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Abstract

This thesis focuses on the modulation of two Ca** activated K* currents, 1,,, and
slyyp that underlie part of the medium (mAHP) and the slow
afterhyperpolarisation (sSAHP) in cortical neurons. The afterhyperpolarisation is a
transient hyperpolarisation of the membrane potential following a burst of action
potentials.

The aim of the first part of this study was to investigate whether neuronal SK
channels, which are known to mediate I,;, in hippocampal neurons, are
modulated by the newly characterised compound NS8593. I have characterised
the effect of NS8593 on I,,, in mouse hippocampal slices, finding that NS8593
suppresses I, yp.

The second part of my project focused on identifying the signal transduction
cascade mediating the sl,,, suppression induced by application of pituitary
adenylyl cyclase activating polypeptide (PACAP). PACAP acts via the activation
of its own receptors (PAC-1-R) and of vasoactive intestinal peptide (VIP)
receptors (V-PACI1, V-PAC2). Previous experiments have shown that the VIP-
mediated reduction of sl,y, occurs via a protein kinase A (PKA) dependent
mechanism. PACAP was found to suppress sl in a PKA and p38 mitogen-
activated protein kinase (MAPK)-dependent manner in rat CAl pyramidal
neurons.

In part three, the involvement of the calcium stimulatable adenylyl cyclases
(ACI1/AC8), in the modulation of sl,;/SAHP by the neuromodulators:
isoproterenol, serotonin and dopamine was investigated. 1 found that different
monoamines signalled through different adenylyl cyclases (AC) in order to
suppress sl ,p/SAHP.

Lastly, the modulation of sSAHP by high frequency stimulation of the Schaffer-
collateral pathway results in a transient inhibition of SAHP in CAl pyramidal
neurons by a pathway involving N-methyl-D-aspartate receptors (NMDAR) and
PKA. My results showed that delivery of high frequency stimulation results in a
transient SAHP suppression by a pathway that involves, besides NMDAR and
PKA, the activation of AC1/ACS8. Additionally, I found that when low frequency
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synaptic stimulation was paired with post-synaptic depolarisation, a transient

sAHP suppression was elicited in an NMDAR and AC1/AC8 dependent manner.
(313 words)
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1.1: The hippocampus and neuromodulation

Hopocampus Eatorhod cortes

Figure 1: The hippocampal tri-synaptic circuitry

The hippocampus has a tri-synaptic circuitry. The major input to the hippocampus is from
layer II of the entorhinal corex along the perforant path. Axons from the perforant path
make excitatory connections with the granule cells of the dentate gyrus. The granule cells
subsequently project to the proximal apical dendrites of CA3 pyramidal cells (termed the
mossy fibre pathway). CA3 neurons project both ipsilaterally to CA1 (the Schaffer
collateral pathway), and contralaterally to CA3 and CA1 (the commissural pathway). The
main output of the hippocampus is from CA1 pyramidal cells which project to layer V of

the entrorhinal cortex. (Figure adapted from Neves er al., 2008)

The hippocampus is a temporal lobe structure that is vital for the encoding and
recall of episodic memory (Squire ef al., 2004). The hippocampus has various
neuronal activity patterns that can be recorded at the level of the neuronal
network. The hippocampal theta rhythm is a slow rhythmic pattern of excitatory
activity that oscillates at a frequency of between 3-12 Hz. It is recorded in vivo
during exploratory behaviour and REM sleep. Sharp wave-ripples correspond to
irregular neuronal bursts of firing in the CA3 region correlated with high
frequency (150-200 Hz) neuronal firing in CA1. Sharp wave-ripples are recorded
when an animal is sitting quietly, drinking, eating, face washing, grooming or in
deep sleep. The significance of these two hippocampal states in relation to the
function of the hippocampus is explained by two complementary theories. In the

Gray’s theory of Behavioural Inhibition, the hippocampus function is as a
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comparator that compares actual stimuli with expected stimuli and therefore
determines the entry of behaviourally significant information into long-term
memory. In Gray’s model, the hippocampal circuits work in two modes
determined by the relative frequency of the theta rhythm: high frequency theta
rhythm has been correlated with movement, whilst the lower frequency is
associated with alert immobility. Complementary to this, Buzsaki argues for a role
of sharp-wave ripples in the consolidation of memory (reviewed by Mongeau et
al., 1997). On a cellular level, the monoaminergic neuromodulators
(noradrenaline, serotonin, dopamine) influence the excitability of the individual
neurons that function collectively in the hippocampal network. A single
neuromodulator can have both excitatory and/or inhibitory effects on a single
neuron’s excitability dependent on the receptors, signal transduction cascades and
ion channels expressed by that neuron and activated at any one time. This idea is

developed further in the following sections.

1.2: Adrenergic modulation of hippocampal neuronal
excitability

Noradrenergic axons project to the hippocampus from the locus coeruleus (Lopes
da Silva et al., 1990; Andersen, 2007). The major effect of noradrenaline in the
CA1 region of the hippocampus is mediated via § adrenoceptors and functions to
increase excitability. The effect was first described in the early 1980s when
application of noradrenaline to CA1 pyramidal cells was shown to depolarise the
membrane potential, increase in input resistance, increase the firing frequency,
decrease the spike frequency adaptation and decrease the slow
afterhypepolarisation (sSAHP) (Madison & Nicoll, 1982; Haas & Konnerth, 1983).
The evidence suggesting this combined effect was mediated by  adrenoceptors
was pharmacological. The effect was resistant to phentolamine, an o adrenoceptor
antagonist, mimicked by isoproterenol, a § adrenoceptor agonist, and inhibited by
both timolol and propanolol, B adrenoceptor antagonists (Madison & Nicoll,
1986a).

The effects of noradrenaline on hippocampal neuronal excitability are achieved by

the modulation of two neuronal currents I/l and sl,p. I, (formerly 1) is a mixed
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sodium (Na*) and potassium (K*) conductance activated by hyperpolarisation
(Halliwell & Adams, 1982) , whilst sl,,; is a calcium (Ca*™) activated K" current
mediating the sAHP (Alger & Nicoll, 1980; Hotson & Prince, 1980;
Schwartzkroin & Stafstrom, 1980; Lancaster & Adams, 1986).

The noradrenergic mediated depolarisation was associated with activation of an
inward current. § adrenoceptors are positively coupled to AC in a well-
characterised pathway that leads to generation of 3’5’-cyclic adenosine
monophosphate (cAMP) and activation of PKA. Therefore it was investigated
whether the AC/cAMP/PKA pathway mediated the effect of noradrenaline on the
inward current. The results of these experiments indicated that the activation of
the inward current was dependent on cAMP but was not mediated by PKA. The
pharmacological profile of the inward current indicated it was I,/I, (Pedarzani &
Storm, 1995b). A direct, non-PKA mediated modulation of the mixed cationic
current (I) by cAMP had been demonstrated in the heart (DiFrancesco & Tortora,
1991). Later, cloning of HCN channels demonstrated that these channels are
responsible for I,/I;. Furthermore the cAMP binding site on the HCN channel has
been isolated and the effect of the direct binding of cAMP has been molecularly
dissected (Wainger et al., 2001). Furthermore, the expression of HCN1, HCN2,
and HCN4, has been demonstrated in CA1 pyramidal cells (Brewster et al., 2007).
These experiments are consistent with the idea that the noradrenaline mediated
depolarisation is associated with cAMP dependent activation of the HCN channels
that mediate 1,.

The indication that the noradrenergic mediated suppression of sl,;;; involved the
AC-cAMP pathway came from experiments with forskolin, which appeared to
mimic the noradrenergic effect (Madison & Nicoll, 1982, 1986b). Further
experiments with the AC inhibitor SQ 22,566 and the GTP analogue guanylyl-
imido diphosphate, which activates G proteins that in turn can stimulate AC,
confirmed the involvement of AC in the signal transduction pathway (Madison &
Nicoll, 1986b). The involvement of cAMP was inferred from experiments using
the membrane permeant cAMP analogue 8-bromo-cAMP that was found to mimic
the effect of noradrenaline on the SAHP and spike frequency adaptation. The role

of cAMP was further implicated by experiments with the phosphodiesterase
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inhibitors IBMX and Ro020-1724 that suppressed the sAHP and increased the
noradrenergic effect (Madison & Nicoll, 1986b).

The role of phosphorylation in the modulation of sl,;,;, was shown through the
intracellular application of the broad-spectrum phosphatase inhibitor microcystin,
which resulted in a gradual rundown of the sl,,,, mimicking the effect of
isoproterenol (Pedarzani & Storm, 1993). A potential candidate for the kinase
involved in the noradrenergic modulation of sl,,, was PKA. Three lines of
evidence supported this conclusion. Firstly, the isoproterenol-induced suppression
of sl,yp was inhibited by preventing the activation of PKA by cAMP through
inclusion of the PKA inhibitor Rp-cAMPS in the patch pipette. Intracellular
application of PKI, a pseudo substrate inhibitor that acts by binding to the
substrate recognition site of PKA (Cheng et al., 1986), also inhibited the
suppression of sl,,, by isoproterenol (Pedarzani & Storm, 1993). Thirdly, the
effect of isoproterenol on sl could be mimicked by inclusion of the catalytic
subunit of PKA in the recording pipette (Pedarzani & Storm, 1993).

In conclusion the effect of noradrenaline on hippocampal neuronal excitability is
mediated by f adrenoceptors and subsequent activation of AC. The rise in cAMP
leads on one hand to the direct activation of I, and membrane depolarisation, and

on the other to PKA-mediated phosphorylation resulting in sl suppression.

1.3: Serotonergic modulation of hippocampal neuronal
excitability

There are two distinct types of serotonergic projections to the hippocampus, both
arising from the raphe nuclei. The thin varicose axon system arises from the
dorsal raphe nucleus and innervates the ventral hippocampus. It is a diffuse
branching, network with small fusiform boutons. Innervation of the dorsal
hippocampus arises from the median raphe nucleus. It is characterised by thick
varicose tract fibres with short thin branches and large round boutons (reviewed
by Hensler, 2006). The density of serotonergic axons is highest in the CA3 sub
region of the hippocampus, with an abrupt reduction at the boundary between
CA2 and CA1 (Mamounas et al., 1991). There is a narrow band of thick varicose

tract fibres present in the stratum lacunosum of CA1, whilst the stratum oriens and
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stratum radiatum are innervated by the thin varicose axon system (Mamounas et
al., 1991).

Serotonergic transmission in the hippocampus has been described as volume or
paracrine transmission (Descarries & Mechawar, 2000). Consistent with this idea,
serotonin receptors are present on CAl pyramidal cells despite the diffuse
innervation. Serotonin has three distinct effects on neuronal excitability in CAl
pyramidal cells. Firstly, application of serotonin results in a striking membrane
potential hyperpolarisation; secondly, there is a decrease in the SAHP; and thirdly,
over a slower timescale, there can be membrane potential depolarisation. It has
been observed that antagonism of the SHT,, and SHT, subtypes of serotonin
receptors abolishes the effect of serotonin on neuronal excitability in CAl
pyramidal cells (Andrade, 1998). Therefore I will concentrate on the effects and
signal transduction mechanisms of SHT,, and SHT, receptors in CA1 pyramidal
cells. Both SHT,, (Wright et al., 1995) and SHT, (Vilaro et al., 1996) are
expressed on CA 1 pyramidal cells.

It was shown that application of serotonin to CA1 pyramidal cells resulted in a
membrane hyperpolarisation due to agonism at SHT,, receptors resulting in
activation of a K* current (Andrade & Nicoll, 1987; Colino & Halliwell, 1987),
The membrane hyperpolarisation on application of serotonin was absent in the
GIRK2 knockout mouse (Luscher et al., 1997), indicating that the activation of
GIRK channels underlies the membrane hyperpolarisation. GIRK channels are G
protein-coupled inwardly rectifying potassium channels. Several lines of evidence
had converged on the activation of heterotrimeric G proteins in the signalling
cascade linking the SHT,, receptor to membrane hyperpolarisation. Firstly, the
GDPBS and GTPyS, a G protein inhibitor and activator, respectively, indicated a
role for a G protein in the serotonin mediated membrane hyperpolarisation
(Andrade et al., 1986). Secondly, the use of pertussis toxin (Andrade et al., 1986)
specifically indicated the role of the G,/G, subtype. GIRK channels have been
shown to be directly activated by the By subunits of G proteins in a membrane-
delimited manner in the heart (Logothetis et al., 1987). The above evidence

indicates that application of serotonin most likely leads to the activation of GIRK
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channels by the By subunits released from G,/G, proteins resulting in membrane
hyperpolarisation in CAl hippocampal pyramidal neurons.

A second notable effect of serotonin application in CA1 pyramidal neurons is the
suppression of the SAHP mediated by SHT, receptors (see for review Andrade,
1998). The involvement of SHT, receptors in the serotonin-mediated sAHP
suppression was shown in experiments using selective SHT, receptor antagonists:
GR113808, DAU6285, SDZ 205-557 all abolished the effect of serotonin on the
sAHP (Torres et al., 1994). The role of the AC-cAMP-PKA pathway, already
described for the noradrenergic modulation of SAHP, was confirmed also for the
serotonergic suppression of SAHP and sl,;;, (Pedarzani & Storm, 1993; Torres et
al., 1994). The role of PKA was assessed through the use of the broad-spectrum
protein kinase inhibitor staurosporine (Torres et al., 1994), and the selective PKA
inhibitor Rp-adenosine-3’5’-cyclic monophosphorothioate (Rp-cAMPS
)(Pedarzani & Storm, 1993; Torres et al., 1994). Both of these compounds
inhibited the effect of serotonin on sl,,,. Therefore the serotonin-mediated
suppression of SAHP and its underlying current sl,,, was shown to be due to
activation of SHT, receptors positively coupled to AC, and activation of PKA as

has similarly been shown for the B adrenergic suppression of SAHP.

1.4: Dopaminergic modulation of hippocampal neuronal
excitability

The CA1 region of the hippocampus receives dopaminergic input from both the
substantia nigra and the ventral tegmental area (Gasbarri et al., 1997). There are
two groups of dopamine receptors, classified by their coupling to ACs. Group 1
receptors stimulate AC through Gao, (Kebabian & Calne, 1979) and comprise of
the D, and Ds subtypes, both of which are expressed in the pyramidal cells of the
CAT1 region of the hippocampus (Fremeau et al., 1991; Tiberi et al., 1991; Khan et
al., 2000). Dopaminergic type 2 receptors comprise of the D,, D; and D, subtypes
and are negatively coupled to AC (Kebabian & Calne, 1979). Only the D, subtype
of the group 2 dopamine receptors subtype is expressed in CA1 pyramidal cells

(Khan et al., 1998).
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Given the varied distribution of dopamine receptors on CA1 pyramidal cells and
the opposing effects on AC, the effect of dopamine on these cells is complex.
Consistent with this view, both enhancing effects (Benardo & Prince, 1982b; Haas
& Konnerth, 1983) and inhibitory effects (Malenka & Nicoll, 1986; Pedarzani &
Storm, 1995a) of dopamine on the sAHP or sl,,, have been described. The
involvement of the cAMP pathway has been implicated in both the up-regulation
and suppression of the sAHP/sl,, (Benardo & Prince, 1982b; Pedarzani & Storm,
1995a). There have also been contradictory reports on the receptors involved in
the dopamine-induced suppression of the sAHP. While Malenka and Nicoll
(1986) reported that the SAHP suppression was a result of cross reactivity of
dopamine with 3 adrenoceptors, Pedarzani and Storm (1995a) demonstrated that
the effect of dopamine on both sAHP and sl,,, was still elicited in the presence of
the B adrenoceptor antagonists timolol and propanolol. The receptors mediating
the dopaminergic effect on sAHP/sl,,, have however proved elusive. The
dopaminergic suppression of SAHP persisted in the presence of the broad-
spectrum dopamine receptor antagonists fluphenazine and haloperidol (Malenka
& Nicoll, 1986; Pedarzani & Storm, 1995a). However, SKF-38393, a selective DI
agonist, suppressed the SAHP in a subset of cells and, consistent with a role of D1
receptors in the dopaminergic sAHP suppression, the D1 antagonist SCH-23390
antagonised the effect of dopamine in a subset of cells (Pedarzani & Storm,
1995a).

A possible explanation for these somewhat contradictory effects of dopamine
could be the existence of a sub population of CA1 pyramidal neurons expressing
D1 receptors. Consistent with this hypothesis, the effect of dopamine on a subset
of cells has been shown for a transient potassium (K*) current in the dendrites of
CA1 pyramidal neurons, responsible for the decremental decrease in action
potential amplitude along the dendrites (Hoffman & Johnston, 1999). In
particular, it was shown that PKA activation by f3 adrenoceptors led to an increase
in the amplitude of back-propagating dendritic action potentials through
downregulation of the transient K* channels. However dopamine was only

effective in a subset of CA1 neurons (Hoffman & Johnston, 1999).
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In addition to its role in modulating transient potassium currents, dopamine has
also been shown to suppress voltage gated sodium currents in isolated
hippocampal neurons via activation of PKA by D1 like receptors (Cantrell et al.,
1997).

In summary noradrenaline, serotonin and dopamine converge on G protein
coupled receptors to modulate neuronal excitability. They all have both excitatory
and inhibitory effects dependent on the receptors, signal transduction cascades
and ion channels expressed by that neuron and activated at any one time.
Noradrenaline, serotonin and dopamine all converge on the AC/cAMP/PKA
pathway to suppress the calcium (Ca*™) activated K* current that underlies sAHP.
The next sections will investigate the different forms of AHP in CA1 pyramidal
cells, the currents that underlie them, and their function in controlling neuronal
excitability. Particular emphasis will be placed on the Ca™ activated components

of the afterhyperpolarisation (AHP) on which this study focuses.

1.5: Afterhyperpolarisation and afterhyperpolarising currents

The term AHP describes the transient hyperpolarisation of the membrane potential
that follows the repolarising phase of single or trains of action potentials. The
AHP is mediated by the activation of a number of currents and consists of three
kinetically distinct phases that are named according to their time courses (Storm,
1990).

The fast AHP (fAHP) is activated immediately after the repolarisation of the
action potential and lasts several tens of milliseconds. The macroscopic current
that underlies the fAHP is denoted I. and contributes to the membrane
repolarisation following the action potential (Storm, 1987). The current is
mediated by K* channels of large conductance (BK channels), which open in
response to simultaneous membrane depolarisation and the rise in intracellular
calcium concentration that occurs via the opening of voltage gated calcium
channels during the action potential. The fAHP is elicited after a single action
potential and becomes less pronounced during repetitive firing (Lancaster &

Nicoll, 1987; Shao er al., 1999). This is in contrast to the the slow AHP (sAHP),
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which become more prominent following a burst of action potentials (Lancaster &

Nicoll, 1987).

adaptation
early late
mlcth SlaHp
laAHP

|

Figure 2: The phases of the AHP and of spike frequency adaptation

Currents underlying the mAHP are responsible for the early phase of adaptation. The
current underlying the SAHP, sl,yp, generates the late phase of adaptation. Both AHP are
visible after the current injection. The currents that contribute to each phase of adaptation

are shown. (Figure adapted fromStorm, 1990.)

The AHP of medium duration (mAHP) follows a train of action potentials and
lasts 50-100 ms (Storm, 1989). The mAHP is mediated by the activation of four
different currents: the voltage dependent M current I, (Storm, 1989); the voltage
and Ca™ dependent I (Storm, 1989); the mixed Na* and K* conductance activated
by hyperpolarisation I, (also known as I;) (Storm, 1989); and the Ca** activated
K* current I, (Stocker et al., 1999). The contribution of each current to the
mAHP has been assessed pharmacologically in a number of studies and partly
depends on the cell’s resting potential. For example, when the pyramidal cell is
held at a slightly depolarised potential (-60 mV), the major component of the
mAHP appears to be mediated by Iy, because the mAHP can be suppressed by the
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M channel blocker XE991 (Gu et al., 2005). However at hyperpolarised
potentials (-80 mV) the slow re-activation of HCN/h channels generates a mAHP-
like waveform. Concordantly, the mAHP elicited at —-80 mV is blocked by
caesium ions (Storm, 1989) and ZD7288 (Gu et al., 2005), which suppress I,.

The contribution of 1, to the mAHP has raised some controversy. Although
several groups have reported an I,,,-mediated component of mAHP in CAl
neurons (Stocker et al., 1999; Kramar et al., 2004; Shah et al., 2006; Cai et al.,
2007; Kaczorowski et al., 2007), one group has failed to observe it (Gu et al.,
2005). The channels underlying I, in CAl pyramidal cells are small
conductance Ca*" activated K* channels (SK channels) (for review see Stocker,
2004). There are several lines of evidence indicating that 1,,, contributes to the
mAHP. Firstly, the activation of 1,,, is dependent on the influx of extracellular
Ca™ because both cadmium ions and Ca** free medium inhibit I, (Stocker et al.,
1999). Consistent with a role for a Ca™ activated current contributing to the
generation of the mAHP, manipulations that reduced Ca'™ influx have been
demonstrated to partially suppress the mAHP (Storm, 1989). Secondly apamin, a
selective SK channel blocker, suppresses both 1,,, and a component of the mAHP
(Stocker et al., 1999; Shah et al., 2006; Kaczorowski et al., 2007). These lines of
evidence indicate that SK-mediated I,,;, contributes partially to the mAHP. A
possible explanation for the lack of effect of apamin on the mAHP seen by Gu
(2005) is the apparent frequency dependence of the contribution of 1,,, to the
mAHP (Shah et al., 2006). For example, it has been reported that apamin has no
significant effect on the mAHP when it is elicited by a train of five action
potentials or less (Gu et al., 2005; Shah et al., 2006). Conversely, application of
apamin increases the number of action potentials in response to a high current
injection that elicits at least six action potentials (Shah et al., 2006). This indicates
a threshold for the activation of the I,,,. Because 1, is a voltage insensitive, Ca*™
activated current; the threshold for activation of the I,;,;, must be a critical Ca*™*
concentration. Therefore it can be concluded that I,,,; contributes to the mAHP in
conditions where sufficient Ca™ influx occurs to activate SK channels.

The slowly decaying phase of the AHP following a burst or train of action

potentials is the SAHP. The sAHP decays over a time course of seconds. The
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current that underlies the SAHP, sl is mediated by a Ca*" activated, voltage-

AHP’

independent K* conductance (Alger & Nicoll, 1980; Hotson & Prince, 1980;
Schwartzkroin & Stafstrom, 1980; Lancaster & Adams, 1986). The molecular
identity of the channels underlying sl,,; is as yet unknown (Stocker, 2004).
However given the biophysical similarity in the I,y and s,y (they are both
voltage insensitive Ca™ activated K* currents), there has been speculation as to
whether the SK channels could mediate sl,;;;. The most convincing evidence
against the role of SK channels in mediating sl,;;; is the selective deletion of I,

and not sl,,;p in SK channel knock out mice (Bond et al., 2004).

1.6: Ca™ activated AHP currents modulate neuronal firing
frequency and adaptation to synaptic responses

The AHP currents regulate neuronal firing frequency in different ways. The role
of the after hyperpolarising currents in regulating neuronal behaviour has been
investigated by studying the effects of pharmacological agents that are known to
selectively modulate the currents that mediate each phase of the AHP on neuronal
firing patterns. Using this approach Lancaster and Nicoll (1987) and Storm (1987)
both working in parallel demonstrated that the primary effect of blocking I, the
current that underlies the fAHP, is action potential broadening. Furthermore, I in
CAl pyramidal neurons is a transient current that decays within less than 20 ms
during sustained depolarisation (Zbicz & Weight, 1985; Gu et al., 2007). This
indicates that the fAHP plays a role in repolarising the membrane potential after a
single action potential but will have little effect on a train of action potentials.
This was confirmed by experiments that selectively blocked I where the neuronal
firing frequency of only the first few action potentials increased during a
depolarising pulse (Lancaster & Nicoll, 1987). Interestingly it has been suggested
that BK channels facilitate high frequency neuronal firing by ensuring rapid
repolarisation and narrow action potentials in CA1 pyramidal neurons (Gu et al.,
2007). However the inactivation of BK channels would result in action potential
broadening (Shao et al., 1999) and thus enhanced Ca™ influx through voltage
gated Ca™ channels that could then accumulate and activate the Ca™ dependent

components of the mAHP and sAHP. The evidence indicates that the fAHP has a



29

role in setting the initial firing frequency of a CA1 pyramidal neuron and its
inactivation may contribute to the generation of the mAHP and sAHP.

CA1l pyramidal neurons display a phenomenon termed “spike frequency
adaptation” in their firing patterns. The effect of spike frequency adaptation is that
the neuronal firing frequency reduces with continuing depolarisation (Storm,
1990). The mAHP is thought to underlie the early phase of spike frequency
adaptation, whereas the SAHP contributes mainly to the late phase. The Ca™
activated K* current I, contributes to the mAHP and is mediated by the
activation SK channels. Suppressing [, with apamin in the CA1 region of the
hippocampus leads to an increase in the number and initial frequency of action
potentials elicited by a current injection but has no effect on the late phase of
spike frequency adaptation. Application of apamin to CAl pyramidal cells
shortens the inter-spike interval in a short (100 ms) burst of action potentials
(Stocker et al., 1999). Under conditions where the sAHP is suppressed, apamin
increases the firing rate of CAl neurons by affecting the extent of membrane
hyperpolarisation during each inter-spike interval (Stocker et al., 1999). This
indicates that I, controls the instantaneous frequency of action potential firing.
More recently, experiments with SK channel enhancers have further indicated the
role of SK channels in controlling the tonic firing frequency of hippocampal
pyramidal neurons. Application of 1-EBIO in the presence of 8CPT-cAMP
resulted in a reduction in the firing frequency of CA1 pyramidal neurons
(Pedarzani et al., 2001). Additionally application of NS309, a compound that
selectively enhances I, but not sl in CAl pyramidal cells, resulted in a
reduction in firing frequency in CA1 pyramidal neurons (Pedarzani et al., 2005).
NS309 demonstrates the role of 1, in controlling firing frequency independently
of sl up.

The contribution of the sSAHP to spike frequency adaptation was investigated in a
set of experiments that studied the mechanisms that control repetitive firing.
Pharmacological or experimental manipulations that led to a decrease in Ca™
influx through voltage-gated Ca™ channels or intracellular Ca*™ rises led to a
reduction in the SAHP. This reduction in SAHP was associated with an increase in

the number of action potentials fired during a depolarising current injection and a
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concomitant decrease in the late phase of spike frequency adaptation (Madison &
Nicoll, 1984; Lancaster & Nicoll, 1987).

The current that mediates sAHP, sl,;, is also involved in the modulation of
synaptic responses. Evidence for this came from a study that investigated whether
the current can be activated by sub-threshold, excitatory postsynaptic potentials.
The finding that sSAHP was activated by a train of excitatory post-synaptic
potentials (EPSPs) has relevance for the ability of the current to modulate the
propagation of synaptic signals from dendrites to the soma (Lancaster et al.,
2001). It would be expected that activation of the SAHP would reduce temporal
summation of EPSPs because the EPSP would generate Ca*™ influx, resulting in a
sAHP which hyperpolarises the membrane and shunts the next EPSP. This was

demonstrated experimentally, EPSPs that were elicited during the peak of sl
showed less summation (Lancaster ez al., 2001). When sl was suppressed the

EPSPs decayed with a slower time course, thereby favouring temporal summation

(Lancaster et al., 2001). This illustrates an involvement of sl AHP in the modulation

of synaptic responses.

This thesis will explore further the modulation of 1,,;; and sl,y, in the CA1 region
of the hippocampus. Firstly, the inhibition of neuronal I,,; by the negative
modulator NS8593 will be tested. The thesis then concentrates on the modulation
of sl,p. I previously demonstrated for my undergraduate project, that application
of pituitary adenylate cyclase activating polypeptide (PACAP) results in an
increase in neuronal firing rate and a reduction in spike frequency adaptation in
CA1 pyramidal cells. Here I will investigate whether this increase in neuronal
excitability can be attributed to inhibition of sl,,, and the signal transduction
cascade underlying this effect. In the last two sections, I will examine whether
there is an involvement of the Ca™ stimulatable adenylate cycalses (AC) in the
modulation of sl,y, by both monoaminergic neurotransmitters and synaptic

transmission.
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2.1: Preparation of transverse dorsal hippocampal slices in

rodents

Rat hippocampal slices were prepared from P21-28 male Sprague Dawley rats and
were 350 um thick. Mouse hippocampal slices were prepared from adult wild type
(WT) and DKO (mice with a double knockout for both AC1 and AC8) C57BL/6J
mice (20-90 days old) and were 300 um thick. The dissection and slicing

procedure was identical for rat and mouse slices.

Figure 3: The anatomy of the hippocampus Panel A depicts the location of the
hippocampi within the rat brain. Panel B shows the transverse hippocampal slices
obtained at different levels along the rostro-caudal axis of the hippocampus: a, is a slice

through the dorsal hippocampus as used in these experiments; b and ¢ are slices obtained
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from the more caudal portion of the hippocampus and comprise sections of the ventral

hippocampus. Adapted from (Paxinos, 1995).

The animals were anaesthetised with isoflurane and decapitated. Throughout
dissection, the head was maintained in a petri dish containing artificial cerebro-
spinal fluid (ACSF) at ~4°C. An incision was made running from the nose to the
back of the head. The skin was parted in order to expose the cranium, which was
subsequently bisected along the middle line using scissors. The cortical
hemispheres were exposed by parting the two halves of the cranium. The brain
was visualised as shown in Fig. 3A, where the location of the hippocampi inside
the cortical hemispheres is depicted. In order to prepare dorsal transverse
hippocampal slices as shown in Fig. 3Ba, four incisions were made in the brain,
one along the midline between the two hemispheres to separate them, one to
separate the cortical hemispheres from the cerebellum, and two at the level of the
frontal lobes at a ~15° angle. The hemispheres were cut at a ~15° angle so that
when they were fixed to the slicer stage, the dorsal portions of the hippocampi
lied perpendicular to the cutting plane of the blade. The trimmed cortical
hemispheres were then removed and cooled in ACSF at ~4°C. The preparation
was cooled in order to slow down physiological and metabolic processes, thus
decreasing the probability of the cells undergoing hypoxic/ischemic damage and
therefore maintaining the healthy state of the tissue. The trimmed cortical
hemispheres were then glued to the slicer plate using a small amount of
cyanoacrylate glue. The plate was fixed to the slicer stage. The slicing chamber
contained oxygenated ACSF and was maintained at ~4°C throughout the slicing
procedure. Transverse slices were prepared using a vibroslicer Leica VT 1000S.
The slices were transferred to an incubation chamber using a cut and fire polished
Pasteur pipette. The incubation chamber contained ACSF, which was
continuously bubbled with 95% oxygen and 5% carbon dioxide. The slices were
left to recover from the slicing procedure for one hour before use in the incubation
chamber at room temperature (20-25 °C), and could be kept in good condition for

up to nine hours.
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2.2: Whole cell patch clamp recording

Slices were transferred from the incubation chamber to the recording chamber at
the microscope where they were held in position by a platinum harp placed on top
of them. The slices were continuously perfused with oxygenated ACSF at a rate of
2-3 ml/min at room temperature. Unless otherwise stated, all drugs were added to
the bath. Whole cell patch clamp recording was conducted using a HEKA EPC9
amplifier.

Patch pipettes were made from borosilicate glass capillary tubes in a two-stage
vertical puller (Narishige PP-830) and had a resistance of 4.5-7.5 MQ. Cells were
patched blind by positioning the patch pipette over the CAl region of the
hippocampus using a 10X magnification objective. Positive pressure was applied
to the patch pipette in order to prevent its fine tip from becoming blocked during
its approach to the cell. The pipette was slowly lowered onto the tissue whilst the
resistance of the electrode was monitored. An increase in electrode resistance of ~
0.4 MQ was taken as an indication of a cell being in close proximity to the patch
pipette. The positive pressure was then released, and gentle suction applied to the
patch pipette interior in order to favour the formation of a high resistance seal
(gigaseal) between the cell membrane and the tip of the pipette. In addition the
membrane potential was simultaneously depolarised in order to favour the
formation of a gigaseal. Once a gigaohm (GS2) seal been formed the pipette is said
to be in the on cell configuration. The whole cell configuration was achieved
through the simultaneous application of short suction to the patch pipette and a
short high voltage pulse (zap; 400 mV for 7 ms). Access to the interior was then
further improved by applying either gentle suction or pressure until the desired
access resistance was achieved. In order to increase the probability of patching a
healthy pyramidal cell, cells were taken from beneath the first layer. The
advantage of blind patching is that cells do not have to be taken from the first
layer of cells, which have a higher probability of their processes being damaged

by the slicing procedure (Blanton et al., 1989).



35

2.3.0: Voltage clamp protocol

The primary aim of the experiments conducted in voltage clamp was to isolate the
afterhyperpolarising Ca™-activated K* currents of interest: I, and sl,p. In order
to elicit these afterhyperpolarising currents, pyramidal cells were clamped at a
membrane holding potential of =50 mV, depolarised to +10 mV for 100 ms, and
then stepped back to —50 mV for 12 s during which both I, and sl were
visualised as Ca'" activated tail currents. The voltage clamp protocol is shown in
Fig. 4A.

