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Abstract
The magnocellular neurons (MCNs) of the supraoptic nucleus (SON) synthesize and
secrete the hormones oxytocin (OT) and vasopressin (AVP), which are released from the
axon terminals in the neurohypophysis, as well as from the dendrites within the SON in
response to physiological demand for their products. Hormone release is determined by
unique firing patterns of these neurons which are dependent on intrinsic membrane
properties as well as extrinsic factors such as afferent inputs. Glutamate is an important
neurotransmitter in the SON, and has been shown to underlie the unique firing patterns of
MCNs and to induce release of its neuropeptides. Thus, investigation of the mechanisms
by which excitatory synapses to magnocellular neurons operate is critical to further our
understanding of the functioning of the SON.
In the SON, a unique form of synaptic plasticity has been shown following brief,
intense stimulation to the excitatory afferents. High frequency stimulation (HFS; 10-100
Hz) causes a robust increase in the frequency and amplitude of tetrodotoxin (TTX)insensitive miniature excitatory postsynaptic currents (mEPSCs) which lasts for 5 to 20
minutes. This has been called short term potentiation (STP). Excitability of the
postsynaptic cell is increased during the course of STP, suggesting that this is a
physiologically relevant phenomenon. Much is yet to be determined with reference to the
time course and magnitude ofSTP. In particular, the larger mEPSCs that appear
following HFS may increase the probability of postsynaptic firing, given that the MCNs
have relatively high input resistance. However, activity-dependent potentiation of
mEPSC amplitude remains poorly understood. Thus, the goal of the present thesis is to
better characterize STP, with particular attention to the potentiation ofmEPSC amplitude.
Using a visually guided whole cell patch clamp recording technique, we confirmed
that a 50 or 100 Hz, 1 sec stimulation of the excitatory afferents to MCN s resulted in both
frequency and amplitude STP. These changes are dependent on extracellular calcium,
since applying HFS in calcium free artificial cerebrospinal fluid had no effect on the
amplitude or frequency ofmEPSCs. First, we characterized the time course ofSTP.
Both the amplitude and frequency of mEPSCs showed the most pronounced increase
immediately following the stimulation. The initial frequency change was on average 30-
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40 fold, which returned to baseline values with a two-exponential decay. The increase in
amplitude was more modest compared to frequency (on average a 40% increase) which
also decayed back gradually to baseline in most cells within 20 min.
Further, we determined if variability in basal levels of spontaneous synaptic
transmission seen among the cells examined explains the variability in the magnitude of
the response to stimulation. We found that baseline mEPSC frequency and amplitude
were negatively related to the percentage increases following HFS, which in tum were
positively related to how long the mEPSC frequency and amplitude were potentiated.
Next, we tested the hypothesis that the changes in mEPSC amplitude and frequency
following HFS occur in tandem. We compared the duration of the frequency response to
the duration of the amplitude response and found that they were not related:
approximately half the cells tested showed longer potentiation in frequency whereas the
other half had longer amplitude STP. Dissociation ofthese two parameters suggests that
we are seeing two independent forms of synaptic plasticity. Since a similar proportion of
cells showed preferential maintenance of potentiation in amplitude vs. frequency we
speculated that the preference was due to the difference in phenotypes of the postsynaptic
cell. However, this was not the case, as both putative oxytocin and vasopressin neurons
showed both types of responses. In addition, we found that this was not a function of the
intensity of stimulation, since 50 Hz and 100 Hz stimulation protocols yielded both kinds
of responses. Interestingly, a high concentration of EGTA in the recording pipette to
chelate postsynaptic calcium had no effect on the response of mEPSC amplitude to HFS.
Addition of an NMDA receptor antagonist was also ineffective at blocking the mEPSC
amplitude increase. Taken together with our observation that extracellular calcium is
required for STP, these results indicate that the locus of this synaptic plasticity is
presynaptic.
From here we focused on characterizing the potentiation of mEPSC amplitude. In
order to do this, we took advantage of the dissociation of the time course of mEPSC
amplitude and frequency. In cells that showed potentiation of mEPSC amplitude that
outlasted that ofmEPSC frequency, we examined larger mEPSCs that are unlikely to
have resulted from random summation of multiple mEPSCs. Analysis of mEPSC
waveforms (rise and decay) revealed that the larger mEPSCs occurring when frequency
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has returned to baseline levels have faster rise time as compared to control. Also, in
some cells, distribution histograms ofmEPSC amplitude clearly showed the presence of
multiple equidistant peaks following stimulation, which could indicate multiquantal
transmitter release from the presynaptic terminal.
In conclusion, this investigation illustrates the presence of two concomitant forms of
synaptic plasticity arising from a HFS delivered to the excitatory synapses of the SON;
one for amplitude and one for frequency of mEPSCs. Both of these forms arise from the
presynaptic terminal. This result shows the capacity for sophisticated modulation of
incoming excitatory information to the SON. Further investigations into the mechanisms
behind these two forms of plasticity will be useful in clarifying the ways in which the
excitatory afferents to the SON can modify the activity of the MCNs.
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CHAPTER!

INTRODUCTION

1.1: Oxytocin and Vasopressin Background

1.1.1: General

The neuroendocrine system is a very diverse entity, containing several hormones that
exert widespread actions in the periphery. Two of the most prominent of these hormones
are oxytocin (OT) and vasopressin (AVP). The chemical structures of these two
nonapeptides were discovered in the 1950' s by the American biochemist, Vincent Du
Vigneaud. These neuropeptides are synthesized predominantly in cell bodies of the
magnocellular neurons (MCN) of two hypothalamic nuclei: the supraoptic nucleus (SON)
and paraventricular nucleus (PVN). Synthesis also occurs to a lesser extent in the
parvocellular neurons of the PVN, suprachiasmatic nuclei (SCN), bed nucleus of the stria
terminalis (BNST) and the medial amygdala (Sofroniew, 1983).
MCNs of the SON and PVN send their axon terminals to the posterior pituitary via
the hypothalamoneurohypophysial tract where, upon appropriate stimulation, such as an
increase in plasma osmolality, OT and AVP are released directly into the bloodstream.
This expulsion of hormone into the periphery is a process known to be immediately
coupled to the electrical activity ofMCNs (Poulain and Wakerly, 1982; Renaud and
Bourque, 1991).

Traditionally it was thought that the main endocrine functions of OT were related to
parturition and lactation, while AVP functioned in the facilitation of water absorption by
the kidney and the contraction of arterial smooth muscle, which are very important in
cardiovascular regulation. But the fact that OT is found in the posterior pituitary and the
plasma in both males and females strongly suggests that OT has further physiological
functions (Gimpl and Fahrenholz, 2001). Furthermore, the presence of functional OT
and A VP receptors in many areas of the body indicate that there are likely many
physiological actions in which these neuropeptides participate.

1.1.2: Subtypes of Oxytocin and Vasopressin Receptors

OT- and AVP-receptors are both classified as G-protein coupled receptors. AVP
action has been found to be mediated by three different subtypes of AVP-receptors,
namely, V1a, V1b, and V2. These are all located in discrete areas ofthe body, exerting
varying physiological actions both peripherally and centrally (Lolait et al., 1992; Morel et
al., 1992; Thibonnier et al., 1994). The activation of the V 1 receptors results in the
activation of Gq/G 11 or Gi/o proteins, while the activation of V2 receptors involves
activation of the Gs protein and protein kinase A (Barberis et al., 1998; Valenti et al.,
2005). Unlike AVP, only one OT receptor subtype has been characterized, and this has
been found both centrally and peripherally (Adan et al., 1995). This was demonstrated
by Gimpl and Fahrenholz (2001) with the discovery that there existed only one OTreceptor gene in mice. High concentrations of OT can interact with all three types of
A VP receptors (Thibonnier et al. , 1999), and likewise, AVP can also bind to the OT
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receptor, with an almost equal affinity to that of OT itself (Gimpl and Fahrenholz, 2001 ).
OT receptors, which are widely expressed both centrally and peripherally (Gimpl and
F ahrenholz, 2001 ), are functionally coupled to Gq proteins like the V 1 receptors, which
upon activation, cause a cascade of events leading to the formation of inositol
trisphosphate which triggers the release ofCa2+ from intracellular stores (Gimpl and
Fahrenholz, 2001).

