6.25
ug) fully blocked this induction. The nicotinic receptor antagonist, mecamylamine (2
mg/kg. 1.p.), failed to block the induction of methoctramine-‘LTP’.

Like tetanus-induced LTP, this long-lasting enhancement of the field EPSP was
associated with a reduction in paired-pulse facilitation and required nitric oxide
synthase (NOS) activation, because pre-treatment of TRIM (75 mg/kg, i.p.), a NOS
inhibitor, completely blocked methoctramine induced ‘LTP’. Unlike tetanic LTP, the
methoctramine-‘LTP’ was only partially blocked by the NMDA receptor antagonist




AP-5 (10 png), and blocked completely by a PKC inhibitor, Bisindolylmaleimide (40
ng), and a PKA inhibitor, Rp-cAMPs (90 ug). Methoctramine did not occlude
tetanus-induced LTP, while tetanus-induced LTP occluded later methoctramine-
‘LTP’. However, subthreshold methoctramine (1.56 ug) failed to evoke facilitation
and standard methoctramine (12.5 ug) have no effect on the ability of a weak tetanus
protocol (WTS) to induce LTP.

Since spatial memory is dependent on hippocampal function, the present study also
examined the effect of exposure of freely behaving rats to a novel, non-stressful,
environment on the ability to induce LTP in the CAl area. A weak tetanus
stimulation (WTS) didn’t induce LTP of the field EPSP in the familiar recording box.
When the same weak tetanus was applied 5 min after exploration of a novel recording
box (for 5 min), significant LTP was induced. In contrast WTS applied 5 min before
or 30 min after novelty exposure failed to induce LTP. Further studies showed that
whereas intracerebroventricular pre-treatment with an mAChR (scopolamine, 5ug) or
beta-adrenoceptor (propranolol, 2ug) antagonist failed to block the facilitation, an
antagonist of dopamine receptors (SCH-23390, 15ug) prevented the effect.

From the results obtained it can be concluded that blockade of M; mAChR subtype
induced an LTP-like persistent enhancement of transmission in the hippocampal CA1
region in vivo. This enhancement required the activation of non-M; receptors, and
involved a presynaptic/retrograde messenger mechanism and PKC/PKA activation.
ACh appeared to have little or no role in standard tetanus-induced LTP in the CAl
area. Brief novelty exploration lowered the threshold for the induction of LTP via a
mechanism dependent on activation of dopaminergic transmission.
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I. Introduction

It has been proposed that memory formation involves activity-dependent synaptic
plasticity, such as long-term potentiation (LTP) of excitatory synaptic transmission
(Bliss & Collingride 1993; Malenka & Nicoll 1999; McGaugh 2000). The most
efficient stimulation patterns for induction of LTP are reminiscent of the natural firing
of presynaptic neurons during learning (Larson & Lynch 1986; Dobrunz & Stevens
1999). Acetylcholine (ACh) is an important excitatory transmitter in the
hippocampus, and cholinergic activity is essential for learning in a range of
behavioral tasks (Hasselmo 1995). In addition, cholinergic deficits have been found
in aged, demented patients, and cholinergic drugs have been used to modulate
memory in rats (Bartus et al., 1982; Coyle et al.,1983; Molchan et al., 1992). Thus,
the search for the physiological actions of ACh may be of major importance for
understanding the role of ACh in cognitive functions (Bartus et al., 1982; Markram &
Segal 1992).

1.1 Anatomy of hippocampus

The hippocampal formation is a useful preparation with which to study general
neuroscience problems because it demonstrates a number of organizational principles.
There are three synaptic paths (trisynaptic pathway) that undergo analytical
investigations because of the simplicity of their monosynaptic connections: (1) the
fibers from the entorhinal cortex via the perforant path make synapses on to the
apical dendrites of granule cells of the dentate area; (2) the axons of granule cells
make synapses on the apical dendrites of CA3 pyramidal cells; (3) the Schaffer axon
collaterals of the CA3 cells make synapses on the apical dendrites of CAl pyramidal
cells. The CA1 pyramidal cells are the major output cells for the hippocampus. The
Schaffer collaterals are probably the best-studied synaptic pathway in the
hippocampus. Each Schaffer collateral axon synapses onto thousands of CAl
pyramidal neurons, but usually with only one or two synaptic contacts per neuron
(Sorra & Harris 1993). The Schaffer collateral pathway has been studied extensively




because of interest in the various forms of synaptic plasticity occurring at this
synapse.

1.2 Synaptic plasticity

Most of the excitatory synapses in the hippocampus exhibit various forms of use-
or activity-dependent synaptic plasticity. A variety of data suggest that multiple forms
of plasticity exist in the mammalian brain. These include short-term plasticity and
long-term plasticity, the latter refers to the use dependent increases or decreases in
synaptic strength and are known as long-term potentiation (LTP) or long-term
depression (LTD), respectively.

1.2.1 Short-term plasticity

The strength of a synapse can vary with frequency of activation. This variation
known as short-term plasticity, can be an increase or decrease which lasts just tens of
milliseconds or as long as several minutes. Short-term synaptic plasticity has been a
subject of intense study for several decades (Zucker 1999), and serves in filtering
functions in temporal information processing (Lisman 1997, Fortune & Rose 2000).
The most common form of short-term plasticity is paired-pulse facilitation (PPF)
which is believed to provide a sensitive indicator of presynaptic transmitter release
properties. PPF comprise an increase in the second “testing” postsynaptic response
elicited shortly after a first “conditioning” response. When two stimuli are
delivered and a smaller second response than the first is produced, this phenomenon
is known as paired-pulse depression (PPD). Although PPF and PPD can be observed
in many preparations under various experimental conditions, it is striking and
unexpected to find that such processes co-exist at the same synapse. The dependence
of these forms of short-term plasticity on the quantal content of a preceding
presynaptic action potential implies that transmitter release at a given synapse will be
a function of its recently history. That is, the synapses with a high degree of
facilitation will transmit high frequencies of presynaptic discharge most faithfully,
whereas synapses displaying depression will transmit low frequencies of presynaptic
discharge better (Zucker 1999). Therefore, the synapse which displaying PPF or PPD
by changes in release probability will affect the information processing properties of
the hippocampus by influencing its filtering characteristics.




PPF is traditionally accounted for by the residual Ca** hypothesis (Wu & Saggau,
1994; Zucker, 1999), while recent study showed that PPF is thought to arise from the
partial saturation of a Ca** buffer (Rozov et al. 2001) or relates to postsynaptic
changes (Rozov & Burnashev 1999). The other forms of short-term increases in
synaptic strength, which are due to the accumulation of residual Ca’" in the
presynaptic terminal as a result of one or more preceding action potentials, include

facilitation, augmentation and posttetanic potentiation. (Fisher et al. 1997).
1.2.2. Long-term potentiation

Bliss and Lomo (1973) first demonstrated that a brief high frequency train of
stimulation (HFS) given to any one of the three pathways in the hippocampus
produces an increase of the amplitude/slope of the EPSP recorded in a postsynaptic
pyramidal neuron. This use-dependent increase of synaptic efficacy was called LTP,
which has been found to occur ubiquitously throughout the nervous system (Shors &
Matzel 1997). Bliss and Lomo defined LTP as potentiation that lasted longer than 30
min, although they observed LTP for several hours. Later studies showed that LTP
recorded in animals with permanent indwelling electrodes lasted from weeks to
months (Barnes 1979). LTP can be induced in a number of ways, of which the most
common technique is delivering a high frequency tetanus (e.g. 10 burst of 200 Hz for
75 ms with an inter-bursts interval of 10 second in vivo, or 100 Hz for 1 second
repeated three times with 20 s interval in vitro). Beside tetanus-induced LTP, other
forms of LTP have also reported, such as tetracthylammonium (TEA) (Hanse &
Gustafsson 1994), (1S,3R)-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD)
(Anwyl 1999) or others (Bliss & Collingridge 1993).

The phenomenon of LTP is characterized by three major properties: (1), input-
specificity, only the inputs active at the time of tetanization are usually potentiated,
(2) cooperativity, there is a certain intensity threshold for the production of LTP; (3)
associativity, LTP at a weakly tetanized input is produced by concurrent activation of
a weak and strong synaptic input. This is an implicit property of the Hebbian synapse.

Although there has been enormous interest in LTP this decade, the exact mechanism
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of LTP still remains to be clarified, I will restrict the presentation to LTP of synaptic

responses of CA1 pyramidal neurons to Schaffer collateral stimulation.

1.2.2.1. The locus of LTP expression and retrograde signaling

There is general agreement for a postsynaptic locus for the induction of LTP.
Whether the cellular change underlying synaptic modification occurs in the pre- or
postsynaptic cell has been a long-lasting debate. Several experiments have suggested
that postsynaptic experimental manipulations may be sufficient to induce LTP (Liedo
et al. 1995; Yang et al. 1999) and numbers of results in the literature have strongly
suggested that the expression of LTP is predominantly postsynaptic (Malenka &
Nicoll 1999). Recent studies have been shown that AMPA receptors are inserted into
or removed from the postsynaptic membrane after induction of LTP or LTD,
respectively (Shi et al. 1999, Hayashi et al. 2000).

However, opposite results were shown by similar techniques in other studies
which suggested a presynaptic involvement in LTP expression by observation,
through quantal analysis, that LTP is associated with increased transmitter release
(Kullmann et al. 1996), an increase in the frequency of miniature synaptic currents
and an increase in the probability of transmitter release determined by PPF (Schulz et
al. 1994; Li et al. 2000). Recently, fluorescent imaging provided direct evidence that
tetanic (200 Hz)-LTP is expressed presynaptically (Zakharenko et al. 2001).

The presynaptic and postsynaptic sites involved in the different phases of LTP
suggest that the postsynaptic neuron must send one or more retrograde messengers to
the presynaptic terminals. The most convincing data has suggested that either nitric
oxide (NO), carbon monoxide (CO) (Zhuo et al. 1993, 1998; Williams 1996) or brain-
derived neurotrophic factor (BDNF) (Schinder et al., 2000) acts as a retrograde
messenger during LTP in the hippocampus. For example, NO was found to facilitate
the induction of LTP (Bohme et al. 1991; O" Dell et al. 1991; Schuman & Madison
1991; Arancio et al. 1996; Haley et al. 1996; Doyle et al. 1996; Zhou; 1993, 1998.
But see Bannerman et al. 1994, Cummings et al. 1994). Exogenously applied NO
enhances transmitter release in an activity-dependent, NMDAR-independent manner
(Zhou et al., 1993), whereas extracellular application of a membrane-impermeable
NO scavenger inhibited the induction of LTP (O’ Dell et al., 1991; Schuman &




Madison 1991). Consistent with the role of retrograde messenger, postsynaptic
injection of an NO synthase inhibitor blocked induction of LTP (Schuman & Madison
1991). Potentiation induced by NO released from a postsynaptically, but not
presynaptically, injected donor is blocked by the scavenger (Arancio et al., 1996).

1.2.2.2  Glutamate receptors and LTP

It is well accepted that LTP induction is triggered by NMDA receptor activation
that subsequently can lead to increased AMPA receptor activation in CAl region
(Bliss & Collingridge, 1993; Malenka & Nicoll, 1999). Metabotropic glutamate
receptors (mGluRs) may also be involved in CA1 LTP and are capable of facilitating
both induction and maintenance (Anwyl 1999).

The fundamental role of NMDARS in the induction of many forms of LTP is well
established. The function of NMDARs is regulated by protein phosphorylation
through serine/threonine and tyrosine kinases (Smart 1997), including the nonreceptor
tyrosine kinase Src (Yu et al. 1997). NMDARs, activated at synapses that are
proximal to active sites of depolarization may be depolarized sufficiently to remove
Mg*" block and initiate the cascade of events that leads to LTP induction. On the
other hand, a non-NMDAR mediated LTP can be induced in area CAl of the
hippocampus in presence of the NMDA antagonist AP-5 by application of repeated
strong tetanus (200 Hz) to the Schaffer collaterals (Cavus & Teyler 1996, Morgan &
Teyler 1999). This AP-5-resistant LTP is blocked by antagonizing L-type voltage-
dependent calcium channels (VDCCs) and is referred to as VDCC-LTP (Morgan &
Teyler 1999). VDCC-LTP is blocked by the application of tyrosine kinase inhibitors,
whereas NMDA-LTP is blocked by serine-threonine kinase (Cavus & Teyler 1996).

AMPA receptors (AMPARs) mediate the vast majority of fast excitatory
responses in the hippocampus. There is now a growing body of evidence supporting
the AMPAR as being responsible for the expression of LTP in CAl region. For
example, the phosphorylation of specific AMPAR subunits is believed to regulate
channel function and synaptic plasticity (Barria et al. 1997; Lee et al., 2000). The use
of biochemical and molecular techniques has identified phosphorylation sites within
the GluR1 (PKA-Ser®”’; PKC/CaMKII-Ser®"), GluR2(PKC-Ser ***®**°) and GluR4
(Serm) subunits (Roche et al., 1996, Carvalho et al., 1999; Derkach et al., 1999,
McDonald et al., 2001). The induction of LTP can cause transport of new AMPAR




molecules to activated spines (Shi et al., 1999). The redistribution of AMPARS to,
and away from, the integral membrane proteins occurs via vesicular excytosis and
endocytosis (Carroll et al., 2001). Therefore, AMPARs undergo a cycle of
internalization and reinsertion into the postsynaptic membrane, eventually, increasing
the total number of synapses (Luscher et al. 2000). This can lead to structural
modification of the postsynaptic membrane and the production of new dendritic
spines (Engert and Bonhoeffer 1999; Toni et al., 2001).

1.2.23 Intracellular biochemical events and LTP

The induction of LTP is dependent on increased intracellular Ca®", activation of
Ca**/calmodulin-dependent protein kinase II (CaMK-II), protein kinase C (PKC) and
mitogen-activated protein kinase (MAPK) (Malenka & Nicoll 1999). The
consolidation of LTP requires the protein kinase A (PKA), MAPK and cAMP
response element-binding protein (CREB) (Sweatt 1999).

Usually LTP depends on Ca®" influx through postsynaptic NMDA-type glutamate
receptors and subsequent activation of CaMKIL After CaMKII activation by
Ca**/calmodulin, its can become autophosphorylated on threonine 286/287 causing the
enzyme to remain active independent of Ca®" /calmodulin binding and increase its
affinity for Ca**/calmodulin. LTP induction can be blocked by pharmacologically
inhibiting CaMKII (Otmakhov et al. 1997; Bortolotto & Collingridge 1998), or
genetically removing it (Silva et al. 1992; Giese et al. 1998). Other experiments also
showed that introducing an active form of CaMKII into the postsynaptic neuron
induced a potentiation which prevents subsequent LTP induction (Lledo et al. 1995).
Thus, CaMKII is necessary and sufficient for LTP induction.

Activation of PKC is believed to be one of the requisite biochemical steps
necessary for LTP, as selective PKC inhibitors can block induction of LTP (Hvalby et
al. 1994; Stanton 1995; Chen et al. 1997; Routtenberg 1999) and measuring PKC
substrate phosphorylation biochemicallly suggested the involvement of PKC in LTP
(Chen et al. 1997, Ramaker et al. 1999). The importance of the protein
phosphorylation cascades has also been demonstrated in mutant mice lacking the y
isoform of PKC which showed normal synaptic transmission but greatly diminished
late LTP (Abeliovich et al. 1993).




PKA is believed to play a critical role in the expression of long-lasting forms of
hippocampal LTP. Late LTP, beginning ~3 hr after induction, is generally accepted to
depend on cAMP and protein synthesis (Frey et al. 1993; Huang & Kandel 1994,
Winder et al. 1998), probably related to the formation of new synapses (Bolshakov et
al. 1997; Ma et al. 1999). However the early phase (Otmakhova et al. 2000) and
intermediate phase (Winder et al. 1998) of LTP have also been demonstrated to
depend on cAMP. Transgenic mice with genetically reduced hippocampal PKA
activity also show impairment of tetra-burst LTP (Woo et al. 2000). In agreement
with this theory, the induction of LTP was found to produce a rise in cAMP level
(Chetkovich & Sweatt 1993), activation of PKA (Roberson & Sweatt 1996) and
phosphorylation of some PKA substrates (Blitzer et al. 1998). Activation of the
CAMP cascade leads to secondary activation of MAPK in hippocampal area CAl
(Roberson et al. 1999).

Many of the signaling cascades involved in the induction of NMDAR-dependent
(Sweatt 2001) and NMDAR-independent (Kanterewicz, et al. 2000) LTP in area CAl
were demonstrated to converge on and activate p42 MAPK (also referred to as
extracellular signal-regulated kinase 2, ERK2 ) (Roberson et al. 1999). Hippocampal
MAPK activation is regulated by a wide variety of neurotransmitter receptors coupled
to either PKA or PKC: NMDARs, adrenergic receptors, dopamine receptors,
muscarinic ACh receptors and mGluRs (Roberson et al. 1999; Sweatt 2001). MAPK
is also known to phosphorylate transcription factors, including CREB and E1K-1
(Impey et al. 1998; Davis et al. 2000), which may contribute to the long-lasting,
protein synthesis-dependent stages of long-term memory and synaptic potentiation.
Moreover, MAPK may regulate Kv4.2 activation through enhancing the Ca*" influx
and thereby facilitate LTP induction (Sweatt 2001). Thus, MAPK signaling pathway,
as a critical intermediary, not only regulates short-term synaptic function but may
also promote the transcription and translation of new protein required for the late
phase of LTP.