The membrane potential was clamped at -50 mV because both
afterhyperpolarising currents are outward K* currents. The resting potential of
pyramidal neurons is relatively close to the equilibrium potential for K*
determined by the Nernst equation. (In the ionic conditions used in these
experiments the value of E¢ predicted by the Nernst Equation is - 102.4-104.3 mV
at room temperature.) Therefore if the cell were clamped close to its resting
membrane potential the K* current elicited by the protocol would be relatively
small. By clamping the membrane at the slightly depolarised potential of -50 mV,
the driving force for K™ is increased and both sl,,, and I, display larger
amplitudes.

slyyp and I, are Ca'* activated K* currents. In order to elevate the intracellular
Ca™ concentration, the cell was depolarised to +10 mV for 100 ms. This
depolarisation was sufficient to activate voltage gated Ca* channels resulting in
Ca™" influx that activated the Ca™ -activated K* channels that underlie both I,;;
and sl,,p. The Ca™ current was visualised during the step depolarisation as an
unclamped “Ca** spike” as shown in Fig. 4B. The Ca** spike amplitude and shape
were monitored during the course of experiments because, although unclamped,
changes may indicate changes in Ca'" influx, possibly due to changes in the
voltage gated Ca'™ currents or in access resistance. The membrane potential was
then stepped back to =50 mV and sl,,; and 1, were visualised as a tail current
following the step depolarisation (Fig. 4C). In some experiments where the sl,;;p
had a small amplitude, the depolarising step was increased to +30 mV for 200 ms

to further enhance Ca*™ influx and thus the magnitude of sl,p.
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In standard voltage clamp experiments, voltage gated sodium channels and some
voltage gated potassium channels were blocked using 0.5 uM tetrodotoxin (TTX)
and 1 mM tetraethylammonium (TEA), respectively. Under these conditions I,
and sl,,p displayed larger amplitudes because the required Ca™ influx was
enhanced. Enhanced calcium influx occurred because voltage gated sodium
channels and some voltage and Ca*™" activated K" channels were blocked by TTX
and TEA, respectively. Therefore the electrical gradient is maintained in favour or
positive ions entering the cell. Consequently , more Ca™ enters the cell to balance

the electrical gradient.
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Figure 4: Recording and analysing sI,u, Panel A shows the voltage clamp protocol

used to elicit afterhyperpolarising currents. The cell is depolarised from a holding
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potential of -50 mV to +10 mV for 100 ms. This step depolarisation is sufficient to
activate voltage gated calcium channels resulting in the calcium influx depicted as an
unclamped “calcium spike” in panel B. The afterhyperpolarising currents sl,up and Iup
are visualised as tail currents following the step depolarisation in C. Panel D is a
demonstration of the positioning of the left cursor used to calculate the amplitude of sl,p.
In order to prevent contamination of I, in the measurement of the amplitude of slyp, a

single exponential function was fit to I,,p as shown by the heavy dotted line in D. The

(-invtau

function used was: y;+Aexp ™. The left cursor is positioned at x when y, = 0. This is

the time point at which sl,yp is measured in isolation from 1,yp.

Some voltage clamp recordings were made in the absence of TTX and TEA in
order to activate sl,y, by more physiological concentrations of intracellular Ca™
i.e. without eliciting the high levels of intracellular Ca™ achieved in the presence
of TTX and TEA. Addditionally TTX has been demonstrated to suppress slyp
amplitude by an unknown mechanism (Constanti & Sim, 1987). Therefore
conducting these experiments in the absence of TTX will confer further
information about the modulation of sl,;,; under physiological conditions. Data
was generated and acquired using an EPC9 amplifier (HEKA, Germany) and the
software Pulse (HEKA). Data was filtered at 0.25 kHz and sampled at 1 kHz. In
some experiments, where [,,;, was measured in isolation, data was filtered at |

kHz and sampled at 4 kHz.

2.3.1: Analysis of voltage clamp experiments - sl,,p

Analysis was conducted using the software PulseFit (HEKA) and IgorPro
(WaveMetric). As illustrated in Fig. 4C, a tail current consisiting of two
components, 1,,,, and sl,;p, with clearly different time courses (see also Stocker et
al., 1999) were elicited in response to the voltage clamp paradigm described
above. The amplitude of sl,,, for any given trace was calculated by fitting an
exponential between two cursors and determining the amplitude and the decay
time constant (t) of the current. The charge was calculated as the integral of the
waveform between the two cursors. It was therefore important when analysing the
slyp that the left cursor was positioned so that there was as little “contamination”

as possible by I,,p. The right cursor was positioned at the end of the sweep where
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the current had returned to baseline. Fig. 4D is an example of how the position of
the left cursor was determined. A single exponential function was fit to the portion
of the current corresponding to I,,,. Where y, = O for the exponential function, ¥
corresponds to the first time point where the amplitude of sl could be
determined in isolation.

Control data was taken as the arithmetic mean of the three traces immediately
prior to drug application. The maximal drug effect was calculated by selecting
three traces when at least five minutes of stabilisation had occurred after drug

application. The arithmetic mean of these three traces was calculated.

2.3.2: Analysis of voltage clamp experiments - l,,p

A 100 ms
+10 mV ﬁ
-50 mV Il
B
C
D
0 Control (ii) Apamin (iii) (i)-(ii)
L\_._J 8 8
3 3
0.2s

Figure 5: Recording and analysing I,y I,y is a calcium activated potassium current
that is mediated by SK channels. It can be elicited by the voltage clamp protocol shown
in panel A. In order to record Iyp in isolation from slyp, recordings were conducted in

the presence of 50 uM 8CPT-cAMP. All experiments were conducted in the presence of
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0.5 uM TTX and 1 mM TEA in order to block voltage gated sodium channels and some
voltage- and calcium- activated potassium channels, respectively. Under these conditions
the “calcium spike” (B) and tail current (C) could be visualised clearly. The tail current in
panel C was mostly, but not completely inhibited by the selective SK channel blocker
apamin (Dii). Panel D illustrates how the SK-mediated I, could be obtained from the
tail current. Apamin (50 nM) was routinely applied at the end of the experiment. The
apamin insensitive component (Dii) was subtracted from the control tail current (Di).
This subtraction revealed the apamin sensitive l,yp (Diii), whose peak amplitude and
charge could then be determined. Experiments were conducted in hippocampal slices

from mouse.

In order to record 1,,;; in isolation from sl,,;, experiments were conducted with 50
uM 8CPT-cAMP in the recording pipette, as previously described by Stocker et
al. (1999). As shown in Fig. 5, under these conditions a single tail current could
be elicited in response to the voltage paradigm described above. However, in
mouse CA1 pyramidal neurons this tail current was composed of both apamin-
sensitive (I,,) and apamin-insensitive (mainly I,) components. In order to
determine the effect of drugs on the apamin-sensitive I, apamin (50 nM) was
routinely applied at the end of the experiment. The apamin insensitive component
left after apamin application (Fig. SDii) was then subtracted from the control (Fig.
5Di) and drug traces in Igor Pro, so that the amplitude and charge of 1,y (Fig.
5Diii) could be determined.

2.3.3: Analysis of voltage clamp experiments: time of effect

To calculate the time of effect of a drug’s action, the time course of the change in
sl,yp amplitude was plotted against time. Then two cursors were positioned on the
timecourse of the experiment. The first cursor was positioned at last timepoint
where the sl,;;, amplitude was maximal. The second cursor was positioned where
the effect of the drug on the sl,,;, amplitude had reached stabilisation. The sl,,p
amplitude change with time was fit by a monoexponential equation with which
the tau of effect could be calculated. The tau is defined as the time to 63 % of a

drug’s maximal effect. In experiments where the effect of the drug was not
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immediate i.e. where there was a lag between the addition of the drug to the bath,
and the effect on the sl,y, amplitude, the time of the lag was calculated and added

to the time of effect.

2.4.0: Current clamp protocols

Current clamp experiments were conducted with two aims: to monitor the effect
of a drug on spike frequency adaptation and/or to monitor the effect of a drug on
the SAHP. Therefore neurons were subjected to two protocols in current clamp: a
“burst” protocol was used to monitor the sAHP, while a “family of spike trains”
protocol was used to evaluate spike frequency adaptation. Current clamp
experiments were conducted in the absence of TTX and TEA in order to visualise

the action potentials elicited by somatic injection of square pulses of current.

2.4.1: Burst protocol

In order to monitor the SAHP following a burst of action potentials, current was
injected for 400 ms to stimulate a short train of action potentials. Data was filtered

at 0.4 kHz and sampled at 1.6 kHz.

2.4.2: Spike train protocol

In order to monitor the spike frequency adaptation, 800 ms-long current pulses
were injected into the cell and repeated sequentially with a stepwise increase of
current of 50-100 pA in order to elicit an increasing number of action potentials.

Data was filtered at 3.3 kHz and sampled at 13.3 kHz.

2.4.3: Experimental design

The experimental design of current clamp experiments was as follows. In order to
ensure stable recording conditions, the sl,;, was first monitored in voltage clamp.
This was because the sl,yp that underlies SAHP shows a ‘run up’ phenomenon.
Fig. 6 gives an example of the sl,y, ‘run up’. Typically, the sl,;, has a very small
amplitude (<10 pA) when recording is commenced. Over the first 10 — 20 minutes
of recording, the sl,yp increases in amplitude and then stabilises. Once s, had
reached stable amplitude in voltage clamp, the amplifier was switched to the

current clamp mode. The lowest current injection that elicited a single action
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potential was identified. A family of pulses eliciting spike trains was then run with
incremental current injections. Secondly the lowest current injection to elicit a
maximal sSAHP in a burst protocol was identified. This burst protocol was then
repeated five times. Returning back into voltage clamp mode, the sl,,;, was re-
assessed for stability, and then the drug was applied. Once the full effect of the
drug on the sl,,, had been visualised in voltage clamp, the burst and spike train
protocols were run again in current clamp. The membrane potential was
monitored before and after drug application. If the membrane potential changed

after the drug application, DC current was injected to return the membrane

potential back to its control value.
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Figure 6: The sl yp displays a “run-up” phenomenon An example of a typical sl yp
“run-up”. When recording is commenced (at time = 0) the sl,;;» has an initial amplitude
of ~ 10 pA. As recording continues, the sl,yp amplitude gradually increases in amplitude
until stability is reached. The dashed line indicates the maximal sl,,, amplitude achieved

in this cell (~ 100 pA). Once the sl,up “run-up” is completed the sl,up amplitude remains

constant for the duration of the experiment.

2.4.4: Analysis of current clamp experiments

In mouse CA1 pyramidal neurons, current clamp experiments were conducted to
compare the effect of monoamines in slices from DKO and WT animals. The
main aim of the current clamp experiments was to assess changes in amplitude of
the SAHP in response to the application of monoamines. The amplitude of the
sAHP before and after drug application was determined as the mean between two
cursors that were 100 ms apart and placed 1 s after the end of the current
injection. Five consecutive sweeps were averaged for each data point.

Experiments in which the burst protocol only elicited one action potential were
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excluded. The number of action potentials the burst protocol elicited was also
monitored. Application of monoamines led to an increase in action potential
number and a decrease in SAHP. Cells were excluded in which the action potential

number in response to the burst protocol decreased.

2.5.0: Series resistance

In voltage clamp recordings, current is injected through the pipette in order to
clamp the membrane at a specific voltage. Current in the pipette flows first
through a resistance in series with the cell membrane, this is termed the series
resistance. Because of the series resistance the membrane voltage does not mirror
exactly the pipette voltage, i.e. a voltage error occurs so that there is a delay
between the onset of the command and the actual voltage of the clamped cell
membrane.

In whole-cell patch-clamp recording, the electrode acts as a point source of
current located at the tip of the voltage recording microelectrode. For a cell to be
uniformly voltage-clamped i.e. for the membrane voltage to mirror the command
voltage in all portions of the membrane, each portion of the cell membrane should
be separated from the tip by equal access resistance. Therefore a small, spherical
cell can be uniformly voltage clamped and therefore is ‘space clamped’. However,
neurons have extended dendritic processes. A single neuronal process can be
modelled as a single ‘cable’ where the voltage change in response to a given
current injection decays exponentially with distance from the point source of
current. For a simple neuron, consisting of a soma and single dendrite that is
voltage-clamped by an electrode at the soma, the change in voltage with respect to
the current injection will decay with distance from the soma. Consequently a
second voltage error is introduced in voltage clamp recording from neurons, that
is due to inadequate ‘space clamp.’

No series resistance compensation was used in these experiments for several
reasons. First, the afterhyperpolarising currents are calcium activated and not
voltage sensitive: it is therefore not necessary to achieve fast and accurate
membrane voltage to activate these currents, since their amplitude will mainly

depend on the amount of intracellular calcium. Second, both I, and sl,yp are
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slow tail currents with a rise time of greater than 5 ms (Sah & Faber, 2002) and
~650 ms (Gerlach et al., 2004) for I, and sl,,p respectively in rat CAl
pyramidal neurons. The membrane time constant was extrapolated as 4.120.2 ms
(n=7) which is shorter than the time-to-peak of these currents. Finally, pyramidal
neurons have many long dendritic processes with complex shapes. This results in
multiple exponential components of the transient corresponding to the charging of
the slow membrane capacitance (Llano ef al., 1991). Amplifier circuits for the
compensation of the slow membrane capacitance and series resistance compensate
at best one of the exponentials, thereby not providing a very satisfactory
compensation in complex cells.

In order to monitor the series resistance, a dedicated protocol was run at various
points during the experiment. After compensating the fast capacitative transients
due to the pipette, a 200 ms-long hyperpolarising step from —50 mV to —-55 mV
(Fig. 7A) generated a current response (Fig. 7B). The relatively fast transients
observed were mainly due to the passive properties of the membrane. After fully
charging the membrane capacitance, current flowed (I,,,,) through leak channels
open at —55 mV. In the whole cell configuration, the access resistance is caused
by the aperture in the disrupted patch of membrane under the pipette. The series
resistance can be calculated from series current () according to Ohm’s law
(Fig. 7C). Data acquired from the protocol used to monitor series resistance was

filtered at 5 kHz and sampled at 20 kHz.

2.5.1: Analysis of series resistance

Series resistance was monitored throughout the experiment and maintained at <30
MQ. Experiments were discarded if the series resistance changed 225% over the
drug application or period of stimulation-induced sAHP depression. Series
resistance was analysed as shown in Fig. 7B and calculated from the series current
according to Ohm’s law (Fig. 7C).

Changes in input resistance were monitored in voltage clamp or in current clamp
recordings. Analysis of input resistance in voltage clamp was conducted as shown
in Fig. 7B and calculated from the I, according to the equation in Fig. 7D. Input

input

resistance can be measured in current clamp by calculating the change in steady
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state voltage in response to a small current injection (Fig. 7E). The current
injection should not elicit an active membrane response e.g. action potential. For a
cell with a stable series resistance, any change in the amplitude of the steady state
voltage response can be attributed to a change in input resistance. The input
resistance can then be approximated using the equation shown in Fig. 7D.
Analysis of input resistance in current clamp was conducted in synaptic

experiments in order to calculate any change due to the stimulation paradigm.
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Figure 7: Recording and analysing passive membrane properties Panel A shows the
voltage protocol used to determine the series (Ry..s) and input (R;,,,) resistances of CAl
pyramidal cells in whole cell voltage clamp experiments. After compensation of the fast
capacitative transients, a 200 ms hyperpolarising step from a holding potential of =50 mV

to —55 mV generated the current response shown in B. The current response was

translated into resistance measurements using the equations shown in C and D (Ohm’s
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law). The series resistance was calculated in current clamp at =60 mV by injecting a 500
ms depolarising pulse that did not elicit action potentials (E). The potential difference
measured in response to a 100 pA depolarising pulse is shown in F. This potential

difference was translated into the input resistance using the equation shown in D.

2.6.0: Synaptic stimulation experiments

In synaptic stimulation experiments, the ACSF used for dissection and slice
incubation had the composition of ACSF3. Recordings were performed in a
submerged chamber with a constant perfusion of oxygenated ACSF4 (2 ml/min)
at 30 °C. Once the whole cell configuration had been established, the slice was
perfused with 50 uM picrotoxin in order to minimise stimulus-induced plasticity
of inhibitory transmission mediated by GABA, receptors. A cut was made in each
slice between areas CA3 and CA1 in order to prevent epileptiform activity.

Giga-seal whole cell recordings were obtained as described earlier from the
somata of CA1 pyramidal cells. Stimulating pipettes were pulled from borosilicate
glass capillary tubes in a two stage vertical puller and subsequently broken to a
resistance of ~ [-2 MQ and filled with ACSF4. Stimulating pipettes were
positioned in the stratum radiatum of CAl in order to stimulate the Schaffer

collaterals.

2.6.1: High frequency synaptic stimulation (HFS)

Approximately five minutes after establishing the whole cell configuration, once
the membrane potential of the cell had stabilised, the depolarising current
injection used to monitor the SAHP was ascertained. The criterion for selecting
the depolarising step was the minimum current injection that elicited the
maximum number of action potentials for each cell. The protocol used involved a
set of 500 ms-long current pulses with current injections increasing in steps of 100
pA. The sAHP was elicited every 20 s from a membrane potential of -60 mV.
Sufficient DC current was injected to maintain the membrane potential at .60 mV
for the duration of the experiment. In order to monitor the SAHP data was filtered

at 615 Hz and sampled at 3.08 kHz.
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Intracellular EPSPs were measured at a membrane potential of —80 mV. The
EPSPs were elicited by a series of test pulses (1000 us, 3 pulses at 0.05 Hz) given
every 5 — 10 min. The EPSPs were filtered at 250 Hz and sampled at 1 kHz.

High frequency stimulation (HFS) was delivered at least 30 min after achieving
the whole-cell configuration, when the basal EPSP amplitude had stabilised at =
20 mV for at least 10 min. HFS was delivered at .60 mV as three trains of 100
pulses at 100Hz, separated by 3 min. After HFS, the number of action potentials
elicited by the sAHP protocol was monitored and maintained as the pre-HFS

action potential number = | by adjusting the current injection eliciting the SAHP.

2.6.2: Synaptic stimulation by pairing protocol

The membrane potential of the cell was monitored in current clamp until it
became stable and a family of action potential trains was recorded (500 ms-long
current injections every 20 s, 100 pA increments). The criterion used for selecting
the current injection for monitoring the SAHP was a current injection that gave an
intermediate number of action potentials. Subsequently, the sSAHP was elicited
every 20 s from a membrane potential of —60 mV. Sufficient DC current was
injected to maintain the membrane potential at -60 mV for the duration of the
experiment. In order to monitor the SAHP data was filtered at 615 Hz and sampled
at 3.08 kHz.

After the SAHP had been stable for = 10 min, (~ 30 min after achieving the whole
cell configuration), the intensity of the synaptic stimulation was determined as
follows. The postsynaptic cell was clamped at — 60 mV and an input-output
relationship was established by plotting stimulus intensity vs excitatory
postsynaptic current amplitude (EPSC). The stimulus intensity was then selected
to give an EPSC that was half of the maximal EPSC amplitude. The sAHP was
subsequently monitored for a further 15 min. Prior to applying the pairing
protocol, a family of 500 ms-long action potential trains was obtained (every 20 s,
200 pA increment).

The cell was then stimulated by clamping it at 0 mV, and simultaneously
delivering to the Schaffer collaterals a train of 200 stimuli at 5 Hz. Subsequent to

stimulation, the cell was kept for ~2 min in current clamp allowing its membrane
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potential to re-stabilise. Sufficient DC current was injected to maintain the
membrane potential at -60 mV and a third family of action potential trains was
elicited (500 ms-long current injections, every 20 s, 200 pA increment) in order to
identify the current injection giving a similar action potential number (= 1) to that
used to monitor the sAHP before stimulation. This current injection was
subsequently used to monitor the SAHP. The number of action potentials evoked
by the current injection was continuously monitored and maintained as the pre-

stimulation action potential number + | by adjusting the current injection eliciting
the SAHP.
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Figure 8: Recording and analysing mAHP and sAHP in synaptic stimulation
experiments The mAHP and sAHP were elicited by triggering spike trains by 500 ms-

long current injections from a membrane potential kept at -60 mV by DC current
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injection (A). The current injection chosen was sufficient to trigger a maximal number of
action potentials (B). The mAHP and sAHP were visualised as hyperpolarising shifts in
the membrane potential following the end of the current injection (C). The amplitude of
the SAHP was determined as the mean between two cursors placed 150 ms apart (D), | s

after the end of the current injection (C).

2.6.3: Analysis of synaptic stimulation experiments

The sAHP was elicited every 20 seconds, and its amplitude was determined every
minute by the following procedure. Three consecutive sweeps were averaged for
each data point in Pulsefit and exported into IgorPro. The amplitude of the sSAHP
was determined as the mean amplitude of the averaged trace between 1.0 — 1.15 s
after the end of the current injection used to elicit the SAHP. This time boundary
is marked as dashed lines on Fig. 8C and in the enlargement shown (Fig. 8D). As
can be seen in Fig. 8D, at this time boundary there was no overlap between the
mAHP and sAHP.

As a baseline before stimulation, the SAHP amplitude was monitored for either 6
min (HFS) or 10 min (pairing protocol). In order to quantify the change in sAHP
after stimulation obtained in different experiments, data was normalised to the
arithmetic mean of the baseline data.

The mAHP was recorded simultaneously with the sSAHP, (Fig. 8C). In order to
detect changes in the mAHP following HFS, the amplitude of the mAHP was
determined by placing cursors around the mAHP and measuring the maximal
hyperpolarisation.

Time-plots were generated from several experiments by calculating the arithmetic

mean of the normalised data at each time-point.

2.7: Statistics

The standard error of the mean (SEM) was calculated using the equation:

SEM = SDAV(n-1)

Significance was assessed using several different statistical tests. In all cases data
was assessed for normality using the Kolmogorov and Smirnov test. If data was

normally distributed with equal standard deviations, then significance was
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assessed by paired t tests (for matched data), and unpaired t tests (to compare
groups). An unpaired t test with Welch correction was performed on normally
distributed data that had significantly different standard deviations. If the data did
not follow a Gaussian distribution, then paired data was assessed by a Wilcoxon
matched-pairs signed-ranks test. Mann Whitney tests were used to compare
independent groups. In synaptic experiments, one-way repeated measures
ANOVA were used to analyse the significance of the time course for a given
condition i.e. to test whether the stimulation was effective. Where there was not a
large enough sample size to assess whether the data followed a Gaussian
distribution, a non-parametric repeated measures ANOVA (Friedman test) was
conducted. The statistical test used in each case is included in parenthesis with the

significance level ascertained. Significance was determined as p<0.05.



2.8.0: Materials

2.8.1: Equipment
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TYPE O F | MODEL/TYPE BRAND AND

EQUIPMENT SOURCE

Anti-vibration table 9102-11-00 Physik Instrumente,
Germany

Chart recorder WR7900 Graphtec

Microelectrode Puller PP-830 Narishige

Micromanipulator SM1 Luigs & Neumann

Microscope Axioscope Zeiss

Osmometer Vapor 5520 Wescor

Patch-clamp amplifier EPC9 Heka

Peristaltic pump

Not applicable

Made in laboratory

pH meter 766 Calimatic Knick

Scale 30TD Oertling

Scale LA120 Sartorius

Stimulator DS2 Digitimer Ltd.
Stimulator timer D4030 Digitimer Ltd.
Temperature control | TC-324B Warner Instrument
system

Vacuum pump Dymax30 Charles Austen Pumps
Vibroslicer VT1000S Leica
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2.8.2: Toxins and drugs

Drug Source Solubility
8CPT-cAMP Sigma
Albumin Sigma
Apamin Latoxan Toxin buffer
DL-AP5 TOCRIS 50mM NaOH
Dopamine hydrochloride | Research Biochemicals
International
D-tubocurarine Sigma
Isoproterenol Research Biochemicals
hydrochloride International
Maxadilan Dr Ethan Lerner,
Harvard University
Maxadilan-d-4 Dr Ethan Lerner,
Harvard University
MPEP hydrochloride TOCRIS
Noradrenaline Research Biochemicals
International
NS8593 NeuroSearch, Denmark DMSO
PACAP-27 Calbiochem
PACAP-38 Peninsula Laboratories
Europe
PACAP-6-38 BACHEM/ Peptide
Institute
PD98059 Calbiochem DMSO
Picrotoxin TOCRIS DMSO
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PKI-6-22-amide Calbiochem
Rp-cAMPS Biolog- Life Science
Institute
SB203580 Calbiochem DMSO
Serotonin hydrochloride Research Biochemicals
International
Tetraethylammonium Sigma
Tetrodotoxin Latoxan PH 4-5 with HCI
Uo126 Calbiochem DMSO
WAY 100135 TOCRIS
XE991 hydrochloride TOCRIS
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2.8.3: Salts and other chemicals

Compound Source

CaCl, Fluka

Glucose Anachem

HEPES VWR International Ltd
Isoflurane Curamed Pharma GmbH
KCl Merck and Anachem
Kgluconate Sigma

KH,PO, Merck and Anachem
KmeSO, ICN Biomedicals Inc.
KOH Merck

MgCl, Merck and Anachem
Na,-ATP Sigma

Na,-GTP Fluka

NaCl Merck and Anachem
NaHCO, Merck and Anachem

2.9.0: Solutions

2.9.1: Toxin buffer

Compound Concentration (mM)
NaCl 100
HEPES 20

pH to 7.4 with KOH




2.9.2: Extracellular solutions: ACSF1 (dissection and
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incubation)

Compound Concentration (mM)
NaCl 125

KCl 1.25

MgCl, 1.5

CaCl, 1

KH,PO, 1.25

NaHCO, 24

Glucose 16

2.9.3: Extracellular solutions: ACSF2 (recording)

Compound Concentration (mM)
NaCl 125

KCl 1.25

MgCl, L5

CaCl, 25

KH,PO, 1.25

NaHCO, 24

Glucose 16
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2.9.4: Extracellular solutions: ACSF3 (synaptic stimulation

experiments - dissection and incubation)

Compound Concentration (mM)
NaCl 119

KCl 2.25

MgCl, 1.3

CaCl, 1

KH,PO, 1.25

NaHCO, 25

Glucose 16

2.9.5: Extracellular solutions: ACSF4 (synaptic stimulation

experiments - recording)

Compound Concentration (mM)
NaCl 119

KCl 2.25

MgCl, 1.3

CaCl, 3.5

KH,PO, 1.25

NaHCO, 25

Glucose 16
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2.9.6: Intracellular solution: 1 (rat CA1 neurons)

Compound Concentration (mM)
Kgluconate 135

KClI 10

HEPES 10

MgCl, 1

Na,-ATP 2

Na,-GTP 0.4

2.9.7: Intracellular Solution: 2 (mouse CA1 neurons)

Compound Concentration (mM)
KMeSO, 135

KCl 10

HEPES 10

MgCl, 1

Na,-ATP 2

Na,-GTP 0.4

pH 7.2-7.3 with KOH, osmolarity 290-300 mosmols.

2.9.8: Selection of intracellular solution

It has been reported that gluconate based intracellular solutions cause a reduction
in the sl,,p amplitude (Zhang er al., 1994). Because the amplitude of sl,,, appears
qualitatively reduced in mouse compared to rat CA1 neurons, it was decided to
replace gluconate with methylsulphate in the intracellular solution when recording

from mouse CA1 neurons. The amplitude of sl,y, in methylsulphate solution is

larger than in gluconate based solution (Zhang et al., 1994).
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Chapter 3: Inhibition of neuronal |,,,; by the SK
channel modulator NS8593
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3.1.0: Introduction

The aim of this study is to investigate whether NS8593 is an effective modulator
of neuronal SK channels. In this section, the literature on the involvement of SK
channels in mediating 1,4, in CAl pyramidal neurons will be reviewed. The
present model of SK channel gating is presented and the Ca** dependent negative

modulator NS8593 is introduced.

3.1.1: The activation of SK channels underlies l,.p

In 1996 the genes encoding small conductance Ca**-activated K* (SK) channels
were cloned and expressed in Xenopus oocytes (Kohler et al.). The SK channel
genes were found to encode channels whose single channel activity increased with
increasing Ca** concentration, but did not respond to voltage(Kohler et al., 1996) .
SK channels were half maximally activated by intracellular Ca*™ concentrations of
between 300-700 nM (Kohler et al., 1996; Hirschberg et al., 1998).

Recombinant SK channels were found to be sensitive to the bee-venom toxin
apamin and the plant alkaloid d-tubocurarine to varying degrees (Kohler et al.,
1996). Four SK channel subunits have been cloned: SK1, SK2, SK3 and SK4.
SK4 (also known as IK) is only expressed in the periphery (reviewed by Stocker,
2004) and so will not be discussed further. SK channel subunits can be
distinguished on the basis of their apamin sensitivity so that SK1<SK3<SK2 with
SK2 being the most sensitive (reviewed by Stocker et al., 2004). Initially it was
thought that SK2 and SK3 were the only apamin sensitive SK channel subunits
(Kohler et al., 1996, Ishii et al., 1997). However it has later been demonstrated
that SK1 is also blocked by apamin in expression systems (Shah & Haylett, 2000;
Strobaek et al., 2000). I, currents that are inhibited to various extents by
apamin and d-tubocurarine have been characterised in a number of central and
peripheral neurons (for review see Stocker et al., 2004), including CA1 pyramidal
cells (Stocker et al., 1999). Thus the pharmacological profile of the recombinant
SK channels seemed to be similar to that of neuronal I,;,;. A further line of
evidence supporting a role for SK channels in mediating neuronal I, is the

correlation between the regional distribution of SK channel mRNA and protein
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correlation between the regional distribution of SK channel mRNA and protein
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and the expression of a current corresponding to I, (Stocker & Pedarzani, 2000,
Sailer et al., 2002).

In CA1 pyramidal cells, SK1 and SK2 subunit mRNA and protein are expressed
(Stocker & Pedarzani, 2000; Sailer et al., 2002). This indicates that either the SK1
or SK2 subunit mediates I, in CAl neurons. The apamin sensitivity reported for
I,p in CA1 pyramidal cells has an ICy, ~ 480 pM (Stocker et al., 1999). This is
lower than the apamin sensitivity of SK2 homomultimers expressed in
mammalian cell lines, which have an ICy, ~ 83 pM (Strobaek ez al., 2000) and
higher than the apamin sensitivity of SK1 homomultimers expressed in
mammalian cell lines which have an ICg, ~ 3.3 nM (Strobaek e? al., 2000). Two
explanations have been suggested to account for the difference in sensitivity
between neuronal I, in the CA1 region of the hippocampus, and recombinant
SK channels expressed in mammalian cell lines. Firstly, it is possible that
problems of toxin diffusion and penetration in brain slices might reduce the
effective concentration of apamin at the channels. The second explanation
suggests the possibility that SK1 and SK2 form heteromultimeric channels and
this may lead to the reduced apamin sensitivity of I, in CA1 pyramidal cells
(Stocker et al., 1999; Stocker & Pedarzani, 2000). The formation of
heteromultimeric SK1/SK2 channels in heterologous expression systems has been
demonstrated and it was shown that these channels display an intermediate
apamin sensitivity compared with the homomultimeric SK1 and SK2 channels
(Benton et al., 2003). However to date, expression of heteromultimeric SK1, SK2
channels has not been demonstrated in native systems. Lastly it has been reported
that the apamin sensitive I, in CA1 pyramidal neurons is abolished in mice
lacking the SK2 subunit, but present in SK1 knock out mice (Bond et al., 2004).
Therefore it seems likely that I, in CAl neurons is mainly mediated by SK2
channel subunits.

3.1.2: The model of SK channel gating

SK channels are tetrameric with a membrane topology for each subunit similar to
that of Shaker-like voltage gated K* channels with six putative transmembrane
segments (S1-S6) and a pore loop between S5 and S6 (Kohler et al., 1996;

Stocker, 2004). The current model for SK channel gating occurs in three steps. In
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the closed channel state i.e. in the absence of Ca™, calmodulin is constitutively
bound to each SK channel subunit by a calmodulin binding domain (CamBD)
located at the intracellular C terminal region of the SK channel subunit (Xia et al.,

1998; Keen et al., 1999; Schumacher e al., 2001; Schumacher et al., 2004).
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Figure 9: Membrane topology of SK channels

A, Schematic illustrating the membrane topology of SK channels (adapted from Flynn et
al., 2001).

B, Diagramatic representation of the Ca™ gating of SK channels. Ca™ binding to the
constitutively bound Calmodulin molecules on the SK channel results in a conformational

change and channel opening. (Adapted from Stocker, 2004.)
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Initial experiments indicated that Ca™ gating of the SK channel is through Ca™*
binding to the constitutively bound calmodulin. It was hypothesised that Ca**
binding results in conformational changes in the calmodulin molecule translating
to the SK channel subunits (Xia et al., 1998). Calmodulin contains two N terminal
and two C terminal EF hands domains, i.e. it has four Ca** binding motifs. The C
terminal EF hands motif on calmodulin mediates the Ca** independent interaction
with the SK channel CamBD (Keen et al., 1999).

Channel opening is triggered when Ca' binds to the N terminal lobes on
calmodulin (Keen et al., 1999). This results in exposure of the hydrophobic
domain on calmodulin that interacts with the adjacent CamBD monomer
(Schumacher er al., 2001). The crystal structure had indicated that two CamBDs
aligned themselves anti-parallel to each other in the presence of Ca™ (Schumacher
et al., 2001). Comparing the crystal structure in the presence and absence of Ca™
indicated that the part of the CamBD that is linked to the SK S6 pore helix rotates
more than 90° with Ca*™ binding (Schumacher ef al., 2004). This indicated that as
each N terminal lobe of calmodulin interacts with the C terminal region on the
adjacent CamBD, a rotary force is created which is transmitted to the attached S6
pore helices resulting in channel opening(Schumacher et al., 2001; Schumacher et
al., 2004).

In summary SK channels are gated by Ca™ binding to constitutively bound

calmodulin located at the intracellular C terminal region of the SK channel.

3.1.3: NS8593 is a Ca **-dependent negative modulator of SK

channels in expression systems

NS8593 is a small, uncharged lipophilic compound that shows no structural or
physiochemical resemblance to any known SK channel inhibitor. The NS8593-
mediated inhibition of SK currents in expression systems decreased with
increasing Ca'* concentration, indicating that the affinity of NS8593 for SK
channels is Ca™* dependent and its inhibitory action takes place by reducing their
apparent sensitivity to Ca™ (Strobaek et al., 2006). By contrast, 1-EBIO
(Pedarzani et al., 2001) and NS309 (Pedarzani et al., 2005) have been identified

as SK channel enhancers or positive gating modulators that act by increasing the
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Figure 10: Chemical structure of NS 8593 (Figure reproduced fromStrobaek et al.,
2006)

apparent calcium sensitivity of SK channels. These compounds are especially
interesting because they appear to modulate the Ca™" sensitivity of the SK channel
from the intracellular side of the membrane. Additionally, it has been proposed
that the positive modulators, 1-EBIO and NS309, may share their binding site
with NS8593 because high concentrations of NS309 can prevent NS8593
mediated inhibition of SK channels (Strobaek et al., 2006). However, a common
binding site between the positive modulators and NS8593 is questionable because
of the different selectivity towards SK4 shown by the different compounds.
NS8593 is selective for the SK1/SK2/SK3 channel subunits over SK4 (Strobaek
et al., 2006), whilst 1-EBIO and NS309 are more potent at SK4 (Strobaek et al.,
2004). Although a shared physical binding site between NS8593 and NS309/1-
EBIO is uncertain, there is evidence that they may share a common mechanism of
action. The C terminus of the SK channel is the locus for the Ca™ gating
machinery (Keen et al., 1999) and has been shown to be important for the
mechanism of action of 1-EBIO (Pedarzani et al., 2001). This indicates that the
mechanism of action of 1-EBIO may centre on the Ca™ gating mechanism of SK
channels.