1.1.3: Function and Localization of Oxytocin and Vasopressin Receptors

The action of A VP is most closely associated with osmolality. Activation of the V2receptors located in the kidney mediate the main physiological effect of AVP; the
antidiuretic action (Lolait SJ et al., 1995; Thibonnier Metal., 1994; Knepper, 1997).
V2-receptor expression in the kidney is quite dense and widespread, encompassing the
thick ascending limbs as well as the medullary collecting duct cells (Nonoguchi H et al.,
1995; Nielsen S et al., 1995). Specifically, activation of the V2 receptors results in the
increased permeability of the renal collecting ducts to water, facilitating reabsorption of
water from the urine, back to the bloodstream (Yamamoto et al., 1995).
The V 1a receptor is expressed in smooth muscle, the liver, and the brain. V 1a
receptor activation in smooth muscle (particularly vascular smooth muscle but also
myometrium smooth muscle), has direct effects on blood pressure by helping to maintain
vascular tone as well as stimulate contraction (Nemenoff, 1998). In addition to smooth
muscle, Vla receptors are also expressed in the liver where activation by AVP regulates
many metabolic functions, particularly those involved in glucose homeostasis (Aoyagi, et
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al., 2007). Like V 1a receptors, V 1b receptors are also located centrally where they
mediate stress responses in the limbic system (Griebel et al., 2002). They are also
expressed in the anterior portion of the pituitary gland where activation of these receptors
regulates the secretion of the pituitary hormone adrenocorticotrophin (ACTH), an
important signaling molecule in the hypothalamic-pituitary-adrenal axis (Antoni, 1993).
The V1a receptor is widely expressed in the brain at high density in limbic areas such
as the septum, the amygdala, the BNST, and the nucleus accumbens (NAcc). They are
also found in the SON itself, SCN, dorsal tuberal region of the hypothalamus, and
nucleus tractus solitarius (NTS) as well as the spinal cord, suggesting V1a is the main
receptor responsible for central actions of AVP (Tribollet et al., 1988).
The action of OT is most closely associated with female reproduction, where it has
been shown that OT receptor density increases in the uterus throughout the course of
pregnancy (Shojo and Kaneko, 2000; Verbalis, 1999). OT in the bloodstream is known to
cause contraction of both endometrium smooth muscle during labour and of the
myoepithelial cells that surround the alveoli of the mammary gland to elicit milk ejection
in response to suckling (Blanks and Thornton, 2003 ; Kiss and Mikkelsen, 2005). While
these are its classical physiological functions, the OT-receptor is widespread throughout
the body and is found not only in the uterus and mammary glands, but also the brain,
kidney, thymus, ovary, heart, and blood vessels (Shojo and Kaneko, 2000; Gimpl and
Fahrenholz, 2001 ; Gould and Zingg, 2003).
OT receptors in the kidney, heart and vasculature, like AVP receptors, make a
significant physiological contribution to two intricately connected systems; the renal and
the cardiovascular systems. In the cardiovascular system, OT-receptor activation acts
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directly, causing relaxation of vascular smooth muscle, a reduction in heart rate, and a
decrease in the force of contraction (Gutkowska et al., 2000; Favaretto et al., 1997). OT
also stimulates the release of atrial natriuretic peptide (ANP) from the heart, which has a
major impact on hydromineral homeostasis, and as a consequence, cardiovascular
function (Gutkowska et al., 2000). Furthermore, Jirikowski et al. (1986) determined that
ANP is coexpressed in hypothalamic OT neurons, which not only suggests that OT
stimulates the release of ANP, but that it may be concomitantly released from the
posterior pituitary into circulation.

1.1.4 Oxytocin and Vasopressin and Osmotic Homeostasis

The role of OT in controlling hydromineral homeostasis is almost as important as that
of AVP, with Conrad et al. (1986) demonstrating that OT was efficacious as a natriuretic
agent, even in the absence of AVP. Furthermore, it appears that hyperosmotic
stimulation increases both the expression of AVP mRNA and the transcription of the OT
gene in the SON and PVN (Meister, et al., 1990; Lightman and Young, 1987; Burbach et
al., 1984). Similarly, hyperosmotic and hypovolemic stimuli both induce the release of
OT and AVP from MCNs triggering these peripheral effects (Share, 1988; Gimpl and
Fahrenholz, 2001). As it stands, both types of hypothalamic MCNs release large amounts
of stored OT and A VP into the bloodstream in response to physiological deviation in
water balance and this is accomplished by a functional remodeling of neuronal activity
(Kiss and Mikkelsen, 2005). Electrical activity ofMCNs is enhanced or diminished
respectively during periods of increased or decreased plasma osmolality (Brimble and
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Dyball, 1977), and not surprisingly, circulating concentrations of both OT and AVP vary
depending on plasma osmolality (Stricker and Verbalis, 1986). This is supported by
evidence from Miyata et al. (1994) who showed that either sustained or chronic injection
of hypertonic saline or water deprivation caused a transient increase in c-FOS expression
in hypothalamic MCNs which was reversible within 24 hours of rehydration.

1.1.5 Oxytocin, Vasopressin and Behaviour

Recently, research pertaining to central AVP- and OT-receptor mediated function has
been accumulating. The omnipresence of OT and A VP receptors throughout the brain
serves as a testament to their central roles (Raggenbass, 2001). Though synthesis ofthese
neuropeptides occurs centrally at sites outside of the neurohypophysial system, MCNs of
the SON and PVN also release neuropeptide dendritically, and this is a significant source
of central OT and AVP (Landgraf and Neumann, 2004). The behaviours that these
neuropeptides support as a consequence of their central actions are quite different from
one another in contrast to the parallel effects seen peripherally. For example, in the
limbic system, particularly the amygdala, a key area in the processing of emotion and
stress responses, OT and AVP appear to have opposite effects on behavior. A VP appears
to augment aggressive behaviors, stress responses, and anxiety levels (Ebner et al., 2002;
Griebel et al., 2002; Bielsky, et al., 2004) while OT has been shown to attenuate stress
and anxiety while enhancing maternal bond formation and social behaviors (UvnasMoberg, 1998; Gimpl and Fahrenholz, 2001 ; Windle et al., 1997; Febo et al, 2005).
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1.2: Activation of MCNs

1.2.1: Glutamate Receptors in the SON

Glutamate binds to both ionotropic (NMDA and AMPA!kainate) and metabotropic
glutamate receptors which exist on the MCNs (Stem et al., 1999; Schrader and Tasker,
1997). Application of the broad spectrum glutamate antagonist kynurenic acid largely
attenuates and often eliminates evoked EPSPs and spike trains in the MCNs of the SON
(Gribkoff and Dudek, 1990).
In the SON, there are a larger number of AMPA!kainate-type glutamate receptors, as
compared to NMDA-type, which mediate the spontaneous as well as the evoked
excitatory postsynaptic potentials (Meeker et al. 1994; Wuarin and Dudek, 1993;
Gribkoff and Dudek, 1990). At resting potential, it was shown that glutamate was
responsible for all of the spontaneous EPSCs in MCNs, and that this type of fast
excitatory transmission was primarily a consequence of AMP A/kainate receptor
activation (Wuarin and Dudek, 1993; Edmonds et al. 1995), though work by Hatton eta!.
(2002) suggests some role of cholinergic transmission as well, though this has been
shown to desensitize with repetitive stimulation.
NMDA-receptor activation in MCNs of the SON appears to be associated with a
cascade of responses. In addition to sodium ions, NMDA-receptors are also permeable to
other ions, notably calcium ions, which upon arrival into the intracellular milieu, can lead
to long lasting changes in the neuron (Bliss and Collingridge, 1993).
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1.2.2: Glutamate Projections to the SON

Approximately 20% of the synaptic inputs to the SON are glutamatergic and these are
distributed evenly over the OT and the A VP neurons (Meeker et al. 1993; El Majdoubi et
al. 1996). These glutamatergic projections arise from a number of intra- and
extrahypothalamic brain areas. Retrograde labeling combined with autoradiography
revealed that these projections come from several telencephalic regions such as the
amygdala, BNST, the septum and the preoptic area, but are more numerous from the
diencephalic regions such as the SON itself and its perinuclear regions, the PVN, SCN, as
well as the hypothalamic ventromedial, paraventricular, and dorsomedial nuclei, the
ventral thalamus, and premarnmillary and supramarnmillary nuclei (Csaki, et al., 2002).
Electrophysiological and anatomical data suggest that some of the afferent inputs to the
SON come from adjacent hypothalamic areas (Boudaba et al., 1997; Roland and
Sawchenko, 1993). Interestingly, the MCNs ofthe PVN and SON have been shown to be
intricately connected by glutamatergic synaptic circuits, both ipsilaterally via a PVNSON connection, as well as contralaterally via a PVN-PVN connection (Boudaba and
Tasker, 2006). This is anatomically suggestive of a capability of MCNs to coordinate
bursts between nuclei, resulting in synchronization upon activation.
One brain area with prominent, direct glutamatergic projections to the SON is the
organum vasculosum ofthe lamina terminalis (OVLT), which sits in the anteroventral
third ventricle wall. The OVLT is one of several circumventricular organs (CVO).
CVOs are located in close proximity to the ventricular system and along with the OVLT,
also include the posterior pituitary, subfomical organ (SFO), area postrema, choroid
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plexus, the median eminence, pineal gland, and subcommissural organ. These areas lack
a blood brain barrier and therefore are believed to function in the detection of changes in
the concentration of various circulating compounds. The OVLT and SFO contain
osmoreceptors which are responsive to changes in ionic concentrations of the plasma and
to hormones such as ANP and angiotensin II (Johnson and Gross, 1993; McKinley et al.,
1999). OVLT neurons are activated by an increase in plasma osmolality and have a
characteristic low threshold spike which acts as the driving potential for the generation of
brief bursts of action potentials with firing frequencies ranging between 50 and 80 Hz.
(Nissen, et al., 1993). Along with several other brain areas such as the median preoptic
area, anterior lateral hypothalamus, SFO, anteroventral region of the third ventricle
(AV3V), SON, PVN, habenula, stria medullaris, and the medial septal area, the OVLT
acts as part of an integrative neural network functioning in the maintenance of proper
water and electrolyte balance (Bourque and Oliet, 1997).