1:2.3 Long-term depression

A depressive counterpart to LTP has considerable theoretical significance with
respect to memory saturation and possible causes for forgetting. An activity-
dependent persistent decrease in slope and amplitude of the evoked response in nai ve
pathways is called LTD, which is typically obtained by applying minutes-long trains




of single pulse stimulation at a rate of 1-3 Hz (see Bear & Malenka 1994). The
induction of LTD, using the standard 900 stimuli at 1Hz, in the adult hippocampus in
vitro has proved somewhat problematic. Some reports have demonstrated its
induction (Dudek & Bear 1992; Staubli & Ji 1996), whilst others, under normal
conditions, have failed to do so (Wagner & Alger 1995; Norris et al. 1996). Thiels et
al (1994) has previously demonstrated the induction of LTD using a paired pulse
paradigm (25 ms paired pulse interval ) in adult rat CA1 in vivo. Two forms of LTD
have been suggested to rely on different mechanisms and stimulus protocols in CAl
region (Oliet et al. 1997, Kemp et al. 2000). A protocol with 200 paired stimuli (25
ms interstimulus interval, ISI) at 0.5 Hz (Thiels et al. 1994) and 450 paired stimuli
with 50 ms ISI in 1 Hz (Kemp & Bashir 1997) induced NMDAR-dependent LTD;
while 900 paired stimuli (50 ms ISI) at 1 Hz induced LTD dependent on the
activation of AMPA/kainate and mGlu receptors (Kemp & Bashir 1999). LTD can
also involve CaMKII (Mayford et al. 1995), PKC (Bolskakov & Siegelbaum 1994,
Oliet et al. 1997), PKA (Kameyama et al. 1998) and MAPK (Norman et al. 2000)
activation.

1.2.4 LTP, LTD and metaplasticity

There have been numerous studies exploring multiple signaling cascades that
underlie synaptic plasticity. The increase in synaptic strength that occurs after LTP
induction has been reported to be accompanied by an increase in glutamate receptor
phosphorylation (Lee et al. 2000), increase in activity of various protein kinases and a
decrease in basal protein phosphatase activity (Sanes & Lichtman 1999; Sweatt
1999; Soderling & Derkach 2000). In contrast, a decrease in synaptic strength, i.e.
LTD, is accompanied by a decrease the glutamate receptor phosphorylation (Lee et al.
2000) and an increase in the activity of serine/threonine protein phosphatases (Thiels
et al. 1998).

High Ca®* elevations might trigger LTP, whereas more moderate Ca’" elevations
might trigger LTD (Cormier et al. 2001) and it has been suggested that a presynaptic
CaMKII must be activated to induce LTD, whilst postsynaptic CaMKII stimulation is
needed to evoked LTP (Stanton & Gage 1996). Furthermore, the activation of
conventional NR2A/B-containing NMDARs may contribute to LTP, whereas
NR2C/D-containing NMDARSs may contribute to LTD (Hrabetova et al. 2000). LTP
has been related to the phosphorylation of Ser!, a CaMKII-dependent




phosphorylation site, on GluR1 subunit of AMPAR while LTD to the
dephosphorylation of Ser®”, a PKA-dependent phosphorylation site, on the GluR1
subunit (Lee et al. 2000; Soderling & Derkach 2000); A regulation of AMPARS via
SNARE-dependent exocytosis or endocytosis has also been shown in LTP or LTD,
respectively (Carroll et al. 2001). Active PP-1 and PP2A may contribute to the
induction of LTD (Thiels et al.1998) whereas inhibition of PP-1 promotes LTP
induction (Blitzer et al. 1998); In the MAPK cascade, p42/p44 MAPK pathway can
regulate LTP (Sweatt 2001), while p38 MAPK pathway may mediate the induction of
mGluR-dependent LTD at CA3-CA1 synapses (Bolshakov et al. 2000).

The stimulation protocol used to induce LTD can also reverse the potentiated state
of LTP, i.e. depotentiation, which has some similarities and disparities with LTD
(Wager & Alger 1996; Kemp & Bashir 2001). The induction of LTD or LTP is also
sensitive to the state generated by previous patterns of pre- and postsynaptic activity.
The activity-dependent modulation of subsequent synaptic plasticity has been termed
“metaplasticity” (Abraham & Bear 1996). Autophosphorylation of CaMKII has
been implicated in metaplasticity (Mayford et al. 1995). Neuromodulators, including
stress hormones, are found to induce metaplastic changes. Stressed animals exhibit
impaired LTP and facilitated LTD, which is dependent on glucocorticoid receptor
activation (Xu et al. 1997, 1998; Kim & Yoon 1998). Therefore, this theoretical
model is useful for actually events, like as afferent containing modulatory
neurotransmitters such as norepinephrine, dopamine, serotonin and acetylcholine can
regulate the initial induction of synaptic plasticity.

1.3 Electrophysiological studies of learning
1.3.1 Hippocampal activity in relation to natural behaviour

Spontaneous electrical activity of the hippocampus is very similar across
mammalian species. In rodents, monkeys and humans, there are two alternating
patterns of hippocampal electrical activity: irregular and regular activity (Bland
1986). The regular hippocampal activity is a large amplitude, sinusoidal wave termed
theta or rhythmic slow activity that occurs during attentive immobility and
exploratory behaviour in the rat, and it is thought to be involved in memory formation
(Hargreaves et al.1990; Markowska et al. 1995; Kinney et al. 1999). Thus, the
associated 4-12 Hz membrane potential oscillation has been proposed to play a role in




learning and memory (Huerta & Lisman 1993). These oscillations are dependent on
interneuronal activity and occur in intracellularly recorded interneurons (Williams &
Kauer 1997). Theta rhythm in the behaving rat was inferred to consist of atropine-
sensitive and atropine-resistant components (Bland, 1986), which generated by the
cholinergic afferents from the medial septum/diagonal band of Broca (Bland 1986)
and the serotonergic afferents from the raphe (Nitz & McNaughton 1999),
respectively. The other rhythms, like as y (30 © Cl00 Hz) and B (10-25 Hz)
oscillations were reported play an important role in information processing (Jefferys
et al.1996; Traub et al. 1999).

1.3.2 LTP and mechanisms of memory formation

Storage of information in the brain may rely on activity-dependent synaptic
plasticity. LTP satisfies many of the computational requirements of a memory-
inducing cellular mechanism, and for this very reason there is now a huge body of
literature dealing with the mechanisms of hippocampal LTP (Bliss & Collingride,
1993; Malenka & Nicoll, 1999).

The results of many memory studies parallel those of LTP studies: (1) selective
antagonists of AMPA, NMDA or mGlu receptors (Tsien et al. 1996), CaMKII
inhibitors (Cammarota et al. 1998), PKC inhibitors (Paratcha et al. 2000), PKA
inhibitors (Bernabeu et al. 1997; Dufty et al. 2001) and MAPK inhibitors (Imper et al.
1999) impair memory or learning; (2) The activity of PKC, CaMKII and the
phosphorylation of GAP43 and GluR1 increase in the CAl region shortly after
training (Cammarota et al. 1998; Paratcha et al. 2000), whereas the activity of PKA
and MAPK increases in two peaks that are concomitant with increases in the
concentration of nuclear CREB phosphorylated at Ser'* (Bernabeu et al. 1997); (3)
Consistent with all of the effects of glutamate receptor antagonists or inhibitors of
either CaMKII, PKC or PKA on memory and LTP, transgenic mice that either lack or
express altered forms of these receptors or proteins are amnestic for spatial and other
tasks (McGaugh 2000).

However, there are also some important differences between memory and LTP-
based findings. For examples, the rat with hippocampal Kv1.4 mRNA knockdown
had no effect on rat spatial maze memory or exploratory behaviour , but eliminated
both early- and late-phase CA1 LTP (Meiri et al. 1998). In adult GluR-A™ mice,
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despite the lack of LTP at Schaffer collateral-CA1 synapses, spatial learning was
normal (Zamanillo et al. 1999). Other examples of a dichotomy between LTP and
learning were reported (Montkowski & Holsboer 1997; Okabe et al. 1998).

Two approaches have been used to investigate the relations between LTP and
memory processes: (1) LTP saturation, i.e. maximal expression of LTP in the entire
population of relevant synapses should produce hippocampus-dependent learning
deficits (Moser et al. 1998; Moser & Moser 1999); (2) behavioral LTP, i.e., LTP-like
changes are reflected in hippocampal evoked potentials as a result of natural learning
(Hargreaves et al. 1990). Both of these approaches are still contraversial.

Based on above studies, several hypotheses about the role of LTP/LTD in
learning/memory have been proposed: (1) null hypothesis, LTP/LTD has nothing to
do with memory; (2) attentional hypothesis, LTP/LTD plays a role in attentional
rather than memory processes (Shors & Matzel 1997); (3) synaptic plasticity and
memory hypothesis : “activity-dependent synaptic plasticity is induced at
appropriate synapses during memory formation and is both necessary and sufficient
for the information storage underlying the type of memory mediated by the brain area
in which that plasticity is observed” (Martin et al., 2000). This hypothesis has taken
some of newly discovered properties of LTP/LTD, such as metaplasticity (1.2.4),
naturalistic patterns of stimulation (Holscher et al. 1997) or back-propagating
dendritic action potentials (Markram et al. 1997) for the induction of LTP, synaptic
gain or temporal redistribution (Markram & Tsodyks 1996; Selig et al. 1999), the
input specificity of LTP (Engert & Bonhoeffer 1997), the concept of silent synapses
(Petersen et al. 1998) and the synaptic tagging hypothesis (Frey & Morris 1997).

There is extensive literature on the effects of manipulations of the cholinergic
system in cognitive processes of hippocampal learning and memory (Steckler et al.
1998; see 1.3.1). Evidence for cholinergic malfunctioning as a major hallmark of
Alzheimer’ s disease and aging encouraged interest in the cholinergic forebrain
system, starting off the still continuing era of cholinergic therapeutics.

One of the most common causes of dementia in elderly people is Alzheimer’ s
disease (AD). It is associated with degeneration of forebrain cholinergic neurons and
the result depletion of cholinergic markers in neocortex and hippocampus (Francis et
al. 1999). In animal models, lesions of the brain’ s cholinergic system impair
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performance in learning and memory tasks (Blokland 1996; Steckler et al. 1998). For
example, a highly selective cholinergic neurotoxin, 192 IgG-saporin, which binds
specifically to the low-affinity p75 nerve growth factor receptor that is localized on
cholinergic cells predominantly, induced lesions in the forebrain cholinergic neurons
and produced cognitive deficits (Waite et al., 1995)

There are numerous pharmacological studies which have evaluated the effects of
cholinergic antagonists and cholinomimetics on learning and memory performance.
The most widely studied cholinergic drug is the muscarinic antagonist scopolamine
(Steckler et al. 1998). The anticholinergic drug disrupts short-term or working
memory in humans (Beatty et al. 1986) and experimental animals (Blokand 1996;
Bejar et al. 1999). Meanwhile, the cholinesterase inhibitors, like as physostigmine,
tacrine, donepezil, heptylphysostigmine and rivastigmine, were able to reverse the
scopolamine induced deficit (Braida et al. 1996; Bejar, et al. 1999), indicating that the
cognitive deficit is cholinergic in nature. Clinically, the AChE inhibitors, including
tacrine, donepezil and rivastigmine, have been used to improve cognitive function in
patients with AD (Francis et al. 1999).

1.4 The role of acetylcholine in hippocampal plasticity

Acetylcholine (ACh) was the first compound to be identified as a neurotransmitter
for synapses in the CNS. The synthesis of ACh takes place in the axonal terminals
and is catalyzed by the cytosolic enzyme choline acetyltransferase (ChAT). In 1949,
Koelle and Friedenwald developed the first histochemical method to visualize
acetylcholinesterase (AChE) present in cholinergic neurons (van der Zee & Luiten
1999). ChAT appeared to be solely restricted to cholinergic neurons, whereas AChE
1s not an exclusive cholinergic marker.

The cholinergic innervation of the hippocampus arises solely from the medial
septum and diagonal band of Broca (MSDB) (Fibiger 1982). These are heterogenous
nuclei which also contain GABAergic neurons that innervate the hippocampus. The
neurotransmitter ACh is release from vesicles in presynaptic nerve terminals and
influences functional and behavioral states through its actions at metabotropic
muscarinic  acetylcholine receptors (mAChRs) and/or ionotropic nicotinic
acetylcholine receptors (nAChRs). To date five different types of muscarinic
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receptors (M;-Ms) have been identified (Caulfield & Birdsall, 1998), and at least 11
different nAChR subunits (a2-a9 and $2-B4) occur in the brain (Lindstrom 1997).
Different receptor subtypes are believed to mediate distinct functions.

1.4.1 The cholinergic system modulates hippocampal plasticity
1.4.1.1 ACh release in the hippocampus

In freely moving animals, sensory stimulation and motor behaviour were found
to be accompanied by increased release of ACh in hippocampus (Marrosu et al.,
1995). For example, novelty exposure induced higher ACh release in rats (Aloisi et
al., 1997). Furthermore, electrical stimulation of septum can evoke release of ACh
from the CAl region (Smith 1974). The hippocampus can also be stimulated
chemically by various neurotransmitter agonists and antagonists. For example,
glutamate and its agonists are effective in evoking ACh release, that is, application of
glutamate analogues (AMPA, quisqualate ) by intracelebroventricular (ICV) injection
produced a strong increase (200-215%) in ACh release from the hippocampus
(Giovannini et al. 1998). NMDA antagonists also produce an increase in ACh release
which maybe due to decreased activation of GABAergic interneurons (Giovannini et
al. 1994). Similarly, the activation of dopamine (Imperato et al. 1993), serotonin
(Consolo et al. 1994) and adenonsine (Cunha et al. 1995) receptors also facilitates in
vivo ACh release from hippocampus.

Muscarinic ACh receptor antagonists, atropine and scopolamine, administrated
systemically caused a significant increase in ACh release from hippocampus (Koppen
et al. 1997, Scali et al. 1995; Vannucchi & Pepeu 1995; Vannucchi et al. 1997). More
selectively, the muscarinic M, receptors antagonists, like as AF-DX 384, AF-DX 116,
AQ-RA 741, BIBN-161 and methoctramine, significantly and concentration-
dependently facilitate in vivo ACh release (Stillman et al. 1993, 1996; Vannucchi et
al. 1997, Kitaichi et al.1999), but not in vitro (Vannucchi & Pepeu 1995). In freely
moving rats, nicotine caused an enhancement of ACh release from the hippocampus
and the effect was blocked by nAChR antagonist, mecamylamine (Tani et al 1998).
Thus suggested that nicotine evoked ACh release may be attributed to activation of
nAChR.




1.4.1.2. ACh induced LTP-like phenomenon

It was reported that pharmacological activation of mAChRs (Ito et al. 1988;
Auerbach & Segal 1994, 1996; Kojima & Onodera 1998) or nAChRs (Nishizaki et al.
1999) produces LTP-like increase of synaptic transmission in CA1 region. Following
physostigmine administration (0.1 mg/kg, iv.), the population spike amplitude
significantly increased (167%) and remained stable for 4 hours (Ito et al. 1988). This
LTP-like potentiation is through a transient, abrupt increase in excitability and the
subsequent block of recurrent GABAergic inhibition in the hippocampus. Similarly,
another AChE inhibitor, NIK-247, which was demonstrated to ameliorate the
impairment of learning (Suzuki et al. 1995), is able to induce a sustained increase in
the amplitude of population spikes and that lasts at least 2 hrs in vitro (Kojima &
Onodera 1998). This enhancement was completely blocked sensitively by atropine
but not by pirenzepine suggesting that this LTP-like response is mediated by M,
muscarinic receptors.

Auerbach and Segal (1994, 1996) have shown that low doses (<1 uM) of
carbachol induced a slow onset, long-lasting potentiation of synaptic responses in
hippocampal slices, which they called muscarinic LTP (LTPm). This effect is
mediated by a postsynaptic M, receptor, and it shares several properties with the more
familiar tetanic LTP. For example, LTPm involves a rise of Ca®" concentration and
an activation of both a tyrosine kinase and a serine/threonine kinase. This LTPm is
likely to be mediated by a genuine long-term change in postsynaptic reactivity to
activation of the AMPAR. However, LTPm depends on cholinergic stimulation for
its initiation but not for its maintenance and is independent of activation of NMDARSs.
Somewhat similarly, nefiractam, a nootropic agent, caused an LTP-like response is
via activation of nAChR and PKC pathway, but independent of NMDAR activation
(Nishizaki et al. 1999).