An intracellular locus for the mechanism of action of NS8593 contrasts with the
mechanism of action of apamin. Apamin acts extra-cellularly by a mechanism

involving pore blockade (Strong, 1990; Ishii e al., 1997). Recently, it has been
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shown that the action of apamin involves its binding to a region outside the pore,
in the extracellular loop between the S3 and S4 segments (Nolting et al., 2007) in
addition to its binding to residues in the pore region (Ishii et al., 1997). Consistent
with apamin displaying a contrasting mechanism of action to NS8593, apamin
binding studies showed that NS8593 does not displace apamin binding either in
HEK293 cells expressing recombinant SK3 channels, or in striatal membranes

(Strobaek et al., 2006).



3.2: Aims and objectives

The primary aim of this part of the study was to investigate whether NS8593 was
an effective inhibitor of neuronal SK channels. To this aim we conducted whole
cell patch clamp recordings of CA1 pyramidal cells in mouse hippocampal slices

and tested the effect of NS8593 on the SK-mediated current 1.
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3.3.0: Results

3.3.1: The effect of NS8593 on the SK-mediated I,;p

To study the effect of NS8593 on neuronal I, whole cell voltage clamp
experiments were obtained from CAl pyramidal cells in acute mouse
hippocampal slices. Experiments were conducted in the presence of tetrodotoxin
(TTX, 0.5 uM) and tetraethylammonium (TEA, 1 mM) to block voltage gated
sodium channels and calcium and voltage dependent potassium (BK) channels,
respectively. To study the [, in isolation from the sl,;,;p, 8CPT-cAMP (50 uM)
was included in the pipette solution. 8CPT-cAMP is a membrane permeable, non-
hydrolysable cAMP analogue. Under these conditions, 100 ms-long depolarising
pulses yielded tail currents that were partially sensitive to NS8593. In this section,
statistical significance was assessed using one-sample t tests and unpaired t tests.
Application of 10 pM NS8593 significantly suppressed the tail current (% tail
current inhibition amplitude: 55.3+4.8 %; n=6; p<0.0001; % charge transfer:
67.8x4.4 %; n=6; p<0.0001, Fig. 11B, C, E). Subsequent application of the SK
channel blocker d-tubocurarine (50 uM) on the NS8593-insensitive current had no
further significant effect (% inhibition of tail current amplitude by d-tubocurarine:
16.2+8.6 %; n=6; p>0.1; % inhibition of tail current charge transfer by d-
tubocurarine: 28.1+14.2 %; n=6; p>0.1, Fig. 11B), indicating that 10 uM NS8593
had almost completely suppressed the SK mediated current 1,,,. The time of
effect of NS8593 was defined as the time to 63 % of the maximal effect of the
drug. NS8593 (10 uM) had a time of effect on I,;;p of 24.4+7.1 min (n=6).

Control currents were recorded in DMSO at the same final concentration used for
the application of 10 uM NS8593 (0.1%). DMSO had no significant effect on the
amplitude and time course of the recorded currents (amplitude: 100.0+6.0%;
n=12; p>0.9; charge transfer: 93.6+6.1%; n=12; p>0.3). Fig. 11C shows the effect
of DMSO (0.1%) on the tail current amplitude in time-matched controls.

In order to compare the effect of NS8593 (10 uM) with the effect of the known
SK channel blocker apamin, further experiments were conducted in which apamin

(50 nM) was directly applied to the tail current. Application of apamin (50 nM)
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significantly reduced the tail current (amplitude of tail current left: 57.1x12.1%:
n=7: p<0.05, charge transfer of I, left: 44.9+10.0 %: n=7: p<0.01, Fig. 11D).
There was no significant difference between the effect of apamin (50 nM) and
NS8593 (10 uM) on 1,;, amplitude or charge transfer (p>0.1). This indicates that
the effect of NS8593 (10 uM) is comparable with the effect of apamin (50 nM) in
mouse hippocampal pyramidal neurons and that the NS8593 sensitive component

of the tail current corresponds to I ,yp.
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Figure 11: Effect of NS8593 on the SK-mediated 1,5, in CA1 pyramidal neurons

A, In mouse CA1 pyramidal neurons, 100 ms-long depolarizing pulses eliciting a Ca*
current were followed by a tail current that was partly inhibited by 3 xM NS8593. The
remaining current was slightly, but significantly further reduced by the SK channel
blocker apamin (50 nM). Right panel: the SK-mediated component of the tail current,
I,up, Was obtained by subtracting the current trace obtained in the presence of apamin

from the control and NS8593 traces. NS8593 (3 uM) strongly reduced the apamin

sensitive I p.
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B, 10 uM NS8593 reduced the tail current following a depolarization-induced Ca* influx
in CAl neurons. The SK channel blocker d-tubocurarine (dTC, 50 uM) did not
significantly affect the residual current left after the application of 10 uM NS8593. Right
panel: I,,p was obtained by subtracting the current trace obtained in the presence of dTC
from the control and NS8593 traces (see also A). NS8593 (10 uM) largely suppressed the
dTC-sensitive I ,,p.

C, Time course of the effect of 10 uM NS8593 on the normalized amplitude of the total
tail current (open circles), comprising the SK-mediated I, and a Ca**-independent,
TEA-sensitive component (see Results). Each data point is the mean of six experiments.
Control data was recorded in the presence of 0.1% DMSO (closed circles). Data points
are the mean of four experiments. Data was sampled every 30 s. 10 uM NS8593 or 0.1%
DMSO were applied at the time point indicated by the arrow. Error bars represent SEM.

D, Bar diagram summarizing the effect of apamin (50 nM) on the total tail current
following the depolarization-induced Ca* influx. In 7 cells, apamin suppressed 42.9 *
12.1% of the current peak amplitude and 55.1 + 9.9% of the charge transfer, measured as
the area underneath the outward current. Error bars are SEM.

E, Bar diagram summarizing the maximal effect of different concentrations of NS8593
(3 uM, n =3 and 10 uM, n = 6) on the amplitude (black bars) and charge transfer (white
bars) of the SK-mediated I, obtained by subtraction (see A and B). Error bars are SEM.

Application of a lower concentration of NS8593 (3 uM) resulted in a significant
suppression of the tail current (amplitude of tail current left: 50.1+6.0%; n=3;
p<0.02, charge transfer of tail current left: 32.2+9.2%; n=3; p<0.02, Fig. 11A, E).
The time of the effect of NS8593 (3 uM) on the tail current was 32.8+8.3 min
(n=3). Subsequent application of the specific SK channel blocker apamin (50 nM)
resulted in a slight further reduction of the residual tail current (% inhibition by
apamin on the amplitude of tail current: 18.4+2.9%; n=3; p<0.03; % inhibition by
apamin on the charge transfer of tail current: 44.8+15.8%; n=3; p>0.1, Fig. 11A).
The further effect of apamin on the residual tail current indicates that 3 uM
NS8593 did not completely inhibit the SK-mediated current and provides an
indication of the concentration dependence of the drug action on neuronal SK

channels.
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3.3.2: |, contributes to the tail current in mouse

A residual current remained after suppression of I,,, by NS8593 (3-10 uM) and
specific SK channel blockers (d-tubocurarine, apamin) (Fig. 11A and B). In order
to investigate the calcium dependence of the residual current, ACSF in which
magnesium was substituted for calcium (calcium free ACSF) was applied to the
residual current after application of apamin (50 nM). On application of calcium
free ACSF to the residual current there was a significant increase in the residual
current (% change of residual current amplitude in calcium free ACSF:
145.7x13.7%; n=4; p<0.05: % change of residual current charge transfer:
168.9+34.4%; n=4; p>0.1, data not shown) indicating the residual current was not
calcium dependent.

To investigate whether the residual current left after SK channels inhibition was
mediated by voltage dependent K* channels, 5 mM TEA was applied after
application of NS8593 and specific SK channel blockers. 5 mM TEA further
suppressed the residual current (% inhibition of residual current amplitude by 5
mM TEA: 74.0£9.7%; n=7; p<0.01; % inhibition of residual current charge
transfer by 5 mM TEA: 96.6+3.4%; n=7; p<0.0001). This indicates that the
residual current is mediated by a voltage gated K* channel. A possible candidate
for the voltage dependent K* current is Iy. Iy is a non inactivating voltage
dependent K current that is mediated by KCNQ channels. The KCNQ 2/3
hetermultimer, whose TEA sensitivity closesly matches I, has an IC, for TEA of
3.8 mM (Hadley et al., 2000). This suggests that the TEA sensitive residual
current may be in part I,,.

To specifically test whether the residual current was I, and therefore indicate
whether the NS8593-mediated inhibition of 1,,;, was complete, experiments were
conducted with the specific Kv7/KCNQ/M channel blocker XE991. Fig. 12 shows
the effect of NS8593 in the presence of XE991 (5 uM) (Fig. 12A, B and C).
Application of 10 uM NS8593 to the XE991 insensitive tail current component,
i.e. the current left after application of 5 uM XE991, resulted in 100 % inhibition
of I, amplitude and 98.4+1.6% charge transfer inhibition (n=3). Administration
of 5 uM XE991 to the apamin insensitive residual current, i.e. the current left after

application of 50 nM apamin, resulted in 90.5£5.9 % tail current amplitude
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suppression (% tail current charge inhibition: 80.5+£7.6 %, n=4, p<0.005). Taken
together, these results indicate that 10 uM NS8593 is sufficient to suppress [ p

and the residual apamin/NS8593 insensitive current is Iy,
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Figure 12: Suppressing M current reveals the NS8593-mediated effect on the SK-
mediated I, in isolation in CA1 pyramidal neurons

A, 100 ms-long depolarising pulses recorded in the presence of 5 uM XE991, 1 mM TEA
and 0.5 pM TTX yielded a tail current that was suppressed by 10 uM NS8593.

B, Time course of the effect of 10 uM NS8593 in the presence of XE991 in a
representative cell. The XE991 resistant tail current was completely inhibited by NS8593.
C, Bar diagram summarising the significant effect of 10 uM NS8593 in the presence of
XE991. In three cells, 10 uM NS8593 suppressed the XE991 resistant tail current by 100
% and charge transfer by 98.4+1.6 %. Bars depict the mean, error bars represent SEM.

D, Bar diagram illustrating the effect of XE991 on the apamin resistant tail current.
Apamin was applied at 50 nM. Subsequent application of 5 uM XE991 resulted in
90.5+5.9 % tail current amplitude suppression and 80.5+7.6 % charge transfer inhibition
(n=4).
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3.4.0: Discussion

The aim of this set of experiments was to investigate whether NS8593 is an
effective inhibitor of neuronal SK channels and of the corresponding current Ip.
Application of 3 pM and 10 uM NS8393 resulted in suppression of the tail current
corresponding to I, in mouse CA1 pyramidal neurons. In addition, this study
showed that, after application of SK inhibitors (apamin, d-tubocurarine, NS8593),
there was some residual outward tail current remaining. This residual tail current
was shown to be M current because of its inhibition by the KCNQ channel
blocker XE991. This study furthers that of Strobaek et al (2006), which described
NS8593 as a modulator of recombinant SK channels by demonstrating the
effectiveness of NS8593 in slices. In this section, the possible uses of NS8593
compared with apamin as a therapeutic cognitive enhancer and a tool for

investigating neuronal firing patterns is explored.

3.4.1: Modulating SK channels to enhance cognition

An emerging role of SK channels in CAl pyramidal neurons is in their
modulation of synaptic function. Transfection of dissociated cultures of
hippocampal pyramidal neurons with GFP-tagged SK2 has shown that SK
channels are positioned in the dendritic spines and within clusters in the dendritic
shafts and soma (Ngo-Anh ez al., 2005). This places SK channels in the ideal
place to modulate synaptic function.

The role of SK channels in regulating the induction of synaptic plasticity in CAl
pyramidal cells has been demonstrated by comparing long term potentiation
(LTP) induction paradigms in the presence and absence of apamin. Using a single
stimulus frequency it was shown that the magnitude of LTP induced in the CA1l
region was increased by the extracellular application of apamin (Behnisch &
Reymann, 1998; Norris et al., 1998). Comparison of the threshold for induction of
synaptic modification (i.e. induction of LTP/long term depression) in the presence
and absence of apamin revealed that apamin shifted the threshold for induction of
LTP/LTD to lower synaptic stimulation frequencies in an NMDAR dependent
manner (Behnisch & Reymann, 1998; Norris et al., 1998; Stackman et al., 2002).
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The locus of this effect was postsynaptic because apamin had no effect on paired
pulse facilitation (Stackman et al., 2002). The mechanism by which SK channels
could regulate hippocampal synaptic plasticity was proposed as a negative
feedback loop between the voltage changes mediated by the currents produced by
NMDARs and SK channels. In their model, Ngo-Anh et al (2005) proposed that
Ca™ influx through the NMDARs mediating part of the EPSP would activate SK
channels. The ensuing hyperpolarisation would facilitate the magnesium block of
the NMDARs and thus limit their contribution to the EPSP and prevent synaptic
plasticity in CAl pyramidal neurons (Ngo-Anh et al., 2005). Thus SK channels
play important roles in the regulation of synaptic plasticity in CA1 pyramidal
neurons. Consistent with the facilitatory effect of apamin on synaptic plasticity,
and the proposed role of synaptic plasticity in learning and memory (Bliss &
Collingridge, 1993), apamin has been shown to increase the cognitive
performance of mice in the Morris water maze, the object recognition test
(Stackman et al., 2002), and the Y maze (Deschaux & Bizot, 2005). Therefore,
SK channel inhibitors, such as apamin, could have a potential therapeutic use as a
cognitive enhancer.

However, apamin is a very toxic compound with a narrow therapeutic window
(van der Staay et al., 1999), making it of limited clinical use. In addition, when
the effects of apamin on behaviour are tested, the narrow therapeutic window
means that the adverse effects of apamin e.g. tremor and clonic convulsions, can
overlap with the effect of interest (van der Staay et al., 1999). Therefore, the in
vivo investigation of the functional role of SK channels is complicated by the
toxicity of apamin. It has been suggested that the toxicity of apamin is due to its
mechanism of action as a pore blocker (Strobaek et al., 2006) This is because a
pore blocker will bind to its target channel indiscriminately of the state of the
neuron leading to uncontrolled neuronal firing i.e. a neuron’s activity state will
not regulate the binding of a pore blocker to the channel. Conversely, NS8593 has
been shown to bind to a site on SK channels other than the apamin binding site
(Strobaek et al., 2006). Although NS8593 binds to all three SK channel subtypes
(Strobaek et al., 2006), the inhibitory action of NS8593 has been shown to be

calcium dependent and this might confer reduced toxicity. The SK channel
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inhibition mediated by NS8593 decreases with increasing intracellular Ca™
concentration, additionally closed SK channel inhibition can be reversed by high
Ca' (Strobaek et al., 2006). This provides a mechanism for preventing
uncontrolled neuronal firing. The increased intracellular Ca™ concentration
resulting from increased neuronal firing will serve to feedback and relieve the SK
channel inhibition by NS8593. The Ca** activated SK channels will reopen and
the ensuing K* current will hyperpolarise the membrane thus terminating neuronal
firing. Therefore the mechanism of action of NS8593 may render it a less toxic
compound than apamin. Given that inhibition of SK channels facilitates the
induction of LTP and improves cognitive performance, NS8593 may prove a

useful compound with which to study the functional role of SK channels in vivo.

3.4.2: Avenues for further study: NS8593 and neuronal firing

patterns

The Ca™ dependency of inhibitory gating modulation of SK channels by NS8593
could be effective in subtly changing firing patterns. If it is assumed that (i) the
total Ca™ influx per action potential remains approximately constant, as has been
indicated by Ca™ imaging studies (Schiller et al., 1995; Helmchen et al., 1996),
and (ii) that Ca*™ extrusion processes are slow so that the intraceullar Ca™
concentration is increased proportionately to the Ca*™ influx (Traub er al., 1991),
then it would be expected that NS8593 is likely to be more effective in inhibiting
SK channels in neurons with a low firing frequency, where the intracellular Ca*™
concentration remains lower than in neurons with a high firing frequency. Further
experiments are needed in order to characterise the effects of NS8593 on the
firing properties of central neurons. This could be interesting both in the
hippocampus, where SK channels contribute to setting the early firing frequency
(Stocker et al., 1999), and in midbrain dopaminergic neurons, where SK channels
have been shown to switch firing patterns from a pace-making pattern, where
neurons fire with rhythmical precision, to burst mode in which a neuron fires an

irregular, phasic discharge which consists of two or more action potentials (Ji &
Shepard, 2006).
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Chapter 4: Modulation of sl by Pituitary Adenylyl
Cyclase Activating Polypeptide (PACAP)
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4.1.0: Introduction

The hypothalamic hormones are synthesised by neurones in the hypothalamus and
include, among others, corticotrophin releasing factor (CRF), vasoactive intestinal
peptide (VIP) and pituitary adenylyl cyclase activating peptide (PACAP) (Vaudry
et al., 2000). CRF and VIP have been shown to suppress the sAHP in
hippocampal neurons and consequently decrease the spike frequency adaptation
(Aldenhoff er al., 1983; Haas & Gahwiler, 1992). The CRF- and VIP-mediated
effects on sl were inhibited by PKA inhibitors in CA1l pyramidal neurons
(Haug & Storm, 2000). This indicated that these neuropeptides modulate sl,;;, by
a PKA-dependent mechanism. PACAP is a member of the VIP-glucagon-GRF-
secretin super-family of structurally related proteins and shows 68 % homology to
VIP (Campbell & Scanes, 1992). PACAP is physiologically available in two
isoforms comprising of 38 and 27 amino acids respectively (Kimura e? al., 1990).
The primary aim of this study was to investigate whether PACAP modulates the

Ca™ activated K" current sl,;;, in CA1 pyramidal cells.

4.1.1: PACAP receptors and their expression in the

hippocampus

PACAP receptors fall into two categories, depending on whether or not they are
activated by VIP. Type 1 PACAP receptors (PAC-1-R) exhibit a high selectivity
for PACAP and are coupled to both adenylyl cyclase and phospholipase C
(Spengler et al., 1993). Type 2 PACAP receptors can be activated by PACAP and
VIP and are solely coupled to AC (Ishihara et al., 1992). They can be further
subdivided into two subtypes that are distinguished through their different
affinities for the neuropeptides: PACAP-38, PACAP-27 and VIP have equal
potency at V-PAC2 receptors, whilst V-PACI receptors have a higher affinity for
PACAP than for VIP (Vaudry et al., 2000).

Schaffer collateral afferents from CA3 pyramidal cells synapse to CA1 pyramidal
cells. Other synaptic inputs on CAl pyramidal cells come from interneurons.

Using immunocytochemistry and in situ hybridisation, it has been shown that the
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CA3 pyramidal cells express PACAP, while the interneurons are free of PACAP
gene expression in the hippocampus (Hannibal, 2002).

Hashimoto et al. (1996) used in situ hybridisation to demonstrate V-PAC1 and V-
PAC2 receptor mRNA expression in CAl, CA2 and CA3 pyramidal cells.
Additionally, using immunocytochemistry and in situ hybridization, it has been
shown that PAC-1 receptors are localised on the hippocampal pyramidal cells
(Shioda et al., 1997). Thus PACAP is expressed in the CA3 pyramidal cells of
the hippocampus that synapse onto CA1 pyramidal cells, which express PAC-1,
V-PACI and V-PAC-2 receptors.

4.1.2: The effect of PACAP on neuronal excitability
A
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Figure 13: The effect of PACAP-27 on spike frequency adaptation and firing rate in
CAl pyramidal cells (reproduced from Taylor, 2003)
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A, Voltage response of two different neurons to an 800 ms-long depolarising pulse before
(control) and after application of 250 nM PACAP-27. The current injection was 140 pA
for neuron A and 100 pA for neuron B.

B, Graphs depicting the frequency of action potential firing against time for the two
neurons shown in A. Solid diamonds represent the neuronal response before PACAP-27
(control), whilst unfilled squares illustrate the response after PACAP-27 application. The
reciprocal of the interspike interval between pairs of action potentials is equivalent to the
action potential frequency. The time (ms) at which the frequency of action potentials has
been determined is defined as the time (ms) of the second action potential of the pair used
to calculate the interspike interval. Time = 0 ms at the point when the first action
potential in response to the current injection is fired.

C, Graph illustrating the variation in the number of action potentials fired with increasing
depolarising pulses. Unfilled squares indicate after PACAP-27 application. Solid

diamonds indicate the control situation.

PACAP has been shown to affect neuronal excitability in different types of
neurons, both through the modulation of identified ion channels, Ca*™ currents and
neuronal firing rate and membrane potential. PACAP application leads to an
increase in intracellular Ca™ both through the mobilisation of Ca™ from
intracellular stores (Tatsuno ef al., 1992) and the modulation of Ca™ influx in a
store-independent manner (Tompkins et al., 2006). In thalamocortical neurons,
application of PACAP has been shown to lead to membrane potential
depolarisation with an associated decrease in membrane resistance. This was
shown to be due to a cAMP-mediated activation of I, (Sun et al., 2003).
Application of PACAP-27 to individual cardiac ganglion neurons also resulted in
membrane depolarisation (Braas et al., 1998). In the same preparation, application
of PACAP-27 resulted in an increase in the number of action potentials fired in
response to a current pulse, indicating an increase in neuronal excitability (Braas
et al., 1998). In superior cervical ganglion sympathetic neurons, PACAP-27
application similarly results in a membrane depolarisation due to both (i)
activation of a sodium conductance and (ii) inhibition of a potassium conductance
(Beaudet et al., 2000). In hippocampal CA1 pyramidal cells, application of
PACAP-38 results in an increase in firing rate (Di Mauro et al., 2003). We have
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previously shown, in work presented for my undergraduate examination, that
application of both PACAP-27 and PACAP-38 (250 nM) results in an increase in
firing rate and a decrease in the spike frequency adaptation of CAl pyramidal
neurons(Taylor, 2003).

As already discussed, the sAHP is responsible for the late phase of spike
frequency adaptation. The sAHP is mediated by the Ca™ activated K* current,
Slaup- Therefore we hypothesise that PACAP exerts its effect on neuronal

excitability of CA1 pyramidal cells by suppressing sl ;.
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4.2: Aims and Objectives

It had previously been reported that hypophysiotropic neurohormones such as VIP
and CRF suppress the SAHP in hippocampal neurons and consequently decrease
spike frequency adaptation (Aldenhoff er al., 1983; Haas & Gahwiler, 1992). In
2000, Haug and Storm conducted a set of experiments to investigate the
modulation of sl,y, by neuropeptides. They reported that 400 nM VIP
significantly reduced the amplitude of sl,;, (Haug & Storm, 2000). Given the
sequence homology between PACAP and VIP (Campbell & Scanes, 1992), and
the knowledge that PACAP and VIP have identical K, values and therefore
similar affinity for VPAC-1 and VPAC-2 receptors (Lam et al., 1990), it was
decided to test whether PACAP affects sl,,;; in CA1 pyramidal neurones. The first
aim of these experiments was to replicate and extend preliminary experiments
already conducted in Dr Pedarzani’s laboratory by Dr Michael Krause that had
indicated that 500nM PACAP-38 suppressed sl,,;p (n=3). The further aim of this
study was to elucidate the signal transduction cascade that underlies the PACAP

mediated effect in CA1 pyramidal neurons.
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4.3.0: Results

4.3.1: Effect of the neuropeptide PACAP on sl in CA1

pyramidal neurons

Several precautions were undertaken in the experimental procedure to increase the
accuracy of the results. A run up phenomenon of unknown mechanism has been
described for the sl,,, (Borde et al., 2000, see Fig. 6), therefore after addition of
TTX and TEA, the amplitude of the sl,,;; was allowed to stabilise in order to
establish a clear baseline, against which the effect of drugs could be measured. 25
ug/ml albumin was added to the ACSF for ten minutes prior to the application of
PACAP to prevent binding of the peptide to any non specific protein binding
sites, thereby increasing the bioavailability of the protein at the receptor. Again
the amplitude of the sl,,, was allowed to stabilise for at least five minutes after
the application of albumin. PACAP was applied to the slice for ten minutes.
During and following this application, the amplitude of the sl,,;, was monitored
and recording was continued until stabilisation. Prior to albumin application the
sl,up had a peak amplitude of 62.7+6.9 pA and charge of 150.1x16.8 pC (n=21).
The ten-minute application of 25 pg/ml albumin did not significantly alter the
peak amplitude or charge of sl,,;,, compared with the sl,,, prior to albumin
application (peak sl ,, amplitude after 10 minute application of albumin =
58.9+£7.5 pA, n=21, p=0.39, Wilcoxon matched-pairs signed-ranks test; charge =
143.4+18.6, n=21, p=0.22, Wilcoxon matched-pairs signed-ranks test). To
confirm that albumin did not affect the sl,;;p, further experiments were conducted
in which the effect of albumin on sl,,, was evaluated over a longer timescale. In
general, the time of effect of PACAP was 17.6+5.6 minutes. In 6 cells, albumin
did not significantly change the sl,, peak amplitude (% inhibition: 9.5+12.5 %,
p=0.44, Wilcoxon matched-pairs signed-ranks test) or charge (% inhibition:
6.5x13.7 %, p>0.99, Wilcoxon matched-pairs signed-ranks test) in this timeframe.
Fig. 14A illustrates the effect of PACAP on sl ;. PACAP reduced both the peak

amplitude and charge transfer of sl,,,. The effect of PACAP-38 (500 nM) on the
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Sl up took 17.6+5.6 minutes to develop (Fig. 14B). This is in contrast to the effect
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Figure 14: PACAP-38 suppresses sl ;p
A, 100 ms-long depolarising pulses elicit

rat CA1 pyramidal neurons. 500 nM PA

ing calcium influx were followed by a sl,yp in

CAP-38 (PAC-38) suppressed sl,p with little
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effect on the amplitude of the unclamped calcium spike (inset panels). The control trace
is recorded in the presence of 0.5 puM TTX, 1| mM TEA and 25 pg/ml albumin (BSA).
Traces are an average of three consecutive sweeps.

B, Time course of the effect of PACAP-38 (500 nM) on the amplitude of sl in a
representative cell. Solid line indicates the duration of PACAP-38 application. The effect
of PACAP develops slowly, reaching its maximal effect in ~ 25 minutes.

C, Time-matched control, following the effect of albumin (BSA; 25 pg/ml) on the
normalised sl,,p amplitude over the time required to achieve maximal effect of PACAP-
38 (n=7). Albumin was added at the point indicated by the arrow. The sl was elicited
once every 30 s.

D, E, Bar charts illustrating the significant effect of PACAP-38 relative to the time
matched albumin control on sl,up amplitude (D) and charge (E). Charge transfer is
measured as the area underneath the outward tail current. In six cells, 500 nM PACAP-38
significantly suppressed the sl amplitude by 62.9+8.2 % compared with a 9.5£12.5 %
sl,yp amplitude reduction in the time matched albumin control (p<0.005 Mann Whitney
test). The sl yp charge transfer was significantly inhibited by PACAP-38 by 71.6+5.5 %
compared with a 6.5£13.7 % reduction in charge transfer in the time matched albumin
control (p<0.005, Mann Whitney test).

F, G, Bar charts depicting the significant effect of 500 nM PACAP-27 (PAC-27) on sl,yp
amplitude (F) and charge transfer (G) and comparing it to the PACAP-38-mediated effect
(PAC-38). 500 nM PACAP-27 inhibited the sl,yp amplitude by 86.1+4.7 % and charge
transfer by 85.8+5.1 % in ten cells. There is no significant difference between the effects
on sl,yp of the two physiologically occurring isoforms of PACAP on sl amplitude

(p>0.06) or charge transfer (p>0.1) (Mann Whitney tests).

Note: 3 of the 6 cells treated with PACAP-38 and presented here were measured by Dr.
Michael Krause. In those cells, sl yp was elicited from a holding potential of -60 mV in
the presence of 10 uM bicuculline. The remaining PACAP-38 data was recorded during

and presented for my undergraduate study.

of the B-adrenergic agonist isoproterenol (1 uM), which had its maximum effect
on the amplitude of sl,;, within two minutes (data not shown). The effect is
quantified in Fig. 14D and E. Over a time of ~25 minutes, 500 nM PACAP-38
suppressed the amplitude of the sl,yp by 62.9+8.2% (n=6, p<0.001, one sample t
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test) and the charge by 71.6x5.5 % (n=6, p<0.0001, one sample t test). The Ca""
spike showed no significant change over the course of the experiments, indicating
that approximately the same amount of Ca™" entered the cells before and during
PACAP application (Fig. 14A inset panels). There was no significant change in
series resistance over the course of the experiments; therefore, the suppression of
the sl,y cannot be attributed to this. In several cases the experiment was
continued post PACAP application for at least ten minutes in order to determine
the reversibility of the PACAP effct. The PACAP mediated inhibition of the sl

did not reverse over this timescale.

4.3.2: Both PACAP isoforms suppress Slp

PACAP occurs in nature in two isoforms comprising of 38 and 27 amino acids
respectively (Kimura et al., 1990). The 27 amino acid isoform (PACAP-27) is
generated from the same PACAP precursor as the 38 amino acid isoform and is
cleaved at an internal cleavage-amidation site eleven amino acids from the amino
terminal (Chartrel e al., 1991). The next stage in this study was to determine
whether there was any difference in the action of the two naturally occurring
isoforms of PACAP. Application of 500 nM PACAP-27 resulted in inhibition of
slaup With little effect on the calcium spike (Fig. 15A). The time to effect of
PACAP-27 was 12.3+3.6 min (n=4) (Fig. 15B), similar to 17.6£5.6 mins (n=6)
for PACAP-38 (p=0.76, Mann Whitney test). 500 nM PACAP-27 significantly
reduced sl yp amplitude from 68.1+x11.4 pA to 9.8+£3.6 pA (86.124.7 % slyp
inhibition, n=4, p<0.01, paired t test) and charge from 169.8+23.4 pC to 24.7+9.7
pC (85.8+5.1 % sl,yp inhibition, n=4, p<0.01, paired t test) (Fig. 15C). There was
no significant difference revealed by Mann Whitney tests between the extent of
the effect of the same concentration of PACAP-38 (n=6) and PACAP-27 (n=4) in
CA1 pyramidal cells on sl,y, amplitude (p=0.06) or charge (p=0.11) (Fig. 14F and
G). Due to the similarity in the effect of the two PACAP variants, it was decided
to conduct further experiments with PACAP-27.
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Figure 15: PACAP-27- mediated effect on neuronal sl

A, 500 nM PACAP-27 (PAC-27) suppresses sl,yp with little effect on the amplitude of
the “Ca*™ spike” (insets).

B, Time-course of the effect of PACAP-27 (500 nM) on the normalised sl amplitude.
The arrow represents the beginning of PACAP-27 application. PACAP-27 was applied
for 12.1+0.8 mins (n=4). Each data point represents the average of four cells with the
error bars depicting the SEM

C, Bar chart illustrating the significant effect of PACAP-27 on sl amplitude (p<0.01,
paired t test) and charge transfer (p<0.01, paired t test) compared with the non-significant
effect of albumin (BSA; 25 nug/ml; sl,ye amplitude: p=0.44, Wilcoxon matched-pairs
signed-ranks test; sl,up charge transfer: p>0.99, Wilcoxon matched-pairs signed-ranks
test) in time-matched controls. Application of 500 nM PACAP-27 suppressed the sl,yp
amplitude by 86.1+4.7 % and charge transfer by 85.8+5.1 %. The effect of albumin was
measured at 20 minutes post start of application, in this timeframe the sl,;p had reduced
in amplitude by 9.5+12.5 % and charge transfer by 6.5+13.7 %. There was significant

difference in the effect of PACAP-27 compared with the effect of albumin on sl
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amplitude (p<0.01, Mann Whitney test) and charge transfer (p<0.01, Mann Whitney test).

The effect of PACAP was measured at its maximum.

Note: The four cells treated with PACAP-27 were recorded and presented in my
undergraduate study.

4.3.3: The PACAP effect is specific for sl,p Over e
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Figure 16: The effect of PACAP-27 on the SK-mediated I,
A, 100 ms-long depolarising pulses elicited I,y followed by sl,up. Iyp Was measured in
the same cells as sl,yp. PACAP-27 (PAC-27; 500 nM) had a weak effect on I,p, while

suppressing sl,yp. The unclamped calcium currents (displayed as insets) were largely
unchanged by PACAP-27 application.
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B, C, PACAP-27 (PAC-27; 500 nM) did not significantly affect 1,4, amplitude (B, C) or
charge transfer (C). There was no significant difference between the effect of PACAP-27
and albumin (BSA) on I, amplitude (% 1,yp left: BSA, 65.3+4.8 %; PAC-27, 78.5+7.1
%; p=0.07; Mann Whitney test) or charge transfer (% I, left: BSA, 59.2+8.6 %; PAC-
27, 72.0+8.6; p=0.79; Mann Whitney test). The effect of the two compounds was
measured twenty minutes after commencement of application, when the effect of
PACAP-27 on sl,up was maximal. Each data point in (B) is an average of three

experiments.

In Fig. 16A, two distinct tail currents can be visualised: sl and I, To
determine whether PACAP-27 affects both sl,yp and 1,,;, the effect of PACAP-27
on l,,p was elucidated. The effect of 500 nM PACAP-27 on |, was quantified at
both ten and twenty minutes after commencement of PACAP application. This
was because PACAP-27 was seen to have its full effect on sl,,;; in ~ 20 minutes,
and was seen to have significant effects at 10 minutes (Fig. 15B). In Fig. 16A, the
Ianp 18 visualised on an expanded time scale, and part of sl,,; is visible. Fig. 16B
follows the timecourse of PACAP-27 (500 nM; PAC-27) application on the I,
amplitude. The effect of PACAP-27 on the 1,,, amplitude and charge transfer is
quantified in Fig. 16C. In three cells in which PACAP-27 suppressed sl;p, there
was little effect on I,,;, compared to intercalated time-matched albumin controls.
Twenty minutes after commencement of drug application, 1,4, amplitude and
charge were not significantly different from vehicle control (% 1,,, amplitude left
in albumin: 65.3x4.8%, n=5; PACAP: 78.5+7.1, n=3; p=0.07, Mann Whitney test)
(% 1,y4p charge transfer left in albumin: 59.2+8.6 %, n=5; PACAP: 72.0+8.6, n=3;
p=0.79, Mann Whitney test). The 30-35 % reduction of the I,,, amplitude and
charge transfer observed during the application of drug and vehicle control is most

likely due to run-down of this current, and not an effect of the drug.