1.2.3: Glutamate and MCN activity

MCNs ofthe SON display an intermittent bursting or phasic activity to optimize the
release of OT or AVP from their axon terminals. These characteristic firing patterns
depend on the intrinsic regenerative properties ofMCNs (Andrew and Dudek, 1983;
Armstrong et al., 1994) and extrinsic factors (Hu and Bourque, 1992; Jourdain, et al.,
1998; Bourque, et al., 1998; Ludwig and Pittman, 2003; Li, et al., 2007). Research
strongly suggests that glutamate is one of the main neurotransmitters involved in the
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regulation of OT and AVP release from the MCNs (Costa et al. 1992; Bisset & Fairhall
1996; Sladek et al. 1998).
Glutamate is the major excitatory neurotransmitter in the SON and is known to be
essential for the onset and maintenance of bursting activity ofMCNs, both in vivo and in
vitro (Wakerly and Noble, 1983; Hu and Bourque, 1992; Nissen et al., 1995; Jourdain et

al., 1998; Brown et al., 2004). Increasing levels of frequency and fluctuation of basal
firing between bursts are driven by excitatory synaptic inputs and promote bursting
activity in OT neurons (Israel et al., 2003; Moos et al., 2004), with clusters of EPSPs
underlying bursts (Dudek and Gribkoff, 1987; Jourdain et al., 1998). Furthermore,
synchronization of action potential firing between a pair of OT neurons relies on
excitatory transmission (Israel et al., 2003). Bursting ofMCNs also depends on local
neuropeptide release from the dendrites of these neurons (Lambert et al., 1993; Jourdain
et al., 1998). Glutamate can initiate this mechanism by inducing dendritic peptide release
through the activation ofNMDA receptors (de Kock, et al., 2004). Once dendritic release
is triggered, neuropeptides may amplify themselves in a positive feedback manner
stimulating further dendritic release (Moos et al., 1984; Ludwig et al. , 2005).
Interestingly, Hirasawa et al. (2003) found AVP inhibited AMPA-induced currents in
AVP neurons through V1a receptors, while it facilitated these same currents in OT
neurons via OT receptors. This is supported by work which also links dendritic release to
the activation of dendritic autoreceptors (Richard et al., 1991 ). Furthermore, glutamate
seems to be involved in OT-induced morphological remodeling in the SON (Langle et al.,
2003). Such structural plasticity is known to occur in vivo during periods of high
hormone demand such as lactation and dehydration (Hatton, 1997).
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1.3: The Intrinsic Properties of MCNs

1.3.1: AVP Neurons and Phasic Firing

Thus far it is clear that there are numerous similarities between the two subtypes of
neuroendocrine cells of the hypothalamoneurohypophysial system. OT and A VP are
similar in terms of structure and receptor subtypes and have many similar target tissues
for action. However, they differ in terms of their firing patterns (Poulain and Wakerly,
1982). A VP neurons respond to increases in plasma osmolality, decreases in blood
volume, and changes in blood pressure by a phasic burst firing pattern (Brimble and
Dyball, 1977; Armstrong et al., 1995). During phasic firing, individual A VP neurons
alternate between periods of activity and quiescence. The active periods typically have
firing frequencies between 5-15 Hz, last about 30 seconds, and are separated by intervals
of relative quiescence, with a firing frequency of less than 1 Hz (Renaud and Bourque,
1991). An active phase can be initiated by glutamate application, and be sustained long
after the glutamate stimulation has ended (Wakerly and Noble, 1983), suggesting that
these cells also have intrinsic properties which are responsible for the persistence of their
burst firing patterns. Andrew and Dudek (1983) found that in phasic MCNs, a single
action potential was followed by a slow depolarizing afterpotential (DAP) and found that
in periods of repetitive firing, these DAPs could summate to form slower, persistent
depolarizations termed plateau potentials. The plateau potentials appear to underlie the
burst firing pattern seen in these neurons (Andrew and Dudek, 1983, 1984).
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1.3.2: OT Neuron Bursting

In contrast to AVP neurons, OT neurons are characterized by shorter, but more
robust, burst firing patterns which occur during lactation. These bursts range between
50-80 Hz, last about 1-4 seconds and are synchronized among OT neurons (Poulain and
Wakerly, 1982; Belin et al., 1984), resulting in volleys of OT released into the
bloodstream. This synchronization is thought to arise partially from concomitant
dendritic release of OT, activating dendritic OT receptors and thus further enhancing
excitation (Ludwig, 1998). Wang and Hatton (2007) induced burst firing in OT neurons
with exogenous OT application; an effect which was blocked with administration of an
OT receptor antagonist. During suckling these bursts are typically separated by 5-20
minute intervals and thus, take on a pattern of pulsatile OT release, with each burst
immediately preceding each milk ejection (Belin et al., 1984; Armstrong and Hatton,
2006). This release pattern could have numerous advantages such as circumventing OT
receptor desensitization at the myoepithelial cell, allowing for a maximal contraction, as
well as giving the OT neurons themselves a chance to recover from release fatigue
(Bickness, 1988), since this is a highly energy-dependent process. It is likely that these
firing patterns are triggered by glutamate since application of ionotropic glutamate
receptor blockers block the burst generation seen in OT neurons (Wang and Hatton,
2007).
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1.3.3: Shared Intrinsic Properties of AVP and OT Neurons

Though their patterns of firing are quite distinct, OT and AVP neurons share many
similar intrinsic membrane properties. Measurements conducted by Armstrong et al.
(1994) revealed that there were no discrepancies between OT and AVP neurons in their
resting membrane potential, input resistance, membrane time constant, action potential
characteristics, or spike hyperpolarizing after-potential (Armstrong, et al., 1994). The
resting membrane potential for MCNs is around -65 mV (Armstrong et al., 1994).
Magnocellular neurons are known for their relatively high input resistance in comparison
to other neuronal populations. In the experimental protocol used here, employing the
nystatin perforated patch clamp recording technique, input resistances for OT and AVP
neurons were approximately 1.013 GQ ± 0.53 , similar to that recorded for MCNs of the
PVN (Gordon and Bains, 2005). With such high input resistances, even very slight
changes in neurotransmission onto MCNs could have a very large impact on their
excitability, as seen with the effects of spontaneous glutamatergic transmission to the
SON, which in calcium free medium was capable of generating action potentials (lnenaga
et al., 1998).
MCNs also exhibit a transient outward current (Armstrong, et al., 1994; Nagatomo, et
al., 1995) which results in a longer latency to first spike, which we used to identify
MCNs in addition to their anatomical features (Figure 1a). This transient outward current
results from the activation of A-type potassium channels (Shibata, et al., 2000). These
channels are activated upon depolarization from hyperpolarized potentials, hence
resisting further depolarization. Therefore, neurons expressing A-currents take longer to
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reach the threshold for action potential firing. This is in fact a graded response, meaning
that the more hyperpolarized the initial membrane potential of the neuron, the longer the
latency to threshold (Shibata, et al., 2000).
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1.4: Plasticity in the SON

1.4.1: Structural Plasticity in the SON

The SON has been shown to undergo very prominent morphological synaptic
reorganization in response to conditions that result in increased peripheral hormone
demand. During pregnancy and lactation it was shown that the astrocytic processes that
usually surround the MCNs were withdrawn. This is known as glial retraction, and it
increases direct soma to soma contact between MCNs, the number of synaptic contacts,
and gap-junction formation between OT neurons (Andrew et al. 1981; Micevych et al.
1996; Hatton et al. 1987). Specifically, the number of glutamatergic synapses afferent to
the SON increases during lactation, with similar structural plasticity also seen in periods
of dehydration (El Majdoubi et al., 1997, Hawrylak et al., 1998). Hawrylak et al. (1998)
found that dehydration resulted in a significant reversible reduction in immunoreactivity
to fibrillary acidic protein (GF AP; a marker for astrocytes) in the SON of rats. This was
interpreted as a reflection of glial retraction, which would enhance direct soma to soma
contact between magnocellular neurons.