1.4.1.3 ACh influences synaptic plasticity in area CAl

In a number of brain regions, pharmacological activation of mAChRs facilitates
the induction of LTP (Blitzer et al. 1990; Burgard & Sarvey 1990;Brocher et al. 1992;
Boyd et al. 2000) and LTD (Kirkwood et al. 1999). For example, LTP in the CAl
region was reported to be enhanced by muscarinic agonists and/or inhibitors of AChE
in vitro (Tanaka et al. 1989; Blitzer et al. 1990; Huerta & Lisman 1993; Sokolov &
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Kleschevnikov 1995; Shimoshige et al. 1997; Ye et al. 2001) and in vivo (Iga et al.
1996). Muscarinic antagonists, such as scopolamine or atropine, blocked the action
of the cholinergic agonists, but when applied alone didn’ t influence LTP induction
in CA1 (Chavez-Noriega et al. 1989; Tanaka et al. 1989; Sokolov & Kleschevniko
1995; Yun et al. 2000). Some different studies showed scopolamine suppressed
potentiation of the CA1 population spikes (Hirotsu et al. 1989; Iga et al. 1996; Ye et
al.,2001). Others even reported an absence of an ACh effect on LTP induction in CA1
in vitro (Chavez-Noriega et al. 1989; Jouvenceau et al. 1996).

Calebresi et al (1998a,b) demonstrated that endogenous ACh induced
corticostriatal LTP is NMDAR-dependent via M,-like muscarinic receptors and PKC
activation, which can be enhanced by M, muscarinic receptor antagonists. Another
group reported that nicotine not only facilitates the induction of LTP which mediated
by activation of non-a7 nAChRs and inactivation of a7 nAChR (Fujii et al., 2000),
but also enhances depotentiation and LTD in the hippocampal CAl region (Fujii &
Sumikawa 2001). These results suggest that activation of nicotinic, as well as
muscarinic receptors, may represent the cellular mechanisms underlying ACh-
induced enhancement of learning and memory.

1.4.2 ACh has similar effects to LTP mechanisms
1.4.2.1 Ca® influx and glutamate release

One important function of AChRs localized on or near presynaptic terminals is
the modulation of transmitter release (Caulfield 1993). Muscarinic AChRs show dual
actions in CNS, that is they can either increase or decrease transmitter release (Baba
et al. 1998), depending on the mAChRs subtypes and the type of G-protein to which
the muscarinic receptor is linked (Brown et al. 1997). The mAChRs in the
hippocampus can regulate neuronal excitability by modulating ionic conductances
(Cole & Nicoll 1983) and neurotransmitter release (Hounsgaard 1978). The mAChRs
can either directly or indirectly modulate K™, CI', Na” and VDCCs (Caulfield 1993;
Brown et al. 1997). Muscarinic receptors-mediate enhanced Ca®* influx through
VDCCs has been reported in entorhinal cortex (Klink & Alonso 1997) or enhanced
synaptic Ca®* signals by direct augmentation of NMDAR-mediated currents in CAl
(Egorov et al. 1999). An increase in cytoplasmic Ca®* concentration by release of
intracellular Ca** stores or Ca** influx through VDCCs will trigger neurotransmitter
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release (Sheng et al. 1996). In contrast, muscarine-mediated inhibition does not
involve changes in Ca** influx (Scanziani et al. 1995).

The types of muscarinic receptors involved in inhibition or enhancement of
release are not fully resolved. For example, several authors have suggested that
activation of the M, receptor is responsible for the inhibitory effect of muscarine
(Stillman et al., 1993, 1996; Vannucchi et al., 1997; Kitaichi et al.,1999), while others
have suggested the M, receptor (Hasuo et al. 1995; Vannucchi & Pepeu 1995) is
involved. Hsu et al (1995) have suggested that the Mj receptor is responsible for the
inhibitory effect. Concerning the enhancement of ACh release, studies have shown
that the M, receptor is involved (Jones 1996).

1.4.2.2 The activation of AChRs trigger intracellular cascades

mAChRs-induced raised intracellular PKA and PKC levels and increased
dendritic action-potential amplitude (Hoffman & Johnston, 1999), may be a crucial in
the induction of synaptic plasticity. It has been reported that three subtypes of
mAChRs (M;, Mj;, Ms) stimulate phosphatidylinositol 4,5-bisphosphate (PIP;)
breakdown while the others (M,, M,) inhibit adenylyl cyclase (Sandmann et al.
1991). The classic signaling cascade initiated by activation of PIP,-coupled receptors
entails hydrolysis of PIP, to form diacylglycerol and inositol 1,4,5-trisphosphate (IP3)
with subsequent activation of PKC. PIP,-coupled mAChRs induce tyrosine
phosorylation of a number of proteins including PKC8, phospholipase Cy, the delayed
rectifier potassium channel Kv1.2, and the G protein Gaq/11 subunits (Huang et al.
1993; Soltoff & Toker 1995; Umemori et al. 1997). The activation of mAChRs can
activate tyrosine kinases in hippocampal slices (Stratton et al.1989; Siciliano et al.
1994).

It is now apparent that mAChRs also activate other kinases, including MAPK
(Wan et al. 1996; Rosenblum et al. 2000). Muscarinic receptors were able to
stimulate K™ selective channel in neurons from dentate gyrus, which involves
pertussis toxin-insensitive G proteins and IP;-stimulated release of intracellular
(Nabekura et al., 1993). Muscarinic transmission also facilitates intradendritic
accumulation of free Ca** from activation of small-conductance inhibitory K channel
mediating accommodation of firing and a slow afterhyperpolarization following
repetitive discharge (Kohler et al., 1996).
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1.4.3 Different mAChRs subtypes mediate different functions in brain
1.4.3.1 M; muscarinic receptor subtype

The M, receptor is by far the most abundant in the hippocampal formation, and
this receptor is especially enriched in hippocampal area CA1 (Levey et al., 1995). The
M, subtype is found commonly at postsynaptic sites on pyramidal and granule cell
somata and dendrites (Levey et al., 1995, Rouse et al., 1997,1999), but is also
localized presynaptically (Vannucchi & Pepeu, 1995). Interestingly, the M, and the
NR1 subunit of the NMDAR are colocalized in CA1 pyramidal neurons (Rouse et al.,
1999), indicating an appropriate spatial relationship for the M, subtype to modulate
the activity of the NMDA receptor. In agreement with this finding, an M, mediated
muscarinic enhancement of NMDA currents has been reported in CAl pyramidal
neurons in hippocampal slices (Markram & Segal 1992; Marino et al. 1998).

Muscarine and the M, receptor agonist McN-A-343, but not the M, receptor
agonist oxotremorine, cause a dose-dependent increase in the membrane
depolarizations/inward currents produced in striatal spiny neurons by brief
applications of NMDA but not of AMPA. The selective facilitatory effect of M;
receptor activation on NMDA currents is mimicked by nesotigmine, an AChE
inhibitor, and the facilitatory effects are fully antagonized by scopolamine or
prienzepine, but not by methoctramine (Calabresi et al. 1998a,b).

Behavioural studies showed that M; agonists (YM796, AF102B) significantly
reduced the impairment of learning in drug (cycloheximide and anticholinergic drugs)
treated and aged mice (Suzuki et al. 1995; Iga et al. 1996) and M, agonists are more
selective for anti-amnestic effects than AChE inhibitors (Wanibuchi et al., 1994). On
the other hand, the administration of M, receptor antagonist, pirenzepine, impaired
accuracy of memory performance (Andrews et al., 1994; Aura et al., 1997), but not
telenzepine (Herremans et al., 1996). ‘

1.4.3.2 M; muscarinic receptor subtype

A high concentration of M, receptors is found on somata of stratum oriens and
alveus interneurons (Rouse et al. 1997). Anatomical studies have localized M,
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receptors to the dendrites of a sub-population of GABAergic neurons in the stratum
oriens/stratum radiatum (Levey et al. 1995; Hajos et al. 1998). Therefore, the M,
subtype may indeed function not only as a cholinergic autoreceptor in the
hippocampus (Rouse et al. 1999, 2000), but also as a presynaptic heteroreceptor to
regulate GABA release (Hajos et al. 1998). However, the M, receptor was also found
postsynaptically in cells of the basal forebrain and interneurones in the hippocampus
(Rouse et al. 1997).

Auerbach and Segal (1996) described an LTP form dependent on activation of M,
postsynaptic receptors in hippocampus, this may be the M, receptors which reside on
the pyramidal neurons (Rouse et al. 1997).

M, muscarinic receptor antagonists have been proposed to improve mnemonic
processess and cognitive performance (Packard et al. 1990; Pike & Hamm 1995;
Quirion et al.1995; Aura et al. 1997, Vannucchi et al. 1997). For example, the M,
antagonist, methoctramine, resulted in an invert U-shaped dose response curve in the
stimulation of spatial short-term memory performance, a test that is known to be
sensitive to cholinergic activity (Dunnett et al. 1985; Aura et al. 1997), although
some reported a lack of effect of M, muscarinic antagonists after ICV infusion in
delayed matching to position (DMTP) tasks (Andrews et al. 1994; Herremans et al.
1996).

1.4.3.3 M; muscarinic receptor subtype

Much less is known about the precise localization and functions of the other
mAChR subtypes (M3-Ms) in the hippocampus. The M; receptors are present in
various neuronal populations throughout the brain in a low level (Levey 1996), while
abundant in CA1 region and contribute to release of Ca** from intracellular pool
(Wakamori et al. 1993). The M; receptor subtype excites septohippocampal neurons
(Liu et al., 1998), the excitatory neurons are GABA-type, not cholinergic neurons
(Guo & Chiappinelli 2000; Wu et al., 2000).

Based on above available literature, selective blockade of the M, receptor may
provide a more physiological approach to cholinergic enhancement than AChE
inhibitors or postsynaptic mAChR stimulation as blockade of the M, autoreceptor
serves to amplify normal cholinergic release. In contrast, AChE inhibitors while

18




increasing synaptic ACh concentrations, also enhance ACh stimulation at presynaptic
M, autoreceptor. In addition, muscarinic agonists targeted at the postsynaptic M; site
may only increase the neuronal signal-to-noise ratio while diminishing activity-
dependent neuronal stimulation which may be important to learning and memory
processes (Sarter et al. 1990). Although M, muscarinic receptor antagonists can
improve mnemonic processess and cognitive performance (Packard et al, 1990;
Quirion et al, 1995; Aura et al, 1997 and Vannucchi et al, 1997), little is known
regarding the neurophysiological effects of M, muscarinic receptor antagonists in the
CAl area. In addition, exposure to novelty significantly increases ACh release in
freely moving rats (Acquas et al., 1996; Aloisi et al., 1997), and it has been reported
that exploration of an novel, non-stressful, environment did not affect the induction of
LTP by a strong tetanus whereas pre-established LTP was reversed (Xu et al., 1998).
Whether novelty can affect induction of LTP by a weak tetanus via ACh mechanism
is not known. Therefore, the present study focussed on the effects of M, antagonists
on glutamatergic synaptic transmission in the CAl region in anaesthetised rats and
the possible mechanisms involved. A study on freely behaving rats examined the
effect of novelty on induction of LTP by a weak tetanus and the possible involvement
of acetylcholine and other transmitters.




I1I. Materials and methods

2.1 Animals

All animals used in these studies were adult male Wistar rats (inbred strain,
BioResources Unit, Trinity College Dublin), weighing 250-350 g which corresponds
to an age of 2-4 months. Animals were group housed 7 or less in cages and were
maintained in an air-conditioned and temperature controlled room (212 °C) on a
12-h light/dark cycle. Water and food (standard rodent chow) were freely available
except during the testing periods. All rats were weighed before use to determine the

dose of anaesthetic required to induce unconsciousness.

For the acute experiment, the body temperature of the rat was assessed by
measuring rectal temperature using an anal thermometer (Ama-digit, range: -40
—120°C, Germany). With the use of an externally controlled heating blanket, the

temperature was maintained at 36.53 °C for the duration of the experiment.

For chronic studies, animals were housed individually after surgery. This cage was
modified by placing clear Plexiglas over the top, sides and front to prevent the rat
catching the dental cement cap in the bars. All rats were allowed 8-10 days recovery
after surgery before the electrophysiological experiments in freely moving animals.
The rats were transported from their home cage to the laboratory at a similar time
each day (1000-1030) and handled in a similar manner to limit possible changes in
response to being transferred. Before the experiment in which animals were exposed
~ to novelty environment, the rats were put in a darkly lit recording box (familiar
environment) for 3 hrs at same time each day and the socket assembly on the
animals’ head was connected to a preamplifier by a flexible wire. One week later,
there was no evidence of behavioural “freezing” and the rats became very tame

and well used to being handled.
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All experiments were performed in compliance with the relevant laws and
guidelines and the animal care and experimental protocol was licensed by the
Department of Health, Ireland.

2.2 Surgery
2.2.1 Surgical preparation

Rats were anaesthetized with urethane (ethyl carbamate 1.5 mg/kg, 1.p.) for acute
experiments. The animal remained in an immobilised, anaesthetised state for the next
4-5 hours or longer. For chronical implantation of electrodes, the animals were
anaesthetized with sodium pentobarbitone (Sagatal, 60 mg/kg, as initial dose,
supplemented by 0.3 (1.8 mg) = C0.5 ml (3mg) intraperitoneal injections as
necessary). To test for unconciousness, the rat” s paw was pinched to detemine if
there was any muscle response to the pinch. The hair over the scalp was removed
with a curved scissors from the neck to the nose and 0.5 ml of Norocaine was
injected subcutaneously under the skin to the skull. The scalp was longitudinally
incised from a point between the eyes to the back of the skull, and skull was leveled
between lambda and bregma. The periosteum was removed by scraping with a
scalpel blade revealing the skull plates. Any excess tissue was cut out and the area

sterilized with ethanol and dried out with tissue paper before marking the skull.
2.2.2 Electrode implantation

Bipolar stimulating and monopolar recording electrodes were constructed prior to
each experiment. These were made by soldering two pieces of Teflon (PTFE)
insulated tungsten wire (bare wire diameter 0.050mm, Nominal o.d. of coated wire
0.075mm, Advent Research Materials Ltd, Oxford, UK) to a dual pin socket
connector. These were twisted, glued together with super glue (Loctite) and supported
at the point where the wires join the socket with dental (acrylic) cement. The
electrical continuity of each wire was checked before use to ensure that the electrode
was working. The ends of the wires were cut at an angle exposing the tips so that one

was marginally below the other. Separate reference and ground electrodes each




consisted of small stainless steel screws (1.5 mm diameter, Bilaney Consultants, Ltd.

Germany) to which single pins had been soldered.

A mark was made with a waterproof pen at the intersection of the midline plate
and bregma to serve as the reference zero point. The stimulating electrode position
was measured at 4.2 mm posterior to bregma and 3.8 mm lateral to the midline. The
recording electrode position was measured as 3.4 mm posterior to bregma and 2.5
mm lateral to the midline. The reference electrode was located at 8 mm anterior to
bregma and 1 mm lateral on the opposite hemisphere (left) to that used for electrode
implantation. The ground electrode was located at 7 mm posterior to bregma and 5
mm lateral (left) to the midline. Coordinates for the electrodes position were obtained

by referring to the rat brain atlas of Paxinos and Watson (1998).

Burr holes of 1.5 mm diameter were drilled in the skull for the placement of
electrodes. Care was taken not to disturb the underlying dura mater or cortical
hemispheres when the drill bit penetrated the skull. The two modified screws were
put in place and the dura mater pierced with a sharp sterile syringe needle. The rat
was then transferred to the stereotaxic recording apparatus (KOPF instrument). The
electrodes were lowered into the CA1 region of the dorsal hippocampus until the
desired response was found (Fig.2-1). A drop of super glue was then placed around

the electrode and the whole assembly was fixed in place with dental cement.
2.2.3 Intracerebroventricular (i.c.v.) cannulation

In order to deliver drugs which would not cross the blood brain barrier directly to
the hippocampal formation through the ventricular space and minimize an aversive

stimulus (handled injection) in behaving animals, cannulae were constructed for these

purposes.

A stainless steel guide cannula was implanted into the right lateral cerebroventricle
using the following coordinates relative to bregma: lateral 0.5 mm, ventral 4.0 mm
from the surface of the skull (Paxinos and Watson, 1998). For the medial septum and
diagonal band of Broca (MSDB) injection, the guide cannula was lowered into

MSDB at the steretaxic coordinates 0.5 mm anterior to bregma in the middle line and
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6.5 mm ventral from the skull. Verification of the positioning of the cannula was
carried out postmortem by checking the spread of dye (Indian ink) after i.c.v.
injection. The cannula assembly was implanted above the right lateral cerebral
ventricle under anaesthesia and sealed into place with super glue and acrylic cement

before the electrodes were implanted.