4.3.4: The effect of PACAP-27 is concentration dependent

The next stage was to determine whether the effect of PACAP-27 on sl,,, was
concentration dependent in order to find the ideal concentration of PACAP-27 to

conduct further experiments. The ideal concentration of the neuropeptide was
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defined as the lowest concentration of PACAP-27 that gave a consistent, close to
maximal effect. Fig. 17C shows the effect of varying PACAP-27 concentration on
both sl,y, amplitude and charge. 100 nM PACAP-27 did not significantly reduce
the amplitude of the slp (% inhibition: 29.9+10.6%, n=4, p=0.06, paired t test).
The effect of 100 nM PACAP on sl,,,, charge was consistent with its effect on
slaup amplitude (% inhibition: 32.7+11.5, n=4, p=0.06, paired t test). Application
of 250 nM PACAP-27 resulted in significant suppression of sl (% Slpyup
inhibition: amplitude 70.2+7.3, n=10, p<0.0001; charge 59.3+11.4, n=10,
p<0.0005, paired t test). From figure 17C it can be seen that, in spite of the few
data points, the steep part of the concentration response curve seems to lie
between 100 nM and 250 nM. There is no significant evidence of change in the
effect between 250 nM and 500 nM (maximum amplitude inhibition: 86.1x4.7 %
500 nM PACAP-27 (n=4): 70.5+7.3 % 250nM PACAP-27 (n=10); p=0.35, Mann
Whitney test), indicating that 500 nM is close to the concentration giving the
maximal effect of PACAP. Given the strong and consistent effect observed and
illustrated in Fig. 17A, B and C, it was decided to conduct further experiments

with 250 nM PACAP-27.
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Figure 17: The effect of PACAP-27 on sl is concentration dependent
A, Application of PACAP-27 (PAC-27; 250 nM) resulted in a strong inhibition of sl

with little effect on the amplitude of the unclamped calcium current (insets).
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B, The effect of PACAP-27 (250 nM) on the amplitude of sl ;. Square symbols
represent individual cells. Each pair of symbols represents the sl, amplitude prior to
PACAP-27 application (in 25 pg/ml albumin; BSA) matched to the sl,,, amplitude at the
maximal effect of PACAP-27. Bars represent the averaged data. 250 nM PACAP-27
significantly suppressed sl,yp amplitude by 70.5+7.3 % (n=10, p<0.05).

C, The effect of PACAP-27 on sl is concentration dependent. PACAP-27 significantly
suppressed sl yp amplitude (open circles) and charge transfer (solid circles) at both 250
nM (n=10) and 500 nM (n=4). Although 100 nM PACAP-27 partially inhibited sl,;p, the

effect was not significant (n=4).

Note: All cells, except for five with 250 nM PACAP-27, were presented in my

undergraduate study.

4.3.5: Activation of PAC-1-R partially mimics the PACAP effect

PACAP receptors are distinguished by their relative activation by VIP. PACAP
type 1 receptors (PAC-1-R) are selective for PACAP and couple to both AC and
phospholipase C. PACAP type 2 receptors (V-PACI-R and V-PAC2-R) fall into
two subtypes based on their relative selectivity for PACAP and VIP and couple
mainly to AC (Vaudry et al., 2000). Experiments using in situ hybridisation have
shown mRNA expression for all three PACAP receptor subtypes in CAl
hippocampal cells (Hashimoto et al., 1996; Shioda et al., 1997). To elucidate
whether activation of PAC1-R is responsible for the PACAP-mediated sl,p
suppression in CAl pyramidal cells, experiments were conducted with the PAC-
1-R selective agonist maxadilan (Moro & Lerner, 1997).

Maxadilan is a peptide originally isolated from the saliva of the sandfly (Lerner et
al., 1991). Maxadilan is structurally unrelated to PACAP; however, it acts as a
selective agonist at PAC-1-R, whilst it has no activity at VIP receptors (Moro &
Lerner, 1997). It was decided to use the same concentration of maxadilan as
PACAP-27 because maxadilan has a similar affinity to PAC-1-R as PACAP in rat
brain (Moro et al., 1996). Fig. 18 illustrates the effect of 250 nM maxadilan on
Slapp- In five cells, maxadilan (250 nM) suppressed the sl amplitude from

31.2+6.9 pA to 20.67+4.29 pA over 14.2+4.6 min (p<0.05, paired t test, Fig. 18A,
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C and D). The maxadilan mediated suppression occurred over a similar timescale
to the PACAP mediated suppression (time to effect of 250 nM PACAP-27:
15.7+2.6 min). In Fig. 18F it can be seen that 250 nM maxadilan suppressed sl,p
to a lesser extent than 250 nM PACAP-27. 250 nM maxadilan inhibited sl
amplitude by 32.6+4.3 % and charge by 24.4+5.3 %. The difference between the
PACAP mediated sl,,, amplitude suppression and the inhibition induced by
maxadilan is significant (p<0.005; unpaired t test). This indicates that only part of
the PACAP induced suppression of sl,y, is mediated by PAC-1-R.
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Figure 18: Activation of PAC-1-R leads to suppression of s,
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A, The effect of 250 nM maxadilan on sl,e. Maxadilan is a selective agonist at PAC-1-
R.250 nM maxadilan caused a partial suppression of sl,yp with little effect on the
unclamped Ca*™ current.

B, The PAC-1-R antagonist PACAP-6-38 (PAC-6-38; 500 nM) inhibited the PAC-1-R
mediated suppression of sl yp. PACAP-6-38 is a truncated form of PACAP-38 that is a
selective antagonist at PAC-1-R and VPAC2-R. The slices were pre-incubated with
PACAP-6-38 (500 nM) for at least ten minutes prior to co-application of maxadilan (250
nM) for ~ 20 min.

C, Time-course of the effect of maxadilan (250 nM) on the amplitude of sl,yp. Each point
is an average of five experiments, error bars represent the SEM. Maxadilan, which was
applied at the time point indicated by the arrow, had a time of effect of 14.2+4.6 mins and
reached its maximum effect in ~20 mins. The dotted line indicates the amplitude of sl
prior to maxadilan application.

D, Graph depicting the effect of 250 nM maxadilan in individual experiments on slyp
amplitude (matched squares). In 5 cells, maxadilan significantly reduced sl,;;» amplitude
from 31.1£6.9 pA to 20.7+4.3 pA (p<0.05). Bars represent averaged data.

E, Graph illustrating the effect of 250 nM maxadilan co-applied with PACAP-6-38 in 4
individual cells (matched squares). Pre-incubation with PACAP-6-38 antagonises the
effect of maxadilan. Bars represent averaged data.

F, Bar chart comparing the effect of 250 nM maxadilan with the same concentration of
PACAP-27 (PAC-27), and time matched albumin controls (BSA; 25 pg/ml). 250 nM
maxadilan significantly suppressed sl yp amplitude by 32.624.3 % (p<0.05, paired t test).
slapp charge transfer was suppressed by 24.4+5.3 % (p=0.08, paired t test). Application of
PACAP-27 (250 nM) resulted in 70.2+7.3 % sl amplitude and 59.3x11.4 % sl
charge transfer inhibition. There is significant difference between the maxadilan mediated
and PACAP-27 mediated suppression of sl,ys amplitude (p<0.005, unpaired t test). Black
bars represent the effect on charge transfer, whilst white bars indicate the effect on sl p
amplitude. Error bars are SEM.

G, Bar chart illustrating the difference between the effect of maxadilan on the amplitude
of sl,up when applied alone (% sl amplitude inhibition: 32.6+4.3 %), and when co-
applied with PACAP-6-38 (% slsyp amplitude suppression 5.6+12.4 %; p=0.11; Mann
Whitney test). Error bars are SEM.

Note: Experiments with sole application of maxadilan (n=5) were recorded during and

previously presented in my undergraduate study.
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The next step was to investigate whether the suppression of sl,;, mediated by
maxadilan, an agonist at PAC-1-R, could be prevented by antagonism at PACAP
receptors. PACAP-6-38 is a truncated form of PACAP-38 that lacks the first six
amino acids from the amino terminus. It is a selective antagonist at PAC-1-R and
V-PAC2-R (Robberecht et al., 1992). In experiments with PACAP-6-38, slices
were pre-incubated with 500 nM PACAP-6-38 for at least ten minutes prior to
application of maxadilan. In four cells recorded under these conditions, the mean
slayp amplitude was 37.3x12.2 pA and charge was 91.8+33.4 pC. Subsequent
application of maxadilan (250 nM) did not result in significant changes in sl
amplitude (sl,yp mean amplitude after maxadilan application: 37.0+14.9 pA, n=4,
p>0.99, Wilcoxon matched-pairs signed-ranks test) or charge transfer (sl,;, mean
charge transfer after maxadilan application: 102.1+48.9, n=4, p=0.63 Wilcoxon
matched-pairs signed-ranks test) (Fig. 18E and G). These results suggest that
activation of PAC-1-R is involved in the PACAP-mediated regulation of sl
because the effect of a specific PAC-1-R agonist (maxadilan) is inhibited by
antagonism of these receptors.

To further investigate the receptors involved in the PACAP-mediated sl,yp
suppression, experiments were conducted in which PACAP-27 was applied after
pre-incubation with PACAP-6-38. In these cells, pre-incubation in 500 nM
PACAP-6-38 slightly decreased the amplitude of sl,,p from 53.4+9.7 pA to
46.3+9.1 pA (n=5, p<0.01, paired t test). Addition of PACAP-27 (250 nM),
further reduced the sl,,, amplitude to 8.6x4.7 pA (n=5, p<0.05, paired t test).
There was no significant difference between the effect of PACAP-27 on the
control current in the presence and absence (% s,y amplitude inhibition by
PACAP-27 in PACAP-6-38: 79.2+12.6, n=5; % sl,yp amplitude by PACAP-27:
70.5£7.3 %, n=10; p=0.52; unpaired t test) of PACAP-6-38 (data not shown). This
indicates that the effect of PACAP-27 was not antagonised by PACAP-6-38,
suggesting the activation of more than one receptor subtype in the PACAP-27
mediated inhibition of sl,p.

Maxadilan-d-4 is a form of maxadilan that has had the nineteen amino acids

between positions 24 and 42 deleted. It is a selective PAC-1-R antagonist that is
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more potent than PACAP-6-38 (Moro et al., 1999). Application of 500 nM
maxadilan-d-4 resulted in a slight membrane depolarisation and a significant
reduction of amplitude of the calcium spike, although the sl,,;; remained constant
(n=4; % sl,,;p amplitude left in maxadilan-d-4: 86.0+11.4 %, p=0.34, paired t test;
% slayp charge left in maxadilan-d-4: 78.9+10.6, p=0.11, paired t test). Prior
application of 500 nM maxadilan-d-4, followed by co-application of maxadilan-d-
4 and 250 nM PACAP-27 resulted in a significant inhibition of sl,,, amplitude
from 42.6x11.8 pA to 14.3+7.7 pA (n=4, p>0.05, paired t test) and charge from
139.6+37.1 pC to 40.6+29.9 pC (n=4, p<0.05, paired t test). The difference in the
mean sl inhibition between the application of 250 nM PACAP-27 (n=10) and
250 nM PACAP-27 after application of 500 nM maxadilan-d-4 (n=4; % amplitude
inhibition: 69.8+10.8 %, p=0.94, Mann Whitney test; % charge inhibition:
74.5+7.3 %, p=0.64 Mann Whitney test) is not statistically significant, further
indicating that antagonism of PAC-1-R is not sufficient to antagonize the
PACAP-27 mediated effect. This suggests that the PACAP-27 effect on sl is
due to agonism at more than just PAC-1-R, although the selective activation of

PAC-1-R is sufficient to mimic partially the PACAP-27 effect.

4.3.6: Signal transduction mechanism: is the PACAP effect PKA
dependent?

PACAP receptors, PAC-1-R, V-PACI-R, and V-PAC2-R, are positively coupled
to adenylyl cyclase in a variety of cell types (Vaudry et al., 2000). To test the
hypothesis that the PACAP mediated suppression of s,  occurs via cAMP and
PKA, experiments were conducted with Rp-cAMPS, a competitive inhibitor of
PKA that binds to the cAMP binding sites on the regulatory subunits of PKA,
thereby preventing activation of the catalytic subunits (Botelho ez al., 1988). Rp-
cAMPS (500 uM) was added to the patch pipette solution, and in order to allow
optimal diffusion of Rp-cAMPS into the cell, R, ;. was maintained < 20 M2 for
30 minutes before application of PACAP-27. Under these conditions, Rp-cAMPS
significantly reduced the noradrenergic effect on the amplitude of sl (%

inhibition by noradrenaline in controls: 83.7+18.8 %, n=4; % inhibition by
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noradrenaline in the presence of Rp-cAMPS: 33.3+7.0 %, n=6; p<0.05, Mann
Whitney test).
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Figure 19: The PACAP effect on sl y; is partially PKA dependent

A, The effect of 500 nM PACAP-27 on the sl,up. Application of PACAP-27 (PAC-27,
500 nM) results in a strong suppression of sl,yp with little effect on the amplitude of the
unclamped Ca*" current (insets).

B, Inclusion of 500 uM Rp-cAMPS in the patch pipette partially suppresses the effect of
PACAP-27 (500 nM) on sl,yp. In this cell there is a small reduction in the amplitude of
the Ca™ spike.

C, Timecourse of sl,p inhibition by 500 nM PACAP-27 in two representative cells. slpup
amplitude was normalised to the amplitude of the current prior to PACAP-27 application.
500 nM PACAP was applied as indicated by the solid line in the absence (open squares)
or presence (closed squares) of 500 uM Rp-cAMPS.

D, Bar chart illustrating the result of inclusion of 500 uM Rp-cAMPS in the patch pipette
on the effect of PACAP-27 on sl,y amplitude at 250nM and 500 nM PACAP.
Application of 250 nM PACAP-27 inhibits sl,up amplitude by 70.5+7.3 %, whilst in the



93

presence of Rp-cAMPS, PACAP-27 (250 nM) results in 59.3+10.3 % sl,yy amplitude
suppression (p=0.37; unpaired t test). Inclusion of Rp-cAMPS in the patch pipette results
in a suppression of the effect of PACAP-27 on sl at 500 nM from 86.1+4.7 % slapp
amplitude inhibition in the absence of Rp-cAMPS to 42.7x11.1 % sl yp amplitude

inhibition in its presence. Error bars are SEM.

This indicated that Rp-cAMPS was effective at inhibiting PKA-dependent
signalling at this concentration and under these conditions.

Application of 250 nM PACAP-27 significantly suppressed sl, .. amplitude from
35.4+9.5pA to 14.1+£5.2 pA (n=7, p<0.05, Wilcoxon matched-pairs signed-ranks
test) and charge from 97.0+28.7 pC to 39.5+15.6 pC (n=7, p<0.05, Wilcoxon
matched-pairs signed-ranks rest) in the presence of 500 mM Rp-cAMPS. Fig. 19D
compares the effect of PACAP-27 (250nM; PAC-27) on sl,; in the presence (%
sl,yp inhibition: 59.3+10.3 %, n=7) and absence (% sl suppression: 70.5+7.3
%, n=10) of Rp-cAMPS (p=0.37; unpaired t test). In particular, in 5 out of the 7
cells in which Rp-cAMPS was included in the patch pipette, the s,y inhibition
by 250 nM PACAP-27 was suppressed (% sl,yp inhibition in Rp-cAMPS:
44.8+6.1 %, n=5) compared with cells in which PACAP-27 was applied alone
(p<0.05, unpaired t test).

The sl,,p amplitude was inhibited by 42.7+12.4 % by 500 nM PACAP-27 in Rp-
cAMPS (n=5, p<0.01, paired t test) (Fig. 19D). There was no significant
difference between the maximal effect of PACAP-27 (500 nM) on sl,y, amplitude
in the presence (% sl yp inhibition: 42.7+12.4 %; n=5) and absence (% slyyp
inhibition: 86.1+4.7 %, n=4) of Rp-cAMPS (p=0.06; Mann Whitney test). Fig.
19B, gives an example of a cell where inclusion of Rp-cAMPS in the patch
pipette clearly inhibited the PACAP effect. There was variability in the data. In 1
out of 5 cells recorded in the presence of Rp-cAMPS, the PACAP effect on sl,yp
was intact, whilst in the remaining 4 cells the PACAP effect on sl,;, was
significantly suppressed (% slayp inhibition in Rp-cAMPS: 32.7+6.2 %, n=4,
p<0.05, Mann Whitney test).
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These results indicate that the suppression of sl,,, mediated by PACAP involves
the activation of PKA. Possible reasons for the lack of effect of Rp-cAMPS in

some cells (n=4) will be discussed in the discussion.

4.3.7: Signal transduction mechanism: do MAPKs mediate the
PACAP effect?

PACAP has been shown to induce neuronal differentiation of PC12 cells by
activating mitogen-activated protein kinases (MAPKs). To investigate whether the
PACAP effect on sl,y was mediated by MAPKs in CA1 neurons, experiments
were conducted including the MAPK inhibitors PD98059 and UO126 in the patch
pipette solution. Control experiments were intercalated and conducted including
0.13% DMSO in the patch pipette. The difference in the PACAP-27 mediated
suppression of the sl when 0.13% DMSO was included in the intracellular
solution (250 nM: 63.1+7.7 %, n = 6; 500 nM: 96.4+4.0 %, n=6) compared to
standard intracellular solution (250 nM: 70.5+7.8 %, n = 10; 500 nM: 86.1x5.4 %,
n=4) is not statistically significant (250 nM: p>0.51, unpaired t test; 500 nM:
p=0.27, Mann Whitney test).

PD98059 is an inhibitor that prevents the activation of MEK, a kinase one step
upstream from ERK, by the small GTPase, Raf (Alessi et al., 1995). The
difference in the PACAP-27 (250 nM) mediated suppression of sl in cells
where PD98059 was included in the intracellular solution (75.8+7.3%, n = 5) and
where it was not (63.1x7.7%; n=6), was not statistically significant (p=0.22,
unpaired t test). However, the inclusion of 100 uM PD98059 in the patch pipette
for 30 minutes prior to PACAP application resulted in a profound reduction in the
amplitude of the calcium spike, indicating adequate diffusion of PD98059 in the
cells. A reduction in the amplitude of the unclamped calcium spike may be an
indication that PD98059 affects voltage gated calcium channels. PD98059 has
been shown to prevent calcium action potentials in Urechis oocytes (Gould &
Stephano, 2000). Further studies have also shown a possible link between
PD98059 and inhibition of calcium channels (Lagaud et al., 1999; Aoki et al.,
2000). Therefore, it was decided to try another inhibitor of the Raf/MEK/ERK
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pathway, to elucidate whether this pathway is involved in the modulation of sl
by PACAP-27.

UO126 is a specific inhibitor of MEK (Favata et al., 1998; Davies et al., 2000).
The inclusion of 40 uM UO126 in the patch pipette solution for 30 minutes prior
to 500 nM PACAP-27 application had no significant effect on the PACAP
mediated reduction insl, (90.2+4.8%, n=6) compared with the control
conditions (0.13% DMSO in the intracellular solution; 96.4+4.0 %, n =6) (p=0.16,
Mann-Whitney test). The effect of 250 nM PACAP-27 was also not inhibited by
UO126 (% sl,,p amplitude inhibition in DMSO: 63.1+7.7, n=6; in UO126:
58.5+9.3, n=8; p=0.66 Mann-Whitney test). Therefore, the Raf/MEK/ERK
pathway does not appear to be involved in the PACAP-27 mediated inhibition of
sl

AHP’

4.3.8: The PACAP effect involves the activation of p38 MAPK

The activation of p38 MAPK by PACAP has been reported in PC12 cells (Sakai
et al., 2001). This information, together with the fact that CA1 pyramidal cells
show a high level of expression for two isoforms of p38 MAPK (Lee et al., 2000),
led us to test the hypothesis of an involvement of p38 MAPK in the PACAP
mediated reduction of sI, . SB203580 binds to a residue in the ATP binding site

of p38 MAPK and therefore inhibits its enzymatic activity (Eyers et al., 1998).
Inclusion of 20 uM SB203580 in the patch pipette solution for 30 minutes prior to
addition of 250 nM PACAP-27 resulted in a statistically significant inhibition of
the PACAP mediated suppression of sl,  amplitude (63.1+7.8%, n=6, in 0.13%

DMSO; 31.3+12.1%, n=7, in SB203580; p<0.05, unpaired t test) (Fig. 20A, B and
C). These experiments were replicated with an increased concentration of 500 nM
PACAP-27. Inclusion of 20 uM SB203580 did not result in significant inhibition
of the PACAP mediated reduction of sIAH amplitude (70.4+13.0 %, n=5)

P

compared with control conditions (96.4x+4.0%, n=6; p>0.06, Mann Whitney test,
Fig. 20D). These results indicate that the PACAP mediated reduction in the
amplitude of sl _ is partly achieved via activation of p38 MAPK.
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Figure 20: The PACAP effect on sl is p38 MAPK dependent

A, p38 MAPK was inhibited by inclusion of 20 uM SB203580 in the patch pipette. Panel
A compares representative traces of the effect of 250 nM PACAP-27 (PAC-27) recorded
with 0.13 % DMSO (DMSO) and 20 uM SB203580 in the patch pipette (SB). The final
concentration of DMSO in experiments with SB203580 was 0.025%. The unclamped
Ca* current (shown as insets) remained approximately the same amplitude over the
application of PACAP-27.

B, Time-course of the effect of 250 nM PACAP-27 on sl,yp amplitude in a cell pre-
incubated with SB203580. Same cell as in A. PACAP-27 was applied for 10 minutes. The

sl up was elicited once every 30 seconds.
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C, D, Both panels illustrate the PACAP-mediated inhibition of sl,y; comparing the
control situation (DMSQO) with cells recorded in the presence of SB203580. Each point
corresponds to a single cell. Bars indicate the averaged data, whilst panel D, shows the
results for application of 500 nM PACAP-27. Application of 250 nM PACAP-27
suppressed sl yp amplitude by 31.3x12.1 % (n=7) in cells pre-incubated with SB203580,
compared with 63.1+£7.7 % (n=6) sl up amplitude suppression in DMSO controls (p<0.05,
unpaired t test, C). Panel D illustrates that the sl amplitude was inhibited by 96.4+4.0
% (n=6) by PACAP-27 (500 nM) in DMSO controls. When cells were pre-incubated with
SB203580, the sl amplitude was inhibited by 70.4+13.0 % (n=5) by 500 nM PACAP-
27 (p=0.06 Mann Whitney test).

4.3.9: The PACAP effect includes an inward shift in holding

current

In addition to suppressing sl ., PACAP-27 induced an inward shift in the holding
current that reversed on washout of the peptide within minutes. Application of
500 nM PACAP-27 resulted in a decrease in holding current from 61.1+20.8 pA
to 37.6+22.8 pA (n=4; p<0.05; paired t test). A smaller decrease in holding
current was seen with application of 250 nM PACAP-27 (mean holding current in
albumin: 62.5+7.4 pA; mean holding current in 250 nM PACAP-27: 52.5+6.7 pA;
n=10; p<0.005; paired t test). Addition of maxadilan (250 nM) did not result in a
significant change in holding current (mean holding current in albumin: 34.3x4.8
pA; mean holding current in maxadilan: 30.8+3.9 pA; n=5; p=0.12; paired t test).
These results indicated that the inward shift in holding current is due to activation
of either V-PACI-R, or V-PAC2-R.

The inward shift in the holding current in response to PACAP application, was
suppressed when the PKA inhibitor Rp-cAMPS was included in the patch pipette
prior to PACAP application. Application of 500 nM PACAP-27 in the presence of
Rp-cAMPS did not result in a significant shift in holding current (mean holding
current in albumin: -25.4+24.1 pA; mean holding current in PACAP-27:
-31.6+24.5 pA; n=5; p=0.58, paired t test). Similarly, the effect of 250 nM

PACAP-27 on the holding current was not significant in the presence of Rp-
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cAMPS (n=7; p=0.15). This result indicates that the effect of PACAP-27 on the
holding current involves the activation of the cAMP-PKA pathway.

The results described above suggest that the PACAP mediated inhibition of sl,yp
involves the activation of p38 MAPK. Experiments with the p38 MAPK inhibitor
SB203580 were conducted in the presence of DMSO (0.025%). Application of
500 nM PACAP-27 in the presence of DMSO (0.13%) resulted in a significant
inward shift in the holding current from 45.1x11.2 pA to 33.8+12.4 pA (n=5;
p<0.05; paired t test). When 20 uM SB203580 was included in the patch pipette,
application of PACAP-27 (500 nM) did not result in a significant change in the
holding current (mean holding current in control: 29.7+6.0 pA; mean holding
current in PACAP-27: 24.324.7 pA; n=5; p=0.20; paired t test). However, there
was no significant difference between the mean change in the holding current
elicited by PACAP-27 in DMSO (11.3+3.3 pA; n=6) and SB203580 (5.4+3.5 pA;
n=5; p=0.26; unpaired t test). This was replicated by experiments conducted with
250 nM PACAP-27 (mean inward shift in holding current in DMSO: 7.2+4.4 pA;
n=6; mean inward shift in holding current in SB203580: 4.8+2.9 pA; n=7; p=0.64;
unpaired t test). These results suggest that the inward shift in the holding current
does not involve the activation of p38 MAPK.

The results presented above indicate that the PACAP effect involves an inward
shift in the holding current that is mediated through the activation of V-PACI1-R
or V-PAC2-R and dependent on the cAMP/PKA pathway. An inward shift in
holding current can be due to the activation of an inward current (i.e. sodium
mediated) or the inhibition of an outward current (K* mediated) or a combination
of both. A preliminary indication of whether the shift is due to channels opening
or closing can come from measuring changes in input resistance. This is because
membrane conductance is inversely related to membrane/input resistance.
Therefore to gain information on the type of channel mediating the inward shift in
holding current, the change in input resistance was determined over the period of
the PACAP-27 effect on holding current. Application of 500 nM PACAP-27 did
not result in a significant change in input resistance ove the application of
PACAP-27 (mean input resistance in albumin: 164.3£8.9 MQ; mean input
resistance in PACAP-27: 173.8+10.7 MQ; n=4; p=0.15; paired t test). However,
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there was a significant increase in input resistance upon application of 250 nM
PACAP-27. The mean input resistance measured in albumin (25 pg/ml) was
151.4+10.0 MQ compared with 157.3£9.9 MQ in the presence of 250 nM
PACAP-27 (n=10; p<0.05; paired t test). Therefore, application of PACAP-27
resulted in an increase in input resistance, suggesting that channels are closed in
response to PACAP-27. Taken together the results suggest that application of
PACAP-27 leads to channel closing resulting in an inward shift in holding

current.
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4.4.0: Discussion

4.4.1: Which receptor is responsible for the effect of PACAP on
Slanp?

There are two classes of PACAP receptors that are distinguished through different
affinities for the neuropeptides. PAC-1 receptors have a thousand fold higher
affinity for PACAP over VIP. Both PACAP and VIP activate VIP receptors.
PACAP-38, PACAP-27 and VIP have equal potency at V-PAC2 receptors, whilst
PACAP-38 has a higher affinity at V-PAC1 receptors (Vaudry et al., 2000).

Radioligand binding studies have shown that PACAP binding sites are dense in
the pyramidal cell layer of the hippocampus (Masuo et al., 1992). Using
immunohistochemistry and in situ hybridization, it has been shown that PAC-1
receptors are expressed in hippocampal pyramidal cells (Shioda ez al., 1997), as
well as V-PAC1 and V-PAC?2 receptors (Hashimoto et al., 1996). This evidence
supports the experimental findings of this study. Maxadilan reduced the amplitude

of the s indicating that selective stimulation of PAC-1 receptors is sufficient to

modulate this current. The suppression of sl,,; mediated by maxadilan could be
antagonised by pre-incubation with PACAP-6-38, an antagonist at V-PAC2 and
PAC-1 receptors, suggesting that the PACAP effect might be at least partly
mediated by PAC-1 receptors. However, the effect of comparable concentration of
maxadilan was significantly less than of PACAP-27, despite the affinity of the
two peptides for PAC-1 receptors being similar in the rat brain (Moro et al.,
1996). Maxadilan and PACAP-27 also have similar potency for cAMP production
following activation of PAC-1 receptors (Dickson et al., 2006). Taken together,

these results suggest that the PACAP effect on sl is only partially mediated via

PAC-1 receptors.

It can be argued that if PACAP is acting partially via PAC-1 receptors, then
antagonizing these receptors with maxadilan-d-4, a PAC-1 selective antagonist,
should significantly reduce the effect of PACAP. This prediction is not borne out
by the experimental results because pre-incubation with maxadilan-d-4 (500 nM),

did not antagonise the effect of 250 nM PACAP-27 on sl,;,. Competitive binding
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data for 50 pM '-I-PACAP-27 in rat brain crude membranes indicated that the
affinity (ICs,) of maxadilan-d-4 for PACAP receptors was ~ 6 nM compared with
~ 10 nM for PACAP-27 (Moro et al., 1999). The available data on relative
affinities for the PAC-1 receptor indicates that the concentration of maxadilan-d-4
used in this study (500 nM) should have been sufficient to antagonise 250 nM
PACAP-27. However it has also been reported that ~300 nM maxadilan-d-4 was
required to inhibit cCAMP production induced by 1 nM PACAP-38 by 50 % in
COS cells transfected with PAC-1 receptors (Moro et al., 1999). This raises the
possibility that the concentration of maxadilan-d-4 used in this study was not
sufficient to antagonise PAC-1 receptors. Therefore, there are two possible
explanations that can be offered to explain the fact that pre-incubation with
maxadilan-d-4 did not antagonise, at least partly, the effect of PACAP-27. Firstly,
it could be concluded that the PACAP effect on sl is mainly elicited by
receptors other than PAC-1. A second possibility is that the concentration of max-
d-4 was not sufficient to antagonise PAC-1 receptors. In order to distinguish
between these two possibilities a further experimental approach could be to
investigate whether the effect of maxadilan (250 nM) on sl can be inhibited by
(500 nM) maxadilan-d-4. This experiment was not performed in this study due to
the limited supply of maxadilan and maxadilan-d-4 that was kindly provided by
Dr Ethan Lerner of Harvard University. As already discussed above, maxadilan
and PACAP-27 have similar affinities for PAC-1 receptors in rat brain (Moro et
al., 1996; Dickson et al., 2006). Therefore if the effect of a similar concentration
of maxadilan on sl can be inhibited by 500 nM maxadilan-d-4, then it could be
concluded that the PACAP-27 mediated suppression of sl, occurs through
agonism at receptors other than PAC-1.

PACAP-6-38 is an antagonist at PAC-1 and V-PAC2 receptors. Pre-incubation
with PACAP-6-38 (500 nM) did not antagonise the effect of PACAP-27 (250
nM). The IC,, for PACAP-6-38 in displacing 50 pM '*-I-PACAP-27 in rat brain
crude membranes has been determined as ~ 40 nM (Moro et al., 1999). This
indicates that PACAP-6-38 is ~6 fold less potent than maxadilan-d-4. Therefore,
the lack of antagonism of PACAP-27 with PACAP-6-38 is consistent with the
result obtained with maxadilan-d-4. However, the application of PACAP-6-38
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was effective in preventing the suppression of the sI, by maxadilan. This

indicates that the antagonist PACAP-6-38 was effective at PAC-1 receptors in this
system, and that the PACAP effect on sl,,, is likely to be mediated also by
receptors other than PAC-1.

These results, taken together, suggest that the PACAP effect on s, is likely to
be due to agonism at more than just PAC-1 receptors, although the selective
activation of PAC-1 receptors is sufficient to partially mimic the effect of
PACAP-27.

VIP was shown to significantly reduce the amplitude of sl in hippocampal

pyramidal cells (Haas & Gahwiler, 1992; Haug & Storm, 2000): this indicates that
stimulation of VIP receptors is sufficient to suppress sl,yp. PACAP is also known
to stimulate VIP receptors. Therefore, there are two populations of different

receptors that can be stimulated by PACAP that have similar effects on the sl, .

It could therefore be expected that antagonizing one population of receptors e.g.
PAC-1, could result in the effect being mediated fully via the other population of
receptors, V-PACI1 and V-PAC2 receptors. PACAP-6-38 is an antagonist at PAC-
1 and V-PAC2 receptors and this study has shown that pre-incubation with
PACAP-6-38 does not antagonise the suppression of sl,y, by PACAP-27. This
indicates that agonism at just V-PACI receptors by PACAP is sufficient to elicit
suppression of sl,,,. Additionally, the application of maxadilan, an agonist at
PAC-1 receptors, is sufficient to partially suppress the sl,yp, indicating that
activation of PAC-1 receptors leads to sl,,p suppression. Therefore, this study
concludes that s, suppression by PACAP-27 can be elicited through agonism at
PAC-1 and most likely at V-PACI receptors. Further study is needed to
understand whether the PACAP mediated effect on sl,;; can be elicited through

activation of V-PAC?2 receptors.

4.4.2: Signal transduction mechanism

Intracellular application of the protein kinase A inhibitor Rp-cAMPS resulted in a
partial suppression of the PACAP-mediated inhibition of sI, _ in some cells (in 4

out of 5 cells Rp-cAMPS suppressed the effect of 500 nM PACAP-27; the effect
of 250 nM PACAP-27 was suppressed by the presence of Rp-cAMPS in 5 out of
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7 cells), suggesting that the PACAP effect might be partly mediated by the
activation of the cAMP-PKA pathway. Intracellular application of the MEK
inhibitors UO126 and PD98059 had no effect on the PACAP-mediated
suppression of sI, . By contrast, inclusion of SB203580, a p38 MAPK inhibitor,

largely prevented the effect of PACAP on sl,. This suggests an involvement of
p38 MAPK, but not of the Raf/-MEK/-ERK pathway, in the PACAP-mediated

suppression of s .
CRF, VIP and CGRP have been shown to suppress sl by a mechanism that is
dependent on cAMP and is inhibited by the PKA inhibitor Rp-cAMPS (Haug &

Storm, 2000). The monoamine transmitters have also been demonstrated to

suppress sl via the same mechanism (Pedarzani & Storm, 1993). Maxadilan

and PACAP-27 induced a slight depolarization of the membrane potential of the
cell. Pedarzani and Storm (1995b) showed that the increase in cAMP associated
with activation of adenylyl cyclase by monoamine transmitters resulted in
depolarization of the CA1 pyramidal neurons through an enhancement of I,.
Therefore, the depolarization induced by PACAP-27 and maxadilan may be
indicative of an increase in cCAMP within the cell due to direct activation of I;.
However inclusion of Rp-cAMPS resulted in suppression of the inward shift in
holding current mediated by PACAP. The HCN channels that mediate I, are
directly activated by cAMP (Wainger et al., 2001). Activation of I, has been
demonstrated to be independent of PKA (Pedarzani & Storm, 1995b). This argues
against the PACAP induced depolarisation of CA1 pyramidal cells being
mediated by activation of I,. Additionally, the PACAP mediated depolarisation is
accompanied by a decrease in conductance therefore it is unlikely that activation
of I, is responsible. However in order to experimentally confirm that the
activation of I, is not responsible for the PACAP-mediated depolarisation, further
experiments conducted in the presence of ZD 7288 should be performed. The
PKA mediated depolarisation could be due to either activation of an inward
current or closure of an outward current that contributes to the resting membrane
potential of the cell. Analayis of the change in input resistance over the time-
course of the PACAP-27 effect on holding current indicated that channels close in

response to PACAP-27 application. This indicates that the inward shift in holding
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current is due to inhibition of an outward current. However in order to establish
which channels mediate the inward shift in holding current, ion substitution
experiments and.pharmacology are needed.