1.4.2: Structural Plasticity and Dendritic Release

MCNs ofthe SON have been shown to release neuropeptide from their dendrites in
response to activation ofNMDA receptors (Ludwig, 1998; Ludwig et al., 2005; de Kock
et al. 2004). It is this dendritic release of neuropeptide in addition to glutamate which has
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been suggested to be the trigger for the prominent morphological changes which occur in
this nucleus (Theodosis et al., 2006). Dendritic release of neuropeptide was also shown
to occur in response to high frequency stimulation delivered to excitatory afferents when
the stimulation was delivered in current clamp mode; a situation which allows NMDAreceptor activation (Kombian eta!., 1997).
Exogenous OT application mimicked the glial retraction seen during parturition,
lactation, and dehydrated states in a manner which depended on both glutamate receptors
and OT receptors and was also shown to be reversible upon washout (Langle et al.,
2003). During lactation, it was also found that GABAergic transmission was decreased
as a consequence of increased somatodendritic release ofOT (de Kock et al. , 2003;
2004). It has been shown that dendritic OT release (and likely dendritic A VP release as
well, though the data are less conclusive) can also inhibit glutamatergic transmission by
activating dendritic autoreceptors which trigger the release of endocannabinoids, which
in turn, act retrogradely on endocannabinoid receptors located at the presynaptic terminal
(Kombian et al., 1997, Hirasawa et al., 2004, Kombian et al., 2002). This OT induced
inhibition targets evoked excitatory transmission through modulation of presynaptic
calcium channels (Hirasawa et al., 2001). Furthermore, the retraction of glial processes is
also associated with a reduction in glutamate clearance, which results in inhibition of
glutamatergic transmission at the presynaptic terminal due to activation of presynaptic
metabotropic glutamate receptors (0 liet et al, 200 1).
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1.4.3: Synaptic Plasticity: L TP of Evoked EPSCs

Afferents to the SON are also targets for activity dependent synaptic plasticity
observed by electrophysiological means. Panatier et al. (2006) revealed that long-term
potentiation (LTP) of the amplitude of AMP A-receptor mediated evoked EPSCs occurs
following high frequency stimulation (HFS) to afferent fibers. Their observations were
likely due to changes occurring at the postsynaptic neuron since LTP was blocked by
chelating postsynaptic calcium or by bath application of an NMDA-receptor antagonist,
and were not associated with a change in the probability of neurotransmitter release from
the presynaptic terminal.

1.4.4: Synaptic Plasticity: Short-term Potentiation of Miniature EPSCs

A train of stimulation to excitatory afferents innervating the SON induces a long
barrage of spontaneous EPSP/EPSCs leading to a slow depolarization and afterdischarge
of the postsynaptic MCNs that continues after the stimulation has ended, for many
seconds to many minutes depending on the frequency and pulse number of the stimuli
(Hatton et al., 1983; Dudek and Gribkoff, 1987; Kombian et al, 2000). Work by
Kombian, et al. (2000) revealed that a HFS to the excitatory afferents to the SON induced
a robust increase in the frequency and amplitude of AMPA receptor-mediated
spontaneous EPSCs which lasted for 5 to 20 minutes. These EPSCs are TTX-insensitive,
and are therefore equivalent to miniature EPSCs. In contrast, the induction of such an
increase is TTX sensitive, suggesting that action potential firing of the excitatory
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afferents is necessary. This response is unique due to its time course in that it is
substantially longer than synaptic facilitation (which lasts for less than half a second and
is quite common in CNS synapses), but much shorter than LTP, which can last for
several hours in vitro (Xu-Friedman and Regehr, 2004, Lynch, 2004). Based on the
duration of the response to stimulation, this phenomenon was called short term
potentiation (STP).
STP of the frequency of mEPSCs (referred to as freqSTP in this thesis) is composed
of two phases, the first of which has a large magnitude and fast decay, and the second of
which decays much more gradually (Quinlan et al. , 2008). FreqSTP relies on voltagegated calcium channels for initiation, and the sequestration of calcium into, and
subsequent release from, the mitochondria for maintenance (Quinlan et al., 2008).
FreqSTP can be induced multiple times at the same synapse, and is inhibited by GABA
through activation of presynaptic GABA8 receptors, reducing both the magnitude and the
duration of STP (Kombian et al., 2000; Kombian et al., 2001 ). This is an indication that
freqSTP is a presynaptic phenomenon. Furthermore, freqSTP does not involve the
activation of postsynaptic NMDA-receptors or the neuropeptides OT and AVP, which
can be released from the postsynaptic cell and act as retrograde messengers (Kombian et
al., 2000). Thus, both the induction and manifestation offreqSTP seem to be
presynaptic.
In contrast, less is known about the nature of the potentiation of mEPSC amplitude in
response to HFS. Large mEPSCs have been shown to appear immediately after HFS, and
the amplitude of these events displays a skewed distribution with the presence of multiple
peaks (Kombian et al., 2000). These peaks were equidistant from the first peak and
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appeared to conform to a Gaussian distribution. The number of peaks increased with
HFS, indicative of multiquantal transmitter release (Kombian et al., 2000). The time
course and mechanism of such changes remains unknown.
STP is suggested to have a physiological role as it is tightly coupled to an increase in
action potential firing of the MCNs, further supporting findings from Inenaga et al.
(1998) that mEPSCs can influence the excitability of the MCNs (Kombian et al., 2000).
Similar results were also found in the PVN when it was shown that brief stimulation to
the glutarnatergic afferents was associated with a period of asynchronously released
quanta which contributed to a prolonged period of postsynaptic spike activity in the
MCNs (Iremonger and Bains, 2007). Therefore it is plausible that any enhancement or
weakening of this phenomenon could have a significant impact on the excitability of
MCNs and as a consequence, influence the release of hormone to the periphery.
Furthermore, STP was shown to be a graded response, increasing in magnitude as
stimulation frequencies increased up to 100 Hz, a frequency range close to that from the
OVLT projection to the SON. OVLT neurons are activated by an increase in plasma
osmolality and have a characteristic low threshold spike which acts as the driving
potential for the generation of brief bursts of action potentials with firing frequencies
ranging between 50 Hz to 80Hz (Nissen, et al., 1993). Given that even a short train of
action potentials (10 pulses) is sufficient to induce STP, it is likely that this phenomenon
observed in vitro also takes place in vivo and plays a physiological role.
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1.5: Aims and Hypotheses

The goal of the present work was to better understand the short term potentiation in
response of mEPSCs to HFS, particularly the amplitude component. It is known that the
amplitude of mEPSCs increases immediately after stimulation, but as yet it is unclear at
to whether this is a by-product of the freqSTP or if it is its own distinct form of synaptic
plasticity. Therefore, a deeper understanding of the mechanism behind the potentiation
of mEPSC amplitude was sought. This thesis project had the following three aims.

Aim 1: To characterize the time course of the mEPSC amplitude response and to
determine whether its time course can be differentiated from that offreqSTP.

Aim 2: To investigate the source of variation in the magnitude of STP among MCNs.
Here it was hypothesized that variation in responses might be accounted for by the basal
synaptic activity, the phenotype of the postsynaptic neuron, be it an OT or an AVP
neuron, or the strength of the stimulation protocol employed.

Aim 3: To examine the time course of the mEPSCs and determine whether HFS alters
characteristics of mEPSCs other than their frequency and amplitude.
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CHAPTER2

METHODS
All experiments were carried out in accordance with guidelines established by the
Canadian Council on Animal Care and were approved by the Memorial University
Internal Animal Care Committee. An effort was made to use only the necessary number
of animals required to yield reliable results.

2.1: Slice Preparation:

Male Sprague-Dawley rats (60-100 g) were deeply anesthetized using halothane prior
to decapitation. The brain was rapidly removed and 250 11m thick coronal sections
containing the SON were generated in a 0-2°C buffer solution composed of the following
(in mM): 87 NaCl, 2.5 KCl, 1.25 NaH2P04, 7MgC12, 0.5 CaCl2, 25 NaHC03, 25
glucose, 30 sucrose, 3 pyruvic acid, and 1 ascorbic acid, bubbled with 95% 0 2, 5% C02
gas. Slices were incubated at 33-34°C for 45 minutes and then at room temperature until
recording in bubbled artificial cerebrospinal fluid (aCSF) composed of the following (in
mM): 126 NaCl, 2.5 KCl, 1.2 NaH2P04, 1.2 MgCl2, 2 CaCl2, 25 NaHC03 , 10 glucose,
1 ascorbic acid.
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2.2: Electrophysiological Recording:

Slices were hemisected, placed into a recording chamber and perfused at 1.5-2.5
mL/min with aCSF at 33-34°C. Whole cell patch clamp recordings were done in the
SON with a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Nystatin
was used as a perforating agent to obtain access unless stated otherwise, where
conventional whole-cell access was used. For nystatin perforated patch recording, the
internal solution contained the following (in mM): 120 K-gluconate, 5 MgCl2, 8 KCl, 10
EGTA, 40 HEPES, 4 Na2-ATP, 0.3 Na-GTP, pH 7.3. Nystatin was dissolved in
dimethyl sulfoxide (DMSO) with Pluronic F127 and added to the internal solution to
yield a final concentration of 450 11g/mL. Glass electrodes had a tip resistance of 2-7 MQ
when filled with the internal recording solution. Series/access resistance of 10-40 MQ
was normally attained within 20 minutes after formation of a gigaohm (1-8 GQ) seal.
For conventional whole cell recording, internal solution consisted of (in mM): 123 Kgluconate, 2 MgCl2, 8 KCl, 0.2 ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9tetraacetic acid (EGTA), 10 N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid
(HEPES), 4 Na2-ATP, 0.3 Na-GTP, pH 7.3. EGTA was increased to 10 mM when
necessary.
Infrared differential interference contrast optics (IR-DIC; DM LFSA, Leica
Microsystems) were used to visualize the SON in the hemisected slice of tissue.
Experiments were conducted in voltage-clamp mode at a holding potential of -80 mV in
the presence of picrotoxin (50 11M) to isolate EPSCs. Input resistance (Rinput) and
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access resistance (Ra) of all cells were monitored every minute by applying a 20 mV
hyperpolarizing pulse for 100 msec. Cells that showed 15% or greater change in these
parameters were not included in the data analysis.
Bipolar tungsten-stimulating electrodes were placed dorsal to the SON in order to
evoke synaptic responses and to apply HFS (one of either 50 pulses at 50 Hz, or 2 sets of
100 pulses at 100 Hz, separated by a 10 second interval). It is unlikely that either
stimulation protocol would have caused any extraneous excitatory input that could have
compromised the integrity of the postsynaptic cell. It has previously been demonstrated
that MCNs of the SON have a strong resistance to glutamate toxicity (Hu eta!., 1992).
All cells had a graded evoked synaptic response to increasing stimulus intensity. The
response giving 50-70% ofthe maximum evoked EPSC was used to apply HFS.
Both evoked EPSCs and spontaneous EPSCs (sEPSC) were completely blocked by
6,7-dinitroquinoxaline-2-3-dione (DNQX; 10 !lM), indicating that they were non-NMDA
receptor mediated. Previously reported experiments illustrated that while the evoked
EPSCs are abolished by tetrodotoxin (TTX; 1mM), the sEPSCs are TTX-resistant
(Kabashima et al., 1997, Boudaba et a!., 1997, Schrader and Tasker, 1997, Kombian et
a!., 2000). This may be due to the nature of the coronal slice preparation in those
experiments in that the soma of the afferent neurons to the SON are severed, therefore
preventing any generation of action potential firing that would propagate down to the
presynaptic terminal. In contrast, sEPSCs recorded in this preparation were equivalent to
miniature EPSCs (mEPSC). In this study all recordings were done without TTX because
STP induction is dependent on high frequency action potential firing of the presynaptic
fibers (Kombian et al., 2000). All data were collected using pClamp 9 software
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(Molecular Devices, Sunnyvale, CA). Membrane currents were acquired at a 2-10 KHz
sampling rate, filtered at 1 KHz, and stored for offline analysis.

2.3: Data Analysis:

Miniature EPSCs (mEPSCs) were detected visually using Mini Analysis 6.0 software
(Synaptosoft, Decatur, GA). mEPSCs clearly standing out from the background noise
were selected based on shape, those demonstrating a fast (1-2 msec rise) and an
exponential decay (5-1 0 msec) being the prototype for consideration. In the case of
amplitude analysis for mEPSCs, only those currents showing a clearly defined baseline
and peak with a smooth rise slope were used. Any events showing overlap with other
events were not used if the baseline to peak was not clear. In all cells, at least the first 8
minutes following recording were analyzed, and whenever possible, more. In cases
where a pharmacological manipulation was carried out and a change in input resistance
occurred or a change in membrane potential arose, analysis was truncated. Evoked
EPSCs were measured using Clampfit 9.2 (Molecular Devices, Sunnyvale, CA).
Statistical comparisons were performed by using appropriate tests, i.e. KolmogorovSmimov test for individual cells, two-way repeated measures ANOVA for multi-factor
paired group data, two-way ANOVA for multi-factor unpaired group comparisons, and
unpaired or paired Student's t tests for group comparisons as appropriate. A value of p <
0.05 was considered significant.
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Time-effect plot of the frequency of mEPSCs obtained from individual cells were
fitted with one or two-exponential curves using Prism 4 (GraphPad Software Inc.). The
half-life of each exponential component was also calculated using the software.
Following stimulation, amplitude and frequency were considered back to baseline
once they fulfilled two criteria: there had to be three consecutive minutes during which
the amplitude and/or the frequency were between 90-110% of baseline using normalized
data, and also, statistical analysis using the Kolmogorov-Smimov test had to no longer be
statistically significant in that same series of three minutes.

2.4: Drugs:

All drugs were bath-perfused (with the exception of EGTA) at final concentrations by
dissolving aliquots of stock in aCSF. The solvents were diluted at least by 1000 times.
All compounds were purchased from Sigma-Aldrich (St. Louis, MO), except DNQX,
D(-)-2-amino-5-phosphonopentanoic acid (D-APV) both from Tocris Bioscience
(Ellisville, MO), EGTA from OmniPur, and Pluronic F127 from BASF.
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CHAPTER3

RESULTS

3.1 : MCN Identification and Response to HFS

Whole-cell patch clamp recordings were performed in 38 magnocellular neurons
(MCNs) of the SON. Putative MCNs were initially identified by their large size, tight
juxtaposition to one another, and location immediately lateral to the optic chiasm.
Electrophysiologically, all MCNs were identified based on the characteristic delayed
onset to action potential generation in response to a depolarizing current injection (Fig.
1A; Tasker and Dudek, 1991; Armstrong, 1995). Putative OT neurons were identified by
the presence of both an inward rectification as well as a sustained outward rectification to
a series of hyperpolarizing steps from more depolarized potentials (200 msec steps
starting at -40 mV down to -130 m V in 10 m V increments; Fig. 1B), while AVP neurons
were classified by an absence of rectification, displaying a linear current-voltage
relationship to the same protocol (Fig. 1C; Stem and Armstrong, 1995, Hirasawa et al.,
2003).
Two stimulation protocols to excitatory afferents were effectively employed in this
study (50 Hz, once for 1 s; 100Hz, twice for 1 s), and both reliably generated STP. In all
of the cells tested, a robust increase in the frequency and the amplitude of mEPSCs
typically lasting between 3 and 20 minutes was observed (Fig. 2A). While the initial
magnitude and duration of potentiation varied among cells, within a given cell, mEPSC-
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STP was reversible and reliably reproduced by repeated application ofHFS as shown
previously (Kombian, et al., 2000; data not shown). The number and size ofmEPSCs
were dramatically elevated immediately after HFS, a response which was still evident
minutes later, as compared to control (Fig. 2B, C, and D). The recordings performed
herein suggest that this is a property of the excitatory afferents for both AVP and OT
neurons as previously reported (Kombian et al., 2000).

3.2: Frequency increase following HFS

Immediately following HFS, mEPSC frequency increased, reaching approximately
30- to 40-fold in the first minute, and typically returned to baseline within 20 minutes in a
two phase exponential fashion (Quinlan, et al., 2008). No statistical differences between
the 50 Hz and 100 Hz stimulation protocols were seen in the frequency response (Fig.
3A; n= lO and 11 for the 50 Hz and 100Hz protocols, respectively). Although most cells
show a smooth decay to baseline (13/21 control cells) (Fig. 3B), a significant proportion
display a noticeable second peak in the frequency time-effect plot, defined as a
resurgence in mEPSC frequency following an initial decay, within 3-5 minutes post HFS
(8/21 control cells) (Fig. 3C).
Variation in the peak magnitude (1 51 minute post-HFS) and duration ofthe STP may
have stemmed from the intercellular variation in the baseline value of frequency since the
measured value was normalized to the mean baseline in order to obtain the magnitude of
changes. The basal mEPSC frequency for cells recorded was 1.34 Hz ± 0.81 (n=2 1)
which rose to 36.29 Hz± 18.86 (n=21) in the first minute following HFS. A linear
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regression analysis was used to address whether or not the frequency of mEPSCs in the
control period (baseline) was correlated with the percent change of frequency in the first
minute following stimulation, as well as the duration of potentiation of mEPSC
frequency. The frequency ofmEPSCs during control was negatively related to the
percent change during the first minute (Fig. 4A; p < 0.01 ; r2 = 0.3463 ; n = 21) which in
turn was positively related to how long the frequency potentiation persisted (Fig. 4B; p <
2

0.02; r = 0.2700; n = 21) but no direct relationship was seen with the frequency of
mEPSCs during control and the duration of the frequency potentiation (Fig. 4C; r2 =
0.01943 ; n =21).