For the acute experiment, the cannula was assembled using a stainless steel
hypodermic needle (22 gauge, 0.7 mm outer diameter) which was cut to 13 mm in
length. The bevelled end of the needle was ground down to a length of 1.5 mm to
reduce the angle of the exposed tip. An internal plug was also prepared from 28 gauge
(0.36 mm diameter) stainless steel wire. This was kept in the cannula when it was not
in use to prevent blockages occurring. For microinjections the plug was removed and
stainless steel injection cannula (0.40 mm outer diameter) was lowered through the
guide cannula to the site of injection. The injection cannula was connected to a 25ul
Hamilton syringe with polythylene tubing. A volume of 2.5 pl per site of vehicle or
one of the drug doses was delivered over 2 min. The injector was left in place for an
additional 1 min to allow for drug diffusion and avoid reflux, then removed and the

plug replaced.

For freely behaving rats, the cannula was 4.5 mm in length (0.8 mm outer
diameter) with 3.5 mm head (2.5 mm outer diameter and 1.5 mm inner diameter). The
head of the cannula was filled with silicon. The injection cannula (0.4 mm o.d.) had a
handle bolt which one end is 9.0 mm long needle which was inserted into the guide
cannula and the other end was connected via a polythylene tube (in 40 cm length) to a
20 ul Hamilton microinjector (CR-700-20, Hamilton Co., Reno, Nevada). For
injection, the injection cannula was inserted into the guide cannula, then the
microinjector was twisted slowly to ensure the drug was delivered over 4 min. The

injection cannula was removed with the electrodes after the experiment.

2.2.4 Location of recording and stimulating electrodes

The positions of the electrodes moving through the cortical and hippocampal

layers to the dendrites of stratum radiatum of CA1 region were constantly monitored
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as they were lowered through the tissue. This was carried out by generating a 0.1 ms
duration, 2 ms delay, 2.4 V pulse through the stimulating electrode at a frequency of
0.1 Hz. Evoked responses were recorded by the monopolar electrode and were
displayed on a computer screen. Because of the hippocampal laminar structures, a
local depolarisation such as occurs during an excitatory postsynaptic potential (EPSP)
can act as an electron “sink” along a vertical superficial-deep axis. A phase
reversal was encountered when this dipole was crossed, indicating that this was the
area generating the electromotive force and the response recorded was not from a
distal site by voltage conduction. From this method it was possible to determine
which layer the electrodes were in by referring to the electrophysiological criteria

determined for each region of the hippocampus as defined by Leung (1979).

The bipolar stimulating electrode was lowered to a depth of 1.5 mm from the
surface of the dura mater using the coarse manipulator control, and followed to the
same depth by the monopolar recording electrode. Occasionally a transient cortical
potential was seen. The recording electrode was then lowered in 10-20 um increments
to approximately 2.5 mm below the surface. The stimulating electrode was then

lowered by similar increments.

The first potential recorded was a small positive deflecting waveform which
peaked at 8-15 ms latency after the stimulus, and increase in amplitude as the distance
between the recording and stimulating electrodes decreased which was the evoked
response recorded as the stimulating electrode penetrated the alveus (Fig. 2-1-A). The
large second potential was the evoked response observed from stimulating the stratum
oriens (Fig. 2-1-B). As the stimulating electrode approached the cell body layer, the
amplitude of the evoked response decreased and became biphasic (Fig. 2-1-C). At this
point the stimulating electrode passed through the cell body layer of stratum radiatum
and into the dendritic layer, where the response reversed to a negative deflecting
EPSP (Fig. 2-1-D). The stimulating electrode was adjusted downwards in increments
of 10 um to maximize the EPSP amplitude. When this amplitude was at a maximum,
the recording electrode was then adjusted to further maximize the response. The
recording electrode was averaged lowered approximately 2.5 mm, while the

stimulating electrode was in 2.7 mm below the surface.
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Fig. 2-1. Representative EPSP traces from a single experiment during which the
electrodes were lowered into place. Monitoring the characteristic shape indicated
position of electrodes in the hippocampus. (A). Potential recorded from the alveus;
(B). Potential recorded from the cell body layer; (C). Reversal of potential as

electrodes enters the CA1 layer; (D). Adjustment of electrode to obtain the maximum
EPSE.
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2.2.5 Recovery from surgery

Anaesthetised animals were removed from the stereotaxic ear-bars and an EEG
sweep taken over 24 seconds. The animals were kept warm by electric blanket to
recover over a 2 hrs period. Recovery was normally assessed by observing a
rightward shift in the frequency of the hippocampal EEG. The animals for chronically
implanted electrodes were housed individually after they had recovered from
surgery, and returned to the animal house. Experiments were carried out only on
animals they were eating and drinking normally and in which the baseline test EPSPs
were stable over three consecutive days. The skin contact to the cap became swollen
in some animals 3-4 days after surgery, which normally subsided with time. An
antibiotic powder, cicatrin, was sprinkled over this area during the recovery period to

minimise infection.

Training was carried out for 8-14 days after surgery. The animals were placed in
the dark recording box and connected to the pre-amplifier via flexible leads every day
in order to familiarize them. An input/output (I/O) curve was measured every day at
the start of recording and used to assess if a there was a shift in the electrode site. A
consistent /O curve over 3-4 days was taken as a benchmark for inclusion in an
experiment. The site was lost temporarily in some animals where oedema had taken
place after surgery, but it would be recovered when the swelling subsided. The
chronically implanted animals were given 30 minutes in the experimental set-up to
settle down prior to experiments and a fan was on all the time to provide background
noise. The rats were awake but relatively motionless while recording took place.
Recordings were taken at same time each day for awake (1100-1600) and
anaesthetised (1300-1800) animals.

2.3 Recording apparatus

The electrophysiological recording chamber was surrounded by a Faraday cage to
isolate the signal from environmental interference. All instruments in the cage were
grounded to a central point to eliminate 50 cycle noise. In both acute and chronic

experiments, test EPSPs were evoked by a single square wave pulse of current which
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generated by a constant current isolation unit ( ISO-Flex) to the bipolar stimulating
electrode embedded in the dendrites of stratum radiatum of the CA1 hippocampal
region. Chronically implanted rats were connected to a pre-amplifier via flexible
leads (40 cm long) to allow the rats free movement in the recording box. For the acute
recording, the leads were 10 cm long. This evoked a response which was transmitted
via a pre-amplifier (gain 11) with a broad band setting of 4 Hz to 6 kHz, to an
analogue-to-digital converter (MacLab/2e, Analog Digital Instruments). This was a
digitized system linked to an Apple Macintosh computer (Classic II for acute
recording, Performa 6200 for chronic recording) which interfaced with the converter
via a specifically written software package (Scope, version 3.5.4). This was
customized to control both the generation of the square wave pulses and recording of
evoked potentials. The tield EPSPs were therefore displayed on-line and could be

analyzed at the time of recording or at later date.

Experiments were carried out in a well lit (~750 lux, fluorescent lighting) room.
The overall dimensions of the recording box were 55x 24 x 24 cm (length, width,
height). The box which made of perspex was further divided into two chambers — the
red (27x 24 x 24 cm, for familiar environment) and white (27x 24 x 24 c¢m, for novel
environment ) — by an opaque barrier through which rats could traverse. The familiar
box was covered with a thin sheet of plastic which acted as a red filter (>600 nm,
filter factor ~3 x ), bedding with wood-flakes. The white box as a novelty had no
bedding (Novel-1). To minimize the behaviour stress and increase animal exploration,
some toys (balls, blocks, some plastic chow, rope and wire ) were placed in the white
box and yellow paper covered the perspex (Novel-2). Behavioural evidence that the
animals acquired information about the new environment was provided by the
observation that the animals explored less on re-exposure to the novel box on
consecutive days. Entry into the novel box did not elicit any observable stress

responses like as behavioural freezing, piloerection or defecation typical of stress.

2.4 Electrophysiological recording

Population field excitatory postsynaptic potentials (EPSPs) were evoked in the

stratum radiatum of the CAl region by stimulating the Schaffer




collaterals/commissural fibers. An input/output curve (stimulus intensity versus
EPSP amplitude) was recorded at the start of each experiment to determine the
maximum EPSP amplitude (Fig. 2-2). The test EPSP used for baseline and
subsequent measurements in the experiment was 50% of this maximum value. In
most of experiments, an intensity evoking half maximum response was chosen for
paired-pulse stimulation. The conditioning (and test) stimuli were delivered at a rate
of 0.033 Hz (square wave constant-current pulses of 0.1 ms duration, 40 ms
interstimulus interval). Recordings were taken for at least 1 h to ensure stability of the
baseline. The high-frequency stimulation (HFS) protocol for inducing LTP consisted
of 10 trains of 20 stimuli: interstimulus interval, 5 ms (200 Hz); intertrain interval, 2
s. The stimulation intensity was raised to given an EPSP of 75% maximum during the
HFS. Weak tetanus stimulation (WTS) protocol consisted of 10 trains of 10 stimuli
with an interstimulus interval of 10 ms (100 Hz) and an intertrain interval of 2 s,

while the intensity was the same as the test stimulus ( 50% maximum ).

2.5 Drugs*

AF-DX 116 {11-[[2-[(Diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-
dihydro-6H-pyrido[2,3-b][1,4]benzodiazepin-6-one} (Tocris)*
dissolved in dimethylsulph oxide and diluted in a saline.

D-AP-5 D-(-)-2-Amino-5-phosphonovaleric acid (Tocris)
L-arginine (Sigma) A
BIM Bisindolylmaleimide [ hydrochloride ( Calbiochem, CN

Biosciences (UK) Ltd., Boulevard Industrial Park, Beeston,
Nottingham, NG9 2JR UK, www.cnbiosciences.co.uk).

CPP 3-((R,S)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid
(RBD) ~
4-DAMP 4-Diphenylacetoxy-N-methylpiperidine methiodide ( RBI)

Dental acrylic liquid  Associated Dental Products Ltd., Purton, Swindon, Wiltshire
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SN5 9HT., UK

Dental acrylic powder Associated Dental Products Ltd., Purton, Swindon, Wiltshire

SN5 9HT., UK
H-7 [(H-1-(5-isoquinolinylsulfonyl)-2-methylpiperazine]
dihydrochloride (Tocris)
Indian ink Geoge T. Gurr Ltd., London, SW6, UK
Mecamylamine N,2,3,3-Tetramethylbicyclo(2.2.1)heptan-2-amine

Hydrochloride (Sigma)

Methoctramine N,N’ -bis [6-[[(2-Methoxyphenyl)methyl]Jamino]hexyl]-1,8-
octane diamine tetrahydrochloride (RBI),

Mibefradil F.Hffmann-La Roche Ltd., (Pharma. Division, CH-4070 Basel,
Switzerland)

Muscarine DL-muscarine chloride (Sigma )

Norocaine Lidocaine hydrochloride with adrenaline ( Norbrook

Laboratories Ltd., Newry BT35 6JP, UK)

Propranolol 1-(Isopropylamino)-3-( 1-naphthyloxy)-2-propanol
hydrochloride (Sigma)

Rp-cAMPs Rp-Cyclic 3',5'-hydrogen phosphorothioate adenosine
Triethylammonium salt (RBI)

Saggital Pentobarbitone sodium B.P. (Rhone Merieux Ltd., Harlow,
Essex CM19 5TS, UK)

Saline Sodium chloride injection (Antigen Pharmaceuticals Ltd.,
Roscrea, Ireland)

SCH-23390 (R)-(+)-7-Chloro-8-hydroxy-3-methyl-1-phenyl-2,3.4,5-
tetrahydro-1H-3-benzazepine Hydrochloride (RBI)

Scopolamine Scopine tropate Hydrobromide (Sigma)

SKF-38393 (3-1-Phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol

Hydrobromide (Tocris)
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Telenzepine 4 9-Dihydro-3-methyl-4-[(4-methyl-1-piperazinyl)acetyl]-10H-
thieno[3,4-b][1,5]benzodiazepin-10-one dihydrochloride (RBI)

TRIM 1-(2-trifluoromethylphenyl) imidazole (Lancaster, Eastgate,
White Lund, Morecambe, England)

Urethane Ethyl carbamate (Sigma)

YM 796 ((-)-(S)-2,8-dimethyl-3-methylene-1-oxa-8-azaspiro[4,5]decane
L-tartrate monohydrate ( Yamanouchi Pharmaceutical Co.
Tokyo, Japan ).

Notes: *: All the drugs for the experiments were dissolved in distilled water or saline, except for
mentioned.
{¥: Research Biochemicals International, One Strathmore Road, Natick, MA 01760-2447
USA, (www.sigma-aldrich.com).
& : Sigma, 3050 Spruce Street, Saint Louis, Missouri 63103 USA, (www.sigma-aldrich.com)
# : Tocris Cookson Ltd. Northpoint Fourth Way, Avonmouth, Bristol, BS11 8TA UK
(www.tocris.com).

2.6 Histology

Verification of the electrode and cannula positions was carried out postmortem.
Ten ul of Indian ink was injected into the ventricles via the cannula before the animal
was scarified. On dissection of the brain, it could be seen clearly that the ink had
migrated from the injection site along the ventricular space reaching the hippocampus
on both sides of the brain validating this method as a route for drug administration in

all animals.

The animals were killed by overdosed with sodium pentobarbitone (for freely
moving rats) or neck dislocation (for urethane-anaesthetised rats). In each case the
brain was removed from the skull and preserved in a 10% formalin solution for
histological examination. Brains were sectioned by hand to check for electrode tracts
visible in the CA1 region. Blocks of tissue 3 mm from the cannula or electrode sites
were cut and embedded in paraffin wax. A microtome (American Optical Company,
Spencer 820 Rotary microtome) was used to prepare 10 or 300 um thick sections
which were then stained with thionin (1% aqueous solution) for 3-4 minutes and

mounted in distrene plastiziser xylene. The precise location of electrodes and the




cannula could be seen using a light microscope. The electrode and cannula sites

verified before the result of that brain was included in the analysis.

2.7 Data analysis

The amplitude and slope of the field EPSP were measured but it was found that
there is a direct linear correlation between the two (Fig.2-2). Slope, rather than peak
amplitude, is used to extracellular measure changes in synaptic efficacy because peak
amplitude, but not initial slope, can be reduced by a population spike occurring at the
field EPSP peak, or altered by EPSP-spike potentiation (Abraham,et al., 1987).
Therefore the slope of the response was taken as the main indicator of excitatory

synaptic transmission in these off-line analysis.

The initial slope of the EPSP and PPF values were calculated by taking the average
of 5-min epochs. Slopes of the initial part of single field potentials were measured
within a 0.6-1.0 ms widow of the declining phase (Fig.2-2B). The magnitude of LTP
was expressed as the percentage of pre-HFS (or pre-methoctramine administration)
baseline EPSP slopeZS.E.M. (standard error of means). Paired-pulse facilitation
(PPF) was expressed as the percentage of the second EPSP (EPSP2) minus the first
(EPSP1) divided by the first.

Statistical significance of the difference between means was estimated using two
different statistical measures:
. Analysis of variance (ANOVA) with repeated measures.
o A two-tailed paired/unpaired Student's t-test.
The data were analyzed using JMP IN 3.2.1 statistical software on a Macintosh
Performa 5260. Statistical significance was taken at the 95% level (P-values <0.05).
All data in individual experiments within a set were grouped and averaged with the

means and S.E.M. calculated using Microsoft Excel 6.0.
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Fig. 2-2. Schematic diagram of coronal hippocampus and the input/output curve of
the field EPSP. (A). Schematic diagram of coronal section of the rat hippocampus
shows the stimulation and recording sites; (B). A represent example of the field EPSP
recordings from the CA1 used to make the measurements; (C). Input/output curve of
initial slope and peak amplitude of EPSP in present study (n=14).
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I11. Results

3.1 Muscarinic agonists elicit biphasic responses

3.1.1 Low dose of muscarine induced a transient increase of the EPSP

The muscarinic agonist, carbachol, has been reported to induce muscarinic LTP
(LTPm) in low concentrations (<1uM) and to depress EPSPs in high doses (>5 uM)
in the isolated hippocampal slice (Auerbach and Segal 1994, 1996; Yun, et al, 2000).
In order to verify the biphasic effect of ACh, muscarine, a mAChR agonist, was
injected into the lateral cerebral ventricle (i.c.v.) in a low concentration (1 uM) in
urethane-anaesthetized rats. In contrast with the previous reports, this dose (1 uM) of
muscarine did not induce a long lasting potentiation; instead it transiently increased
the field EPSPs ( 117+4.8% of baseline at 30 min, n=5, P<0.05 ) (Fig.3-1).

3.1.2 High dose of muscarine depressed the EPSP in vivo

Subsequently, a relatively high concentration (10 uM) of muscarine was injected
i.c.v. Consistent with the previous report in vitro, the high dose of muscarine (n=5)
depressed the EPSPs: the slope of EPSP was reduced to 73.1+10.3% of baseline at 30
min (P<0.05) (Fig.3-1).