PAC-1, VPAC-1 and VPAC-2 are positively coupled to adenylyl cyclase (Vaudry
et al., 2000). However, the addition of Rp-cAMPS resulted in a suppression of the
effect of PACAP on sl,,p only in some cells. There was large variability in the
data because in 1 out of the S cells recorded in the presence of Rp-cAMPS, the
effect of 500 nM PACAP-27 remained intact. Similarly in 2 out of the 7 cells
recorded with 500 nM PACAP-27 in the presence of Rp-cAMPS, the sl
suppression remained intact. The experimental procedure utilized in experiments
with Rp-cAMPS was to include Rp-cAMPS in the patch pipette solution. The
presence of drugs in the patch pipette solution can sometimes hinder the formation
of tight gigaohm seals between pyramidal cells and the patch pipette. Therefore,
to allow adequate seal formation, the tips of the patch pipette were filled with
ordinary intracellular solution. The back of the patch pipette was then filled with
intracellular solution containing Rp-cAMPS. This experimental procedure could
explain the variable results with Rp-cAMPS. There is a possibility that Rp-
cAMPS did not always adequately diffuse into the cell and remained in the patch
pipette. This would explain why, in some cells, the PACAP-mediated sl
suppression was intact, whereas in other cases, Rp-cAMPS clearly inhibited the
PACAP effect. To demonstrate that Rp-cAMPS adequately diffused into the cell
and inhibited PKA, positive controls for the effect of PKA should have been
conducted in the same cell by applying a neurotransmitter known to suppress sl yp
through the cAMP-PKA pathway (e.g. noradrenaline or isoproterenol) after the
application of PACAP. In this way, cells in which the neurotransmitter action on
sl,yp Was not inhibited could be excluded due to lack of PKA inhibition, probably
linked to an inadequate diffusion of Rp-cAMPS.

Recently, Rehmann et al. (2003) showed that Rp-cAMPS acts as an inhibitor of
the cAMP guanine nucleotide exchange factors (GEFs). These have been termed
EPACs, which is an acronym for: exchange factor directly activated by cAMP.
EPACs are directly activated by cAMP in a manner that is independent of PKA
(de Rooij et al., 1998; Kawasaki et al., 1998). Both members of the EPAC family
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(EPACI1, EPAC?2) are expressed in the adult hippocampus (Ster et al., 2007).
PACAP-38 mediated activation of EPACs has been demonstrated both in
cerebellar neurons (Ster et al.,, 2007) and PCI12 cells (Shi et al., 2006).
Experiments with Rp-cAMPS cannot distinguish between a PKA-mediated or an
EPAC-mediated suppression of the sl by PACAP-27. Further experiments need
to be conducted to distinguish between these two possibilities. To test the
involvement of PKA, experiments should be conducted with the PKA inhibitor:
Walsh peptide/PKI, ,,. The difference in the specificity of the two PKA inhibitors
lies in their mechanism of action. PKA is an holoenzyme consisting of two
regulatory and two catalytic subunits. In the presence of cAMP, each regulatory
subunit binds two molecules of cAMP and the haloenzyme dissociates into a
regulatory dimer and two monomeric catalytic subunits. Walsh peptide/PKI, ,, is a
pseudosubstrate inhibitor of PKA; it acts by binding to the substrate recognition
sequence on the free catalytic subunits of PKA (Cheng ef al., 1986). This prevents
the binding and phosphorylation of the regulatory subunits of PKA. Because
Walsh peptide/PKlI ,, binds to the substrate recognition site on PKA, it is specific
for peptides containing this sequence. Rp-cAMPS is a cAMP analogue that binds
to the cAMP binding sites on the regulatory dimer of PKA preventing activation
of the catalytic subunits (Botelho et al., 1988). It is therefore a competitive
inhibitor of the cAMP-binding site, therefore other peptides which share the
binding pocket for cAMP, have the potential for inhibition by Rp-cAMPS. In the
continuing absence of a specific EPAC inhibitor, further experiments should also
be conducted with the selective EPAC activator 8-pCPT-2’-O-Me-cAMP to
elucidate whether the activation of EPAC leads to an inhibition of sl, ;. If 8-
pCPT-2’-O-Me-cAMP was found to suppress sl this may provide some
preliminary evidence for the involvement of activation of EPACs in the PACAP
mediated suppression of sl p.

In 1995, Zhong showed that in Drosophila, whilst PACAP-38 could activate
adenylyl cyclase to produce cAMP resulting in an enhancement of potassium
currents, the full PACAP effect was achieved only via concomitant activation of
cAMP and of the Ras/Raf-mediated pathway (Zhong, 1995). In our study, the
inhibition of p38 MAPK by SB203580 resulted in a suppression of the effect of
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PACAP on sl,;p, suggesting the involvement of p38 MAPK in the PACAP
mediated response. The involvement of p38 MAPK in PACAP-mediated actions
has been demonstrated in PC12 cells where activation of p38 MAPK by PACAP
occurred via the activation of EPAC and the small GTPase Rit (Shi et al., 2006).
In cerebellar neurons, the regulation of the BK subgroup of K' channels by
PACAP involved the activation of EPAC, a small Ras-like GTPase (Rap), and
p38 MAPK (Ster et al., 2007). Both these studies demonstrated a role for PKA
independent p38 MAPK activation. In cardiac myocytes, there is evidence that
agonism at 8 adrenoceptor leads to PKA-dependent p38 MAPK activation (Zheng
et al., 2000). Activation of PKA could enhance p38 MAPK activity by direct
phosphorylation of PP1, or phosphorylation of phosphatase inhibitor 1 thus down-
regulating the activity of PP1 (Gupta et al., 1996). Alternatively, PKA could
phosphorylate protein tyrosine phosphatases, thus inhibiting their interaction with
p38 MAPK and enhancing the activity of p38 MAPK (Saxena et al., 1999a;
Saxena et al., 1999b). Therefore, there are two independent pathways by which
agonism at PACAP receptors could activate p38 MAPK. The results of this study
indicate an involvement for PKA and p38 MAPK in the suppression of sl
elicited by PACAP. However, it is not clear from the experiments presented here,
whether p38 MAPK is activated downstream of PKA, or through a parallel
pathway.

4.4.3: Functional role of PACAP

In Drosophila, a specific memory mutant, amnesiac, was first isolated in a screen
of mutant flies that were produced through random insertions of P elements
(Feany & Quinn, 1995). The team found that flies that had mutations in their
amnesiac gene showed poor performance in one hour memory testing. The signal
peptide that was encoded by the gene amnesiac in Drosophila was homologous to
the neuropeptide PACAP (Feany & Quinn, 1995). Further study of the amnesiac
gene product in Drosophila has revealed that it is expressed in the dorsal paired
medial cells. These cells project onto the mushroom bodies, which are the key
components in Drosophila olfactory learning. Transgenic flies, which are

defective in vesicle recycling in the dorsal paired medial cells, show undetectable
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memory that can be rescued through expression of the amnesiac gene product in
the dorsal paired medial cells (Waddell et al., 2000). This study suggests that the
product of the amnesiac gene modulates information processing in the mushroom
bodies. The finding that PAC-1 receptor deficient mice show a deficit in
associative learning and mossy fibre long-term potentiation extends and
strengthens the link between PACAP and learning in vertebrates (Otto ez al.,
2001b). In the hippocampus, PACAP has been demonstrated to facilitate synaptic
transmission (Roberto & Brunelli, 2000). Additionally, PACAP causes membrane
potential depolarisation and an increase in cell firing rate in hippocampal
pyramidal cells (Di Mauro et al., 2003). The effect of PACAP receptor activation
on the activity of specific subtypes of K* channels has begun to be studied in the
cerebellum, where PACAP inhibits delayed rectifier K* channels (Mei et al.,
2004) and activates Ca** dependent K* channels of the BK subtype (Ster et al.,
2007). Our study shows that PACAP modulates sI,  in CAl pyramidal cells and

therefore PACAP also modulates neuronal firing in the CA1l region of the
hippocampus in rats. This poses the question of the functional role of PACAP in
the hippocampus, the site of spatial memory in mammals (Shapiro &
Eichenbaum, 1999; Moser & Paulsen, 2001). I suggest that PACAP, released
from CA3 onto CA1 pyramidal cells, modulates the firing of CA1 pyramidal cells
primarily by suppressing sl,p, the current that underlies sSAHP. Zelcer and
colleagues (2006) have shown that rule learning in an olfactory discrimination
task is accompanied by reduced sAHP amplitude and enhanced excitability.
Furthermore, once sAHP suppression was elicited in CA1 pyramidal neurons, rats
displayed an enhanced learning capability in the Morris Water maze, a novel task
(Zelcer et al., 2006). These results indicate that rule learning is associated with
sl,ue/SAHP suppression. Therefore, it could be predicted that neuromodulators
that inhibit sl,,,/SAHP and thus increase neuronal excitability, would have an
impact on the plastic processes underlying learning and memory. The suppressive
effect of muscarinic agonists on hippocampal sl,;;; (Benardo & Prince, 1982a;
Cole & Nicoll, 1983, 1984; Charpak et al., 1990) has been shown to be mediated
by activation of M, receptors (Rouse er al., 2000b) signalling to G, (Krause er

al., 2002). Interestingly, behavioural paradigms associated with an increase in
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acetylcholine release in the hippocampus such as eyeblink conditioning (Meyer et
al., 1996) are also associated with a reduced post-burst AHP (Moyer et al., 1996).
Noradrenaline has been demonstrated to inhibit SAHP (Madison & Nicoll, 1982;
Haas & Konnerth, 1983) through activation of 8 adrenoceptors. Activation of 3
adrenoceptors has also been shown to facilitate the induction of LTP (Thomas et
al., 1996). LTP has been proposed as a possible cellular correlate to learning and
memory (Bliss & Collingridge, 1993). Therefore, PACAP release from CA3
pyramidal cells, leading to suppression of sl,y, in CA1 pyramidal cells, may be

involved in the process of hippocampal learning and memory formation in rats.
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Chapter 5: Does a signalling domain underlie the

monoaminergic modulation of sl,,?
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5.1.0: Introduction

5.1.1: A kinase-phosphatase balance modulates sl,,p

The inhibition of the sl,,;/SAHP, by monoaminergic neurotransmitters, such as
noradrenaline, serotonin, and dopamine, is known to be mediated by a pathway
involving the activation of PKA (Pedarzani & Storm, 1993, 1995a). However, it
was noticed that in the absence of exogenous application of neurotransmitters or
synaptic stimulation, inhibiting phosphatases in CA1 pyramidal cells resulted in a
gradual reduction in amplitude of the sl,;;, (Pedarzani & Storm, 1993; Pedarzani
et al., 1998). This indicates that phosphorylation/dephosphorylation regulates the
amplitude of the sl,;;; in the absence of neurotransmitters/synaptic stimulation.
Co-application of a kinase and a phosphatase inhibitor prevented the rundown of
the sl seen with sole application of the phosphatase inhibitor (Pedarzani er al.,
1998). This indicated that the sl,,;, was regulated by the tonic activity of a kinase
and a phosphatase under basal conditions (i.e. in the absence of
neurotransmitters/synaptic stimulation). Through use of the selective PKA
inhibitor, Rp-cAMPS, the kinase responsible for the basal modulation of sl,y, was
identified as PKA (Pedarzani et al., 1998). Further experiments demonstrated
tonic activation of an AC and cAMP-phosphodiesterase type 1V (Pedarzani et al.,
1998). Thus a balance between basally active AC/cAMP/PKA pathway and
protein phosphatases exists in CA1 pyramidal neurons and is responsible for
setting the amplitude and modulating the sl,yp. This indicates that the signalling
components that modulate sl,y, might lie in close proximity to each other and

thus a signalling complex may underlie the modulation of sl, ;.

5.1.2: A B, adrenoceptor signalling complex in neurons

There is evidence that a localised signalling complex underlies 3, adrenoceptor
signalling in hippocampal neurons. The signalling complex consists of a f3,
adrenoceptor, an unidentified AC, PKA, voltage gated L type Ca™ channel (Cav
1.2), and a protein phosphatase (PP2A) (Davare et al., 2000; Davare et al., 2001).
The functional co-localisation of the 3, adrenoceptor complex was demonstrated

in primary hippocampal cultures. An increase in L type voltage gated Ca™
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channel activity was visualised in cell-attached patches when a 8, agonist was
included in the pipette solution (Davare et al., 2001). Thus all components of the
B, adrenoceptor signalling cascade are brought in close proximity to the receptor
allowing highly localised signal transduction. This was one of the first
demonstrations that highly localised signal transduction triggered by G-protein-

coupled receptors through a signalling domain occurred in neurons.

5.1.3: Is there specificity in the modulation of sl by the

different monoaminergic neurotransmitters?

The monoaminergic neurotransmitters (MAs) noradrenaline, dopamine and
serotonin all suppress the sl resulting in an increase in neuronal excitability.
The MAs converge on the sl through a similar signal transduction pathway, the
cAMP/AC/PKA pathway. This triggered the question as to whether different MAs
act in a specific manner by using signalling domains with different sub-cellular
locations and molecular compositions in CA1 pyramidal neurons. This could be
investigated in several different ways. The signal transduction cascade underlying
the MA modulation of the sl has several steps. Each step has the possibility to
confer specificity to the signal transduction cascade.

In step 1, the MA binds to its receptor on the CA1 pyramidal cell membrane. The
sl,yp is modulated by agonism at several MA receptors with different subcellular
distributions. For example, the SHT,R (Torres et al., 1994) and SHT,R (Tokarski
et al., 2003) are both known to suppress sl,yp and are both expressed at the soma
of CAl pyramidal cells (Bickmeyer et al., 2002). Meanwhile, the group 1
dopamine receptors D, and Ds show a mainly dendritic expression in the
pyramidal cells of the hippocampus (Bergson et al., 1995). D, receptors are
preferentially expressed in the dendritic spines whilst the dendritic shafts express
mainly Ds receptors (Bergson et al., 1995). Therefore the sub-cellular distribution
of the receptors relative to the SAHP channel could confer the specificity in the
signal transduction pathway of the different MA neurotransmitters.

The second step in the MA inhibition of sl involves the activation of AC
(Madison & Nicoll, 1982, 1986b). There are nine membrane bound ACs to date,

with five AC isoforms expressed in the CAl region of the hippocampus: ACl,
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AC2, AC4, AC8 and AC9 (Matsuoka et al., 1997; Baker et al., 1999; Muglia et
al., 1999). All ACs are stimulated by the G protein: Ga,, in expression systems.
However, each AC has different regulatory properties and expression patterns (for
review see Hanoune & Defer, 2001). For example, AC4 is expressed post-
synaptically along the apical dendrite and cell bodies in CA1 pyramidal neurons
and is synergistically stimulated by the G protein By subunits released by
activation of G; coupled receptors (Baker et al., 1999), whereas AC1 and AC8 are
stimulated by an increase in intracellular Ca™ (Choi et al., 1992; Nielsen et al.,
1996) and are expressed in the synaptic spines of hippocampal pyramidal neurons
(Wang et al., 2003; Conti et al., 2007). Therefore because the MA receptors and
the different isoforms of AC show different subcellular expression patterns, it is
possible that the molecular identity of the AC could confer specificity to the
inhibition of sl by different MAs. It would be expected that MAs whose
receptors show a mainly somatic expression pattern e.g. SHT receptors, would
couple to ACs with a somatic expression e.g. AC2/AC4, whilst receptors with a
dendritic expression pattern e.g. dopamine receptors, would couple to ACs with a

dendritic expression pattern e.g. AC1, AC8.

5.1.4: The Ca** stimulatable ACs

ACI and ACS8 are stimulated by Ca™" in a calmodulin (CaM) dependent manner.
ACl is stimulated by Ca**/CaM in intact cells with a half maximal stimulation at
~ 150-200 nM (Choi et al., 1992). AC8 has a half maximal activation by Ca™ at ~
800 nM (Nielsen et al., 1996). The resting cytosolic Ca™ concentration is ~ 100
nM and rises to 0.8-1 uM upon triggering of Ca™ elevation mechanisms
(Willoughby & Cooper, 2007). Therefore, AC1 is activated just above resting
Ca*™ in neurons and is, therefore, a high affinity Ca™ sensor, whilst it is predicted

that AC8 will only be activated when high Ca™ concentrations are achieved.

5.1.5: Distribution and subcellular localisation of AC1 and AC8
in the CA1 region of the hippocampus

In situ hybridisation techniques have demonstrated expression of both ACI and

ACS8 in the CA1 region of the adult mouse hippocampus (Xia et al., 1991; Cali et
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al., 1994; Nicol et al., 2005; Visel et al., 2006). Experimenters have found
difficulty in studying AC protein expression until recently. This is because the
available antibodies were not sensitive or specific enough to allow finer
descriptions of protein expression (Willoughby & Cooper, 2007). However, it has
been demonstrated that AC1 and ACS8 proteins are both expressed in the CAl
region of the hippocampus. Initial evidence that ACs were expressed in dendritic
spines came from a study that utilised an antibody that recognised all AC isoforms
(Mons et al., 1995). Since then, it has been demonstrated that, using a tagged
construct expressed in hippocampal primary cell cultures, ACS8 is directed both to
the axons and dendrites and is enriched in synapses in hippocampal neurons
(Wang et al., 2003). Co-localisation between AC1 and PSD-95 in the CA1 region
(Conti et al., 2007) indicates that AC1 is also localised in the dendritic spines in

the CA1 neurons.

5.1.6: The role of the Ca** stimulatable ACs in learning and

memory

The drosophila mutant rutabaga has a deficit in associative learning and lacks
calcium stimulatable adenylate cyclase activity (Dudai & Zvi, 1984, 1985). To
investigate the role of the Ca™ stimulatable ACs in learning and memory in
mammals, both single mouse knockouts and a double knockout (DKO) have been
generated for AC1 and AC8. AC1 and ACS single knockout mice each show a
50% reduction in Ca*™ stimulatable AC activity (Wu et al., 1995), whilst no
Ca**/CaM stimulatable AC activity is detectable in the DKO brain.

AC1 KO mice show no apparent differences in the gross morphology of the
hippocampus (Villacres et al., 1995). AC1 KO mice show normal perforant path
LTP, early phase LTP at the Schaffer collateral-CA1 synapse and normal paired
pulse facilitation (Villacres et al., 1998). However, mossy fibre LTP is
substantially reduced in AC1 KO mice (Villacres et al., 1998). Although AC1 KO
mice showed normal learning ability to find a hidden platform compared with
WT, there was significant difference in the transfer test conducted at the end of
training. In the transfer test when the hidden platform was removed, while WT

swam directly to the target quadrant containing the hidden platform, AC1 KO
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mice spent less time in the target quadrant (Wu ez al., 1995). This suggests that
the AC1 KO mice show a deficit in spatial memory.

AC8 KO mice display normal hippocampal morphology. Although basal synaptic
transmission is intact, AC8 KO mice showed impaired paired pulse facilitation
and mossy fibre LTP at the mossy fibre synapse. In contrast, AC8 KO mice
displayed normal perforant path LTP (Wang et al., 2003) and Schaffer collateral-
CA1 LTP (Wong et al., 1999). AC8 KO mice display normal passive avoidance
and contextual learning (Wong et al., 1999).

The double KO of AC1 and AC8 (DKO) shows no obvious gross abnormalities in
the hippocampal morphology. However the DKO shows a severe impairment in
the form of LTP that requires de novo gene expression (L-LTP) at the Schaffer
collateral-CA1 synapse that can be rescued through application of forskolin, an
AC activator (Wong et al., 1999). Behaviourally, DKO mice show a memory
deficit in passive avoidance tests and contextual learning. Normal passive
avoidance learning could be restored through direct administration of forskolin

(through a cannula) to area CA1 in vivo (Wong et al., 1999).

5.1.7: Is there a role for the sl 4 suppression in hippocampus
dependent learning?

Various pharmacological manipulations known to suppress sl,yp, also faciliatate
the induction of LTP by weak stimuli (Sah & Clements, 1999). For example,
activation of 3 adrenoceptors facilitates LTP induction in a stimulation paradigm
that does not normally induce LTP in the absence of 3 receptor agonists (Katsuki
et al., 1997). Concomitantly, activation of B adrenoceptors is also known to
suppress sl,,p leading to an increase in excitability (Madison & Nicoll, 1986a),
which may underlie the facilitation of LTP. Furthermore, training-induced
suppression of SAHP has been demonstrated in hippocampal dependent learning
paradigms e.g. spatial learning (Oh ez al., 2003), odour discrimination tasks
(Zelcer et al., 2006) and trace eye blink conditioning (Disterhoft et al., 1986).
Taken together, these results suggest a possible role for the cAMP/AC/PKA

pathway in hippocampal dependent learning tasks.



115

In contextual fear conditioning, subjects learn to fear a context e.g. a training
cage, because of its temporal association with an aversive stimulus e.g. a foot
shock. When the subject is exposed again to the same context, it exhibits a fear
response e.g. freezing. This indicates that the context is a cue for fear memory
retrieval. Contextual fear conditioning is thought to be a hippocampal dependent
process that may become hippocampal independent with time (Kim & Fanselow,
1992). The role of the B-adrenergic pathway leading to activation of PKA in the
retrieval of contextual fear conditioning has been demonstrated in the
hippocampus (Abel et al., 1997; Murchison et al., 2004). There is evidence that
the genetic manipulations that affect contextual fear conditioning, also result in a
suppression of L-LTP (Abel et al., 1997; Murchison et al., 2004). Furthermore,
contextual fear retrieval and L-LTP are also disrupted in the AC1/AC8 DKO
(Wong et al., 1999).
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5.2: Aims and objectives

Hippocampal dependent learning paradigms and application of B-adrenergic
agonists cause sl,y/SAHP suppression. The cAMP/AC/PKA pathway is
implicated in the signal transduction cascades that mediate both contextual fear
conditioning and the B-adreneragic modulation of sl,;/SAHP. Given that the
pathway mediating contextual fear conditioning is disrupted in the double
knockout for AC1 and AC8 (DKO) and the role of  adrenoceptors has been
demonstrated in contextual fear conditioning in the hippocampus, it was decided
to investigate the involvement of AC1/AC8 in the modulation of sl,y, by the -
adrenergic agonist isoproterenol. In order to address this, the inhibition of sl,, by
isoproterenol was compared in DKO and wild type (WT) mice.

The second question of whether all monoamines couple to the same isoform of
AC, resulting in suppression of the sl,yp arose because isoproterenol, dopamine
and SHT all suppress the sl,;;/SAHP in a PKA dependent manner. A possible
locus for the specificity of the cascades used by the different neurotransmitters is
at the level of the molecular identity of the AC. A first step in addressing this
question was to determine if the inhibition of sl,;; by serotonin or dopamine also

involved the activation of AC1/ACS.
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5.3.0: Results

In order to investigate the role of Ca*-sensitive ACs in mediating the
monoaminergic suppression of sl,yp, the monoaminergic modulation of sl
between DKO and WT mice has been compared. The effect of isoproterenol on
slaup has been reported to be reversible depending on the length of drug
application, so that a prolonged exposure to isoproterenol (~10 mins) does not
result in recovery (Grabauskas et al., 2007). In the experiments presented here, the
amplitude of the sl,;, was allowed to stabilise after the maximal effect on the
slyyp for at least three minutes to ensure a steady state had been reached.

Therefore no recovery information was obtained in these experiments.

5.3.1: Monoamines (MAs) suppress sl,yp in @ concentration

dependent manner in mouse CA1 neurons

In order to investigate the role of AC1 and 8 in the modulation of the sl yp by
MAs, the modulation of the sl,,;; by MAs needed to be characterised first in mice.
Whole cell patch clamp recordings were obtained from CA1l pyramidal cells.
Recordings were obtained in the presence of TTX and TEA in order to block
voltage-gated sodium channels and voltage and calcium activated (BK) potassium
channels, thus promoting the generation of a calcium spike during the
depolarising step. In some cells, the depolarising step was increased from +10 mV
for 100 ms, to +30 mV for 200 ms. Under these conditions, 200 ms long
depolarising pulses elicited a sl with a mean amplitude of 74.9+10.9 pA
(n=22). In most cells measured, the apamin sensitive [, coexisted and in some
cases partially overlapped with the rising phase of sl (Fig. 21A, left panel). In
order to distinguish the peak of the sl ,,p, apamin (50 nM) was included in the bath
solution in some experiments (Fig. 21A, right panel).

Concentration response curves were obtained for the effect of the -adrenoceptor
agonist isoproterenol and serotonin on the sl ;. 1 uM isoproterenol was shown to
be sufficient to completely inhibit the sl in rat CAl neurons (Pedarzani &
Storm, 1993). However, in mouse, 1 uM isoproterenol led to a 70.1x5.6 %
inhibition of sl (n=5, p<0.0005, paired t test) (Fig. 21B and C). The effect of
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isoproterenol on sl,,, was significant and concentration dependent between 10
nM and 5 uM (Fig 21D). Isoproterenol has been reported to enhance voltage-
gated Ca™ channel activity in hippocampal neurons (Gray & Johnston, 1987).
However at the concentrations used in this study, isoproterenol has been reported
to lead to sl,p suppression without affecting the concomitant Ca™ transients or
the steady state intracellular Ca*™ concentration (Knopfel et al., 1990). Therefore
the effect of isoproterenol on the sl cannot be attributed to an indirect effect of

isoproterenol on Ca™ influx.
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Figure 21: Effect of the B-adrenergic agonist isoproterenol on neuronal sl
in mouse CA1 pyramidal neurons

A, Liyp and sl were measured in CA1 pyramidal neurons in response to 200 ms-long
depolarising pulses activating calcium influx through voltage-gated calcium channels

(left panel). I,yp was blocked by the SK-channel blocker apamin (50 nM) leaving the
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remaining, unaffected sl,yp (right panel). Recordings were performed in the presence of 1
mM TEA and 0.5 uyM TTX.

B, slyp is inhibited by isoproterenol (1 uM; Iso) leaving the remaining I,y (right panel).
C, Time course of the action of isoproterenol (1 uM) on the amplitude of sl,;. Data
sampled once every 30s. Solid bar depicts isoproterenol application. Same cell as in B.

D, Graph showing the concentration dependent action of isoproterenol. Each
concentration of isoproterenol resulted in significant inhibition of slyyp (5 pM; 59.7+2.9
%, n=3: 1 uM; 70.1x5.6 %, n=5: 100 nM; 59.3+8.1 %, n=4: 50 nM, 66.0+8.1 %, n=5: 10
nM; 31.8+9.0 %, n=6). Data points represent mean+SEM; n denotes the number of

experiments for each concentration. Statistical significance was determined as p<0.05.

Serotonin activates different receptors in CA1 pyramidal cells. The serotonin-
mediated inhibition of sl,,, occurs via activation of SHT, receptors (Andrade &
Chaput, 1991; Torres et al., 1994) and SHT, receptors (Tokarski et al., 2003). Fig.
22A shows the inhibition of sl by serotonin in mouse CA1l pyramidal cells.
Application of 5 uM serotonin results in a 73.5+11.2 % inhibition of sl yp (n=4;
p<0.005; one sample t test). However, serotonin also activates GIRK channels
through agonism at SHT, receptors. Fig 22B shows the effect of 5 uM serotonin
on the holding current of CA1 pyramidal neurons. Application of serotonin (5
uM) results in an outward (hyperpolarising) shift in holding current from
69.8+11.0 pA to 112.5+34.9 pA (n=4) that is caused by the opening of GIRK
channels. The activation of GIRK channels has a shunting effect on the voltage
clamp circuit i.e. it provides a low resistance connection between the current sink
and current source, thus forming an alternative pathway for a portion of current
flow. This results in inefficient voltage clamping, so that the actual voltage
achieved across the cell membrane does not reach the command voltage from the
amplifier. Therefore, the voltage dependent calcium influx, which activates sl,yp
is reduced and this results in a reduction of sl,,. In order to prevent the activation
of GIRK channels, further experiments with serotonin were conducted in the
presence of 1 uM WAY 100135, a 5HT,, receptor antagonist (Cliffe er al., 1993;
Routledge, 1996). Fig. 22D shows that in experiments with serotonin in the
presence of WAY 100135 there was little change in holding current. In contrast to

Fig. 22B where the application of serotonin resulted in an outward
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(hyperpolarising) shift in holding current, in the presence of WAY 100135, there
was an inward (depolarising) shift from 88.9+£22.4 pA to 69.5+12.9 pA (n=3).
This inward shift in holding current in the presence of WAY 100135 could be
attributed to a direct effect of cAMP on the HCN channels that underlie I, leading
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Figure 22: Effect of serotonin on SHT,, and SHT, receptors in CA1 pyramidal cells

A, slyp is inhibited by serotonin (5 uM; SHT) leaving the SK-mediated I,yp.
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B, Voltage-clamp recording of the outward current underlying the hyperpolarising
response to SHT (5 uM) mediated by activation of SHT,, receptors in CAl pyramidal.
The vertical lines correspond to depolarizing pulses used to elicit sl,yp once every 30 sec.
The dotted line represents the baseline holding current before the application of SHT. The
solid bar represents the SHT application. Same cell as in A.

C, Effect of SHT (5 nM) on the sl,yp in the presence of the SHT,, receptor antagonist
WAY 100135 (1 uM).

D, The SHT, receptor antagonist WAY 100135 inhibits the outward current elicited by
SHT through activation of GIRK channels and unmasks an inward current. Vertical lines
and dotted line as in B; the solid bars show the application of WAY 100135 and SHT. The
cell that was used in C has also been used in D.

E, Graph showing the concentration dependent effect of SHT on sl,up in CAl pyramidal
cells in the presence of WAY 100135. Each concentration of SHT resulted in significant
inhibition of sl e (10 uM; 78.424.1 %, n=4: 5 uM; 71.4+£7.2 %, n=7: 1 uM; 43.0+9.2,
n=5: 0.5 uM; 37.6+8.6 %, n=6). Data points represent mean+=SEM; n denotes the number

of experiments for each concentration. Statistical significance was determined as p<0.01.

to greater HCN channel activation. Application of 5 uM serotonin in the presence
of WAY 100135 resulted in 81.3+2.5 % inhibition of sl (n=2; p<0.05; one
sample t test; Fig. 22C) that is not significantly different from the sl inhibition
elicited by sole application of serotonin (p=0.86; Mann Whitney test). Figure 22E
illustrates the dose dependence of the effect of serotonin on the amplitude of the
Slaup-

Application of serotonin results in a reduction in Ca™ influx associated with the
action potential in hippocampal neurons (Sandler & Ross, 1999). A reduction in
Ca™ influx may partially explain the s,y suppression by serotonin seen in this
study. However, in neocortical pyramidal neurons, the serotonergic suppression of
high voltage-activated Ca** channel currents has been attributed to the activation
of the SHT,, receptor (Foehring, 1996). The suppression of sl,p persists in the
presence of the SHT,, receptor antagonist: WAY 100135, at a concentration that
was sufficient to block the GIRK channel activation that is also associated with

SHT,, receptor activation. Therefore, the effect of serotonin on sl,y in the
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presence of WAY 100135 cannot be explained by serotonergic modulation of

voltage-gated Ca** channels.

5.3.2: Electrical characteristics of cells recorded from WT and
DKO

The primary aim of this part of the study was to investigate the role of the Ca**
stimulatable AC in the monoaminergic modulation of sl,;;. To achieve this aim,
C57BL/6J wild-type mice (WT) were compared with double knock out mice
lacking both AC1 and AC8 (DKO). The next step of this investigation was to
establish whether there was a difference in the electrical characteristics of DKO
CA1 pyramidal neurons compared to WT.

Whole cell patch clamp recordings of sl,,, were obtained from both DKO and
WT adult mice under two different conditions. These conditions were (i) TTX
(0.5uM) and TEA (1 mM) applied in the bath and (ii) standard ACSF. In TTX and
TEA, a 200 ms long depolarising step generated a sl of 74.9+10.6 pA (n=20) in
WT cells and 51.2x+4.6 pA (n=11) in DKO cells. The mean sl,,;; amplitudes did
not differ significantly between DKO and WT cells in TTX and TEA (p=0.05,
unpaired t test with Welch correction; Fig. 23A). A 100-ms long depolarising
pulse in standard ACSF resulted in a sl,y with mean amplitude of 23.2+2.7 pA
(n=23) in WT cells, which was significantly different compared to DKO cells
(30.8+2.9 pA, n=27, p<0.05, Mann Whitney test; Fig. 23B). The increased sl
amplitude in DKO compared with WT could be attributed to differing basal
concentrations of cAMP within the two groups. It has been demonstrated that
there is basal modulation of the sl,;, in hippocampal neurons (Pedarzani et al.,
1998). If it is assumed that there is basal production of cAMP in resting
conditions, and some of this cAMP is produced by AC1/ACS, then it could be
concluded that there is a reduced level of cAMP at rest in the DKO. Because sl,p
is suppressed by cAMP-dependent PKA activation in hippocampal neurons
(Pedarzani & Storm, 1993), a reduction in the basal concentration of cAMP could

result in a sl of increased amplitude.
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Figure 23: Comparison of the electrical characteristics of CA1 pyramidal neurons
recorded from WT and DKO mice

A, Box plot depicting range of s, amplitudes recorded in WT and DKO in the presence
of 0.5 uM TTX and 1 mM TEA in response to 200 ms-long depolarising pulses. The box
represents the inter-quartile range, whilst the median is depicted as a solid line. The
whiskers indicate the entire range of amplitudes. There is no significant difference
between the sl,;, amplitude recorded from WT (mean sl e amplitude: 74.9£10.6 pA;
n=20) and DKO CA1 pyramidal cells (mean s,y amplitude: 51.2+4.6 pA; n=11; p=0.05;

unpaired t test with Welch correction).
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B, The sl p was elicited by 100 ms-long depolarising pulses in standard ACSF. Under
these conditions, the mean sl,yp amplitude recorded from WT CAl pyramidal neurons
was 23.2+2.7 pA (n=23). The difference between the sl amplitudes recorded from WT
and DKO (mean sl,y,, amplitude recorded from DKO cells: 30.8+2.9 pA; n=27) CAl
pyramidal neurons was significant (p<0.05; Mann Whitney test).