3.3: Amplitude increase following HFS

The amplitude of mEPSCs following HFS also significantly increased at this synapse,
although percentage effects are much smaller than the increases in frequency. The
amplitude response is variable between cells but no significant differences are seen
between the averaged responses from the 50 Hz and 100 Hz protocols in this parameter
(Fig. 5A; n = 10 and 11 for the 50 Hz and 100Hz protocols, respectively). Since 50 Hz
and 100 Hz stimulation protocols induced a similar STP of frequency and amplitude, data
obtained using these protocols were pooled for the rest of the study.
Following HFS, the average amplitude per minute ofmEPSCs increased
approximately 140% of control levels in the first minute. The basal mEPSC amplitude
was 20.27 pA ± 5.3 which rose to 30.38 pA ± 7.1 (n = 21). It is clear that during the first
few minutes following HFS the distribution histogram obtained from every cell analyzed
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became more skewed to the right, indicating the presence of larger mEPSCs as compared
to control (Fig. 58-I and B-II). Upon visual inspection, 16 out of 21 cells clearly
revealed the presence of multiple peaks that are roughly equal in distance from the first
peak immediately following stimulation in amplitude distribution histograms (Fig. 5C-II),
a response seen by Kombian et al. (2000) who determined that they were equidistant
from the first peak and conformed to a Gaussian distribution.
As with frequency, the measured amplitude was normalized to the mean baseline
value in each cell in order to obtain the magnitude of amplitude response during STP.
Therefore, variation in the degree of response of mEPSC amplitude may also stem from
the intercellular variation in the baseline value for amplitude. Linear regression analysis
revealed that there was a negative correlation between the mean amplitude of events in
the control period and the percent change during the first minute following HFS (Fig. 6A;
p < 0.01 ; r2 = 0.3084; n = 21). Also, the maximum amplitude response to HFS was
related to how long the amplitude remained elevated (Fig. 68; p < 0.01; r

2

= 0.3281; n =

21 ). However, there was no significant relationship between the mean amplitude of
events in the control period and the duration of the amplitude response directly (Fig. 6C;
r2 = 0.03068; n = 21).
Thus, these analyses have shown that both the frequency and amplitude of mEPSCs
in the control period were related to the magnitude of their increase in the first minute
following HFS, which in turn was related to the durations of frequency and amplitude
responses, respectively.
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3.4: Comparison of mEPSC Frequency and Amplitude During STP

Amplitude and frequency increase after HFS (ampSTP and freqSTP, respectively),
but it was unknown whether there was a relationship between the time course of these
two forms ofSTP. Based on the somewhat differing magnitude of responses and large
variability in both parameters between cells, it was hypothesized that the duration of
freqSTP would be independent of the duration of ampSTP. To test this hypothesis, a
linear regression analysis of the time it took mEPSC frequency to return to baseline
versus the time it took mEPSC amplitude to return to baseline was performed. MCNs
were only included in this analysis if both parameters had fully recovered by the end of
recording. It was found that there was no significant relationship (Fig. 7 A; r2 = 0.03263;
n = 8). Comparisons were also made between the magnitudes of each parameter
(responses during the

1st

min) to determine if the cells which had large frequency

increases also had large amplitude increases and it was found that there was no
relationship (Fig. 7B; r2 = 0.01031 ; n = 21 ). Therefore, in response to HFS it appears that
STP is characterized by two components; potentiation of mEPSC frequency and of
mEPSC amplitude, both persisting for minutes after stimulation but with independent
time courses and degrees of response.

3.5: Extended Amplitude and Frequency STP

In this investigation it was found that 8 out of 17 MCNs demonstrated an extended
amplitude potentiation (extended ampSTP; a persistent amplitude increase which outlasts
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the enhancement in frequency response) while 9 out of 17 MCNs demonstrate an
extended frequency increase (extended freqSTP; a persistent frequency increase which
outlasts the enhancement in amplitude response). In 4 cells, the duration of the mEPSC
amplitude response and the duration of the mEPSC frequency response were unable to be
determined because the recordings were terminated before either parameter had returned
to baseline levels (Fig. 8A).
Dissociation of the mEPSC amplitude and frequency responses allowed an
opportunity to investigate the mEPSC amplitude increase without any influence from the
frequency increase. Group data for the extended ampSTP group showed an average
baseline amplitude of 18.56 pA ± 5.83 (n = 8), an average immediate post HFS amplitude
of30.78 pA ± 6.05 (n = 8), and an average amplitude of24.31 pA ± 6.33 at the time point
where frequency has fully recovered (Fig. 8B; n = 8; one-way repeated measures
ANOVA; p<0.001). Miniature EPSCs both immediately after stimulation as well as
when frequency had returned to baseline (late post HFS) were larger than control (n = 8;
p < 0.01 and p < 0.01 , respectively; student paired t-test), while no difference was seen
between mEPSCs immediately post HFS and late post HFS.
Figure 9 shows expanded traces from three time points in a recording of a cell that
displays a dramatic increase in the size of mEPSCs that remained elevated after the
frequency returned to baseline. Distribution histograms of mEPSC amplitude show that
during control most rnEPSCs were clustered around approximately 20 pA (Fig. 1OB) but
immediately after stimulation many larger EPSCs appeared with some as large as 100 pA
(Fig. 1OC). These large events persisted even 5 minutes after frequency had returned to
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baseline (Fig. 1OD). These histograms indicate that the relative distribution of individual
mEPSC amplitude during extended ampSTP is similar to that of 1-3 min post-HFS.

3.6: Extended Frequency and Amplitude Responses Not Unique to
Phenotype or Stimulation Protocol

Since approximately half of the cells demonstrated an extended freqSTP while the
other half demonstrated an extended ampSTP, it was reasoned that it could be due to the
neuronal phenotype of the postsynaptic cell. What was found was that out of three
putative OT neurons in which the recovery to baseline levels was followed, two showed
an extended freqSTP while one showed an extended ampSTP (Fig. IIA). Out of seven
putative A VP neurons, four showed an extended freqSTP while three showed an
extended ampSTP (Fig. liB). The electrophysiological fingerprint of the remaining 7
cells showed either exclusively a sustained outward rectification (2 out of 7) or
exclusively an inward rectification (5 out of 7), and therefore could not be classified as a
putative OT or AVP neuron and thus were not used in the analysis of phenotype. Overall
the results suggest that the variation in the time course of STP following HFS is not a
consequence of the neuronal phenotype of the postsynaptic cell.
It was then thought that the two responses, either the extended freqSTP or the
extended ampSTP could be arising as a consequence of the stimulation protocol used to
deliver the HFS since both 50 Hz (1 s, once) and 100Hz (1 s, 2 times) had been
employed. Though no detectable differences were seen between these two conditions
when examining the overall frequency and amplitude responses, these analyses did not
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rule out the possibility that the extended responses (extended freqSTP or extended
ampSTP) could be arising as a consequence of one or the other stimulation protocols.
However, it appeared that both extended freqSTP and extended ampSTP were seen using
both types of stimulation protocols: 3 out of 10 cells in the 50 Hz condition showed an
extended freqSTP, 4 out of 10 showed a extended ampSTP (Fig. 11C); 6 out of 11 cells
in the 100Hz condition had an extended freqSTP, 4 out of 11 had an extended ampSTP
(Fig. 11 D). From this it was concluded that the type of stimulation protocol used did not
affect whether the cell responds with an extended freqSTP or an extended ampSTP.

3.7: The Postsynaptic Calcium is not Required for the Induction or
Expression of STP

Removal of external calcium altogether completely blocked STP, including both the
extended freqSTP as well as the extended ampSTP, meaning both responses depend on
calcium entry (Fig. 12 and 13). Therefore, the next goal was to determine the locus of the
calcium requirement, specifically the role ofNMDA-receptor activation, as well as
postsynaptic calcium. In order to test the dependence of either extended freqSTP or
extended ampSTP on NMDA receptors, the NMDA receptor antagonist D-AP5 (25 !-LM)
was bath applied for 20 minutes prior to stimulation. HFS in the presence of D-AP5
resulted in STP of both frequency and amplitude of mEPSCs to a similar extent as control
(Fig. 14A and B; n = 4 and 11 for D-AP5 and control, respectively), with 1 out of 4 cells
showing an extended freqSTP and 3 out of 4 showing an extended ampSTP.
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Similarly, inclusion of EGTA (1 0 mM) in the recording pipette to chelate
postsynaptic calcium also resulted in STP of both frequency and amplitude to a similar
extent as a whole-cell control group (Fig. 14C and D; n = 4 and 7 for EGTA and control,
respectively). In addition, both extended freqSTP and extended ampSTP were seen in
this condition, with 3 out of 4 cells showing an extended freqSTP and 1 out of 4 showing
an extended ampSTP, lending support to the fact that STP of either frequency or
amplitude is unlikely to be due to a change in postsynaptic calcium. These
pharmacological manipulations strongly suggest that neither the amplitude nor the
frequency response require calcium signaling in the postsynaptic neuron, but instead
result from changes occurring at the presynaptic terminal given that extracellular calcium
was necessary for STP.