3.1.3 M, agonist, YM796, had no effect on the baseline EPSP

As the M,; subtype receptor activation was reported to reverse cognitive
impairment in passive avoidance tasks in rats (Fisher et al. 1991), we monitored
baseline synaptic transmission after YM 796, a predominately M, receptor agonist
(Wanibuchi et al. 1994), was administered by intraperitoneal injection (0.5 mg/kg) in
urethane-anaesthetized rats. Neither amplitude or slope of the EPSP showed any

significant change (n=4).
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Fig. 3-1. Muscarine elicits biphasic effects on baseline synaptic transmission. A low
concentration of muscarine (1uM) increased the slope of the field EPSP transiently
(n=5, m); a high dose of muscarine (10 uM) depressed the field EPSPs (n=5, e ),
YM-796 (n=4, A ) injection did not change the baseline level of synaptic
transmission. Insets show traces of the field EPSPs recorded at the times indicated.
Horizontal bar, 10 ms; vertical bar, 1.0 mV.
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3.2 Endogenous acetylcholine enhanced EPSPs

The mAChRs in the hippocampus can regulate neuronal excitability by
modulating ionic conductance (Cole & Nicoll 1983) and neurotransmitter release
(Hounsgaard 1978). The types of muscarinic receptors involved in inhibition or
enhancement of release are not fully resolved. We first examined the effects of
different mAChR antagonists on baseline synaptic transmission and short term
plasticity by monitoring changes in EPSP slope and PPF in urethane-anaesthetized
rats.(Fig. 3-2).

3.2.1 Non-selective antagonist, scopolamine, had no effect on EPSP baseline

Muscarinic ACh receptor antagonists, atropine and scopolamine, administered
systemically have been reported to cause a significant increase in ACh release from
. the hippocampus (Koppen et al. 1997; Scali et al. 1995; Vannucchi & Pepeu 1995;
Vannucchi et al. 1997). In the present study, scopolamine (5 ug) was given i.c.v. PPF
decreased from 70.9+9.9% to 57.7+8.1% (n=12, P<0.05) which is consistent with an
increase in neurotransmitter release. However, no significant effect on the EPSP slope
was observed (95.3£2.9% to 108.7+4.8%, P>0.05).

3.2.2 M, antagonist, telenzepine, had no effect on EPSP baseline

The M, receptor is by far the most abundant in the hippocampal formation, and
this receptor is especially enriched in hippocampal area CA1 (Levey et al., 1995). The
M, subtype is mainly confined to the postsynaptic site in pyramidal and granule cell
somata and dendrites (Levey et al., 1995; Rouse et al., 1997,1999). Consistent with
this, the M, antagonist, telenzepine (12.5 ug, icv), had no effect. on the EPSP or PPF.
(Fig.3-2).




3.2.3 M;antagonist, methoctramine, enhanced the EPSP
(see also 3.3.1 and 3.6.1)

The muscarinic M, receptors antagonists, such as AF-DX 384, AF-DX 116, AQ-
RA 741, BIBN-161 and methoctramine, have been reported to significantly and
concentration-dependently facilitate in vivo ACh release (Stillman et al. 1993, 1996;
Vannucchi et al. 1997; Kitaichi et al.1999), but not in vitro (Vannucchi & Pepeu
1995). In the present study, injection of methoctramine (12.5 pg, icv) increased the
EPSP slope (98.9+4.0% to 148.7+9.5%, n=14, P<0.01) and decreased PPF
(57.3£12.4% to 42.4+10.8%, n=14, P<0.05).

3.2.4 M; antagonist, 4-DAMP, had no effect on the baseline

Much less is known about the precise localization and functions of the other
mAChR subtypes (M;3;-Ms) in the hippocampus. In the present study, the M;
antagonist 4-DAMP (6.5 ug, icv) had a similar effect on the EPSP slope and PPF as
scopolamine, but, the effect was not significant (n=7, P>0.05).

3.3 Blockade of M, receptors induced a long-lasting potentiation

3.3.1 M; antagonist, methoctramine, induced an LTP-like phenomenon

Methoctramine, a relatively selective M, /My receptor antagonist (Michel and
Whiting, 1988; Caulfield, 1993), significantly enhanced field EPSPs (see 3.2.3). The
increase in EPSP slope was fast onset and long lasting similar to tetanus-induced LTP
(Fig. 3-3, black circles). This LTP-like change induced by methoctramine (12.5 ug)
was stable and lasted at least 3 hours in our recording. The field EPSP slope was
145.7+12.3% and 160.1=12.2% of baseline at 10 and 120 min after i.c.v. injection of

methoctramine, respectively (n=8, P<0.05 at 10 min and P<0.01 at 120 min ).




3.3.2 M, antagonist, AF-DX 116, induced an LTP-like phenomenon

In order to confirm the LTP-like phenomenon was induced by M, mAChR
antagonism, another M, antagonist, AF-DX 116 (Galvan et al., 1989; Caulfield,
1993) was injected i.c.v.(8 uM in 0.1% DMSO). The field EPSP showed a similar
change to that seen with methoctramine (Fig. 3-3, white circles, n=5). Vehicle
injection i.c.v. had no effect on the EPSP slope in the same pathway (n=6). Thus,
these results suggest that blockade of M, muscarinic receptor subtype by antagonists

can induce a fast onset ‘LTP’ in vivo.

3.3.3 Methoctramine induced enhancement of the EPSP is dose-dependent

Methoctramine had been reported to affect rat behaviour in concentrations of 2-
100 pg (2.7-137 nmol) i.c.v. (Aura, et al 1997, Puolivali et al, 1998; Mayorga, et al,
1999) and 250 nmol- lumol in vitro preparations (Calabresi, et al, 1998; Liu, et
al,1998). We first tested baseline changes in synaptic transmission after
methoctramine administration at a dose of 12.5 ug (17 nmol)/rat. The EPSP
amplitude and slope increased significantly (n=8, P<0.05, Fig.3-4 ). Following this
we progressively reduced the concentration by half (6.25 ug, 3.12 ug and 1.56 ug)
(n=5, respectively). The increased of the EPSP slope was dose-dependent, the dose of
1.56 pg (2.1 nmol) being inactive.
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Fig. 3-3. Blockade of M, muscarinic receptor induces a fast onset long-lasting
potentiation in the hippocampal CA1 region in vivo. Methoctramine injection i.c.v.
(17 nmol) significantly increased the EPSP slope (n=8) for at least 3 hours ( P<0.05;
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3.4 Methoctramine-induced ‘L TP’ is dependent on muscarinic receptors
3.4.1 Scopolamine blocked the induction of methoctramine-induced ‘LTP’

Muscarinic M, subtype receptor is considered to be the major autoreceptor in the
hippocampus (Quirion, et al, 1995, Stillman et al, 1996; Kitaichi, et al, 1999; Rouse,
et al, 2000a). M, antagonists significantly increase ACh release in hippocampus
(Stillman, et al, 1993; 1996). As ACh release in the presence of methoctramine might
activate other muscarinic receptor subtypes, a non-selective muscarinic antagonist,
scopolamine, was given in combination with methoctramine. Scopolamine was
injected 30 min (Spg/rat,13 nmol, i.c.v.) before methoctramine administration. The
LTP-like response was blocked (n=7, P>0.05, compared with pre-methoctramine
injection, Fig.3-5A). Subsequent high frequency stimulation still induced a robust
LTP (P<0.01), which is consistent with previous reports that cholinergic antagonists
have no effect on LTP in CA1 (Tanaka et al.,1989; Sokolov and Kleschevnikov,1995;
Yun, et al, 2000). Similarly, when scopolamine was systemically injected (1.0mg/kg,
1.p., n=5) 30 min before methoctramine administration, the methoctramine-induced
increase in the field EPSPs was completed blocked (104.8+18.8% of baseline at 60
min, n=5, P>0.05).

3.4.2 Scopolamine had no effect on the maintenance of methoctramine-‘LTP’

Although scopolamine blocked the induction of the methoctramine induced LTP-
like phenomenon, we wanted to know whether it affected the maintenance of this
LTP. Scopolamine failed to reverse the LTP-like responses when it was injected (13
nmol, i.c.v.) 60 min after methoctramine administration (n=5, Fig.3-5B). These
results suggest that the induction of the LTP-like phenomenon by M, antagonists was
muscarinic dependent, but that maintenance does not need mAChR activation.

3.4.3 Mecamylamine failed to block methoctramine-‘LTP’

To verify that the LTP-like phenomenon is muscarinic receptor rather than
nicotinic receptor-dependent, mecamylamine, a nicotinic antagonist, was applied 30
min (2mg/kg, 1.p.) before methoctramine. A significant potentiation of EPSP slope
was still evoked (153.9+8.7% of baseline at 60 min, n=6, P<0.05) (Fig. 3-6). In
additional experiments, 3 rats were injected with mecamylamine by i.c.v. (10 pg)
before methoctramine administration. A robust LTP was still evoked (158.1+11.4%
of baseline at 60 min, P<0.05).
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Fig. 3-5. The methoctramine-induced persistent facilitation is muscarinic receptor-
dependent. (A) Pre-treatment with scopolamine (13 nmol i.c.v.) inhibited the effect of
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Horizontal bar, 10 ms; vertical bar, 1.0 mV.
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3.5 Non-M; muscarinic receptors are involved in the methoctramine-‘LTP’

3.5.1 M, antagonist, telenzepine, partially blocked methoctramine-‘LTP’

As there are no very selective antagonists for mAChR subtypes, different relatively
selective antagonists were used to determine if they could prevent the methoctramine-
‘LTP’. Telenzepine (12.5 ug/rat, 28 nmol, i.c.v.), a relatively selective M, subtype
receptor antagonist (Schudt, et al, 1988; Galvan, et al, 1989), did not block the
methoctramine-’LTP’ completely (113.7£5.3% at 10 min, n=9, P<0.05, Fig. 3-7,
black circles). However, the magnitude of LTP induced by methoctramine after
telenzepine was smaller than that of the methoctramine alone group (P< 0.05). The
apparent decrease of LTP magnitude may be due to partial block of non-M, subtypes,
such as My/Ms.

3.5.2 M; antagonist, 4-DAMP, blocked methoctramine-‘LTP’

To test idea that non-M, receptors may be responsible, a relatively selective M3
subtype receptor antagonist, 4-DAMP (Michel, et al, 1989, Caulfield, 1993) was
given (6.25 pg/rat,14 nmol, i.c.v.) to the rats before methoctramine administration.
[nitially the methoctramine-'LTP’ was blocked (111.3£4.6% at 10 min, n=7, P>0.05,
Fig.3-7, white triangles). Later, the magnitude of the EPSP increased somewhat
(compared with methoctramine, P>0.05, while compared with pre-4DAMP, P<0.05).
Interestingly, in both groups a subsequent tetanus induced LTP. These results
together with the finding that the relatively M, selective agonist YM 796 failed to
potentiate the EPSP responses (Fig. 3-1), suggest that M3 and possibly Ms receptor

subtypes mediate the methoctramine-‘LTP’ in the CA1 area in vivo.
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Fig. 3-7. Non-M, receptor subtypes mediate the methoctramine-induced ‘LTP’. (A)
Telenzepine, an M, receptor-preferring antagonist, partially blocked the
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also partially blocked the induction of methoctramine-induced ‘LTP’ (n=7, A). Insets
show traces of the field EPSPs recorded at the times indicated. Horizontal bar, 10 ms;
vertical bar, 1.0 mV.




3.6 Methoctramine-‘LTP’ is dependent on nitric oxide synthase

3.6.1 Methoctramine-‘LTP’ is associated with a reduction of PPF

The LTP-like change induced by methoctramine was stable, lasting at least 3
hours. The field EPSP slope response to the first stimulus pulse was 139.9+=13.2%,
161.6=14.6% and 168.2+26.7% at 5, 60 and 180 min after ICV injection of
methoctramine, respectively (n=8, P<0.05, Fig.3-3). This was accompanied by an
increase in  the second pulse response to 130.9+8.1%, 150.8+13.6% and
147.8+15.3% at 5, 60 and 180 min, respectively. As the group of scopolamine effect
on the expression of methoctramine-‘LTP’ is the same before scopolamine injection
(see 3.4.2.; Fig.3-5B), the data of these two groups were pooled. The EPSP slope
response to the first stimulus was 157.4+12.2% at 60 min (n=14, Fig.3-8A). Paired-
pulse facilitation (PPF) was decreased after methoctramine injection (Fig.3-8B). In
the first group injected with 12.5 pg (17 nmol) PPF did not decrease significantly
(n=8, P>0.05). The PPF was significantly decreased when we pooled this first group
and scopolamine group which also shows a PPF decrease following methoctramine
administration (57.3+12.4% reduced to 39.3+9.9% at 60 min, n=14, P<0.05), these
results suggest this LTP induced by methoctramine involve a presynaptic mechanism
(Li et al, 2000).

3.6.2 NOS inhibitor, TRIM, blocked methoctramine-‘LTP’

We tested whether the HFS-induced LTP was dependent on nitric oxide synthesis
(NOS) by using the NOS inhibitor, TRIM (Handy et al., 1996). The administration of
TRIM (75 mg/kg, i.p.) 30 min before HFS blocked HFS-induced LTP (119.7+6.33%
and 104.2+10.1% of baseline at 10 and 120 min after HFS, n=7, P<0.01 and >0.05,
respectively; P<0.05 compared with vehicle group of 173.5£18.5% and 168.9+16.2%,
n=10, ANOVA) (Fig. 3-9A). The increase in the field EPSP slope lasted 1 hour
(111.0+£7.1%, P<0.05, compared with baseline; P<0.05, with the vehicle). This
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indicates that the NOS inhibitor TRIM blocked tetanus-induced LTP, but spared
short-term potentiation (STP).

In order to determine if the M; mAChR antagonist induced facilitation shared
common mechanisms with LTP, the same dose and protocol of TRIM administration
as was used in the tetanus-induced LTP group was applied to the methoctramine
induced-‘LTP’. Interestingly, TRIM completely blocked methoctramine-‘'LTP’
(102.1+£3.6% and 101.7+8.7% of baseline at 10 and 120 min after methoctramine
administration, n=5, P>0.05) (Fig. 3-9B).

3.6.3 L-arginine, reversed TRIM block of methoctramine-‘LTP’

To verify the possible involvement of NO in tetanus-induced LTP in the CAl
area, a precursor of NO, L-arginine, which is used by NOS for NO production, was
given (250 mg/kg, 1.p.) one minute before application of TRIM. A potentiation of the
field EPSP slope was found indicating that increased substrate for NOS had overcome
the inhibitory effect of TRIM on the induction of LTP (133.1+10.5% and
155.6+10.8% of baseline at 10 and 120 min after HFS, n=6, P<0.05 and P<0.01,
respectively, P>0.05 compared with vehicle group, ANOVA) (Fig. 3-9A). The
reversal of LTP in the presence of L-arginine was significant compared with the
group of rats injected solely with TRIM (P<0.05). The inhibitory effect of TRIM on
methoctramine-"L TP’ was partially reservsal by pretreatment of animals with L-
arginine (114.6+4.5% and 121.5£7.6% of baseline at 10 and 120 min, n=7, P<0.05;
compared with TRIM group or vehicle group, P<0.05, ANOVA), Therefore, the

methoctramine-'LTP’ is dependent on NO production.
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3.7 NMDA receptors, not VDCCs, are involved in methoctramine-‘LTP’
3.7.1 NMDAR antagonist, D-APS, blocked methoctramine-‘LTP’ partially

It is well accepted that tetanic induction of LTP in the CAl area is NMDA
receptor-dependent (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999). D-
APS, a strong and specific NMDA receptor antagonist, blocked tetanus-induced LTP
in urethane anaesthetized rats (111.8£6.3% of baseline at 60 min, n=4, P>0.05).
When this drug (10 pg) was injected i.c.v. 10 min before methoctramine, a small LTP
was still elicited (121.6£5.2% of baseline at 60 min, n=6, P<0.05) (Fig.3-10, black
circles). CPP, another NMDA receptor antagonist, systemically injected (10 mg/kg,
i.p.) also blocked tetanus-induced LTP (106.7+9.3% of baseline at 60 min, n=8,
P>0.05). However, when CPP was systemically injected 45 min before
methoctramine, the methoctramine-"LTP’ was still recorded (143.9+12.3% of
baseline at 60 min, n=4, P<0.05), this indicated the LTP induced by M, antagonist
was only partially NMDA receptor-dependent.