C, The input resistance was determined at the beginning of the experiment by 100 ms-
long hyperpolarising steps from —-50 mV to =55 mV. In the presence of 0.5 uM TTX and
1 mM TEA there was no significant difference between the input resistance measured
from WT (mean input resistance: 193.2+15.8 MQ; n=20) and DKO CA1l pyramidal
neurons (204.1x16.9 MQ; n=11; p=0.66;unpaired t test). The mean input resistance,
measured from WT CAl pyramidal neurons in standard ACSF, was 215.8+10.2 MQ
(n=23) compared with 197.5+9.5 MQ (n=27; p=0.07; Mann Whitney test).

D, The resting membrane potential (V,) was determined at the beginning of the
experiment. The resting membrane potential recorded from WT CA1 pyramidal neurons
(-65.6+1.8 mV; n=19) was similar to that recorded in neurons from DKO mice (-64.3+1.0
mV; n=11; p=0.52; unpaired t test with Welch correction) in the presence of TTX (0.5
uM) and TEA (1 mM). There was no significant difference between the resting
membrane potential in WT (-64.7+1.5 mV; n=23) and DKO CA1 pyramidal neurons (-
66.7+1.0 mV; n=27; p=0.41; Mann Whitney test) recorded in standard ACSF.

E, The sAHP was elicited by 400 ms-long depolarising current injections eliciting trains
of action potentials. The mean sAHP amplitude in WT CA1l pyramidal neurons was
1.8£0.3 mV (n=9). This was significantly less that the mean SAHP amplitude recorded
from DKO CA1 neurons (2.9+£0.4 mV (n=7; p<0.05; unpaired t test).

Fig. 23C compares the range of input resistance recorded from WT and DKO
CA1 pyramidal cells. The input resistance was measured by the administration of
a 100 ms-long hyperpolarising step from =50 mV to -55 mV and was determined
at the start of the experiment. The current flowing after complete charging of the
membrane capacitance is a measure of the channels open at -55 mV, which is
below the activation threshold of most voltage-gated channels. Therefore, most of
the current flowing at =55 mV can be attributed to leak channels and used to
calculate the input resistance according to Ohm’s law. When recorded in the
presence ImM TEA and 0.5 puM TTX, the mean input resistance in WT cells was
193.2+15.8 MQ (n=20) compared to 204.1+16.9 MQ (n=11) in DKO cells. There
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was no significant difference between the input resistance measured in WT and
DKO animals (p>0.6, unpaired t test). Experiments were also conducted in
standard ACSF to record the sl,; elicited by more physiological levels of calcium
influx. Under these conditions, there was no significant difference between the
mean input resistance recorded in WT cells (215.3+10.2 MQ, n=23) and DKO
cells (197.5+£9.5 MQ, n=27, p=0.07, Mann-Whitney test).

The resting membrane potential of each cell was determined at the beginning of
the recording, immediately after achieving the whole cell configuration. The range
of resting membrane potentials recorded from WT and DKO CA1 pyramidal
neurons are depicted in Fig. 23D. In TTX and TEA, the mean resting membrane
potential of WT cells was -65.6+1.8 mV (n=19). This was not significantly
different to the membrane potential recorded in DKO cells (-64.3+1.0 mV, n=11,
p>0.5, unpaired t test with Welch correction). There was no significant difference
between the membrane potentials of DKO and WT mice measured in standard
ACSF (Vm in WT: -64.7+1.5 mV, n=23; Vm in DKO: -66.7+1.0 mV, n=27;
p>0.4; Mann-Whitney test).

To investigate the firing properties and after-potentials of WT and DKO CAl
neurons, short (400 ms-long) depolarising current injections, eliciting trains of
action potentials, were delivered and followed by hyperpolarising potentials on
termination of the current injection. The afterhyperpolarisation (AHP) consisted
of two distinct phases: mAHP and sAHP. The mean amplitude of the SAHP in
WT animals was 1.8+0.3 mV (n=9), and in KO animals 2.9+0.4 mV (n=7). There
was significant difference between the amplitude of sSAHP in WT and KO animals
(p>0.05; Fig. 23E). The increase in sAHP in DKO, compared to WT cells, is
consistent with the larger sl,;; in DKO neurons in standard ACSF (Fig. 23B).

5.3.3: B-adrenergic modulation of sl in WT and KO animals

The primary aim of this section of the experiments was to investigate whether the
activation of AC1/AC8 was responsible for the B adrenoceptor mediated
suppression of sl,,,. With this aim, the modulation of sl,y, by isoproeternol was
compared in WT and DKO cells. In order to avoid desensitisation of the 8-

adrenergic effect and operate in the optimal dynamic range, it was decided to
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proceed with 50 nM isoproterenol, which gave a 66.0+8.1 % inhibition of sl in

TTX and TEA (Fig. 21D).
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Figure 24: Modulation of sl,; by isoproterenol in DKO and WT animals

A, sl is inhibited by isoproterenol (50 nM) in wild-type (WT; top panel) and DKO
mice (bottom panel). Experiments were conducted in the presence of 1 mM TEA and 0.5
uM TTX. Middle panels represent the effect of isoproterenol on sl at steady state in
CAl neurons from wild-type (upper middle panel) and DKO mice (lower middle panel).
Control and isoproterenol traces are overlaid in the right panels to illustrate the
isoproterenol-mediated sl,up suppression. Traces are averages of three consecutive
sweeps, each sweep was elicited once every 30s.

B, Graph showing the effect of 50 nM isoproterenol on the sl,p amplitude. Symbols

represent the amplitude of sl,yp in each single cell before and after the application of
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isoproterenol WT (ieft panel) and DKO (right panel) mice. Bars represent the averaged
data.

C, Isoproterenol (50 nM) produced a significant inhibition of sl,y amplitude in both WT
and DKO CA1 neurons. (WT: 66.0£8.1 %, n= 5; DKO: 54.9+5.8, n=11). Bars and error
bars represent mean+SEM. There was no significant difference between the effect of
isoproterenol in WT and DKO CA1 pyramidal cells (p=0.25).

D, Application of 50 nM isoproterenol resulted in a significant inhibition of sl,p charge
transfer in both WT and DKO CA1 neurons. (WT: 66.3+7.1 %, n=5; DKO: 58.1+6.6 %,
n=11). Consistent with the effect of isoproterenol on sl amplitude, there was no
significant difference between the isoproterenol mediated charge transfer inhibition

between the two groups of animals (p=0.4). Bars and error bars represent mean+SEM.

Fig. 24A illustrates that delivery of a 200 ms long voltage step to +30 mV,
resulted in an isoproterenol sensitive sl . The effect of 50 nM isoproterenol on
sl up in representative cells from WT (top panel) and DKO mice (bottom panel) is
shown. In 5 WT cells, the mean sl,;;, amplitude was 66.4+13.1 pA (Fig. 24B, left
panel). Application of 50 nM isoproterenol resulted in a significant inhibition of
sl,up amplitude by 66.0+8.1 % (sl amplitude post isoproterenol application:
25.2+9.1 pA, p<0.005, paired t test) (Fig. 24B, and C). Fig. 24B (right panel)
shows that the mean sl,;,;, amplitude of DKO cells was 51.2+4.8 pA (n=11), and
significantly reduced to 22.4+3.4 pA (n=11) on application of 50 nM
isoproterenol (p<0.0001, paired t test). There was no significant difference
between the effect of 50 nM isoproterenol in DKO and WT cells on sl
amplitude (% sl,yp inhibition in WT: 66.0+8.1 %, n=5; in DKO: 54.9+5.8 %,
n=11, p=0.25; Fig. 24C) or charge (% sl inhibition in WT: 66.3£7.1 %, n=5; in
DKO: 58.1£6.6 %, n=11, p=0.4; Fig. 24D) (unpaired t tests).

It could be argued that, due to the large variability in the data obtained with 50
nM isoproterenol, any potential difference between the effect of 50 nM
isoproterenol in WT and DKO would be obscured. A low concentration of
neurotransmitter could lead to variability in the data obtained because of the
limitations of the practical technique employed. The neurotransmitter is added to
the perfusion medium and the blind patch clamp technique offers little resolution

about the depth of the cell being recorded from. Therefore, the actual
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concentration of neurotransmitter applied to the cell is unknown and could vary
with cell depth in the slice. It was decided to increase the concentration of
isoproterenol in an attempt to reduce the variability. Additionally, these
experiments would provide information on the involvement of ACI/ACS8 in
mediating the effect of saturating concentrations of 3-adrenergic receptor agonist
on the sl,,p. Finally, these experiments were not conducted in the presence of
TTX and TEA in order to gain information about the modulation of sl,,;; elicited

by more physiological concentrations of Ca*".

A
Control Isoproterenol Coptrol
WT
$
Isoproterenol S5
Control
Isoproterenol
DKO
3
Isoproterenol L >
B
= WT _ DKO
3 50 <g gg
g 40 2 49
£ 30 £
2 20 X —
o N 2 20 I~
<10 3 <10
I 7
Control Isoproterenol Control Isoproterenol
¢ Amplitud
n_g‘p' uae Charge
S 1 S n=8 n=9
= 50 n=9 = 50 I
o
= 40 L T 40
£ £ 30
o 30 %
I
= 20 = 20
» 10 » 10
B 0 S 0
WT  DKO WT DKO

Figure 25: Isoproterenol mediated sl suppression is intact in DKO CA1 neurons
A, 100 ms-long depolarising pulses elicit a sl p partly inhibited by isoproterenol (2 uM)
in both WT (upper row) and DKO (lower row) cells. Recordings were conducted in

standard ACSF, i.e. in the absence of TTX and TEA.
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B, C, D The application of 2 uM isoproterenol results in a significant suppression of sl
in both WT and DKO cells. In B, symbols represent individual CA1 neurons from WT
(left panel) and DKO mice (right panel); bars are averaged data. There was no significant
difference between the effect of isoproterenol in WT and DKO on either sl,;, amplitude
(C, % inhibition WT: 48.4+7.7 %, n=8; DKO: 40.6+3.9, n=9; p=0.36, unpaired t test) or
charge transfer (D, % inhibition WT: 45.8+5.0 %, n=8; DKO: 45.6+2.9 %, n=9; p=0.97.

unpaired t test).

Application of 2 uM isoproterenol resulted in significant sl,,, suppression in both
WT and DKO cells. The mean sl,;,;; amplitude in WT cells was 24.4+5.1 pA
(n=8) prior to isoproterenol application. Isoproterenol inhibited the sl,;;
amplitude in WT cells by 48.4+7.7 % (n=8, p<0.01, paired t test) and charge
transfer by 45.8+5.0 % (n=8, p<0.01, Wilcoxon matched-pairs signed-ranks test).
In DKO cells, isoproterenol significantly suppressed the mean sl,,, amplitude
from 34.72+4.83 pA to 20.0+2.7 pA (n=9, p<0.005, paired t test). This
corresponded to an inhibition of sl,,, amplitude by 40.6+3.9 % (n=9) which was
not significantly different from that in WT cells (p=0.36, unpaired t test, data not
shown). Therefore, the modulation of sl,;, in CAl pyramidal cells by B-
adrenergic receptor agonists appears to be intact in DKO mice. This implies that
the B-adrenergic modulation of sl,, does not require the activation of AC1/AC8

in CA1 neurons.

5.3.4: Other MAs also modulate sl

The results presented here indicate that the (3 adrenergic-mediated sl,,p
suppression does not involve activation of ACI1/AC8. However, other
monoaminergic neurotransmitters, e.g. serotonin and dopamine, also converge on
the cCAMP-PKA pathway to inhibit sl,,; (Pedarzani & Storm, 1993, 1995a). To
test whether different monoaminergic neurotransmitters modulate the sl,,, via
different ACs, we compared their effects in WT and DKO animals. These
experiments were not conducted in the presence of TTX and TEA. Monoamine

concentrations were chosen that gave a near maximal effect on sl .



130

Control 5HT C/omrol
: JM\ il g
S5HT 2s

5HT Control

[

[

B wT _ DKO
< < 60
£ 30 2
a a
N 40
g 20 N =
o a
T 10 N T 20
< <
2 0 2 9
Control SHT Control SHT
¢ Amplitude D Charge
8 n=6 n=8 n=6
O n=8
= 80 c 80 |
= 9
" 60 - = 60
240 € 40
20 * 20
Y L ] |
WT DKO WT DKO

Figure 26: Modulation of sy, by serotonin in DKO and WT animals

A, The sl,yp recorded in standard ACSF is inhibited by 10 uM serotonin (SHT). The sl yp
was elicited as previously described.

B, Graphs depicting the sl,u amplitude before and after application of serotonin (10 uM,
5HT) in WT (left panel) and DKO (right panel). Symbols represent individual CAl
neurons from WT (left panel) and DKO mice (right panel); bars are averaged data.

C, D, Bar diagrams showing the effect of serotonin on sl,;p amplitude (C) and charge
transfer (D). In WT cells, serotonin inhibited 82.1+5.8 % sl amplitude, and 82.2+4.6 %
slayp charge (n=6). This compares with 76.7+7.9 % inhibition of sl,yp amplitude and
74.7£4.82% sl yp charge inhibition in DKO cells (n=8). There was no significant
difference between the effect of serotonin on sl, amplitude (p=0.53) or charge transfer

(p=0.30) in WT and DKO cells (unpaired t tests).
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A first set of experiments was conducted comparing the effect of 10 uM SHT in
cells from WT and DKO mice. There was no significant difference between the
degree of suppression mediated by 10 uM serotonin on sl,,;, amplitude or charge
in WT and DKO mice (% sl,yp amplitude inhibition in WT: 82.1+5.8 %, n=6; in
DKO: 76.7+7.9 %, n=8, p>0.6, unpaired t test; % sl,yp charge inhibition in WT:
82.2+4.6 %, n=6; in DKO: 74.7+4.8 %, n=8, p>0.3, unpaired t test) (Fig. 26).

As previously mentioned, serotonin activates both 5-HT, (Torres et al., 1994),
SHT, (Tokarski et al., 2003) and SHT,, (Andrade & Nicoll, 1987; Colino &
Halliwell, 1987) receptors in CA1 pyramidal cells. The effect of serotonin on sl
occurs through the activation of SHT, and SHT, receptors (Torres et al., 1994,
Tokarski et al., 2003). In order to minimise the membrane potential
hyperpolarisation caused by agonism at SHT,, receptors (Andrade & Nicoll,
1987; Colino & Halliwell, 1987) and resulting in GIRK channel activation
(Luscher et al., 1997), a second set of experiments was conducted in the presence
of the 5HT,, receptor antagonist WAY 100135. In all experiments, | uM WAY
100135 was applied to the bath at least fifteen minutes prior to SHT application.
Fig. 27 illustrates that application of 10 uM SHT in the presence of | uM WAY
100135 results in sl,,p suppression in cells from both WT and DKO. Panel A
shows traces from representative cells before and after SHT application when the
slaup has reached a steady state. In seven WT cells the mean sl,,, amplitude
significantly reduced from 22.6x4.4 pA to 12.8+3.2 pA (p<0.00S5, paired t test,
Fig. 27B). This corresponded to 44.4+5.0 % sl,,p amplitude inhibition (Fig. 27C)
and 44.7+6.2 % sl,,p charge inhibition (Fig. 27D). Application of 10 uM SHT to
ten DKO cells resulted in significant sl,,, suppression from 32.1+3.5 pA to
20.0+3.2 pA (p<0.0001, paired t test, Fig. 27B). Statistical analysis revealed that
there was no significant difference between the degree of serotonin-mediated sl,;;p
inhibition in WT and DKO cells (% sl,yp amplitude inhibition in DKO: 40.6+4.9
%, p>0.6, Fig. 27C; % sl,,p charge inhibition in DKO: 37.7+4.3 %, p>0.3, Fig.
27D). These results indicate that there is no functional coupling between the SHT,

and SHT, receptor and AC1/ACS.
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Figure 27: sl suppression by SHT, and SHT; receptors in DKO and WT animals
A, The effect of serotonin (SHT; 10 uM) on the slayp in the presence of the 5HT,,
receptor antagonist WAY 100135 (WAY; 1 uM). Application of serotonin suppressed
slaup in both WT (upper row) and DKO cells (lower row). The sl was elicited as
previously described.

B, Agonism at both SHT, and SHT, receptors leads to significant suppression of sl,yp in
both WT and DKO cells. Graphs illustrate the effect of serotonin on the sl amplitude.
Symbols represent individual CA1 neurons before and after the application of serotonin
in WT (left panel) and DKO cells (right panel). Bars represent averaged data.

C, D, The application of 10 uM serotonin in the presence of 1 uM WAY 100135 results
in a significant suppression of sl in both WT and DKO cells. There was no significant
difference between the effect of serotonin in WT and DKO on either sl amplitude (C,

% inhibition WT: 44.4+5.0 %, n=7; DKO: 40.6£4.9 %, n=10; p=0.60) or charge transfer
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(D, % inhibition WT: 44.7£6.2 %, n=7; DKO: 37.7+4.3 % n=10; p=0.35)(unpaired t

tests).

In a third set of experiments, we tested dopamine, which was previously shown to
cause sl and sAHP suppression in a cAMP and PKA-dependent manner in
CA1 pyramidal neurons (Pedarzani & Storm, 1995a). To this date, no effect of
dopamine on voltage-activated Ca** channels in the hippocampus has been
reported. However it has been reported that the dopaminergic suppression of the
sAHP occurs independently of a change in the associated Ca™ potential (Malenka
& Nicoll, 1986). It is therefore unlikely that the suppression of sl,;;, reported here
can be attributed to a reduction in the amplitude of the Ca*™ currents that activate
slaup- The effect of application of 30 uM dopamine in cells from WT and DKO
was compared. Addition of 30 uM dopamine to WT mice resulted in significant
suppression of slyyp (% slayp amplitude inhibition: 47.7+4.5 %, n=9, p<0.005,
paired t test, Fig. 28A, B and C; % sl,,;; charge inhibition: 58.0+2.9 %, n=9,
p<0.005, paired t test, Fig. 28A and D). This is in agreement with previous studies
conducted in rat (Malenka & Nicoll, 1986; Pedarzani & Storm, 1995a). The mean
amplitude of sl,,p in ten DKO cells prior to dopamine application was 28.5+3.9
pA compared to 20.2+3.0 pA post application (Fig. 28 A and B). This slyyp
suppression was significant in a paired t test (p<0.0001; Fig. 28C). However,
there was a significant difference between the inhibition of sl,y, amplitude
induced by dopamine in CAl neurons from WT and DKO mice (% slyyp
amplitude inhibition in WT: 47.7+4.5 %, n=9; in DKO: 30.7+2.3 %, n=10,
p<0.005; unpaired t test; Fig. 28C). Similarly, in WT cells dopamine inhibited
sl,yp charge by 58.0+2.9 % (n=9), compared with 36.6+4.0 % (n=10) in DKO
cells (p<0.001, unpaired t test, Fig 28D).

These results indicate that activation of ACI/AC8 may contribute to the
dopaminergic modulation of sl,,p. Thus, there may be a level of specificity in the
monoaminergic modulation of sl,y, in which different neurotransmitters couple
to different ACs to mediate similar effects on sl,p.

So far the modulation of sl,,, by MAs has been investigated. In the next section

the modulation of the potential sSAHP by MA will be investigated.
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Figure 28: Dopaminergic modulation of sl,y; is partially mediated by AC1/AC8

A, Application of dopamine (30 uM) resulted in a significant inhibition of sl in WT
(top row) and DKO CAl neurons (bottom row). Left panels depict sl prior to
dopamine application whilst the middle panels correspond to the sl in the presence of
dopamine.

B, Graphs illustrate the effect of dopamine on the sl,,; amplitude. Symbols represent
individual cells before and after the application of dopamine. Bars represent averaged
data. Data from WT cells is on the left panel, and from DKO cells on the right panel.

C, D, Application of dopamine (30 uM) resulted in significant inhibition of sSIAHP in WT
cells (% slIAHP amplitude inhibition: 47.7+4.5 %, C; % charge transfer inhibition:
58.0£2.9 %, D; n=9), and in partial SIAHP suppression in DKO cells (% sIAHP
amplitude inhibition: 30.7+2.3 %, C; % charge transfer inhibition; 36.6+4.0 % D; n=10).

There was significant difference between the dopamine mediated sSIAHP suppression of
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amplitude (p<0.005) and charge transfer (p<0.001) in WT and DKO cells (unpaired t

test). Bars indicate mean+SEM.

5.3.5: Modulation of sAHP by isoproterenol, serotonin and
dopamine

The aim of this section of experiments was to investigate to which extent different
monoaminergic neurotransmitters modulate SAHP in CA1 neurons from WT and
DKO mice. There were several underlying reasons for investigating the effect of
the MAs on sAHP in addition to the effect on the underlying current sl,,. Firstly
it was hoped that results obtained on the MA modulation of SAHP would confirm
those obtained on the underlying current, sl,,;,. Secondly, by monitoring the MA
modulation of SAHP in current clamp, information can be inferred about the role
of Ca™ stimulatable ACs in modulating other currents that are activated/inhibited
by MA signalling. Potential candidates identified in this way can then be the focus
of further experiments. This information is not easily gleaned from voltage clamp
experiments that isolate a current of interest because the membrane potential is
clamped at the desired holding potential.

In the case of the B adrenergic pathway, we did not observe any significant
difference between the suppression of SAHP by 2 uM isoproterenol in WT
compared with DKO cells (% sAHP inhibition in WT cells: 36.8+2.8 %, n=5; in
DKO cells: 42.4+11.8 % n=3, p>0.75, Mann Whitney test; Fig. 29A, B). This is
consistent with previous voltage-clamp experiments, indicating that activation of
ACI1/ACS8 does not contribute to the isoproterenol-mediated suppression of sl,yp.
Addition of 10 uM 5HT in the presence of 1 pM WAY 100135 resulted in
significant suppression of SAHP in both WT and DKO. Fig. 29C shows
representative AHP traces before (black line) and after SHT (grey line)
application in both WT (left panel) and DKO neurons (right panel). Each trace is
an average of five consecutive sweeps.

The effect of 10 uM of SHT on the sAHP is quantified in Fig. 29D. Application of
10 uM SHT led to a 45.7+10.3 % suppression of SAHP in WT cells (n=4). The
sAHP suppression associated with SHT application in DKO cells was 17.3+7.4%
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(n=6). There was significant difference between the sAHP suppression achieved
in WT and DKO cells (p<0.05; Mann Whitney test). The number of action
potentials fired in response to the 400 ms-long depolarising pulse increased from
7.6x1.2 to 9.2+1.5 with addition of 10 uM SHT in WT cells, compared with
4.2+0.3 to0 5.8+0.8 in DKO cells.
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Figure 29: Modulation of SAHP by isoproterenol, serotonin and dopamine

A, Inhibition of the sAHP by isoproterenol in WT (left panel) and DKO CA1 neurons
(right panel). The SAHP was elicited by a 400 ms-long current injection. The amplitude
of the current injection was determined as the minimum current injection that elicited a
maximal number of action potentials. Each trace is an average of five consecutive
sweeps, elicited every 20s.

B, Bar graph depicting the significant inhibition of SAHP by isoproterenol in WT and
DKO CA1 neurons (% inhibition of sAHP amplitude, WT: 36.8+2.8 %, n=5; DKO:
42.4+11.8 %, n=3). Bars and error bars represent mean+SEM. There was no significant
difference between the effect of isoproterenol on sAHP in WT and DKO cells (p=0.79,
Mann Whitney test).
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C, In the presence of 1 uM WAY 100135, application of serotonin (10 uM) results in
inhibition of SAHP in WT (left panel) and DKO cells (right panel).

D, The sAHP was inhibited by 45.7+10.3 % (n=4) by 10 uM serotonin in WT cells and
by 17.3£7.4 % (n=6) in DKO cells. There was significant difference between the effect of
serotonin on WT and DKO cells (p<0.05; Mann Whitney test).

E, Application of dopamine results in SAHP inhibition in WT (left panel) and DKO CAl
neurons (right panel). Black traces represent the SAHP elicited in response to a 400 ms
long current injection. Grey superimposed traces represent the effect of dopamine (30
uM).

F, Bar chart comparing the effect of dopamine on sAHP in WT (inhibition of sAHP
amplitude: 60.7+11.4 %, n=4) and DKO CA1 neurons (inhibition of sAHP amplitude:
29.0+6.6 % n=4). There was no significant difference between the effect of dopamine on

sAHP in WT and DKO CAI neurons (p=0.0571; Mann Whitney test).

Fig. 29E and F illustrate the effect of 30 uM dopamine on the sAHP. Panel E
compares the effect of dopamine on the SAHP in WT (left panel) and DKO CA1l
neurons (right panel) and panel F quantifies the effect. In WT cells, application of
30 uM dopamine resulted in 60.7+11.4 % inhibition of sSAHP (n=4). There was no
significant difference between the sAHP inhibition achieved in WT and DKO
CA1 neurons (% sAHP inhibition DKO: 29.0+6.6, n=4; p=0.0571, Mann Whitney
test). This is in contrast to the effect of dopamine on sl,,p, the current that
underlies sAHP. Although application of 30 uM dopamine resulted in a
significantly different inhibition of sl in WT compared with DKO CAl
neurons (see Fig. 28), there was no significant difference between the extent of
the SAHP inhibition in WT and DKO cells. It would be expected that a trend seen
in the sl,,;, data would also be seen in the sSAHP data. Possible reasons for this
discrepancy between the voltage- and current-clamp data will be discussed in the

discussion part of this section.

5.3.6: Comparison of the degree of MA modulation achieved in
voltage clamp and current clamp recordings

The aforementioned voltage clamp and current clamp data was collected from

experiments in which both the voltage clamp and current clamp results were
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obtained within the same cells. The experimental paradigm followed was as
follows: the sl,,, was monitored in voltage clamp until s, amplitude had been
stable for at least five minutes. Then the amplitude of the SAHP was determined
in current clamp in response to a given current injection and the membrane
potential was noted. The sAHP amplitude determined at this point corresponded
to the control sSAHP amplitude. The cell was then monitored in voltage clamp to
ensure sl,,;» amplitude stability prior to MA application. The last three traces prior
to MA application were determined as the amplitude of sl,u, in the control
situation. The sl,,, amplitude was monitored in voltage clamp throughout the
drug application until it had reached a steady amplitude for ~ 3 mins. The last
three traces recorded in voltage clamp were determined to be the sl amplitude
in the presence of the MA. Following this, the SAHP amplitude was then
determined in current clamp to obtain the change in sSAHP amplitude due to MA
application.

Data on the degree of inhibition of the sl,,;; and SAHP was not achieved from
every cell. Fig. 30 directly compares the data obtained in voltage clamp and
current clamp from cells in which both sets of data were achieved. Fig. 30A
compares the effect of isoproterenol (2 pM) on the sl and SAHP in both WT
and DKO. Application of isoproterenol resulted in 60.7+6.5 % inhibition of sl
and 36.8+2.8 % inhibition of SAHP in WT mice (n=5; p<0.05; paired t test).
However there was no significant difference between the degree of inhibition of
slyup (% sl,pp inhibition: 48.6x7.1 %) and sSAHP (% sAHP inhibition 42.4+11.8
%) in DKO (n=3; p=0.5; Wilcoxon matched-pairs signed-ranks test).

The effect of serotonin (SHT; 10 uM) in the presence of WAY 100135 (1 uM) on
sl,yr and SAHP in WT and DKO is compared in Fig. 30B. There was no
significant difference between the serotonergic effect on sl and SAHP in either
WT (% sl inhibition: 41.3+6.0 %; % sAHP inhibition: 45.7+8.9 %; n=4;
p=0.87; Wilcoxon matched-pairs signed-ranks test) or DKO (% sl,yp inhibition:
30.5+3.0; % sAHP inhibition: 18.9+5.5 %; n=6; p=0.06; paired t test).

The comparison of the suppression of both sl,;, and SAHP in WT and DKO cells
is depicted in Fig. 30C. In the four WT cells in which the effect of dopamine (30
uM) was examined in both voltage clamp (% sl,yp inhibition: 46.8+7.3 %) and
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current clamp (% sAHP inhibition: 60.6+8.1 %), there was no significant

difference between the degree of dopaminergic inhibition elicited (p=0.25;

Wilcoxon matched-pairs signed-ranks test). In DKO cells the inhibition mediated

by dopamine was similar (n=4; p=0.25; Wilcoxon matched-pairs signed-ranks

test) in both voltage clamp (% sl inhibition: 30.4+2.3 %) and current clamp (%

SAHP inhibition: 29.0+5.7 %).
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Figure 30: Comparison of the MA effect on sl,,, and SAHP within the same cell
The inhibition of sl yp by 2 uMisoproterenol (A), 10 uM serotonin in the presence of 1
uM WAY 100135 (B) and 30 uM dopamine (C) is directly compared with the inhibition

of the SAHP recorded in the same cell.
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The similarity between the degree of inhibition achieved by the MA
neurotransmitters between the data obtained from voltage clamp and current
clamp recordings in the same cell indicates that the experimental paradigm did not

skew results obtained in a particular recording mode.
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5.4.0: Discussion

The primary aim of this set of experiments was to investigate the role of the Ca'™
stimulatable ACs in mediating the monoaminergic suppression of sl,,,. Before
proceeding to the detailed analysis of the effects of monoamine transmitters on the
slayp in CAl pyramidal neurons from DKO mice, the effect of isoproterenol and
SHT was characterised in WT mice and shown to be concentration dependent.
Then the passive membrane properties (resting membrane potential and input
resistance) of cells obtained from WT and DKO animals were compared and did

not differ significantly.

5.4.1: The differences in recording in voltage and current clamp

The SHT-mediated suppression of sl,,, was intact in CAl neurons from DKO
mice. However, there was significant reduction of the SHT-mediated suppression
of the SAHP following bursts of action potentials in CAl neurons from DKO
mice, indicating a possible role for the Ca™ stimulatable ACs. These results are
conflicting. Meanwhile, the dopaminergic suppression of SAHP was intact in CAl
neurons from DKO mice, whilst there was significant difference between the
modulation of sl,,;, by dopamine in WT and DKO CA1 neurons. Finally the effect
of the B-adrenergic agonist isoproterenol on sl,,, was similar in WT and DKO in
all conditions used. Therefore the question addressed in this section of the
discussion is: what are the reasons for the apparently contradictory results
described in current and voltage clamp upon application of serotonin and
dopamine?

There was a significant difference between the dopaminergic modulation of the
sl,yp in CA1 neurons from DKO and WT mice. The effect of dopamine on sl
was significantly reduced in cells from the DKO compared with WT mice.
However, there was no difference in the modulation of the SAHP following bursts
of action potentials between WT and DKO. The lack of a significant difference in
the current clamp experiments might be linked to the small sample size.
Therefore, further experiments investigating the modulation of the sAHP by

dopamine are required.
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The apparent dichotomy in the results presented here is that AC1/AC8 appear to
be involved in the serotonin mediated suppression of sAHP, and yet the
modulation of the corresponding current, sl,,,, remains intact in CAl neurons
from DKO mice. A possible explanation for the apparently contradictory results in
voltage clamp and current clamp is the difference in the two recording techniques.
When the current being measured is generated at a remote site from the voltage
clamp electrode, there is inadequate voltage control at the remote site, so that the
actual current entry at a synapse is less that it would be if the cell was under ideal
space clamp (Spruston et al., 1993). The sl,yp is a voltage independent current,
activated by Ca'" entry through voltage gated Ca™ channels (Alger & Nicoll,
1980; Hotson & Prince, 1980; Schwartzkroin & Stafstrom, 1980; Lancaster &
Adams, 1986). Therefore, the consequence of space clamp errors, at a site remote
from the voltage clamp electrode, is that the depolarising step used to elicit Ca™
influx is attenuated, resulting in the generation of a sl,,, of reduced amplitude.
Furthermore, if the sl is generated at a remote site from the voltage clamp
electrode, then it is also subject to attenuation as it propagates passively to the
soma, therefore, the sl recorded at the soma will be smaller than the actual sl,;
at the remote site. The channel underlying the sl,,;; has been inferred to have a
somatic (Lancaster & Zucker, 1994; Lima & Marrion, 2007), apical dendritic (Sah
& Bekkers, 1996) and basal dendritic (Bekkers, 2000) location. However, in the
absence of the molecular identity of the channel underlying sl,, and the ensuing
expression studies, the issue surrounding the location of the channel remains
unresolved. If it is assumed that there are two populations of sl,,p channels (i)
somatic sl channels that are not functionally coupled to AC1/AC8 and (ii)
dendritic sl,y,, channels that are modulated by cAMP produced by AC1/ACS,
then, when the sl,; is recorded in voltage clamp, only the somatic and proximal
dendritic sl,,;p channels are measured whilst the remaining dendritic sl,y; is
filtered due to space clamp errors. In current clamp, the current injected in the
soma will also electrotonically decay along the membrane. However if it is
enough to elicit regenerative events, such as action potentials or Ca*™ spikes in the

dendrites, which are self-sustaining and will propagate for some length, therefore
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a sAHP in the dendrites could be generated and may contribute to the sAHP
recorded at the soma.

If the discrepency between the data obtained from voltage clamp and current
clamp recrodings is purely attributable to poor space clamp than the situation
could be improved by repeating the experiments in Barium ions. However there is
an alternative explanation for the discrepancy. When the sAHP is recorded in
current clamp, the ampltiude of the potential of interest (SAHP) can also be
modulated by the activation/deactivation of other currents that are modulated by
serotonin. Because in voltage clamp the membrane potential is clamped, there is
better control over the number of conductances activated. Whilst in current clamp,
channels are able to open and close thus contributing to fluctuations in membrane
potential. The experiments presented here were conducted in the presence of
WAY 100135, therefore it is unlikely that the activation of GIRK channels
contributed to changes in membrane potential. However there are four other
scenarios in which the activation of hyperpolarising/depolarising currents by
serotonin may contribute to an apparent change in the sAHP. 1) application of
serotonin results in the activation of a slow Na® or Ca™ current which masks the
sAHP causing it to appear of smaller ampltiude. 2) serotonin application results in
the activation of a fast Na" or Ca* current resulting in greater depolarisation
during the depolarising step leading to enhanced Ca™ influx and activation of
more sl p channels. The net effect would be a SAHP of larger ampltiude. 3)
similarly, if serotonin application results in activation of a fast K" or CI current,
then the depolarisation associated with the current injection would be reduced
resulting in a SAHP of smaller amplitude. 4) Finally activation of a slow K"
current by serotonin would also mask the amplitude of the SAHP causing it to
appear greater.