3.8: Kinetics of Large mEPSCs

Thus far it has been found that STP has two components, frequency and amplitude,
and that these components have their own distinct time courses, both of which arise as a
consequence of changes at the presynaptic terminal. The variation in the duration of
these changes among cells does not depend on the phenotype of the postsynaptic cell or
the stimulation protocol used. As part of this thesis project, an attempt to determine the
mechanism behind the extended ampSTP was undertaken.
Changes in the kinetics of mEPSCs can indicate various changes happening at
synapses and possibly help explain the increase in mEPSC amplitude that was seen. For
example, it has been shown that as localized synaptic transmission is induced via
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stimulation at sites progressively distal from the soma, mEPSCs become smaller, with
slower rise times (Bekkers and Stevens, 1996). On the other hand, changes in the decay
time of EPSCs can signify a change in the rate of transmitter clearance from the synaptic
cleft or changes in the kinetics of postsynaptic receptors, both of which could result in
larger mEPSCs (Stem, et al., 2000; Edmonds et al., 1995). To determine whether the
large mEPSCs arising following HFS had different kinetics, mEPSCs were separated into
groups according to three different criteria. The first group was comprised of mEPSCs
before HFS, ofwhich over 85% were 20 pA or less (control). The second group was
comprised ofmEPSCs post-HFS which were present after frequency returned to baseline
and were no larger than 20 pA (late-post HFS small). The third group was also
comprised of mEPSCs post-HFS which were present after frequency had returned to
baseline but were 40 pA or greater (late post-HFS large). Differences in 10-90% rise
times were observed between the groups (Fig. 15A; p < 0.05 ; one-way repeated measures
ANOVA; n = 8) and it was found that the late large mEPSCs had faster rise times than
the mEPSCs during control (Fig. 15A; p < 0.02; students paired t-test; n = 8). In contrast
no detectable differences were observed in the rate of decay in the three groups outlined
above (Fig. 15B). This suggests that the mEPSCs with larger amplitude and faster rise
times occurring late post-HFS may be arising from the activation of previously inactive
synapses more proximal to the postsynaptic neuron.
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3.9: Sustained Amplitude Increase and Multiquantal Transmitter
Release

Analysis of the amplitude distribution histograms from cells with an extended
ampSTP revealed that 4 out of 8 cells clearly showed the presence of multiple peaks late
post HFS when frequency had returned to baseline. This is highly indicative of
multiquantal transmitter release. Figure 16 is an example of a cell showing this effect. In
contrast, the other 4 cells which did not show apparent multiple peaks looked more
similar to the example shown in Figure 10. In addition, one of the four cells in the EGTA
condition and one of the four from the D-AP5 condition also showed multiple peaks,
suggesting that this phenomenon is not at the locus of the postsynaptic cell. Given that
this phenomenon is seen in every cell immediately post-HFS (Kombian et al., 2000) it is
plausible that the multiple peaks we see in the amplitude distribution histograms of the
extended ampSTP arise from the same mechanism, just at a later timepoint.
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CHAPTER4

DISCUSSION

4.1: Summary

The present work supports previous findings (Kombian et al., 2000) that HFS of
excitatory afferent inputs to the SON induces a STP of both mEPSC frequency and
amplitude. Miniature EPSC frequency increases 30-40 fold following stimulation while
amplitude increases to about 140% of control.
Responses between cells were variable in both magnitude and duration. It was found
that both the frequency and the amplitude of mEPSCs before stimulation were negatively
related to their percent increase after stimulation, indicating that the greater the initial
value, the smaller the level of potentiation, as would be expected. In contrast, the initial
magnitude of STP (both frequency and amplitude) was positively correlated with how
long each response persisted. Comparisons between the duration of freqSTP and
ampSTP revealed that the time courses between the two parameters were not related,
supporting the idea of two independent forms of synaptic plasticity triggered by the HFS.
Cells were grouped according to the duration of the amplitude and frequency responses: a
majority of cells were grouped as mEPSC amplitude response being longer than that of
the frequency or vice versa, while a smaller group of cells had similar time courses.
Analysis of the former two groups revealed that the discrepancies were arising
independently of phenotype, stimulation protocol employed, NMDA receptors, and
postsynaptic calcium. The fact that both freq- and ampSTP were not abolished by a
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postsynaptic calcium chelator, together with the observation that removal of extracellular
calcium prevents induction of STP, strongly suggests that the locus of plasticity is at the
presynaptic terminal.
The kinetics of the mEPSCs were examined both before HFS and upon recovery of
freqSTP, in an effort to explore possible mechanistic changes. It was found that the rise
times in the large mEPSCs which were sustained after frequency had returned to baseline
were faster than small mEPSCs that appeared during the same time frame or during the
control period.

4.2: Frequency Increase Following HFS is Robust

With mEPSC frequency, a very large and obvious response to HFS is seen. It was
previously determined that the frequency response consists of two phases, the first of
which has a large amplitude and fast decay, the second becoming apparent successive to
the first and decaying much more gradually (Quinlan et al., 2008). The initiation of the
frequency response relies on calcium entry into the presynaptic terminal through high
voltage activated calcium channels, while its prolonged duration of increase has been
attributed to mitochondrial calcium sequestration and release (Quinlan et al., 2008). In
the present investigation it was found that the degree of the initial increase following
stimulation is related to how long the response persists. This could be related to the
amount of calcium entering the presynaptic terminal and its subsequent sequestration into
the mitochondria.

38

4.3: Amplitude Increase is Independent of Frequency Increase

AMP A-receptor mediated EPSCs in AVP and OT cells are known to have some
distinct characteristics. It was previously shown that AMP A-receptor mediated mEPSC
amplitude is lower and has a longer decay time in A VP neurons in comparison to OT
neurons, which are characterized by larger mEPSCs that have a faster decay (Burnashev,
1996; Stern et al. 1999). Also, Hirasawa et al. (2003) had previously found that A VP had
two distinct effects on AMP A-induced currents in the SON. On A VP neurons, A VP
caused a decrease in evoked EPSCs and AMP A-induced currents, while it facilitated
these same currents in OT neurons. For this reason, one of the first lines of investigation
was to determine if either the OT or AVP neuron was more prone to respond with either a
longer frequency change or a longer amplitude change. The possibility existed that
presynaptic terminals impinging on AVP or OT neurons had different properties that
manifest as distinct durations of amp- and freqSTP in response to HFS. However, in
electrophysiologically identified A VP and OT cells this was not the case and that
phenotype of MCNs is not a factor in the different responses to HFS.

4.4: Synaptic Plasticity of mEPSCs vs. Evoked EPSCs

Panatier et al. reported a long-term potentiation (LTP) of the amplitude of evoked
EPSCs in the SON by using an intense HFS somewhat similar to our current study, i.e.
100 Hz, 1 sec, 4 times applied in current clamp mode (Panatier et al., 2006). Evoked
EPSC-LTP is dependent on NMDA receptor activation and postsynaptic calcium
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(Panatier et al., 2006). In this thesis, a holding potential of -80 m V was used for all of the
experiments, which would prevent the activation ofNMDA receptors on the postsynaptic
cell. To eliminate the possibility that NMDA receptors on neighboring cells that are
activated during HFS can somehow signal to modulate the excitatory synapses under
investigation, the NMDA receptor antagonist D-AP5 was bath applied and it was found
to have no effect on the amplitude increase of mEPSCs during STP. Furthermore, EGTA
in the recording pipette also failed to block the amplitude response, a condition that has
been shown to block evoked EPSC-LTP. Collectively, it is clear that the amplitude
component of mEPSC-STP is not a byproduct of evoked EPSC-LTP but is a form of
synaptic plasticity in its own right with a distinct mechanism of induction.