3.7.2  VDCC antagonist, mibefradil, failed to block methoctramine-‘LTP’

Although LTP usually depends on Ca®" influx through postsynaptic NMDA-type
glutamate receptors, a non-NMDAR mediated LTP can be induced in area CA1 of the
hippocampus in presence of the NMDA receptor antagonist AP-5 by application of
repeated strong tetanus (200 Hz) to the Schaffer collaterals (Cavus & Teyler 1996;
Morgan & Teyler 1999). This AP-5-resistant LTP is blocked by antagonizing L-type
voltage-dependent calcium channels (VDCCs) and is referred to as VDCC-LTP
(Morgan & Teyler 1999). So, a VDCC antagonist, mibefradil, was used to determine
if the methoctramine-‘LTP” was dependent on the VDCCs. Mibefradil (10 mM) was
injected i.c.v. 10 min before methoctramine administration. A significant LTP-like
response was produced in these rats (159.1£25.3% of baseline at 1 hour after
methoctramine injection, n=5, P<0.05) (Fig. 3-10, black triangles). Thus, the
methoctramine-‘LTP’ is VDCC-independent.
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3.8 Second messengers involved in methoctramine-‘LTP’

It is clear that Ca®" -dependent protein kinases are involved the induction of LTP
by HFS (Malenka and Nicoll, 1999). We first tested the effect of H-7, a non-specific
serine-threonine protein kinase inhibitor (Hidaka et al., 1984), on the induction of
LTP by tetanus and methoctramine. H-7 (40 ug/rat , i.c.v.) was injected 30 min before
tetanus or methoctramine (12.5 pg/rat, i.c.v.). It failed to block tetanus-induced LTP
(EPSP slope 158.4+13.5% and 150.0+8.7% of baseline at 10 and 120 min after HFS,
respectively, P<0.01, n=5). Methoctramine-'LTP’ was partially blocked by H-7
(132.6x12.3% and 128.0+13.3% of baseline at 10 and 120 min after methoctramine,
respectively, n=8, P<0.05). This suggested that one or more protein kinase (PKA,
PKC, PKG), is involved in the methoctramine-‘LTP’.

3.8.1 PKC inhibitor, BIM, blocked methoctramine-‘LTP’

Bisindolylmaleimide I (BIM), a selective and potent PKC inhibitor (Toullec et al.,
1991), did not block the potentiation of the EPSP slope induced by HFS
(159.7£11.8% and 140.2+12.9% of baseline at 10 and 120 min after HFS,
respectively, n=6, P<0.01; and P>0.05 compared with vehicle, ANOVA) (Fig.3-
11A). However, the same dose of BIM (40 pg) blocked the M, antagonist induced-
LTP (110.1£9.0 % and 103.9£12.6% at 10 and 120 min after methoctramine,
respectively, n=6, P>0.05 compared to baseline; P<0.05 compared to the vehicle,
ANOVA) (Fig.3-11B) (Table 3-1). This finding suggests that methoctramine
induced-‘LTP’ requires activation of the PKC signal pathway.

3.8.2 PKA inhibitor, Rp-cAMPs, blocked methoctramine-‘LTP’

When Rp-cAMPs, a selective and potent PKA inhibitor, was injected i.c.v. (90
ug), the potentiation of the EPSP slope induced by HFS was partially blocked
(114.3£7.1% and 119.7£6.9% at 10 and 120 min after HFS, respectively, n=6,
P<0.05; and P>0.05 compared with vehicle, ANOVA) (Fig.3-11A). Rp-cAMPs
blocked the M, antagonist induced-‘LTP’ (94.3+1.9 % and 96.6+4.0% at 10 and 120
min after methoctramine, respectively, n=6, P>0.05 compared with baseline; P<0.05
compared with the vehicle, ANOVA) (Fig.3-11B). Therefore, methoctramine
induced-‘LTP’ also requires activation of the PKA signal pathway.
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3.9 Methoctramine did not occlude tetanus-induced LTP
391 Methoctramine did not occlude tetanus-induced LTP

Using the dose (12.5 pg) of methoctramine which increased baseline synaptic
transmission, we tested its effect on the tetanus-induced LTP in the same pathway.
Results showed that methoctramine did not occlude later tetanus-induced LTP
(352.4+44.7% after HFS compared with 174.8+10.9% pre-HFS, n=7, P<0.01) (Fig. 3-
12.A, white circles), the magnitude of HFS-LTP rebasline from pre-HFS is
202.3+24.5% vs. control HFS-LTP 140.6+13%, n=6, Fig.3-12B). A low dose
(1.56pug) of methoctramine had no effect on LTP induced by a strong tetanus (3 sets
of 200 Hz HFS given 10 min apart) (n=6, Fig.3-13A). Weak tetanus stimulation
(WTS) did not evoke LTP in urethane-anaesthetised rats (n=8, Fig.3-13B), and
methoctramine failed to facilitate LTP induction by WTS (n=6, Fig.3-13C).

3.9.2 BIM failed to prevent the tetanus-induced LTP after methoctramine

Because PKC is required for methoctramine induced-‘LTP’, we wanted to
determine if the tetanic-induced LTP after methoctramine was effect by PKC. BIM, a
selective PKC inhibitor, was applied prior to methoctramine. The tetanus-induced
LTP was not blocked by BIM (173.2+26.4% after HFS vs 97.1+4.7% of BIM with
methoctramine, n=6, P<0.05). When the baseline was calculated from the responses
just before the HFS, the magnitude of tetanus-induced LTP was 202.3+24.5% and
175.8+20.5% at 10 min (P>0.05, ANOVA). The tetanus-induced LTP in the BIM
with methoctramine group was similar to that found in animals given BIM alone
(P>0.05) (Fig.3-12.A, black circles). This is further evidence that PKC inhibitors
have no effect on tetanus-induced LTP.

3.9.3 Tetanus-induced LTP occludes later methoctramine-induced ‘LTP’

Although methoctramine did not occlude tetanus-induced LTP, standard HFS-
induced LTP was not blocked by a PKC inhibitor. The possibility that the
methoctramine effect shared common expression mechanisms with standard HFS-
induced LTP was next studied. When methoctramine was injected 2 hour after robust
LTP induction, the magnitude of the EPSP slope did not change (Fig. 3-12.B). These
results suggest that methoctramine can facilitate later tetanus-induced LTP, but
tetanus-induced LTP occludes later methoctramine-‘LTP’. It may suggest that the
methoctramine-'LTP” and tetanus-induced LTP require overlapping expression
mechanisms but different induction mechanisms.
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Fig. 3-12. Methoctramine did not occlude tetanus-induced LTP. (A), LTP was
induced by HFS (200 Hz) in rats pretreated with methoctramine (n=7, o );the PKC
inhibitor, BIM, did not block this LTP (n=6, e ); (B), Tetanus-induced LTP occluded
methoctramine-induced LTP in the same pathway. Insets in A and B show traces of
the field EPSPs recorded at the times indicated. Horizontal bar, 10 ms; vertical bar,
1.0 mV.
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Fig. 3-13. A subthreshold dose of methoctramine had no effect on tetanus-induced
LTP and methoctramine failed to affect the response to a subthreshold tetanus. (A),
Subthreshold methoctramine (white arrow) failed to affect strong tetanus (3 sets,
black arrow) induced LTP (methoctramine, n=7 vs. vehicle n=5, P>0.05); (B). Weak
tetanus stimulation (WTS, 100 Hz) failed to induce LTP in urethane anaesthetized
rats (n=7); (C), The standard dose of methoctramine (12.5 ng) failed to affect the
response to weak tetanus stimulation (WTS) (n=6).
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3.10 Methoctramine-‘LTP’ is not dependent on synaptic stimulation
3.10.1 Methoctramine-‘LTP’ is widespread

In order to examine if the methoctramine induced-‘LTP’ was specific to the
hippocampus closest to the cannula, both test (ipsilateral) pathway and control
(contralateral) pathway field EPSP responses were recorded (n=4). In contrast to
previous study on tetanus-LTP (Bliss & Lomo, 1973), methoctramine induced-‘'LTP’
was recorded in both pathways (Fig. 3-14.A). This result suggests that injection icv
has widespread persistent functioning effects on synaptic transmission bilaterally in
the hippocampal CA1 areas in anaesthetized rats.

3.10.2 Stopping stimulation failed to prevent methoctramine-‘LTP’

To determine if stimulation affected the methoctramine induced-LTP, suspension
of stimulation was included in the protocol. After at least 1 hour stable baseline
recording, the standard dose (12.5 ug) of methoctramine was administrated i.c.v.
After a delay of 90 min without any stimulation, scopolamine was given 1.c.v. to
prevent activation of muscarinic receptors. On re-commencing stimulation the EPSP
slope was significantly increased. Thus the methoctramine-‘LTP’ is not stimulation-
dependent (Fig. 3-14.B). This result also confirmed the finding that scopolamine
failed to reverse the expression of LTP induced by methoctramine (Fig. 3-5.B).

3.10.3 Medial septal injection of methoctramine had no effect on
hippocampal EPSPs

The cholinergic innervation of the hippocampus arises solely from the medial
septum and diagonal band of Broca (MSDB) (Fibiger 1982). To answer whether
methoctramine induced ‘LTP’ 1is initiated in the MSDB, methoctramine
(6.25ug/1.0ul) was locally injected into the MSDB. No significant change of the field
EPSP was recorded in the CAl area (97.0£6.9% at 30 min, n=6, vs 98.0+4.0% of
saline injection, n=3, P>0.05). Similarly, injection of a higher dose (12.5 pg/1.0ul,
n=3, 101.2+4.8%) or lower dose (3.12 ug/1.0ul, n=2, 96.7+5.7%) of MSDB had no
effect on the hippocampal EPSP slope. Thus, the methoctramine induced LTP did not
appear to originate from the septum.
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3.11 Scopolamine failed to block tetanus-induced LTP in the intact brain

Muscarinic antagonists can block the action of cholinergic agonists at doses that do
not influence LTP induction by HFS in the CA1 region (Tanaka et al.,1989; Sokolov
and Kleschevnikov,1995; Yun, et al, 2000). Consistent with this, robust LTP was
induced 150 min after scopolamine, telenzepine and 4-DAMP in the present work
(3.4.1, 3.5.1, 3.5.2). It may be argued that the brain levels of these drugs was reduced
when the tetanus was applied. Here the tetanus (200 Hz) was applied 30 min after

scopolamine administration both in urethane-anaesthetized and freely behaving rats.

3.11.1 Urethane-anaesthetized rats

Consistent with previous report (Tanaka et al.,1989; Sokolov and Kleschevnikov,
1995; Yun, et al, 2000), scopolamine failed to block the induction of LTP by HFS
(Fig.3-15.A). Thus, similar to the methoctramine did not occlude tetanus-induced

LTP, scopolamine had no effect on tetanus LTP.

3.11.2 Freely behaving rats

Anaesthesia is a reversible depression of the central nervous system by
anaesthetics. Urethane can non-selectively reduce activation of NMDA, kainate and
quisqualate receptors (Evans & Smith, 1982). To examine the effect of scopolamine
on the tetanus-induced LTP independent of anaesthesia, freely behaving animals were
used in this study. In agreement with the results from urethane anaesthetized animals,
scopolamine failed to block the tetanus-induced LTP in acclimatized freely moving
rats (Fig. 3-15.B). This result supports previous reports that muscarinic receptor
activation is not required for LTP induction in CAl region by standard HFS
protocols (Tanaka et al.,1989; Sokolov and Kleschevnikov,1995; Yun, et al, 2000).
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3.12  Novelty exposure facilitation of LTP induction is not dependent on

muscarinic receptor activation

Hippocampal long-term potentiation (LTP) of excitatory synaptic transmission
provides a model of the synaptic mechanisms underlying information storage. The
link between LTP and learning/memory can best be examined in freely behaving
animals where there are intact excitatory and inhibitory circuits of neurones. Since
spatial memory is dependent on hippocampal function. It has been shown previously
that exploration of an unfamiliar non-stressful environment did not affect the
induction of LTP by a strong tetanus whereas pre-established LTP was reversed (Xu
et al., 1998). The present study examined the effect of exposure of freely behaving
rats to a novel environment on the ability to induce LTP in the CA1 area. Here the

response to a weak tetanus was evaluated. (results summarised in Table 3-3).

3.12.1 Novelty exposure facilitates LTP induction in behaving animals

To evaluate the novelty effect on the ability to induce LTP, a weak tetanus
stimulation (WTS) which consisted of a set of 10 trains of 10 stimuli at 100 Hz, inter-
train interval 2 s, was applied in the familiar recording box. When the animals
crossed from the familiar to the novel environment, they explored continuously for at
least 5 min. The ability of a WTS to induce LTP was then studied 5 min after the
animals had returned to the familiar environment, a time when the animals were in a
quiescent but alert state. This allowed us to compare the effects of conditioning
stimulation with and without novelty exposure under an equivalent behavioural state
thereby minimising any potential confounding effect of concurrent transient activity-
related changes in excitability (Leung 1980; Hargreaves et al., 1990; Moser et al.,
1993a) on LTP induction. The application of WTS to animals in a still alert state that
had remained in the familiar environment throughout the recording period failed to
produce a persistent change in synaptic strength (109.9+5.6, 111.1+6 and 110.1+9.6%
of pre-conditioning baseline EPSP slope + s.e.m. at 10 min, 1 h and 3h, respectively,
P>0.05 compared to baseline, n=7 ) (Fig. 3-16A). Remarkably, if the animals were
allowed to explore the novel environment (Novel-2, see methods) for a 5 min period
and then an identical WTS applied while the animals were in a still alert state 5 min
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after returning to the familiar environment, a rapid and robust LTP was now induced
(176.1+19.1%, 155.3+11.8% and 151.1£10.8% at 10 min, 1 and 3 h, respectively,
P<0.05, n=7) (Fig.3-16B).

If, as hypothesised, the facilitation of LTP induction was due to the novel
environment triggering a state in the hippocampus favoring the storage of new
information, it was reasoned that if the animals were habituated to the novel
environment that re-exposure to such an environment should have little effect on LTP
induction. A group of animals was familiarised with the novel environment by
allowing exploration for a 30 min period on 3 consecutive days. Subsequent
application of the WTS on the fourth or fifth day after the animals had visited the now
familiar environment for 5 min did not result in the facilitation of LTP (116.9+6.7,
120.9+9.4 and 116.6=11.5% at 10 min, 1 and 3 h, respectively, P>0.05, n=5) (Fig. 3-
16C). These experiments show that the novelty aspect of the new environment plays a
crucial role in the facilitation of LTP induction.

In order to verify this facilitation, another novel, non-stressful, environment
(Novel-1, see methods) was used. The animals explored such a novel environment
(Novel-1) to the same extent as when the objects were present i.e. continuously
during the 5 min exposure period and LTP was induced by the WTS after they had
returned to the familiar environment (144.3+10.7, 143.3=7 and 142.6+7.9 at 10 min,
| and 3 h, respectively, P<0.05, n=7) (Fig. 3-16D). These experiments demonstrate
that the presence of the novel objects was not essential and that relatively simple
novelty in the environment was sufficient to trigger novelty exploration and to
facilitate LTP induction.

[t was important to examine the time window for the facilitation of LTP induction
by novelty exposure in order to measure the temporal constraints on information
encoding by the hippocampus. In one set of experiments, the animals were allowed
remain in the novel environment for 25 min. The animals explored actively for
approximately 15 min and then became quiescent. Five min later, after returning to
the familiar environment, application of the WTS failed to facilitate LTP
(124.5£10.5% at 1 h, P>0.05, n=5 ) (Fig. 3-17A). A similar lack of LTP facilitation
was observed when the animals were allowed to explore the novel environment for 5
min, the weak tetanus being applied 25 min later in the familiar environment
(98.9+6.1%, P>0.05, n=4) (Fig. 3-17B). Thus, neither a prolonged (~15 min) nor a
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brief (5 min) period of exploration facilitated LTP induction if there was a 30 min
delay between the animals commencing exploration and the application of the
conditioning stimulation. I also examined the effect of allowing the animals to
explore the novel environment 5 min after applying the WTS. In contrast to the
experiments where the exploration took place prior to the weak tetanus, no LTP was
induced (118.9+7.4%, P>0.05, n=5) (Fig. 3-17C). Taken together, these experiments
show that the time window for the facilitation of LTP by novelty exposure is
relatively narrow.

It has been previously reported that, in manmals, exposure to a novel, complex
environment enhanced field EPSP in the dentate gyrus in a mammal similar to tetanus
induced-L TP (Sharp et al., 1985; Moser et al., 1993b). However, novelty exploration
following WTS did not enable LTP in present study (Fig.3-16B). Exposure to Novel-
2 for 5 min before WTS slightly increased field EPSP slope (115.6+9.0%, P>0.05),
but not significantly. Consistent with previous report that paired-pulse facilitation
(PPF) reduced accompanied with the LTP expression in freely behaving rats (Li et al.,
2000). When the facilitation data pooled for both Novel-2 and Novel-1 groups PPF, a
presynaptic mechanism indicator, was found to be significantly reduced (57.5+13.3%
reduced to 39.6+9.3% at 60 min, n=14, P<0.05).