The effect of serotonin on the activation of neuronal currents could be a result of a
direct effect on ionotropic serotonin receptors (e.g. the SHT;R). However the
effect of serotonin on the SAHP recorded in current clamp data is different in data
from the DKO for AC1 and AC8 from the WT. Therefore it seems probable that a
channel that is modulated by changes in cAMP concentrations is activated by

serotonin in WT mice and the activation of this channel contaminates the sAHP
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causing the sAHP amplitude to appear larger than can be attributed to the
channels underlying sl,,,. Therefore it is proposed that the modulation of

sl,up/SAHP by serotonin is not mediated by activation of ACI/ACS.

5.4.2: ACs involved in the g adrenergic modulation of sl,,p

The effect of the B-adrenergic agonist isoproterenol on sl,,, was similar in WT
and DKO under all conditions investigated. Accordingly, there was no difference
in the modulation of the sAHP following trains of action potentials by
isoproterenol when comparing WT and DKO. These results indicate that
AC1/AC8 do not mediate the suppression of SAHP/sl,;;, induced by isoproterenol.
These experiments were conducted with the B-adrenoceptor agonist isoproterenol,
instead of the neurotransmitter noradrenaline, because noradrenaline activates
both a- and B-adrenoceptors and we addressed the question of the specific
involvement of ACI1/ACS in the signal transduction pathway solely activated by
the B-adrenoceptors. However, the physiological effect of noradrenaline is most
likely mediated by the concomitant activation of a- and -adrenoceptors. In
particular, the suppression of the sl,,;, has been demonstrated to be mediated by
the activation of -adrenoceptors, but synergistically enhanced by the concomitant
activation of a-adrenoceptors (Pedarzani & Storm, 1996b). It has been postulated
that synergism between a- and B-adrenoceptors occurs at the level of the AC,
whose activity would be enhanced by the release of By subunits from G;/G, linked
a adrenoceptors (Pedarzani & Storm, 1996b). Type 2 ACs, AC2/AC4, are known
to be co-stimulated by G-protein By subunits in the mouse hippocampus (Baker et
al., 1999). This may suggest that the AC responsible for the physiological
noradrenergic effect is a group 2 AC. If AC2/AC4 are responsible for the
noradrenergic modulation of sl,;/sSAHP, then the corresponding signalling
domain would consist of a- and B-adrenoceptors, AC2/AC4, PKA and the sAHP
channel. In support of this hypothesis, it has been shown that AC2 and AC4 are
expressed both in the apical dendrites and in the cell bodies of CA1 pyramidal
cells of the mouse hippocampus (Baker et al., 1999). Further studies are needed to
investigate whether AC2/AC4 are responsible for the effect of noradrenaline on

sl,;p/SAHP. In the absence of an AC2/AC4 knockout mouse, a possible
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experimental approach could involve the intracellular delivery or expression of By
subunit scavengers (Rishal et al., 2005) in hippocampal neurons. The modulation
of sl,,»/SAHP by noradrenaline could then be compared in control and treated

cells from the same animal.

5.4.3: Possible presynaptic effects of p-adrenergic and
serotonergic agonists

Some of the experiments presented in this thesis were not conducted in the
presence of TTX and TEA, in order to monitor the modulation of an sl elicited
by a more physiological Ca' concentration. Under these conditions, there is the
possibility that pre-synaptic effects of isoproterenol may lead to changes in the
spontaneous release of neurotransmitters. It has been shown that, at the CA3-CAl
synapse, application of isoproterenol results in an increase in glutamatergic
miniature excitatory post-synaptic currents (EPSCs) (Gereau & Conn, 1994). This
indicates that isoproterenol facilitates glutamate release from CA3 pyramidal
neurons. Glutamate application results in sl,,, suppression in CA1l pyramidal
neurons through a mechanism that involves metabotropic glutamate receptors
(Charpak et al., 1990; Mannaioni et al., 2001) and the pertussis sensitive G-
protein Ga, (Krause et al., 2002). Therefore, it is possible that the application of
isoproterenol could lead to the suppression of sl,,/sAHP through an
enhancement of spontaneous glutamate release, acting through a pathway that
does not involve AC-cAMP-PKA. This, in turn, would explain the observation
that the modulation of sAHP/sl,,, by isoproterenol, is intact in hippocampal
neurons from DKO mice. If this were the case, it would be expected that there
would be an increase in the frequency of mEPSCs on application of isoproterenol.
Further analysis is needed to quantify the effect of isoproterenol on mEPSCs in
order to test this possibility. An alternative strategy would be to repeat the
experiments conducted with a {3, agonist e.g. salbutamol, in order to exclude the
possible pre-synaptic effects associated 3, receptor activation.

In vivo microdialysis of serotonergic receptor agonists have shown that activation
of the SHT,,(Koyama et al., 1999), SHT, and SHT, (Nair & Gudelsky, 2004)

receptor subtypes leads to facilitation of the release of acetylcholine in the
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hippocampus. Muscarinic agonists e.g. carbachol been shown to act on muscarinic
receptors to suppress SAHP in the CA1l pyramidal cells (Benardo & Prince,
1982a; Cole & Nicoll, 1983, 1984) through agonism at M, receptors (Rouse et al.,
2000a) and subsequent activation of Ga,, (Krause et al., 2002). Therefore, similar
to the possible pre-synaptic effect of isoproterenol facilitating glutamate release,
the facilitation of acetylcholine release by serotonin could result in sAHP
suppression through a pathway that does not involve the activation of the
AC/cAMP/PKA pathway.

However, the effect of both serotonin and f-adrenergic agonists on sl,,;/sAHP is
most likely a postsynaptic effect rather than facilitation of neurotransmitter
release. Through the use of Rp-cAMPS and Walsh peptide/PKI ,,, the role for
PKA in mediating the effect of both serotonin and B-adrenergic agonists has been
demonstrated in CA1 pyramidal cells (Pedarzani & Storm, 1993). Additionally
Walsh peptide/PKI ,, is membrane impermeant, and was delivered to the neuron
through an intracellular pipette. As a result, post-synaptic inhibition of PKA
suppressed the effect of serotonin and B-adrenergic agonists. Furthermore, it has
been shown that both the cholinergic and glutamatergic inhibition of sl,,/sAHP
occurs independently of activation of PKA (Pedarzani & Storm, 1996a).
Therefore, the suppression of sl,;,/SAHP by serotonin and p-adrenergic agonists
is most likely due to agonism at post-synaptic receptors leading to activation of

PKA.

5.4.4: ACs involved in the dopaminergic suppression of
Slaup/SAHP

Although the results with dopamine are only partially supporting a role of
ACI1/ACS in the signal transduction pathway leading to the suppression of sl,p,
there is some indirect evidence that suggests a functional coupling between
dopaminergic receptors and Ca™ stimulatable ACs (Yang, 2000). D1/DS5
dopamine receptors are known to positively couple to AC (Kebabian & Calne,
1979; Kimura et al., 1995). In the CA1 region of the hippocampus, activation of
D1/D5 dopamine receptors has been demonstrated to result in an increase in both

a-amino-3-hydoxy-5-methylisoxazole-4-propionic acid receptor- (AMPAR) and
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NMDAR mediated EPSCs (Yang, 2000). The dopaminergic potentiation of
AMPAR-mediated currents was not dependent on the activation of NMDARs,
however, the requirement for postsynaptic Ca** was demonstrated through
inclusion of the Ca'* chelator BAPTA (Yang, 2000). The source of increased Ca*™*
in this study remained undetermined. The missing link in this study was that it
was not demonstrated that the modulation of the glutamatergic EPSCs by
dopamine was cAMP/PKA dependent. However it is assumed that the
mechanisms underlying the dopaminergic potentiation of EPSCs requires cAMP
and PKA similar to LTP then a role for Ca™ stimulatable ACs is implicated. This
is an avenue for further study.

The experimental evidence demonstrating the role of D1/D5 receptors in the
modulation of sl,;/SAHP has proved elusive (see Introduction). In this study, the
inhibition of sl,y, by dopamine was suppressed in DKO CAl pyramidal cells.
This indicates that Ca' stimulatable ACs are activated in the dopaminergic
inhibition of sl,yp. It has been shown that the sl,;;; modulation by dopamine
occurs through activation of PKA (Pedarzani & Storm, 1995a). The D1/D5
receptor positively couples to AC (Kebabian & Calne, 1979; Kimura et al., 1995).
Additionally, the D1/D5 receptor has been shown to activate PKA in hippocampal
pyramidal neurons (Cantrell et al., 1997). Although Group 2 dopaminergic
receptors are negatively coupled to AC (Kebabian & Calne, 1979), the group 2
dopamine receptor, subtype D2, have also been shown to activate PKA in a
manner that was dependent on a pertussis sensitive G protein and the release of
free By subunits leading to generation of cAMP (Yao et al., 2002). The
dependence on free By subunits and pertussis sensitive G proteins implicates
AC2/AC4 in the D2- mediated activation of PKA. Therefore, the dependence on
AC1/AC8 and PKA indicates that the D1/D5 receptor is a probable candidate for

the inhibition of sl,,, by dopamine.

5.4.5: ACs mediating the suppression of sl,,/sAHP by

serotonin

The effect of serotonin on CA1 pyramidal cell excitability is mediated by the

activation of different types of receptors. SHT, receptors are expressed on CAl
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pyramidal cells (Gustafson et al., 1996) and have been demonstrated to increase
CA1 pyramidal cell excitability and suppress sAHP (Tokarski et al., 2003). SHT,
receptors positively couple to AC (Ruat er al., 1993). A synergistic potentiation of
AC activation is achieved through co-activation of SHT,, and SHT, receptors in
biochemical assays on hippocampal membrane preparations (Thomas et al.,
1999). SHT, , receptors have been shown to couple to G;/G, and the release of G-
protein By subunits leads to the activation of GIRK channels (Andrade et al.,
1986; Andrade & Nicoll, 1987; Colino & Halliwell, 1987; Logothetis ez al., 1987,
Luscher et al., 1997). The synergistic activation of AC by SHT, (positively
coupled to AC) and SHT,, receptors suggests that the AC involved might be a
group 2 AC, AC2 or AC4, both of which display an enhanced response to co-
activation by Ga, and By subunits. Therefore, it would be expected that, if SHT,
receptors were the main receptors responsible for the suppression of the
sl,ue/SAHP, with or without SHT,, contribution, its modulation by serotonin
would be intact in neurons lacking AC1/ACS8. However, in HEK 293 cells SHT,
receptors have been demonstrated to activate ACl and AC8 by increasing
intracellular Ca™ (Baker et al., 1998). Furthermore, application of serotonin or a
SHT, receptor agonist to hippocampal cultures led to an increase in intracellular
Ca™ (Baker et al., 1998). This indicates a possibility that SHT, receptors may
couple to AC1/ACS8 in the hippocampus. Furthermore, SHT, receptors are also
expressed in CAl pyramidal cells (Vilaro et al., 1996), and have been
demonstrated to suppress sl,,/SAHP by a cAMP/AC/PKA mediated mechanism
(Pedarzani & Storm, 1993; Torres et al., 1994). In order to determine the
serotonin receptor subtype responsible for the modulation of sl,;/SAHP in CAl
pyramidal cells, further experiments need to be conducted with selective SHT,

and S5HT, receptor agonists and antagonists.

5.4.6: Signalling domains underlie the modulation of sl by
cAMP/PKA
The basal modulation of sl by a phosphatase-kinase balance, in the absence of

neurotransmitters or neuromodulators, shown in CAl pyramidal neurons

(Pedarzani et al., 1998) suggests that a signalling domain comprising receptors,
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G-proteins, second messengers and effectors might underlie the modulation of the
slayp channel by PKA. The existence of signalling complexes centred on the {3,
adrenoceptor (Davare et al., 2001) and D1-like dopaminergic receptor (Cantrell et
al., 1997) has been demonstrated in CA1 pyramidal neurons. The specificity of
the PKA signalling domains described in these studies were conferred by A-
kinase anchoring proteins (AKAPs). The results of this study suggest that
different neurotransmitters, that seemingly converge on a common signal
transduction pathway, the cAMP/PKA pathway, may be coupled to different ACs.
For example, the modulation of sl,,/sAHP by dopamine is mediated by
AC1/ACS but the activation of B adrenoceptors does not involve AC1/AC8. This
could be the first step in the elucidation of different signalling domains
converging on common second messengers (CAMP), effectors (PKA) and targets
(slaup), Whilst specificity is maintained through involvement of different receptors

coupling to different ACs that are regulated by different co-factors.
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Chapter 6: Glutamatergic modulation of sAHP:

modulation of sAHP by synaptic stimulation
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6.1.0: Introduction

In this part of the study, the role of the Ca™ stimulatable ACs in mediating the
suppression of the sAHP elicited by synaptic stimulation paradigms is
investigated. The aim of this section is to examine the evidence indicating that

ACI/ACS8 could be involved in the modulation of SAHP by synaptic stimulation.

6.1.1: Stimulation of glutamatergic synapses can lead to
NMDAR dependent Ca** influx

It was initially reported that the release of glutamate activates NMDAR at the
CA3-CA1 synapse (Collingridge et al., 1983a, b). Post-synaptic stimulation leads
to activation of an EPSP that in turn results in post-synaptic Ca** elevation. This
could be due to synaptic activation of NMDAR or Ca** influx through voltage-
gated Ca’* channels opened by the post-synaptic depolarisation. The evidence that
part of the post-synaptic Ca™" elevation is due to the activation of NMDAR comes
from pharmacological and imaging studies. Initially it was shown by Muller
(1991) that weak presynaptic stimulation of pyramidal neurons led to Ca"*
accumulation in the post synaptic spines that could be blocked by application of
D-2-amino-phosphopentanoate (AP5), an NMDAR antagonist. Three studies
independently visualised small hotspots of Ca'™ elevation at the site of active
synapses and demonstrated that this Ca™ influx was due to activation of NMDAR
(Alford et al., 1993; Perkel et al., 1993; Malinow et al., 1994). Therefore,

activation of NMDAR can lead to post synaptic Ca** elevation.

6.1.2: NMDAR activation can result in generation of cAMP in
CA1 region of the hippocampus

Blitzer et al (1995) postulated that Ca*™ influx through NMDAR could activate
Ca™ stimulatable ACs that, in turn, could produce a local rise in cAMP resulting
in PKA activation and transient SAHP suppression. Experimentally, it was shown
that high frequency synaptic stimulation (HFS) of the Schaffer collateral pathway
resulted in a transient SAHP suppression that was dependent on the activation of
NMDAR (Blitzer et al., 1995). Activation of NMDAR through LTP-inducing
HFS paradigms had already been shown increase cCAMP in the CAl area of the
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hippocampus (Chetkovich et al., 1991). Chetkovich and Sweatt (1993) argued that
the NMDA receptor mediated increase in cAMP was likely to occur through the
activation of Ca"™ stimulatable ACs because AC activity in membranes prepared
from the CAl area of the hippocampus was stimulated by Ca'* in a CaM
dependent manner. The involvement of CaM in HFS induced cAMP production
has been further demonstrated in biochemical and electrophysiological
experiments (Chetkovich & Sweatt, 1993; Blitzer et al., 1995). The CaM
dependence of cAMP production by HFS further indicated a role for the Ca*™*
stimulatable ACs in the suppression of sAHP because both AC1 and AC8
stimulation is CaM dependent (Cali er al., 1994; Fagan et al., 1996).

The results obtained by Blitzer et al. (1995) and Chetkovich and Sweatt (1993)
rely on the expression of Ca™* stimulatable ACs (AC1, AC8) in CA1 neurons. The
experiments of Visel et al. (2006) and Conti et al. (2007) indicate that both AC1
and AC8 are expressed in adult mice. The co-localisation of AC1 with PSD-95
(Conti et al., 2007) indicates that AC1 is expressed in the spines of CAl
pyramidal neurons. Furthermore, Wang et al. (2003) showed that AC8 co-
localised with PSD-95 in hippocampal neuronal primary cultures. Taken together,
the experimental evidence of others presented so far indicates that AC1 and AC8
are both present in the spines of hippocampal neurons where they are ideally

located to generate a cCAMP signal stimulated by Ca™ influx through NMDAR.

6.1.3: High frequency synaptic stimulation (HFS) causes
activation of PKA

Blitzer et al. (1995) postulated that HFS would lead to activation of PKA
culminating in sSAHP suppression. This hypothesis is dependent on whether PKA
can be activated by HFS. The evidence that repetitive tetanic (100 Hz) stimulation
leads to activation of PKA comes from biochemical, pharmacological and genetic
manipulations that seek to understand the mechanisms underlying LTP. Roberson
and Sweatt (1996) used biochemistry to assay changes in PKA activity in
response to tetanic stimulation, and demonstrated that it was increased two
minutes after tetanic stimulation. The activation was NMDAR dependent because

it was inhibited by APS5. Abel et al. (1997) generated transgenic mice that
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expressed a dominant negative form of the regulatory subunit of PKA in the
hippocampus. The late phase of LTP i.e. that is dependent on de novo gene
transcription, induced by repetitive trains of high frequency synaptic stimulation
was significantly reduced in the transgenic mice compared to the controls. Initial
pharmacological manipulations utilised membrane permeant cAMP analogues to
modulate the activity of PKA. Sp-cAMPS, an activator of PKA, was shown to
elicit mild synaptic facilitation, whilst Rp-cAMPS, an inhibitor of PKA, blocks
LTP in the Schaffer collateral pathway (Blitzer et al., 1995). However, both of
these compounds are membrane permeant, and so a presynaptic locus for PKA
could not be excluded. Therefore, experiments using Walsh peptide, a membrane
impermeant peptide inhibitor of PKA, have been conducted to illustrate both that
PKA is activated by high frequency synaptic stimulation, and that the locus for
this effect if post-synaptic. Duffy and Nguyen (2003) were the first to show, using
whole cell patch clamp recordings, that intracellular injection of PKl,, (a
fragment of the heat stable PKA inhibitor derived from the active portion of the
peptide) inhibited the expression of LTP in response to tetanic stimulation.
Therefore, many lines of evidence converge on the idea that repetitive synaptic
stimulation at 100 Hz leads to activation of PKA and this is an essential step for

the induction of LTP.
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6.2: Aims and objectives

High frequency synaptic stimulation of the Schaffer Collateral pathway has been
shown to transiently suppress the SAHP in rat CA1 pyramidal cells (Blitzer et al.,
1995). The main objective of this set of experiments was to determine whether
ACI1/ACS8 were involved in the suppression of SAHP by stimulation protocols
normally used for the induction of LTP in an NMDAR dependent manner. The
first aim was to characterise the effect of HFS on SAHP in WT and DKO mice.
The second aim was to investigate whether a more physiological LTP inducing
pairing protocol could similarly produce sAHP suppression in a NMDAR

dependent manner.
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6.3.0: Results

6.3.1: Glutamatergic modulation of sAHP: modulation of sAHP
by HFS

The sAHP has been shown to be modulated (i.e. transiently suppressed) by
glutamate through the activation of NMDAR activated by high frequency
stimulation of the Schaffer collateral pathway (Blitzer et al., 1995). The NMDAR-
dependent SAHP suppression was dependent on the activation of PKA and
calmodulin (Blitzer er al., 1995), and it was postulated that high frequency
synaptic stimulation would lead to activation of NMDAR, subsequent Ca** influx
and possible activation of a Ca™ stimulatable ACs. This, in turn, would lead to
production of cAMP, activation of PKA and phosphorylation of the sAHP
channel, culminating in sSAHP suppression (Blitzer et al., 1995).

The primary aim of these experiments was to test the hypothesis put forward by
Blitzer et al (1995) that high frequency synaptic stimulation leads to sAHP
suppression via the NMDAR-dependent activation of Ca’* stimulatable ACs. The
experimental strategy used to test this hypothesis was to compare the effect of
high frequency synaptic stimulation on the SAHP in WT and DKO mice.

The first step was to characterise the high frequency synaptic stimulation induced
suppression of SAHP in WT mice. The recording electrode was in the whole cell
configuration and was positioned at the soma of the CA1 pyramidal neurons. The
stimulating electrode was positioned in the stratum radiatum to stimulate the
Schaffer collateral pathway. Recordings were conducted at 30°C in the presence
of 50 uM picrotoxin. The stimulation paradigm used to induce SAHP suppression
was three trains of 100 pulses at 100 Hz separated by a three-minute interval.
Whole-cell patch-clamp recordings were obtained from 18 CAl pyramidal
neurons in WT mouse hippocampal slices. Neurons had an average resting
membrane potential of -61.7+1.0 mV, and DC current was injected throughout the
experiment to maintain the membrane potential at .60 mV. Delivery of high

frequency synaptic stimulation resulted in suppression of the sAHP. Fig. 31A
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shows the SAHP in a representative cell one minute prior to (left panel) and six

minutes post (middle panel) high frequency synaptic stimulation. The third trace
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A, Representative traces of the SAHP one minute prior to (-1’) and six minutes post
stimulation (6’). Each trace is an average of three consecutive sweeps, elicited every 20
seconds. The sSAHP was elicited by 500 ms-long current injections that elicited trains of
action potentials. The membrane potential of the cell was held at -60 mV for the duration
of the experiment by constant current injection. The step current injection was adjusted to
maintain the number of action potentials constant + | before and after stimulation. HFS
(100 Hz for 1 second, repeated three times at a three minute interval) was delivered to the
Schaffer collateral pathway. Experiments were conducted in the presence of 50 uM
picrotoxin. In order to prevent epileptiform activity in the presence of picrotoxin, a cut
was positioned between regions CA3 and CAl in the slice.

B, Time-course of the HFS-induced reduction in SAHP. Arrow indicates the end of high
frequency stimulation. The sAHP was normalised to its pre-stimulation amplitude as
indicated by the dashed line. Each point corresponds to the mean+SEM of 14 — 18
experiments.

C, Time course of the effect of HFS on the mAHP. Each point is an average of 14 — 18
experiments. Points are mean, error bars are SEM.

D, Bar chart comparing the amplitude of SAHP at one minute prior to HFS (-1’; mean
sAHP amplitude: 2.0+0.2 mV; n=18) with six minutes post stimulation (6’; mean sAHP
amplitude: 1.6+0.2 mV; n=18). Bars are mean, error bars are SEM. The sAHP amplitude
is significantly suppressed by HFS of the Schaffer collateral pathway (p<0.0001, paired t
test).

E, Bar chart illustrating the effect of HFS on mAHP amplitude. One minute prior to HFS
the mAHP amplitude was 5.8+0.5 mV (n=18). Six minutes post stimulation the mAHP
amplitude was 5.4+0.5 mV (n=18). There was significant difference between the mAHP
amplitude at one minute prior to and six minutes post stimulation (p<0.05; Wilcoxon
matched-pairs signed-ranks test).

F. Bar chart illustrating the significant difference between the SAHP suppression induced
by HFS at six minutes following stimulation (SAHP; % inhibition: 21.4+4.6 %, n=18) and
mAHP suppression (MAHP; % inhibition: 8.2+3.5 %, n=18; p<0.05; Mann Whitney test).

is an overlay of the two traces (pre-stimulation: black; post-stimulation: grey),
whereby the sAHP reduction following stimulation can be seen clearly. The
reduction in the SAHP was transient as it returned to baseline within 15 minutes

(Fig. 31B). Repeated measures ANOVA revealed that there was significant
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suppression in the SAHP post stimulation (n=12, p<0.0001). The reduction of
sAHP amplitude between the last minute prior to stimulation and the sixth minute
post stimulation is quantified in the bar chart in Fig. 31D. Six minutes post
stimulation there was a 21.4+4.6% reduction in SAHP when compared to the last
minute prior to stimulation (Fig. 31F; n=18). This sAHP suppression was
statistically significant when analysed using a paired t test (p<0.0001). In a subset
of cells, we investigated whether there was a change in input resistance
immediately after stimulation compared with immediately prior to stimulation. In
a paired t test, there was no significant change in input resistance over the course
of high frequency synaptic stimulation (% change in input resistance: 104.2+3.8
%, n=4, p=0.32).

As shown in Fig. 31A, the two kinetically distinct phases of the AHP that follows
a train of action potentials, mMAHP and sAHP, can be distinguished. The mAHP is
mediated by, among others, at least two currents that have been shown to be
modulated either directly by cAMP (I,; (DiFrancesco & Tortora, 1991; Pedarzani
& Storm, 1995b)) or via PKA (SK channels mediating IAHP; (Ren et al., 2006)).
We therefore wondered whether the high frequency synaptic stimulation affected
the mAHP in WT CA1 pyramidal neurons. Fig. 31C illustrates the change in the
peak amplitude of the mAHP over time after stimulation. There was a significant
reduction in the mAHP in a repeated measure one way ANOVA (n=13,
p<0.0001). A post hoc Dunnett multiple comparison test revealed that the mAHP
suppression was significant for the first two minutes post stimulation (the control
was determined as the mAHP amplitude one minute prior to stimulation). Fig.
31E illustrates the reduction in mAHP amplitude at six minutes following
stimulation compared with one minute prior to stimulation (mAHP amplitude at
one minute prior to stimulation: 5.8+0.5 mV, n=18, mAHP amplitude six minutes
post stimulation: 5.4+0.5 mV, n=18, p>0.05; Wilcoxon matched-pairs signed-
ranks test; Fig. 31E). The significant reduction in mAHP amplitude at six minutes
post stimulation is most likely due to rundown of the currents underlying the
mAHP. Fig. 31F compares the suppression of sAHP at six minutes post

stimulation with the suppression of mAHP. HFS leads to significantly greater
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sAHP suppression than mAHP suppression at six minutes following the end of

stimulation (p<0.05, Mann Whitney test).

6.3.2: The suppression of sAHP by HFS is NMDAR dependent
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Figure 32: HFS-mediated sAHP suppression is NMDAR dependent

A, Representative traces comparing the SAHP one minute prior (-1’) and six minutes post
(6’) HFS of the Schaffer collaterals in a control cell (upper row) and a cell preincubated
with 100 uM AP5 (lower row). AP5 was added in the bath for at least 30 minutes prior to
HFS delivery. In the control cell, HFS of the Schaffer collateral pathway results in SAHP

suppression that is still visualised at six minutes post stimulation. The sAHP suppression
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induced by HFS of the Schaffer collaterals is largely abolished in the presence of AP5
(100 uM).

B, Graph illustrating the time-course of the effect of HFS on sAHP amplitude in contro!
cells (n=14 - 18) and cells treated with AP5 (n=5). There was no significant change in
sAHP amplitude after stimulation in the presence of APS5 (p=0.58; n=5; repeated
measures ANOVA). C, Bar chart depicting the effect of HFS of the Schaffer collaterals
on sAHP amplitude 6 minutes post stimulation in control (n=18) and slices incubated
with AP5 (n=5). There was a significant difference between the sSAHP suppression 6
minutes post stimulation in APS5 (% sAHP increase at 6’: 14.5+16.3 %; n=5) compared to
contro! conditions (% sAHP inhibition at 6’: 21.4+4.6 %; n=18; p<0.005; unpaired t test).

In order to assess whether the suppression of the SAHP induced by high frequency
stimulation of the Schaffer collaterals was NMDAR dependent, experiments were
conducted in the presence of the NMDAR blocker APS (100 uM). 100 uM AP5
was added to the ACSF at least 30 minutes prior to high frequency synaptic
stimulation. In the presence of AP5 the effect of high frequency synaptic
stimulation on sAHP was largely abolished (Fig. 32A and B). There was no
significant difference in the time course of the SAHP amplitude before and after
stimulation as revealed by a one way, repeated measures ANOVA in the presence
of AP5 (n=5, p=0.58; Fig. 32B). Accordingly, there was no significant difference
between the mean amplitude of SAHP one minute prior (mean sSAHP amplitude at
—1’: 1.620.5 mV; n=5) and six minutes post stimulation in the presence of AP5
(mean sAHP amplitude at 6’: 1.7+ 0.5 mV; n=5; p=0.55; paired t test). This
corresponded to an increase in SAHP amplitude of 14.5+ 16.3 % (n=5) (Fig. 32C).
The suppression of sAHP induced by synaptic stimulation was significantly
reduced in AP5 compared with control conditions for the first six minutes post
stimulation (one way ANOVA, p<0.01; Fig. 32B). An unpaired t test between the
two conditions at six minutes post stimulation revealed that there was significant
difference between the sAHP suppression in control conditions (% sAHP
suppression: 21.4+4.6%, n=18), and the lack of SAHP suppression in AP5 (%
sAHP suppression: -14.5x16.3 %, n=5, p<0.005; Fig. 32C). Taken together, these
results indicated that high frequency stimulation resulting in SAHP suppression

involves the activation of NMDAR.
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6.3.3: The suppression of sAHP by HFS is mGluR independent

The sAHP can be inhibited by activation of metabotropic glutamate receptors
(mGluR) (Charpak er al., 1990). The mGluR-mediated suppression of SAHP in
CA1 pyramidal neurons occurs via activation of type 5 mGIluR (mGluRjs) and Ga,
(Krause et al., 2002), and does not involve PKA (Pedarzani & Storm, 1996a). To
test the role of mGluR; in the suppression of SAHP induced by high frequency
synaptic stimulation, experiments were conducted in the presence of 10 uM
MPEP hydrochloride, which is a specific antagonist at mGluR; in hippocampal

slices (Mannaioni et al., 2001).
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Figure 33: Activation of metobotropic glutamate receptors is not responsible for

HFS- induced sAHP suppression
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A, The mGluR; antagonist MPEP hydrochloride (MPEP; 10 uM) was applied to the bath
at least thirty minutes prior to HFS delivery to the Schaffer collateral pathway. In slices
pre-incubated with MPEP, sAHP suppression was still elicited by HFS.

B, Graph comparing the time-course of SAHP in experiments conducted in the presence
of MPEP (n=3) and under control conditions (n=14 - 18). A Friedman test (non
parametric ANOVA) revealed that there was no significant effect of HFS of the Schaffer
collaterals on sAHP amplitude in the presence of MPEP (n=3; p=0.06).

C, Bar diagram comparing the sAHP suppression at six minutes post stimulation in
control conditions (% sAHP inhibition at 6’: 21.4+4.6 %; n=18) and in slices pre-
incubated with MPEP (% sAHP inhibition at 6’: 11.3+9.4 %; n=3). There was no
significant difference between the SAHP suppression measured at six minutes post HFS
of the Schaffer collaterals in control conditions or slices pre-incubated with MPEP

(p=0.41; Mann Whitney test).

Fig. 33 compares the effect of high frequency synaptic stimulation in the presence
of 10 uM MPEP and in the control situation. From Fig. 33A it can be seen that the
suppression of SAHP induced by synaptic stimulation was intact in the presence of
10 uM MPEP. In a Friedman test, the effect of synaptic stimulation on the
amplitude of SAHP in the presence of MPEP was not significant (n=3, p=0.06;
Fig. 33B). However, there was no significant difference between the effect of
synaptic stimulation on the sAHP in the presence of MPEP or in the control
situation six minutes following stimulation (p=0.41; Mann Whitney test; Fig.
33C). These results indicate that the sAHP suppression generated by high

frequency synaptic stimulation occurs independently of the activation of mGluRs.

6.3.4: The suppression of sAHP induced by HFS is AC1/AC8
dependent

In order to directly assay whether activation of the Ca™ stimulatable ACs,
ACI1/ACS, by high frequency synaptic stimulation leads to SAHP suppression, we
conducted experiments comparing the effect of high frequency stimulation on
sAHP in WT and DKO mice (Fig. 34). In WT mice there was a 21.4+4.6 %
suppression of the SAHP 6 minutes post stimulation (n=18; Fig. 34A, B and C). In

CA1 neurons from DKO mice, the mean sAHP amplitude one minute prior to
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stimulation was 1.6+0.3 mV compared with 1.6+0.3 mV six minutes post HFS to
the Schaffer collaterals (n=10; p=0.74; paired t test). This indicated that the sSAHP
suppression was significantly abolished in DKO mice (Fig. 34A, B and C). Fig.
34B compares the time course of change in SAHP in the two groups of animals. In
a repeated measures ANOVA, there was no significant change with time in the
sAHP amplitude in DKO (n=8, p=0.11) compared with WT cells (n=12,
p<0.0001). The results indicate that the suppression of sSAHP induced by high

frequency synaptic stimulation requires the activation of AC1/ACS.
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Figure 34: HFS induced sAHP suppression is abolished in AC1/AC8 DKO mice
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A, HFS of the Schaffer collaterals induces sAHP suppression in WT mice, as evident 6
minutes after stimulation (upper row). This SAHP suppression is still present 6 minutes
after synaptic stimulation. However, in DKO mice the sAHP suppression is largely
abolished (lower row).

B, Time-course of sAHP illustrating the significant difference between the effect of HFS
of Schaffer collaterals on SAHP in WT (n=14-18) and DKO mice (n=8-10). In WT mice
there is significant difference in the sSAHP amplitude following HFS (n=12; p<0.0001;
repeated measures ANOVA), whereas there is no change in SAHP amplitude in slices
from DKO mice (n=8; p=0.11; repeated measures ANOVA).

C, Bar diagram showing a significant difference in the SAHP suppression six minutes
post stimulation in CA1 neurons from DKO (white bar; n=10) and WT mice (black bar;

n=18; p<0.005; unpaired t test. Bars are mean, error bars are SEM.