4.5: Amplitude Increase and Presynaptic Change

Conventionally, changes in rnEPSC frequency have been attributed to changes
occurring presynaptically, while changes in mEPSC amplitude have been attributed to
postsynaptic change. This study challenges this idea, as the large amplitude mEPSCs we
see in response to HFS seem to be arising from the presynaptic terminal. This is evident
from two experimental results. Firstly, removal of extracellular calcium completely
abolished any response to HFS, and secondly, inclusion ofEGTA in the recording pipette
and hence the postsynaptic cell failed to block the response, though it should be
mentioned that EGTA is a slow acting, high capacity calcium chelator, and therefore, the
speed of EGTA chelation may not completely remove the influence of postsynaptic
calcium. However, several studies have also found changes in mEPSC amplitude as a
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result of presynaptic changes in several brain areas such as the hippocampus (Tong and
Jahr, 1994; Liu et al., 1999), cultured cortical neurons (Prange and Murphy, 1999), the
cerebellum (Auger et al., 1998; Llano et al, 2000), and the PVN ofthe hypothalamus
(Gordon and Bains, 2005).
Gordon and Bains (2005) have shown at excitatory synapses onto MCNs in the PVN
that noradrenaline (NA) induces a rapid and robust increase in mEPSC amplitude which
persisted for 10 to 20 minutes and then decreased to a new but elevated mean of 20%
greater than baseline. This was due to activation of a. 1-adrenoceptors and occurred
independently of postsynaptic calcium which can cause AMPA-receptor insertion
(Gordon and Bains, 2005). It is possible that in this thesis, the HFS used to stimulate
glutamatergic afferents to the SON is also stimulating NAergic afferents. It is known that
viscerosensory input is conveyed to the SON predominantly by NAergic fibers from the
nucleus tractus solitarius and ventrolateral medulla which has a strong role in modulating
the hypothalamic-pituitary-adrenal axis (Rinaman, 2007). Because there is most likely a
variation in the density ofNA afferents and the direction of their inputs to each MCN, it
is reasonable to concede that some cells recorded in this study may receive more
noradrenergic afferents than others. Furthermore, the positioning of the stimulating
electrode relative to the recorded cell was not uniform. These discrepancies may possibly
account for the variation in amplitude response between cells. Future studies could
evaluate this possibility with an a. 1-adrenoceptor antagonist.
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4.6: Mechanism Behind the Amplitude Increase in mEPSCs

The amplitude increase immediately following HFS in the SON was previously
suggested to be a result of multiquantal transmitter release, which is defined as the
synchronization of transmitter release from multiple vesicles, and this was due to the fact
that amplitude distribution histograms of the data revealed the presence of multiple
equidistant peaks (Kombian et al., 2000). This was also found in the experiments in this
thesis. Given that mEPSC frequency is so high during this time point, large numbers of
quanta are being released as a consequence of abundant calcium entry into the
presynaptic terminal (Quinlan et al., 2008). However, in about half of our cells, there are
still large mEPSCs seen even at a later time point when mEPSC frequency has
diminished. Some of these also show the presence of multiple peaks in amplitude
distribution histograms suggesting that this is also due to multiquantal release. In the
case of the large amplitude mEPSCs seen in response to NA application in the PVN, the
authors also found this to be arising as a consequence of multiquantal transmitter release
occurring for tens of minutes following the briefNA application (Gordon and Bains,
2005). They attribute this response to presynaptic endoplasmic reticulum calcium stores
and show that extracellular calcium is not required (Gordon and Bains, 2005). The
endoplasmic reticulum (ER) calcium store is filled during neuronal activity and serves as
a calcium reservoir. Calcium release from the ER is known to contribute to presynaptic
calcium transients and enhance spontaneous neurotransmitter release in some synapses
(Llano et al., 2000; Emptage et al., 2001). Thus, at the SON synapse, it is possible that
this calcium source could function in the potentiation of amplitude, even though it was
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found to have no effect on the frequency (Quinlan eta!., 2008). In addition, it is possible
that the mitochondria, which were shown to be responsible for generating the second
phase of the frequency increase during STP (Quinlan 2008), may be responsible for the
persisting amplitude increase via storage and subsequent release of calcium.
Though multiquantal transmitter release seems quite plausible as the mechanism
behind the amplitude increase, these larger mEPSCs also showed faster rise times. It has
been shown that as localized synaptic transmission is induced via stimulation at sites
progressively distal from the soma mEPSCs become smaller, with slower rise times
(Bekkers and Stevens, 1996). This suggests that these larger mEPSCs could have also
been caused by the activation of a previously silent proximal synapse, or by the
strengthening of a proximal synapse that was only weakly active. However, if it is the
activation of a silent synapse, it would also be expected that the frequency would be
somewhat enhanced. As frequency has returned to baseline levels, making any definitive
conclusions regarding the change in rise times that are seen should be done with caution.
There could be calcium-independent changes occurring which could involve the
switching of receptor subunits at the postsynaptic membrane. More work needs to be
done to investigate the faster rise times seen in these experiments before any conclusions
can be made.

4.7: Other Possibilities

Though evidence has been found here to suggest that the larger mEPSCs could be due
to some combination of multiquantal transmitter release and activation of proximal
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synapses, other factors may account for this response as well. Variability in the number
of transmitter molecules in a vesicle would also cause a change in the response to a
quantum (Liu, 2003). Activity levels have been shown to cause homeostatic changes in
the presynaptic filling of both glutamatergic and GABAergic vesicles in cultured neurons
(Hartman et al 2006; Wilson et al 2005). In this thesis however, this idea has not been
investigated and therefore this possibility cannot be ruled out.
It is also possible that the persistent amplitude increase could also be a result of the
synchronizing of transmitter release from multiple release sites following stimulation, a
phenomenon called spatial summation. This is quite unlikely, however. In the analysis
of amplitude, only those mEPSCs that had a smooth rise from baseline to peak were
included. In order for spatial summation to account for the amplitude increase, quanta
from multiple synapses to the same MCN would have to be released at a precise time
point, down to the submillisecond. Given that by the time frequency returns to baseline,
mEPSCs are only occurring at 1-2Hz, so the likelihood ofthis happening so frequently
and consistently between cells is low.
The idea that the persistent increase in size of the mEPSCs was due to a reduction in
glutamate clearance leading to increases in ambient glutamate was also considered. This
has been seen in instances such as when glial processes are withdrawn from around the
neurons in the SON (Oliet, et al., 2001) and also in the case ofmultiquantal transmitter
release (Gordon and Bains, 2005). However, if removal of glutamate occurs at a slower
rate from the synapse, this likely would have been associated with a slower decay of the
mEPSC (Edmonds et al., 1995). As there was no change in the decay rate of the
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mEPSCs, the likelihood of the persistent amplitude increase arising from a reduction in
transmitter clearance is also low.

4.8: Conclusion and Physiological Relevance

In these experiments, the differing time courses of the mEPSC frequency potentiation
and amplitude potentiation in response to HFS suggests that these are two separate forms
of synaptic plasticity. The frequency response has been well characterized previously,
but here it is also revealed that the amplitude potentiation is not merely a by-product of
the frequency response, but rather its own unique form of plasticity.
More needs to be clarified with reference to the mechanism behind the amplitude
potentiation. Here some of the possibilities have been highlighted. Since preliminary
data suggests that both multiquantal transmitter release as well as proximal synapse
activation could be occurring, it is possible that there are multiple mechanisms involved
in generating this response. Attention should be paid to NAergic signaling, while other
investigations could seek to clarify the role of internal calcium stores in the presynaptic
terminal. The endoplasmic reticulum and/or mitochondrial calcium could be causing
long term effects on mEPSC amplitude.
Given that individual mEPSCs have been shown to be capable of generating action
potentials, and that the MCNs of the SON have very high input resistances, small
increases in excitation manifested as a doubling in size of mEPSCs in these neurons
could have a large effect on MCN activity and influence hormonal release. Therefore the
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amplitude potentiation which has been revealed here is likely a physiologically relevant
form of synaptic plasticity and warrants further investigation.

46

A

e==z.
• fl

:

20 AI$1X

-

IOOpA

20m~

BI

CI
~;

~~Hi~~~~~~~~

~

_ j 100pA

_ j 200 pA
10

II

20 111Sl"C

lllSCC

I

l

J

II

I

l

J

_ j lOmV

_ j 20 mV

20 mscc

10 mscc

III

III

0

-100
- 100

<
,e,

<
..=: -200

- -200

-

-300
-300
-ISO

- 100

-SO
Y (mY)

-400
- ISO

-100

-SO
V(mV)

Figure 1: MCNs have distinct electrophysiological properties. A) Current clamp trace
from a representative MCN showing the characteristic electrophysiological distinctions
of IA-current (red arrow) and 111-current (blue arrow). Current protocol is indicated below
with dotted lines marking start and end times of the protocol on the trace. B) Distinguishing characteristics of putative OT neurons. I) Voltage-clamp trace from a representative
putative OT neuron showing sustained outward rectification and inward rectification in
response to hyperpolarizing voltage steps (II), yielding a sigmoidal I-V relationship on
an I-V plot (III). Data points are averages of 3 time points along the trace. C) Distinguishing characteristics of putative AVP neurons. I) Voltage-clamp trace from a representative
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Figure 2: Short-term potentiation (STP) in the SON. A)Voltage-clamp trace from a representative cell held at -80 mY shows that HFS (50 Hz for I s) of the excitatory afferents to
the SON results in potentiation of mEPSCs which persists for several minutes. Arrow denotes time of HFS delivery. B, C, & D) Expanded voltage clamp traces from the same
cell as above illustrate the frequency and amplitude of mEPSCs during the control period,
2 minutes following and 6 minutes following HFS.
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