Next the study addressed which neurotransmitter may be involved in this type of

facilitation of LTP by exposure to novelty.
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Fig. 3-16. Brief exposure to a novel environment facilitates the induction of LTP at
hippocampal CA1 synapses in freely behaving rats. (A), Application of weak tetanus
stimulation (arrow) failed to induce LTP if the animal remained in a familiar
environment throughout the recording period (n=7). (B), The application of the same
conditioning protocol 5 min after exploration of novel environment containing objects
for 5 min (grey bar) now induced LTP (n=7). (C), This protocol did not induce LTP if
the animal had been habituated to the novel environment on three previous days
(n=5). (D), Exposure to the novel environment even in the absence of the objects
(grey bar) also facilitated the induction of LTP (n=7). Insets show representative field
EPSP traces at the time points indicated by the numbers. Horizontal bar, 5 ms;
vertical bar | mV.
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Fig. 3-17. Time window for the facilitation of the induction of LTP by novelty
exposure. (A), Exposure to the novel environment for 25 min (grey bar) prior to the
application of the weak conditioning stimulation (*  arrow) did not facilitate LTP
(n=5). (B), Similarly, LTP was not induced if the animal explored the novel
environment for 5 min and the weak conditioning stimulation was applied 25 min
later (n=4). (C), Application of the weak conditioning stimulation 5 min before
exposure to the novel environment did not induce LTP (n=5).
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3.12.2 Novelity facilitated LTP did not involve in mAChRs

It has been previously reported that environmental transitions increase the
incidence of exploratory behaviours and hippocampal theta activity (Green et
al.,1990). Novelty exposure is also associated with increased cholinergic (Acquas et
al., 1996) drive to the hippocampus and activation of muscarinic acetylcholine
receptors (Sah & Bekkers, 1996) can facilitate LTP induction. Therefore the effects of
selective receptor antagonists for these receptors were examined. Injection of
muscarinic receptor antagonist scopolamine (5 pg in 5 ul) 10 min prior to novelty
exposure failed to block the facilitation of LTP induction (217.4x17.2% at 1 h,
P<0.05, n=4) (Fig. 3-18A).

3.12.3 Novelty facilitated LTP did not involve B-adrenergic receptors

Norepinephrine (NE) has been found to increase during behavioural arousal and to
facilitate the induction and maintenance of LTP via activation of B-adrenergic
receptors (Thomas et al., 1996; Watabe et al., 2000). The present study also examined
the effect of B-adrenergic receptor antagonist on this facilitation of LTP induction by
novelty exposure. In the presence of the [-adrenergic receptors antagonist,
propranolol (2 pg in 5ul), the weak conditioning stimulation still induced LTP after
novelty exposure (139.6+17.2% at 1 hr, n=5, P<0.05) (Fig. 3-18B). This suggests that
the facilitation by novelty is not dependent on NE.

3.12.4 Novelty facilitated LTP is mediated by the dopamine receptors

Exposure to novelty is known to activate mesolimbic dopaminergic neurones
which supply brain areas, including the hippocampus (Schultz et al., 1993; Thalainen
et al., 1999; Schultz 2000). We therefore assessed the role of dopamine on the
facilitation of LTP induction observed in the present studies. As LTP at CAl
synapses can be regulated by D1/D5 dopamine receptor activation (Frey et al., 1993;
Huang & Kandel 1995; Otmakhova & Lisman 1996; Swanson-Park et al., 1999), we
examined the ability of the selective antagonist SCH23390 to affect novelty
facilitated LTP induction. In animals pre-injected with SCH23390 (15 pg in Sul,

1.c.v.) 50 min prior to the introduction of the animal to the novel environment, the
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WTS protocol failed to induce LTP even though the animal continuously explored the
novel environment for the 5 min exposure period (118.4+3.3% at 1 h, P>0.05, n=6 )
(Fig. 3-18C). It was important to examine the effect of D1/D5 receptor activation by
an agonist on the ability to induce LTP with WTS as most previous reports have
focussed on the contribution of dopamine to LTP induced by relatively strong high
frequency stimulation in the CA1 area (Frey et al., 1991; Otmakhova & Lisman 1996;
Swanson-Park et al., 1999; Pittenger et al., 2002). The same WTS protocol as we
used in the studies on the awake animals failed to affect baseline synaptic
transmission in urethane anaesthetised animals (Fig. 3-18D, open circles, see also
Fig.3-13B). However, the injection of the D1/D5 agonist SKF38393, at a dose that
had no effect on baseline transmission (2.5 mg/kg, 1.p., 106.8+17.9% at 3 h after
injection, P>0.05, n=6), facilitated LTP induction (Fig. 3-18D, closed circles). Thus,
in the intact hippocampus dopamine receptor activation is not only necessary for the
facilitation of LTP by novelty exposure, but also may be sufficient to mediate it.

67




EPSP slope (%baseline)

A Scopolamine B Propranolol
=1 e
100 H
; 14

C scu- 23390 D ® SKF38303
200 ] O Vehicle
150 ]
100 ]
w‘ " T o : |

0 60 120 180 240 0 60 120 180 240
Time (min)

Fig. 3-18. Novelty exploration facilitated weak tetanus induced-LTP involved
dopamine receptors. (A), Block of muscarinic acetylcholine receptor with the
selective antagonist scopolamine (5 pg i.c.v., asterisk, n=4) in freely behaving rats did
not prevent the facilitation of LTP induction by novelty exposure; (B), Similarly, LTP
was induced by the WTS when applied following exploration of the novel
environment if B-adrenoceptors were blocked with the selective antagonist
propranolol (2 u g ic.v., asterisk, n=5); (C), Application of the WTS (arrow)
following exploration of the novel environment (grey bar) failed to induce LTP in
freely behaving rats in which D1/D5 receptors were blocked with the selective
antagonist SCH23390 (15 ug i.c.v., asterisk, n=6). (D), Injection of anaesthetised
animals with the selective D1/D5 dopamine receptor agonist SKF38393 (2.5 mg/kg,
1.p., asterisk) 30 min prior to WTS facilitated the induction of LTP (n=7). Horizontal
bar, 5 ms; vertical bar 1 mV.
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Table 3-1 Different drugs’effect on the methoctramine induced-LTP

methoctramine administration

Compounds  doses  samples pre-meth

10 min 60 min 120 min
Vehicle (meth) 12.5ug 8 100.9+2.8  145.7+12.3** 161.6£14.6*%* 163.5£13.5**
Scopolamine 5.0 ug 7 108.1+7.7 112:.1+4.4 %) 122.9473:*) . 1258+10.0'*)
Telenzepine 12:5ug 9 99 7+£2.5 113.7+53 *(*) 110.9+6.6 (*) 118.8+7.1*(**)
4-DAMP 6:5ug 7 1083+3.2 1113+4.6 (») 117.5+58(*) 116.0£7.6 (%
Mecamylamine 2 mgkg 6 104.8+5.5  141.4+6.8*¢  153.9+8.7** 155.3+7.8%*
D-APS 10 ug 6 106.0+1.3  120.2+4.1* 121:6£52%*)  128.5¢8 6%
Mibefradil 10 mM 5 105.6+1.9 149.9+14.9* 159.1+253* 166.2+30.7*
TRIM 75mgkg 5 98.5+2.9 102.2+3.6(*) 99.643.5(**) 101.7+£8.6(**)
L-arginine 250 mg/kg 7 99.0+2.2 114.6:4.5%(%) 120.9+3.7**(*) 121.5£7.7**(*)
BIM 40 ug 7 101438 110.1£7.6¢*) 112.328.9%*) 105.9£9.5(*%
Rp-cAMPs 90 ug 6 96.5+1.7 94.3+1.9 (*x) 96.1x4.4(**)  96.6+4.0(**)

Note: significant level: * for P<0.05; ** for P<0.01; inside of brackets are compare with the

vehicle group.

Table 3-2. Different drugs’effect on the tetanus induced-LTP

After HFS

Compounds  doses  samples  pre-HES  ---

10 min 60 min 120 min
Vehicle (saline) 12 105.1£3.2 169.8£19.7** 169.5£18.3** 177.1+19.8**
Scopolamine 5.0 ug 5 109.4+5.0 158.6+17.4* 151.3+17.7* 142.0+18.4*
TRIM 75 mgkg 7 95.9+1.8 119.7¢63* 110.7+7.1(») 102.5+9.6(*
L-arginine 250 mgkg 6 99.2+2.5 133.1£10.4*  138.34£3.1** 1335410, 8%
BIM 40 ug 6 106.4+1.3 159.7+11.7** 148.5+11.5* 140.1+13.6
Rp-cAMPs 90 ug 6 100.7+3.2 114.3+7.1* 120.6£9.8* 119.7+6.9*

Note: significant level: * for P<0.05; ** for P<0.01; inside of brackets are compare with the

vehicle group.
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Table 3-3. Novelty exploration effect on the weak tetanus induced-LTP

time After Weak Tetanus Stimulation (WTS)
Protocol or numbers  pre-WTS e e

dose 10 min 60 min 180 min
Familiar 0 7 102.5£35  109:9+£5:6 111.1+6.0 110.1+9.6
Novel-2 + 5 min 7 103.2¢4.7  176.1£19.1*  155.3+11.8* 151.1+10.8*
Novel-1 + 5 min o 1043+2.4  1443+10.7%  143.3+7.0%* 142.6+7.9*
Novel-2 +30 min 5 104.0£3.5 119.4+93 124.5+10.5 128.4+11.5
Novel-2 - 10 min -+ 104.0£4.7  117.4+£8.0 118.9+7.4 117.1+11.4
Novel-2 +5Smin/Td 5 101.8+£3.5 116.9+6.7 120.9+9.3 116.6x11.5
Novel-2 SN+25F -4 100.8+5.2 105.2+7.4 98.9+6.1 09971
Scopolamine S5ug 4 100.6+£10.9  188.4+21.0* 217.4+17.2* 21915019 e
Propranolol 2 ug 5 103.4+7.8 140.9+14.5* 139.6+17.2* 146.6+17.8*
SCH-23390 15 ng 6 101.1£5.4 114.4+5.6 118.4+3.3 120.1+7.2
SKF-38393  2.5mg/kg,i.p 7 103.8+1.9 126.0+£2.8%  138.0+6.6* 140.6+4.4*
Vehicle (Urethane) 8 101.6+3.6 106.3+3.3 107.6+3.6 107.8+13.1

Note: significant level: * for P<0.05; ** for P<0.01
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IV. Discussion

The present data show that M, muscarinic receptor subtype antagonists can induce
an LTP-like phenomenon at Schaffer collateral-CAl synapses in the intact
hippocampus. The magnitude of LTP was dependent on the dose of M; receptor
antagonist and was blocked by non-M, muscarinic and NMDA receptor antagonists,
but not by nicotinic receptors and VDCC antagnists. This long-lasting potentiation of
the field EPSP appeared to be mediated by NO, PKC and PKA. Whereas inhibition of
PKC failed to block tetanus-induced LTP, tetanus-induced LTP occluded the M,
antagonist induced LTP (methoctramine-‘LTP’) in the same pathway. In contrast,
methoctramine-'LTP’ enhanced the magnitude of tetanus-induced LTP via a PKC-
dependent mechanism. Furthermore, tetanus-induced LTP in the intact hippocampus
was not blocked by the muscarinic receptor antagonist scopolamine. Brief exposure to
a novel environment facilitates the induction of LTP at hippocampal CA1 synapses in
freely behaving rats, which involved dopamine receptors, not muscarinic or f-
adrenergic receptors. It is concluded that tetanus-induced LTP and methoctramine-
‘LTP’ require different but interacting mechanisms, Brief novelty exploration lowers
the threshold for the induction of LTP via a mechanism dependent on activation of
dopaminergic transmission.

4.1 Endogenous ACh and glutamate release induced by mAChR antagonists

ACh is one of several neuromodulators in the hippocampus and most of its known
effects are mediated by the muscarinic family of receptors (M;—Ms). Whereas some
of these receptors appear to be preferentially positively coupled to the hydrolysis of
phosphoinositides (M;, M;, and Ms) others are negatively coupled to adenylate
cyclase (M, and M,) (Wall et al, 1992). The M, mAChR is believed to be a
presynaptic inhibitory autoreceptor that modulates ACh release from the presynaptic
cholinergic terminal (Quirion, et al, 1995; Stillman et al, 1996; Kitaichi, et al, 1999,
Rouse, et al, 2000a; but see, Vannucchi and Pepeu, 1995). Indeed, investigations have
demonstrated elevated ACh levels following M, antagonists administration in vitro
(Hoss, et al, 1990; Torocsik and Vizi, 1991) and in vivo (Stillman, et al, 1993; 1996)
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supporting this hypothesis. Muscarinic ACh receptor antagonists, atropine and
scopolamine, administrated systemically caused a significant increase in ACh release
from hippocampus (Koppen et al. 1997; Scali et al. 1995; Vannucchi & Pepeu 1995,
Vannucchi et al. 1997).

Electrophysiologically, in the central nervous system, excitatory responses to
muscarinic agonists have been found to be mediated via M; (Jones 1996; Wang and
McKinnon 1996) and M; receptors (Givens and Olton, 1990; Hasuo et al., 1996) and
inhibitory responses have been reported to be mediated via M, (Bellingham and
Berger, 1996) and M, receptor subtypes (Bernheim et al., 1992; Hasuo et al., 1995).

The M,-like receptor has also been reported to act as a heteroreceptor to regulate
the release of an excitatory amino acid transmitter and y-aminobutyric acid (GABA)
(Rouse et al., 1999; 2000a). Using PPF as an indicator of presynaptic release (L1, et
al., 2000), the results of the present study are consistent with these previous reports.
That is, both scopolamine and methoctramine significantly reduced PPF indicating
that they increased presynaptic excitatory amino acid neurotransmitter release (Fig. 3-
2). However, in the case of scopolamine there was no significant change in the
synaptic response to the first pulse.

Taken together, it is hypothesised that the administration of M, antagonists
increased ACh and glutamate release in the hippocampus and thereby induced the
LTP-like phenomenon.

4.2 Muscarinic receptor subtypes and synaptic plasticity in the CA1 region

Carbachol, an mAChR agonist, causes a slow onset muscarinic LTP (LTPm) in
low concentrations (0.20-0.50 pM) and depresses the field EPSPs in high
concentrations (>5 uM) in the CA1 area of hippocampal slices (Auerbach and Segal;
1996; Yun et al., 2000). The present data show that a low dose of muscarine increased
the field EPSPs temporarily and that a higher dose depressed transmission in vivo, are
somewhat consistent with these reports. The LTPm was accompanied by an increase
in the responsiveness of postsynaptic AMPA receptors and was hypothesised to be
mediated by activation of postsynaptic M, mAChR (Auerbach and Segal 1996). In
contrast to these reports, in the present studies methoctramine, an M, receptor
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antagonist, induced a fast onset LTP (methoctramine-'LTP’) which appeared to
involve a presynaptic mechanism, at least partly. The induction, but not maintenance,
of this LTP was muscarinic receptor-dependent. Thus, the non-selective muscarinic
receptor antagonist, scopolamine, and the M;/M; antagonists telenzepine and 4-
DAMP, blocked the methoctramine induced rapid increase of the EPSP. Application
of scopolamine after methoctramine failed to affect methoctramine-‘LTP’. This
supports the idea that induction but not maintenance of methoctramin-‘LTP’ requires
ACh to act at non-M, muscarinic receptors, possibly M; or Ms. The difference
between the previously reported LTPm and the currently described methoctramine-
‘LTP’ may be due to the difference between the slice preparation and the intact
hippocampus. In addition, in the present study endogenously released ACh interacting
with synaptic muscarinic receptors may be responsible whereas exogenously applied
carbachol, which has a higher affinity for M, over M3 and M, receptor subtypes
(Auerbach and Segal, 1996) may decrease endogenous ACh release and act at
extrasynaptic muscarinic receptors.

How can one explain the apparently contradictory findings with the different
ligands for mAChR subtypes, including the facilitation of tetanic LTP by activation
of M, receptors (Iga et al., 1996), induction of LTPm by M, subtype receptor
activation (Auerbach and Segal, 1994, 1996) and the induction of methoctramine-
‘LTP’ by the M, receptor antagonists in the present study? One possible explanation
is that cholinergic receptors can activate a variety of signalling pathways that trigger
or overlap with pathways required for synaptic plasticity of excitatory amino acid-
mediated transmission (for example Ca’" release, PKC and MAPK) (Rosenblum et
al., 2000). It is likely that the ACh activated pathways modulate NMDA/AMPA
receptor-mediated transmission through different mAChR subtypes which thereby
play different roles in synaptic plasticity modulation. Thus, M; receptor activation
may enhance NMDA responses and thereby facilitate normal tetanus-induced LTP,
M, receptor activation may increase AMPA receptor sensitivity to glutamate resulting
in a slow onset potentiation, M3;/Ms receptor activation may stimulate a different
pathway and thereby trigger a rapid onset potentiation of EPSPs, different from
LTPm. It is important to note that mAChR antagonists have no effect on the induction
of tetanic-LTP in CA1 (Tanaka et al.,1989; Sokolov and Kleschevnikov,1995; Yun et
al., 2000; present study) while they can block or depress the different forms of
muscarinic LTP (both LTPm and methoctramine-‘LTP”) (Auerbach and Segal, 1996,
present study ). The block of both the slow onset and fast onset forms of muscarinic




LTP by non-subtype selective mAChR antagonists may cause impaired cognitive
function and thereby provide a link between synaptic enhancement and
learning/memory (Steckler et al., 1998).