6.3.5: The suppression of sAHP induced by HFS is PKA
dependent

In order to test the role of post-synaptic PKA in the suppression of sSAHP induced
by high frequency synaptic stimulation, we included the PKA inhibitory peptide
PKI,,, (1 mM) in the patch pipette solution. To allow adequate perfusion of PKI.
,, into the cell, synaptic stimulation was delivered at least 45 minutes after
achieving the whole cell configuration, and access resistance was maintained <20
MQ for the duration of the experiment. As a positive control, 1 uM isoproterenol
was routinely applied to the sl,yp recorded in voltage clamp at the end of the
experiment in both control cells and cells which had been intracellularly perfused
with PKI,,,. Cells displaying no inhibition of the effect of isoproterenol on the
sAHP in the presence of PKI,, were excluded from the analysis, as this was
taken as an indication of an insufficient diffusion of the PKA inhibitor. In 7 out of
7 cells recorded in the presence of PKI ,,, application of 1 uM isoproterenol
resulted in 23.9+6.3 % inhibition of sl,,, (Fig. 35D). There was significant
difference comparing the effect of 1 uM isoproterenol on the sl,y in the presence
and absence of PKlg ,, (% inhibition of sl,;; in the absence of PKI ,,: 70.8+5.9,
n=3, p<0.005; unpaired t test; Fig 35D). These results indicate that in these 7
cells, the effect of PKA was largely inhibited by PKI ,,.
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Figure 35: Inhibiting PKA prevents the HFS-induced sAHP suppression

A, PKl¢,, is a pseudosubstrate inhibitor of PKA. PKI,,, (I mM) was included in the
recoding pipette solution. In order to ensure adequate diffusion of PKI, ,, into the cell, the
access resistance was maintained at <20 MQ for at least 45 minutes prior to HFS of the
Schaffer collaterals. Inclusion of PKlg,, in the recording pipette resulted in suppression of

the HFS induced effect on SAHP (lower row; compare with upper row).
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B, Time-course of sAHP illustrates that delivery of HFS did not result in a significant
SAHP suppression in CAl neurons recorded in the presence of PKl,, (n=14-18 for
controls; n=3-7 for PKl¢.,,). In a Friedman test (non parametric ANOVA) there was no
significant change in SAHP amplitude following HFS of the Schaffer collaterals (n=3;
p=0.59).

C, In cells in which PKI,,, was included in the recording pipette, the effect of HFS on
sAHP suppression at six minutes post stimulation was abolished (n=7; p=0.78; paired t
test). In addition there was a significant difference between the effect of HFS six minutes
post stimulation in control (n=18) and PKl,,, dialised cells (n=7; p<0.05; Mann Whitney
test).

D, In experiments with PKl ,,, | uM isoproterenol was routinely applied at the end of the
experiments as a positive control for the effectiveness of the PKA inhibition. In control
cells, isoproterenol inhibited 70.8+5.9 % of the sAHP (n=3). By contrast, in cells is which
PKA was inhibited, isoproterenol achieved only 23.9+6.3 % sAHP inhibition (n=7). The
difference in the isoproterenol mediated SAHP inhibition was significant between control

and PKI ,, cells (p<0.005).

Fig. 35A shows representative traces taken one minute prior and six minutes after
stimulation in control and cells recorded in the presence of PKI, ,,. From these
traces it can be seen that the effect of high frequency synaptic stimulation on the
sAHP was largely abolished in the presence of PKI, 5. The effect is quantified in
Fig. 35C. In cells recorded in the presence of PKI,,, there was no significant
effect of high frequency synaptic stimulation on the SAHP (% sAHP amplitude at
six minutes: -111.5+17.4%, n=7, p=0.78, paired t test). The SAHP suppression in
the presence of PKl ,, was significantly reduced compared with that in the control
situation (% sAHP suppression at six minutes in control: 21.4+4.6, n=18, p<0.05;
Mann Whitney test; Fig. 35C). A Friedman test (non parametric ANOVA) on the
time-course of the sAHP suppression following high frequency synaptic
stimulation in the presence of PKl,, shown in Fig. 35B showed no significance
(n=3, p=0.59). These results indicate that the suppression of SAHP induced by
high frequency synaptic stimulation requires activation of PKA, and that the locus
of the PKA effect is post-synaptic, in agreement with the results obtained by

Blitzer et al. (1995) in rat CA 1 pyramidal neurons.
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6.3.6: An LTP-inducing pairing protocol leads to postsynaptic
sAHP suppression
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Figure 36: A pairing protocol induces SAHP suppression.
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A, Pairing post-synaptic depolarisation with presynaptic stimulation results in sAHP
suppression. The stimulus protocol coupled CA1 post synaptic depolarisation to 0 mV
with 200 stimuli delivered at S Hz to the Schaffer collateral pathway. Experiments were
conducted at 30 °C in the presence of 50 uM picrotoxin. Under these conditions, the
pairing protocol induced a partial suppression of sAHP. Traces shown are one minute
prior to stimulation (-1’; left panel) and 6 minutes after the end of stimulation (6’; middle
panel). Each trace is an average of three consecutive sweeps, acquired every 20 seconds.

B, Graph showing the time-course of the change in SAHP amplitude in response to the
pairing protocol. Stimulation was delivered as indicated by the arrow. Each point is the
mean 4-12 experiments. The error bars are SEM. The data was normalised to the average
sAHP amplitude in the last ten minutes of recording before stimulation. The time-course
of the change in sAHP amplitude in response to the pairing protocol was significant when
a subset of data were analysed using a repeated measures ANOVA (n=6, p<0.0001).

C, Time-course of the change in mAHP amplitude in response to the pairing protocol.
Error bars are SEM. Each point is the mean of 4-12 experiments. Data was normalised to
the average mAHP amplitude in the last ten minutes before stimulation. The time-course
of the change in mAHP amplitude in response to the pairing protocol was significant
when a subset of data were analysed using a repeated measures ANOVA (same cells as in
B n=6; p<0.0001).

D, A significant SAHP suppression was observed six minutes after stimulus delivery. The
mean sAHP amplitude one minute prior to stimulus delivery (-1') was 1.4+0.1 mV
(n=11) compared with 0.8+0.1 mV (n=11) measured six minutes after stimulus delivery
(6’; p<0.0005: paired t test).

E, The mean mAHP amplitude observed six minutes after stimulus delivery (6°; 4.5£0.7
mV: n=11) was significantly different to the mean mAHP amplitude measured one
minute before delivery of the pairing protocol (-17; 2.8+0.4 mV; n=11; p<0.05; paired t
test).

F, Quantification of the AHP suppression measured six minutes after delivery of the
pairing protocol. The mean AHP amplitude at six minutes post stimulation was
normalised to the mean AHP amplitude one minute prior to stimulus delivery. Mean
SAHP inhibition at six minutes post stimulation was 45.8+8.5 % (n=11). The mean

mAHP suppression was 32.5+5.5 % at six minutes after delivery of the pairing protocol.

The primary aim of this set of experiments was to investigate whether other

commonly used LTP-inducing protocols, besides the high frequency stimulation
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of Schaffer collaterals, elicit a similar transient reduction of sAHP in the
postsynaptic cells. In particular, we tested the hypothesis that an LTP-inducing
pairing protocol could elicit SAHP suppression. The pairing protocol consisted of
simultaneous post-synaptic depolarisation of CA 1 neurons to 0 mV, coupled with
low frequency stimulation of the Schaffer collaterals at 5 Hz. Experiments were
conducted at 30°C in the presence of 50 uM picrotoxin. Under these conditions,
administration of the LTP-inducing pairing protocol also resulted in sAHP
reduction (Fig. 36A). The time course of SAHP suppression is shown in Fig. 36B.
A repeated-measures ANOVA revealed that the SAHP suppression is significant
over time (n=6, p<0.0001). The effect is quantified in Fig. 36. The SAHP was
significantly suppressed six minutes after, when compared to one minute prior to
stimulation (% sAHP suppression six minutes post stimulation: 45.8+8.5%, n=11;
p<0.0005; paired t test; Fig. 36D, F).

In a subset of cells, we investigated whether there was a change in input resistance
immediately after stimulation, compared with immediately prior to stimulation. In
a paired t test, there was no significant change in input resistance over the delivery
of the LTP pairing protocol (mean input resistance before stimulation: 115.0+8.5
ME2; mean input resistance after stimulation: 105.2+14.2 MQ, n=3, p=0.27).
Figure 36C shows the transient change in mAHP amplitude following delivery of
the pairing protocol. The mean mAHP amplitude one minute prior to stimulus
delivery was 2.8+0.4 mV (n=11; Fig. 36E). Delivery of the pairing protocol
resulted in significant mAHP suppression (% mAHP suppression six minutes post

stimulus delivery: 32.5%5.5 %; n=11; p<0.05; paired t test; Fig. 36D, F).

6.3.7: sAHP suppression by an LTP-inducing pairing protocol is
NMDAR dependent

The aim of this part of the study was to test whether the LTP-inducing pairing
protocol elicits a transient inhibition of SAHP by the same signal transduction
pathway as high frequency synaptic stimulation. In order to determine whether the
sAHP suppression elicited by the LTP-inducing pairing protocol is dependent on
activation of NMDAR, experiments were conducted in the presence of the

NMDAR blocker AP5 (100 uM). Slices were bathed in 100 uM APS5 at least 30
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minutes prior to stimulation. Fig. 37 compares the effect of the LTP-inducing

pairing protocol in the presence of 100 uM APS and in the control situation.
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Figure 37: The pairing protocol induced sAHP suppression is NMDAR-dependent

A, Addition of 100 uM AP5 thirty minutes prior to delivery of the pairing protocol
suppressed the stimulation induced effect on the SAHP in CA1 neurons. The sAHP
suppression can be seen in the control situation (upper row), whereas when AP5 is

present in the bath, the SAHP suppression is largely abolished (lower row).
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B, Graph comparing the effect of the pairing protocol on sAHP amplitude over time in
the presence and absence of APS (n=4-12 in control; n=3-7 in AP5). In a subset of cells,
there is no significant change in SAHP amplitude with delivery of the pairing protocol
when APS is present (n=3, p=0.69; Friedman test).

C, Bar diagram illustrating the effect of the pairing protocol on sAHP amplitude six
minutes after delivery of stimulation in the presence and absence of APS. Data was
normalised to the SAHP amplitude one minute prior to delivery of the pairing protocol.
There was no significant change in sAHP amplitude six minutes after delivery of the
pairing protocol in the presence of AP5 (% sAHP inhibition: 16.5£9.0 %; n=7; p=0.12;
paired t test). There was a significant difference between the SAHP suppression elicited
by the pairing protocol six minutes following stimulation in control (% sAHP
suppression: 45.8+8.5 %, n=11) compared with in the presence of AP5 (p<0.05; unpaired

t test).

When AP5 was present in the bath, the effect of the LTP-inducing pairing
protocol on sAHP was largely abolished (Friedman test; n=3; p>0.69; Fig. 37A
and B). In 100 uM APS5 there was no significant difference comparing the mean
sAHP amplitude in the first minute prior to stimulation (1.5+0.2 mV; n=7) to six
minutes after stimulation (mean sAHP amplitude at six minutes post stimulation:
1.3£0.2 mV, n=7; p=0.12; paired t test). Fig. 37C shows the sAHP suppression
elicited by the pairing protocol six minutes following stimulus delivery in the
presence and absence of AP5. The sAHP suppression in the presence of APS
(16.5+9.0 %; n=7) was significantly different from the SAHP suppression elicited
in control CA1 neurons (45.8+8.5 %; n=7; p<0.05; unpaired t test). These results
indicate that the SAHP suppression elicited by an LTP pairing protocol is largely
dependent on the activation of NMDAR.

6.3.8: sAHP suppression by an LTP-inducing pairing protocol
requires Ca** stimulatable ACs

The signal transduction cascade leading to the reduction of sAHP in CAI neurons
triggered by high frequency synaptic stimulation of the Schaffer collaterals
involved the activation of NMDAR, AC1/ACS, and PKA. After showing that the
sAHP inhibition caused by the LTP-inducing pairing protocol requires NMDAR
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activation, the next logical step is to test whether AC1/ACS8 are important for the
suppression of SAHP by this stimulation protocol, in analogy to what we observed
for the high frequency stimulation protocol. To test this hypothesis, we compared

the effect of the LTP-inducing pairing protocol on sSAHP in WT and DKO mice.
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Figure 38: Activation of Ca™ stimulatable ACs mediates the suppression of SAHP by

the pairing protocol
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A, Representative traces taken from a WT and a DKO CA1 neuron one minute before (-
1’) and six minutes after (6') delivery of the pairing protocol. The pairing protocol-
induced sAHP suppression is abolished in the DKO at six minutes post stimulus (lower
row).

B, Graph comparing the sAHP suppression over time in WT (n=4-12) and DKO (n=3-11)
cells. There is no significant change induced by the pairing protocol in DKO animals in a
subset of cells (n=6, p=0.41; repeated measures ANOVA).

C, Bar diagram showing that the sAHP is not significantly suppressed six minutes in
DKO cells (% sAHP inhibition in DKO CA1 neurons: 2.5+5.9 %, n=11; p=0.54; paired t
test). The sAHP amplitude at six minutes was normalised to the SAHP amplitude one
minute prior to delivery of the pairing protocol. When the sAHP suppression at six
minutes is compared across the groups of animals, there is a significant difference

between the two groups of animals (p<0.0005; unpaired t test).

The sAHP suppression elicited by the LTP-inducing pairing protocol was largely
abolished in DKO mice. This is illustrated in Fig. 38A. The effect is quantified in
Fig. 38C, where the sAHP suppression at six minutes after stimulation is
compared in DKO and WT mice. In WT mice there was a 45.848.5 % suppression
of sSAHP (n=11), while this was 2.5+5.9 % in DKO mice (n=11; p<0.0005;
unpaired t test; Fig. 38C). In accordance with this result, the effect of the LTP-
inducing pairing protocol on the SAHP amplitude was not significant in a one-way
repeated-measures ANOVA (n=6, p=0.41; Fig. 38B).

In addition, there was no significant difference between the sAHP amplitude
measured one minute prior to stimulation and six minutes post stimulation in
DKO mice (sSAHP amplitude at one minute prior to stimulation: 1.1£0.1 mV;
n=11; sAHP amplitude six minutes post stimulation: 1.1+0.1 mV; n=11; p=0.54;
paired t test). In conclusion, these results indicate that the LTP-inducing pairing
protocol causes a transient reduction in SAHP by activating AC1/AC8 in CAl

pyramidal neurons.
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6.4.0: Discussion

The primary aim of this section of experiments was to investigate the possible
involvement of the Ca™ stimulatable ACs in the glutamatergic modulation of
SAHP in CA1 pyramidal neurons invoked by synaptic stimulation of the Schaffer
collateral pathway. Consistent with previous experiments (Blitzer et al., 1995),
HES led to partial suppression of the SAHP in an NMDAR- and PKA-dependent
manner. The effect of HFS on the SAHP was absent in slices from DKO mice,
indicating that activation of Ca™ stimulatable ACs mediated this effect.
Additionally, an LTP-inducing pairing protocol was shown to elicit SAHP
suppression dependent on the activation of NMDAR and the expression of Ca™

stimulatable ACs.

6.4.1: HFS: glutamate receptors responsible for the inhibition of
sAHP

The sAHP is inhibited by the activation of mGluRs (Charpak er al., 1990),
specifically of type 5 (mGluR;) in CAl pyramidal neurons (Mannaioni et al.,
2001). The signal transduction cascade mediating the mGluR; effect has been
shown to involve Ga, (Krause et al., 2002) and is independent of activation of
PKA (Pedarzani & Storm, 1996a). Three lines of experimental evidence presented
in this study converge on the idea that the SAHP suppression induced in CAl
pyramidal neurons by high frequency synaptic stimulation of the Schaffer
collateral pathway is independent of activation of mGluRs and dependent on
activation of NMDAR. Firstly, HFS induced sAHP suppression in slices bathed in
10 uM MPEP hydrochloride, which has been shown to be sufficient to inhibit
mGluR; in hippocampal cells (Mannaioni et al., 2001). Secondly, HFS in slices
bathed in 100 uM APS, an NMDAR antagonist, did not induce SAHP suppression.
This is consistent with the fact that the HFS paradigm is commonly used to elicit
NMDAR-dependent LTP of the CA3-CA1 synapses (Bliss & Collingridge, 1993).
Thirdly, the suppression of SAHP, induced by HFS, was found to be dependent on
the activation of PKA, as it was abolished when the PKA inhibitor PKI,,, was

included in the intracellular milieu. In summary, based on our evidence we can
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conclude that the suppression of SAHP induced in CA1 neurons by HFS of the
Schaffer collateral pathway is NMDAR-dependent and independent of activation
of mGluR;.

6.4.2: Postsynaptic PKA is responsible for sAHP suppression

It has previously been reported that PKA is involved in the SAHP suppression
induced in CA1 pyramidal neurons by HFS of the Schaffer collaterals (Blitzer et
al., 1995). However, those experiments were conducted by inclusion of the PKA
inhibitor Rp-cAMPS in the recording pipette. Rp-cAMPS is membrane permeant,
and therefore its possible diffusion out of the CA1l neurons and into the
glutamatergic presynaptic terminals cannot be strictly excluded, together with a
potential presynaptic role for PKA activation. The experiments presented in this
thesis address this issue through the use of PKlg,, PKI,, is a membrane-
impermeable, pseudosubstrate inhibitor of PKA that acts by binding to the
substrate recognition site of the PKA catalytic subunit (Cheng et al., 1986).
Therefore, the intracellular application of PKI ,, to the postsynaptic cell through
the patch pipette specifically targets a postsynaptic locus of PKA action.
Additionally, the specific nature of the interaction between PKI,, and PKA
unequivocally demonstrates the role of PKA activation in the modulation of
sAHP. The results presented in this thesis therefore confirm and extend the
findings reported by Blitzer et al. (1995), showing that the postsynaptic activation
of PKA in CA1 pyramidal neurons by the high frequency stimulation of the
Schaffer collaterals is an essential step in the pathway leading to the inhibition of

sAHP.

6.4.3: Time-course of the effect of HFS on sAHP

HFS of the Schaffer collaterals resulted in a transient SAHP suppression in CA1l
neurons, which returned to baseline within 15 minutes. Evidence supporting an
involvement of the cAMP-PKA signal transduction cascade and the time course
of sAHP suppression following high frequency stimulation of the Schaffer
collaterals is further strengthened by biochemical experiments conducted in the

1990s. In particular, it was shown that the concentration of cAMP within CAl
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rises immediately after the induction of LTP by 100 Hz stimulation of the
Schaffer collateral pathway and returns to baseline over 10-20 minutes
(Chetkovich & Sweatt, 1993). PKA was shown to be transiently activated by the
same stimulation protocol between 2 and 10 minutes after delivery of the LTP-
inducing stimuli (Roberson & Sweatt, 1996). Therefore, the time course of both
the rise in cAMP concentration and activation of PKA is consistent with their role

in suppressing the SAHP in response to high frequency stimulation.

6.4.4: Activation of PKA by an LTP pairing protocol

The high frequency synaptic stimulation paradigm described above comprised 1
second-long trains of stimuli delivered at 100 Hz. This is a typical experimental
paradigm used for the induction of LTP and known to activate NMDA receptors
(Bliss & Collingridge, 1993). In 1961, Kandel showed that cat CA3 pyramidal
cells spontaneously fire short bursts of action potentials with the underlying
depolarisation lasting up to 100 msec (Kandel & Spencer, 1961). However, bursts
of action potentials as long as 1 second in duration have not been reported.
Therefore, the physiological relevance of the SAHP suppression induced by high
frequency synaptic stimulation is questionable. In order to address this issue, a
protocol that paired postsynaptic depolarisation with pre-synaptic low frequency
stimulation within the range of the hippocampal theta rhythm, previously used for
the induction of LTP (Otmakhov & Lisman, 2002), was tested. In the experiments
presented in this thesis (Fig. 37), this protocol induced a robust, transient SAHP
suppression in an NMDAR-dependent manner. Otmakhova et al. (2000) used two
different PKA inhibitors to show that a similar pairing protocol leads to the
activation of PKA during the induction of early phase LTP. Therefore, it is
probable that the SAHP suppression elicited by delivery of the pairing protocol

reflects a transient rise in cCAMP and activation of PKA.

6.4.5: Does activation of “h” channels explain the suppression
of sAHP by synaptic stimulation?

This study has shown an involvement of AC1/AC8 in the suppression of the

sAHP elicited by two stimulation paradigms: HFS and an LTP-inducing pairing
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protocol. The activation of ACI/AC8 would lead to generation of cAMP. cAMP
has been demonstrated to cause a depolarising shift in the activation curve of I, by
a direct effect of cAMP on the underlying HCN channel (DiFrancesco & Tortora,
1991 Santoro et al., 1998). 1, is a slowly developing inward current, activated by
hyperpolarisation (Halliwell & Adams, 1982). In CA1 pyramidal neurons, the
activation of I, occurs at around -50 mV at the soma (Maccaferri et al., 1993)
compared to at more hyperpolarised potentials (~-60 mV) in the dendrites
(Magee, 1998). The current is much larger in the dendrites than at the soma
(Magee, 1998). This indicates that the density of the underlying HCN channels is
much higher in the dendrites. Therefore the increase in cAMP concentration at the
dendrites through the synaptic stimulation paradigms used in this study could lead
to activation of I, at more depolarised potentials. Therefore, the cAMP dependent
activation of a slowly developing inward current could counteract the outward
current that underlies SAHP. This would result in the generation of a SAHP of
reduced amplitude.

Increased activation of I, would lead to an increase in membrane conductance that
would be recorded as a decrease in input resistance. However, delivery of either
HEFES or the LTP-inducing pairing protocol did not result in a significant change in
input resistance. The HCN channels that underlie I, are directly gated by cAMP,
independently of the activation of PKA (Santoro et al., 1998). In this study, sSAHP
suppression elicited by high frequency synaptic stimulation was abolished in the
presence of the PKA inhibitor PKI,,,. Therefore, the sSAHP suppression elicited
by high frequency stimulation is not attributable to an increase in I;. Additionally,
if activation of I, by cAMP was indirectly responsible for the SAHP suppression
elicited by the synaptic stimulation protocols used in this study, a concomitant
noticeable increase in mAHP would be expected. Application of the HCN channel
blocker ZD7288 has been shown to inhibit the mAHP elicited at -80 mV (Gu et
al., 2005), indicating that I, contributes to the mAHP-line waveform measured at
this membrane potential. A shift in the activation curve of HCN channels caused
by generation of cAMP would increase their contribution to the mAHP.

However, delivery of the LTP pairing protocol and HFS resulted in a transient
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decrease in the recorded mAHP. Therefore, it is concluded that SAHP suppression

elicited by synaptic stimulation is not due to cAMP dependent activation of ;.

6.4.6: Functional implications of the modulation of sAHP by
repetitive synaptic stimulation on EPSPs, temporal summation
and LTP induction

Activity dependent modifications of synaptic efficacy are thought to underlie
learning and memory (Bliss & Collingridge, 1993). The sAHP regulates synaptic
efficacy by modulating the EPSP waveform, and thereby affecting temporal EPSP
summation and the threshold for LTP induction (Fuenzalida er al., 2007).
Potentiation of the sSAHP, through its repetitive activation, was shown to lead to a
decrease in synaptic efficacy (Borde et al., 1995; Borde et al., 1999). This
dampening of synaptic excitation was demonstrated to be due to the decrease in
input resistance and concomitant membrane hyperpolarisation elicited by
potentiation of SAHP (Borde et al., 1999). The effect of the SAHP on the EPSP
waveform has been shown in different ways. In particular, Lancaster et al. (2001)
showed that (i) EPSPs were sufficient to trigger a SAHP, even in the absence of
action potentials; (ii) deactivating sl,, by photolysis of BAPTA derivatives led
to a slowing of the time course of decay of the EPSP (Lancaster ef al., 2001) and
(iii) the sAHP, triggered by action potentials or subthreshold EPSPs, reduced the
overall synaptic response area following trains of stimuli, indicating that the
sAHP functioned to reduce temporal summation (Lancaster et al., 2001).
Consistent with this study, Sah and Bekkers (1996) demonstrated that the
concomitant activation of the sAHP by depolarising current injections led to
EPSPs with smaller amplitude and faster decay than when the SAHP was not
activated. This study was extended to demonstrate that the SAHP selectively
shunts NMDA mediated EPSPs (Fernandez de Sevilla et al., 2007), whilst Ca™
influx through NMDAR is sufficient to activate sl,yp (Borde et al., 1999).

These observations suggest a pathway whereby synaptic activity leads to the
generation of EPSPs, in turn activating the sSAHP. Subsequent EPSPs triggered
during the sSAHP would have a smaller amplitude and a shorter decay time

constant. Therefore, the sAHP, besides causing a reduction in postsynaptic



179

excitability, would reduce temporal summation, resulting in a lower probability of
LTP induction and/or reduced LTP magnitude, if LTP is induced. However, the
results presented in this thesis show that repetitive synaptic stimulation, either at
high frequency or at low frequency coupled with simultaneous postsynaptic
depolarisation, leads to a temporary suppression of the SAHP via activation of
NMDAR, ACI1/AC8 and PKA. This could potentially offset the effect of the
sAHP on EPSPs, temporal summation and LTP threshold and/or magnitude,
providing the postsynaptic neuron with a mechanism that favours the induction of
LTP, increases the magnitude of L.TP, or the temporal window of LTP induction.
The temporary nature of the suppression of the SAHP (~ 15 minutes) would

prevent hyperexcitability.
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Chapter 7: General Discussion
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7.1: Possible co-localisation of D1 receptors and NMDA

receptors

In summary, in this study we have shown a role for the Ca** stimulatable ACs in
the suppression of SAHP, induced by specific patterns of synaptic stimulation
leading to the activation of NMDA receptors. The results also indicate a possible
involvement for AC1/AC8 in the dopamine-mediated inhibition of sl,;p. There
has been a growing body of literature on the relationship between the DI
dopamine receptor (D1R) and NMDAR at the postsynaptic level (reviewed by
Missale er al., 2006). In particular, the NMDAR NR1 and NR2A subunits have
been shown to coimmunoprecipitate with the D1 dopamine receptor; this, together
with other biochemical and imaging evidence (Lee et al., 2002; Fiorentini et al.,
2003), suggest a physical interaction between the DIR and NMDAR. In the
striatum, a model has been proposed that allosteric modulation of NMDAR by
glutamate leads to the “trapping” of previously freely diffusible D1 receptors in
spines (Scott et al., 2006) indicating that, at least in the striatum the D1R and
NMDAR can be positioned in the same sub-cellular location. Evidence for similar
spinal trapping of D1 receptors by NMDAR in the hippocampus is lacking,
however, the principle that the NMDAR and DIR are co-localised may indicate
that they couple to the same AC in a signalling domain. Mockett et al. (2004)
have shown that, in the hippocampal CA1 region, NMDAR and DIR activation
produces a synergistic increase in cAMP suggesting a functional interaction
between the NMDAR, D1 receptor and ACI/ACS8. As previously discussed, the
receptor subtype likely to be responsible for the inhibition of the sAHP by
dopamine is the D1 subtype. Therefore it is likely that the modulation of the
sAHP by dopamine and activation of NMDAR is transduced by the activation of
AC1/ACS8 because the NMDAR and D1 receptor are co-localised. This hypothesis

should be tested in future experiments.
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7.2: The role of the cAMP signalling cascade in learning and

memory

The role of the cAMP signalling cascade in learning and memory was first
demonstrated in Drosophila. Characterization of the learning mutants amnesiac,
dunce, rutabaga and DCO revealed defects in the cAMP signalling pathway. For
example, the gene mutated in the aforementioned Drosophila mutant amnesiac
encodes an adenylyl cyclase activating peptide (Feany & Quinn, 1995). And the
genes mutated in the Drosophila mutants dunce, rutabaga, and DCO, encode a
cAMP phosphodiesterase (Chen et al.,, 1986), a Ca" stimulatable AC
(Livingstone er al., 1984) and a cAMP-dependent protein kinase (Foster er al.,
1984), respectively.

Evidence for the involvement of the Ca*" stimulatable AC in learning and memory
in vertebrates has been studied through the generation of knockout mice. In the
hippocampus there are two forms of long-term plasticity that are dependent on the
activation of ACI1/AC8. Mossy fibre LTP is dependent on presynaptic Ca™,
cAMP and PKA. Single knockouts of AC1 (Villacres et al., 1998) and AC8
(Wang et al., 2003) both show deficits in mossy fibre LTP, a phenotype that can
be rescued by administration of the AC activator forskolin (Villacres et al., 1998).
LTP at the Schaffer collateral-CA1 synapse is dependent on the activation of
NMDAR and post synaptic Ca**. DKO mice lacking both AC1 and AC8 show a
complete loss of long lasting LTP with normal presynaptic function (Wong er al.,
1999). Consistent with the role of Ca'* stimulatable ACs in hippocampal long-
term plasticity, the DKO mice showed a robust long-term memory deficit in
passive avoidance behavioural tests. The deficit was significant when tested at 30
min, 24 hr, and 8 days post training. However, the DKO mice displayed normal
passive avoidance at 5 mins post training, indicating that learning and short-term
memory were intact (Wong et al., 1999).

There are several lines of evidence that implicate PACAP in learning and
memory. PACAP has been shown to increase Schaffer collateral NMDA
dependent excitatory post-synaptic currents and miniature NMDA dependent
excitatory post synaptic currents in cultured hippocampal neurons (Macdonald e?

al., 2005). This indicates that PACAP enhances NMDAR function. Ca*™ entry
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through the NMDAR is thought to be crucial for the generation of LTP of the
Schaffer collateral pathway. LTP is also associated with an increase in NMDAR
function (Bliss & Collingridge, 1993). Therefore it could be predicted that
PACAP might facilitate the induction of LTP in the Schaffer Collateral Pathway.
Consistent with this prediction, it has been reported that PACAP application
increased the amplitude of field EPSPs in the CA1 region of the hippocampus
(Roberto & Brunelli, 2000). Further evidence for the role of PACAP in learning
and memory comes from studies of mice deficient in either PACAP or the PAC-1-
R. Although LTP at the Schaffer collateral synapse has not been studied in these
mice, LTP at the perforant pathway-granule cell synapse in the dentate gyrus has
been the focus of investigation. LTP at the perforant pathway-granule cell synapse
is similar to that in the Schaffer collateral pathway in that it requires Ca™ influx
through post synaptic NMDAR for LTP expression (Bliss & Collingridge, 1993).
PAC-1-R are expressed in the granule cells of the dentate gyrus (Shioda er al.,
1997). Additionally, application of a high concentration of PACAP in vitro
induces a long lasting facilitation of excitatory transmission in the dentate gyrus
(Kondo et al., 1997). In mutant mice, that express a reduced number of PAC-1-R
or a PACAP protein levels, threshold LTP was impaired in the dentate gyrus in
vivo (Matsuyama et al., 2003). Consistent with the role for LTP in learning and
memory (Bliss & Collingridge, 1993), PAC-1-R deficient mice show a deficit in
contextual fear conditioning, a hippocampal-dependent associative learning
paradigm (Otto et al., 2001a).

This study has investigated the modulation of the sl,y/sAHP by two components
implicated in the cAMP pathway, namely the Ca** stimulatable ACs and PACAP,
an AC-activating peptide. Both components of the cCAMP pathway were shown to
lead to, or be involved in, the suppression the sl,;/SAHP. This may indicate a

role for the SAHP in learning and memory.

7.3: A role for the AHP currents in learning

The mAHP and the sAHP have been shown to be modulated by experience in the
hippocampus. Trace eye blink conditioning (trace EBC) is a hippocampal

dependent task, because it is impaired in rabbits that have undergone
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hippocampectomy (Moyer et al., 1990). Trace EBC is associated with a reduction
in the post burst AHP (Disterhoft et al., 1986). In CA1 pyramidal cells, there is a
transient reduction in the post burst AHP and associated spike frequency
adaptation after trace EBC learning (Moyer et al., 1996). This reduction in post
burst AHP is only observed in neurons from animals that acquire the EBC
(Disterhoft et al., 1988). Furthermore, once the AHP suppression is induced, the
SAHP remains reduced in amplitude after application of TTX and TEA (Coulter et
al., 1989). This indicates that the sAHP reduction is due to a change in the
intrinsic properties of the post-synaptic neuron and not due to changes in synaptic
transmission. In another hippocampal dependent task, the spatial water maze
(Morris et al., 1982), rodents that acquired the task displayed a reduced AHP in
dorsal CA1 pyramidal neurons (Oh et al., 2003). Spatial water maze learning has
been shown to specifically involve the dorsal hippocampus (Moser ef al., 1993).
Voltage clamp recording demonstrated that both the I,,, and sl,,; were
suppressed by spatial learning (Oh et al., 2003). Finally, recordings from
hippocampal CA 1 neurons during odour discrimination tasks showed that neurons
from trained rats had a reduced post burst sSAHP and adaptation (Zelcer et al.,
2006). Additionally enhanced neuronal excitability (reduced post burst AHP),
resulting from prior training in the odour discrimination task, facilitated learning
of a novel hippocampal dependent rule-learning task (Zelcer et al., 2006). In
conclusion, the AHP has been demonstrated to decrease in amplitude with
learning in the CA1 region of the hippocampus, and this reduction in the sAHP
can facilitate learning of another task.

The sAHP increases in amplitude in an age dependent manner (Wu et al., 2002).
Furthermore, it has been shown that there is an age-related impairment in trace
EBC. This was implied for two reasons; (i) over 50 % of aging animals fail to
meet the learning criteria on the trace EBC task (Thompson et al., 1996) and (ii)
those aging animals that learnt the trace EBC task needed more trials compared to
younger animals (Thompson et al., 1996). This illustrates the old adage that
learning becomes harder with age. The link between AHP amplitude and learning
is further strengthened by studies in aged animals in the spatial water maze.

Tombaugh et al. (2005) found that aged rats with smaller AHPs learned the
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location of the hidden platform whereas those with a large post-burst AHP were
unable to do so. This inverse relationship between AHP amplitude and learning
has also been demonstrated for young animals (Oh et al., 2003). These results
indicate that learning is associated with a reduced sAHP.

This study and others have demonstrated that delivery of electrophysiological
paradigms to CA1 pyramidal cells, which have been used to elicit synaptic
plasticity, results in a partial and transient suppression of SAHP and mAHP.
Furthermore, pharmacological manipulations that have been shown to suppress
sl up have also been demonstrated to facilitate the induction of synaptic plasticity
(Blitzer er al., 1995). As previously discussed, the blockade of SK channels by
apamin, facilitates the induction of LTP (Behnisch & Reymann, 1998; Norris ef
al., 1998; Foster, 1999). The monoaminergic neurotransmitters: dopamine
(Otmakhova & Lisman, 1996), noradrenaline (Thomas et al., 1996), and
serotonin, also facilitate the induction of LTP at the Schaffer collateral pathway
by a cAMP dependent mechanism (Frey et al., 1993). Taken together the evidence
indicates that negative modulation of AHP currents promotes learning in the CA1
region of the hippocampus. More direct evidence for the involvement of sSAHP in
learning processes will be hopefully obtained in the near future when specific
pharmacological tools targeting the SAHP channels will be developed, or the
sAHP channels will be identified, allowing the generation of sAHP-deficient
animal models. Although given the powerful role of sSAHP in controlling neuronal
excitability, there may be foreseeable problems associated with studying learning
processes in a SAHP channel knock out mouse which could be predicted to be

profoundly epileptic.
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