4.3 Role of NMDA receptor activation and VDCCs in muscarinic LTP

LTP may be one of the cellular mechanisms underlying learning and memory
(Bliss and Collingridge,1993). The induction of LTP is triggered by NMDA receptor
(NMDA-LTP) or voltage dependent calcium channel (VDCC-LTP) activation and/or
Ca®" release. The subsequent rise in intracellular Ca®™ can lead to activation of
CaMKII, PKC and mitogen-activated protein kinase which then cause an increase in
AMPA receptor mediated responses (Malenka and Nicoll, 1999). Consistent with a
possible modulation of LTP by mAChR, activation of mAChR was demonstrated to
potentiate NMDA receptor mediated current responses / enhance NMDA receptor
function (Marino et al.,1998; Egorov et al.,1999; Rouse et al, 1999). Moreover,
muscarinic activation modulates membrane excitability and synaptic Ca®" signals
subcellularly possibly through suppression of the after-hyperpolarization (Egorov et
al., 1999). The closure of one or more of a number of K™ channels (Brown, et al,
1997) enhances neuronal excitability. The present finding of an NMDA receptor
dependence of the methoctramine-induced ‘LTP’ is consistent with the idea that
increased mAChR activation may have produced sufficient depolarisation to enhance
NMDA receptor mediated Ca®” entry. In contrast, Ye et al (2001) demonstrated that
ACh enhanced-LTP is independent of NMDA receptors and is mediated by GABA
neurons.

Many reports showed that mAChR activation can enhance calcium influx through
voltage gated calcium channels (Felder, 1995; Klink and Alonso, 1997) and release of
Ca®" from intracellular stores (Berridge and Irvine, 1989). In the present study the
VDCC blocker mibefradil failed to affect the induction of the methoctramine-induced
i

4.4 Nitric oxide dependence of LTP
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Both LTP and memory processes share common molecular mechanisms in the
hippocampus, including second messenger systems (Izquierdo and Medina, 1997,
Paratcha et al., 2000). Many of the effects of inhibitors of second messenger systems
on memory and LTP are similar to each other (Fukunaga and Miyamoto, 2000). They
are also consistent with the findings of experiments on transgenic mice that either
lack or express altered forms of these proteins and are amnestic for spatial and other
tasks (Izquiredo and Medina , 1997, McGaugh, 2000). Importantly, both LTP and
memory are modulated by ACh and NO, as mentioned in the introduction. The NO
synthase inhibitor, TRIM, blocked tetanus-induced LTP. This supports previous
reports with inhibitors (Bohme et al., 1991; O’Dell et al, 1991; Schuman and
Madison 1991; Haley et al., 1996; Doyle et al., 1996;Zhou et al., 1993, 1998). The
finding that the amino acid L-arginine, a precursor of NO, prevented this block of
LTP is in agreement with previous studies in which the blocking action of the NOS
inhibitors TRIM and 7-NI (7-nitro indazole) on LTP induction was prevented by L-
arginine (Doyle et al., 1996; Wu et al., 1997). Since NO is synthesised from L-
arginine, the prevention of the blocking effect of NOS inhibitors by L-arginine
strongly suggests that these agents are inhibiting the induction of LTP by a specific
block of NOS.

Consistent with the retrograde messenger hypothesis, tetanus-induced LTP in the
intact hippocampus is often accompanied by a decrease of PPF indicating an increase
in presynaptic neurotransmitter release (Li et al., 2000). The reduction in PPF was
prevented by TRIM, and L-arginine overcame the effect of TRIM. This greatly
supports the proposal that NO may act presynaptically to trigger enhanced transmitter
release during LTP (O’Dell et al., 1991, Arancio et al., 1996; but see Ko and Kelly,
1999). The administration of the NOS inhibitor left a residual short-term potentiation
perhaps suggesting that NO is more involved in the induction of a late phase of
tetanus LTP (Lu et al., 1999). Interestingly, M, receptor antagonist induced-LTP also
required the activation of the NO pathway. The same dose of TRIM that prevented
tetanus-LTP totally blocked methoctramine induced long-lasting potentiation. L-
Arginine also reversed this potentiation but apparently to a lesser degree. These
findings may mean that the involvement of the NO pathway is somewhat different for
tetanus and M, receptor antagonist induced LTP. It is possible that NO contributes
importantly to ‘LTP’ induced by M, receptor antagonists whereas other messengers
contribute more to tetanus-LTP.
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The M, receptor antagonist induced LTP-like phenomenon was muscarinic
receptor-dependent. Previously the mAChR agonist carbachol was found to have a
biphasic action on NO synthase activity: low concentrations enhanced NOS activation
and high ones inhibited enzymatic activity in rat cerebral frontal cortex (Borda et al.,
1998). These results are similar to the EPSP changes induced by carbachol in the
CAL area of the hippocampal slice, where it caused muscarinic LTP (LTPm) at low
concentrations and depressed field EPSPs at high concentrations (Auerbach and
Segal; 1996; Yun et al., 2000). Muscarinic receptor activation can induce inward Gt
currents that may preferentially stimulate NOS and subsequently enhance cGMP
production leading to even greater Ca’ influx in a positive feedback pathway
(Mathes and Thompson, 1996). Actually, the NO dependence of LTP was thought to
be mediated by the NO-cGMP-PKG pathway (Lu et al., 1999; Zhou et al., 1998).
Thus a muscarinic receptor activation of a positive feedback circuit dependent on the
rapid production of cGMP could possibly explain the M, antagonist induced LTP-like
phenomenon. Furthermore, previous studies have shown that NO enhances ACh
release in hippocampus (Suzuki et al., 1997; Prast and Philippu, 2001).

4.5 Role of protein kinase activation in LTP

ACh activates second messenger systems involving phospholipases, PKC and
inositol trisphosphate (IP;) (Smith et al., 1989; Cantrell et al., 1996). Activated PKC
is a key enzyme for signal transduction and various neuronal plasticity mechanisms.
Activation of PKC may be a mechanism for generating long-term cell regulation
induced by transient cell signals and second messengers (Nelsestuen and Bazz, 1991).
PKC phosphorylates many substrates, among others mAChRs, and the
phosphorylation of mAChRs by PKC appears to be subtype-specific, with M;, M; and
M; as the most likely substrates (Haga et al., 1993). It is now apparent that muscarinic
receptors also activate other kinases, including mitogen-activated protein kinase
(MAPK) (Wan et al., 1996, Rosenblum et al., 2000; Slack 2000). All of these effects
of ACh on the above signalling mechanisms could favour the induction of LTP.

Activation of PKC is considered by many to be one of the requisite biochemical
steps necessary for LTP since some selective PKC inhibitors can block induction of
LTP (Hvalby et al., 1994; Stanton 1995; Chen et al., 1997; Routtenberg 1999).
However, the present results demonstrated that H-7, a non-selective protein kinase
inhibitor, and Bisindolymaleimide I, a selective PKC inhibitor, failed to block the
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induction of tetanus-induced LTP, but did prevent M, receptor antagonist induced-
LTP in vivo. The difference between the present data and previous reports on tetanus-
induced LTP may be accounted for by the different experimental conditions or
inhibitors. It is also known that hippocampal glutamatergic neurons express multiple
PKC isoforms (Majewski and lannazzo, 1998). The different subtypes of PKC are
differentially distributed at the cellular and subcellular levels in the brain and exhibit
somewhat different physiological functions (Dekker and Parker, 1994).

PKA is believed to play a critical role in the expression of long-lasting forms of
hippocampal LTP. Late LTP is generally accepted to be dependent on cAMP and
protein synthesis (Frey et al. 1993; Huang & Kandel 1994; Winder et al. 1998),
probably related to the formation of new synapses (Bolshakov et al. 1997, Ma et al.
1999). This study showed that Rp-cAMPs, a selective PKA inhibitor, reduced the
magnitude of tetanus-induced LTP, and completely blocked methoctramine-induced
‘LTP’, suggesting that PKA activation contributes to the induction of both forms of
LTY,

Tetanic stimulation induced a further enhancement of EPSPs after the M,
antagonist had induced a robust long-lasting potentiation (methoctramine-‘LTP’). In
contrast, the enhancement induced by tetanus occluded the M, antagonist induced
potentiation. This indicates that the LTP induced by M, antagonists and tetanus may
require different but overlapping pathways: M, antagonist induced-‘LTP’ requires
PKC, PKA and NO pathway activation whereas tetanus induced-LTP appears to
require more messengers than PKC, PKA and NO.

4.6 M, and M;5s receptors may have different functions in the regulation of
synaptic plasticity

The mechanisms by which muscarinic receptors are involved in learning and
memory are not known. The M; mAChR is by far the most abundant in the
hippocampal formation and this receptor is especially enriched in the CAl region
(Levey et al., 1995). Consequently, it has been assumed that the M; receptor is
responsible for mediating the mAChR-induced increase in excitability of pyramidal
cells by inhibition of several K™ conductances. However, recent evidence indicates
that this may not be the case (Rouse et al., 2000b). A small LTP was still induced by
methoctramine following telenzepine injection and the M, agonist, YM 796 failed to
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induce potentiation of EPSPs. Taken together with the finding that 4-DAMP, which is
approximately equally effective at M; and M; sites (Caulfield, 1993), prevented the
induction of methoctramine-‘LTP’, this may suggest that M; and possibly Ms
subtypes are involved in inducing the long lasting potentiation of synaptic
transmission.

Aura et al (1997) demonstrated that muscarinic M, receptor antagonists may be
effective in enhancing behavioural function that depend on the activity of the
septohippocampal  cholinergic  system. Intriguingly, the excitation of
septohippocampal cholinergic neurons has been reported to be mediated via non-M;
subtype muscarinic receptors (M3/Ms subtypes) (Liu et al., 1998). Furthermore, the
excitation of septohippocampal cholinergic pathway was via GABAergic neurons
(Liu et al, 1998; Wu et al., 2000). However, in the present study intraseptal injection
of methoctramine failed to induce LTP in the CA1 area.

Other evidence indicates that the activation of M; mAChR does not regulate the
release of glutamate or AMPA-mediated transmission at corticostriatal synapses
(Calabresi et al., 1998) and that the Mj receptor, which is abundant in the CAl
region, contributes to the release of Ca®" from intracellular pools (Wakamori et al.,
1993). This suggests that the M; (and/or Ms) receptor subtype may mediate the
mAChR rapid onset LTP. Significantly, studies in vivo have shown that the injection
of mAChR antagonists into the brain tissue of rats results in a significant increase in
M; receptor density (Wall et al., 1992). In conclusion, the present study demonstrates
that activation of a non-M,; receptor subtype is necessary to induce this form of LTP
(methoctramine-"LTP”).

4.7 Novelty exploration facilitates LTP

There is a growing body of evidence that the detection of novelty is important in
hippocampal information storage (Parkin 1997; Honey et al., 1998). Previous studies
have shown that exposure to a novel, complex environment caused a persistent
enhancement of field potentials recorded in the dentate gyrus, which appeared to be
similar to tetanically induced-LTP (Sharp et al., 1985). Although environmental
change increased exploratory behaviour and hippocampal theta activity, the persistent
enhancement of the evoked field EPSP was not accounted for by either, and was
suggested to be due to the variation in sensory input that accompanies exploration
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(Green et al., 1990). Subsequently Moser et al., (1993b) showed that after correcting
for changes in locomotion, theta activity and brain temperature, only a transient
increase in synaptic transmission was detected in the dentate gyrus.

In the CA1 area, although exploration of a new, non-stressful environment had no
long-lasting effect on baseline transmission it induced a complete and persistent
reversal of the expression of high frequency stimulation induced LTP (Xu et al,
1998). This suggests that exploration of novelty can interact with artificially induced
LR,

The present data showed that brief exposure to a novel environment significantly
facilitated the induction of LTP. The duration of exploration of novelty was found to
be critical in a previous study of novelty reversal of LTP, that is, 10 min exposure to
novelty failed to reverse LTP while 20 min exploration induced persistent
depotentiation (Li, Anwyl & Rowan, unpublished observation). The different effects
of exposure to novelty on LTP induction and maintenance at different time periods
may be accounted for by differential neurotransmitter release, including ACh (Acquas
et al., 1996; Aloisi et al., 1997). Exposure to certain types of novelty can induce
stress-like behavioural changes. Physical and psychological stressors provoke the
secretion of catecholamines rapidly which typically return to baseline levels within 10
min, while glucocorticoid secretion is usually much slower (De Boer et al., 1990;
McEwen & Sapolsky 1995). Stressful novelty has been shown to block LTP
induction (Xu et al., 1997). Another explanation is that novelty exposure elicits
behavioural arousal (Acquas et al., 1996) and hippocampal theta activity (Xu et al,,
1998).

Since PPF was reduced significantly after the expression of novelty facilitated LTP
the present data strongly suggest a presynaptic mechanism may be involved (Li et al.,
2000). Further study showed that the LTP induction required activation of dopamine
receptors, but not the mAChRs or P-adrenergic receptors (Fig. 3-18). It was
surprising that the novelty exploration facilitated-LTP did not involve a mAChR-
dependent mechanism, since novelty is known to increase ACh release in
hippocampus (Acquas et al., 1996; Aloisi et al., 1997) and endogenous ACh release
can induce an LTP-like response and significantly facilitate tetanus-LTP in
anaesthetised animals (present data). A possible explanation is that the increase in
ACh release in response to novelty exposure is a secondary or minor change. The
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finding that mAChRs are not required for tetanus-induced LTP in the CAl region in
awake and anaesthetised rats is consistent with a previous /n vitro report (Yun et al,,
2000).

Norepinephrine (NE) may be released directly into the hippocampus from
ascending terminals of the locus coeruleus upon arousal and stress, which in turn may
facilitate the induction and maintenance of LTP (Hopkins & Johnston 1984; Sah &
Bekkers 1996; Thomas et al., 1996). The NE facilitated-LTP is contingent upon
activation of B-adrenergic receptors. The present data showed that a (-adrenergic
receptor antagonist, propranolol, failed to block the novelty facilitated-LTP. This
suggests that NE is not involved in this form of LTP. Recent studies demonstrating
that NE had little or no effect on the induction of LTP in CA1 region are consistent
with the present results (Katsuki et al., 1997; Swanson-Park et al., 1999).

SCH-23390, a dopamine D1/DS5 receptor antagonist, blocked novelty facilitated
LTP induced by weak tetanic stimulation suggesting that endogenous dopamine is
necessary for novelty facilitated LTP in area CAl. This is consistent with previous
work that LTP at the CAl Schaffer collateral synapses is facilitated by D1/D5
dopamine receptors (Frey et al., 1993; Huang & Kandel 1995; Otmakhova & Lisman
1996; Swanson-Park et al., 1999). Behavioural experiments also demonstrated that
dopaminergic actions are important: intrahippocampal dopamine agonists improve
memory retention and antagonists decrease it (Bernabeu et al., 1997).

The present data also elucidate how novelty exposure can control learning by
activation of mesolimbic dopaminergic neurones (Horvitz 2000; Schultz 2000;) .
Indeed, consistent with our findings, a recent model posits a key role of novelty-
activated dopaminergic drive in the promotion of the encoding of information at
hippocampal CA3-CAl synapses (Lisman & Otmakova 2001). Thus a salient
environmental change, such as that used in the present studies, can trigger a
dopamine-dependent state in the hippocampus that favours the synaptic storage of the
recently encountered event. This provides an explanation for the known ability of
hippocampal dopamine depletion to impair (Gasbarri et al., 1996), and dopamine D1
receptor agonists to promote, certain types of hippocampal-dependent learning (Hersi
etal., 1995; Bach et al., 1999). In the present experiments the time window of novelty
facilitation was found to be relatively transient, lasting for a few minutes, presumably
rapidly changing as the behavioural relevance of the new information for learning
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fluctuates. Since the CAl area appears to act as both an information store and a
mismatch detector (Lisman & Otmakova 2001), the interaction between novelty
detection-triggered dopamine release and subsequent promotion of information
encoding should be critical for the normal function of the intact hippocampus.
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V. Conclusions

. Administration of scopolamine(non-selective muscarinic receptor antagonist) and

methoctramine (M, receptor antagonist) produced a decrease of the paired-pulse

facilitation ratio, a presynaptic parameter, in the hippocampus in vivo.

. Blockade of M, muscarinic receptor subtype induced an LTP-like persistent

enhancement of transmission at Schaffer collateral-CA1 synapses in the

hippocampus in vivo

. Non-subtype selective block of muscarinic receptors prevented the induction but

not the maintenance of the persistent enhancement, consistent with a requirement
for activation of non- M, receptors

This fast onset LTP induced by the M, antagonist was blocked by AP-5 partially,
an antagonist of NMDA, but not blocked by VDCCs antagonist, mibefradil.

Like tetanus-induced LTP, this long-lasting enhancement of the field EPSP was
associated with a reduction in paired-pulse facilitation and required NO synthase

activation, indicative of a role of presynaptic / retrograde messenger mechanisms

. Unlike tetanus-induced LTP, the enhancement was dependent on PKC and PKA

activation.

. Whereas tetanus-induced LTP occluded the M, antagonist induced enhancement,

induction of the M, antagonist enhancement did not occlude subsequent tetanus-

induced LTP.

. Brief novelty exploration lowers the threshold for the induction of LTP via a

mechanism dependent on activation of dopaminergic transmission.
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