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ABSTRACT OF THE DISSERTATION

Muscarinic Modulation of Pyramidal Cell Excitability and
Long Term Potentiation

Across Dorsal-Ventral Axis of Mouse Hippocampus.

Shekib Ahmad Jami

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology

University of California, Los Angeles, 2018

Professor Thomas J. O’Dell, Chair

Behavioral, physiological, and anatomical evidence indicates that the dorsal and ventral
zones of the hippocampus have distinct roles in cognition. How the unique functions of these zones
might depend on differences in synaptic and neuronal function arising from the strikingly different
gene expression profiles exhibited by dorsal and ventral CA1 pyramidal cells is unclear. To begin
to address this question, | investigated the mechanisms underlying differences in synaptic

transmission and plasticity at dorsal and ventral Schaffer collateral (SC) synapses.



Strikingly, although basal synaptic transmission is similar, SC synapses in the dorsal and
ventral hippocampus exhibit markedly different responses to theta-frequency patterns of
stimulation. In contrast to dorsal hippocampus, theta-frequency stimulation fails to elicit
postsynaptic complex-spike bursting and does not induce LTP at ventral SC synapses. Moreover,
EPSP-spike coupling, a process that strongly influences information transfer at synapses, is weaker
in ventral pyramidal cells. All of these differences in postsynaptic function are due to an enhanced
activation of SK-type K* channels that suppresses NMDA receptor (NMDAR)-dependent EPSP
amplification at ventral SC synapses. Consistent with this, mMRNA levels for the SK3 subunit of
SK channels are significantly higher in ventral CA1 pyramidal cells. Together, my findings
indicated that a dorsal-ventral difference in SK channel regulation of NMDAR activation has a
profound effect on the transmission, processing and storage of information at SC synapses and
thus likely contributes to the distinct roles of the dorsal and ventral hippocampus in different
behaviors. SK channel activity at dendritic spines is strongly down-regulated by p-adrenergic
(Carter et al. 2012) and muscarinic receptor activation (Buchanan et al. 2010; Giessel and Sabatini
2010). Thus, in addition to coincident pre- and postsynaptic activity, the induction of LTP at SC
synapses in the ventral hippocampus may be highly state-dependent and require the release of
modulatory neurotransmitters, such as norepinephrine or acetylcholine, to overcome the SK
channel inhibition of NMDAR activation. Experiments in this dissertation focus on muscarinic
neuromodulation of dorsal and ventral hippocampus and its effect on pyramidal cell excitability

and LTP across dorsal-ventral axis of mouse hippocampus.
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Introduction

The ability of excitatory synapses to undergo long-lasting changes in strength following
certain patterns of synaptic activity is thought to provide a cellular mechanism for storing new
information during memory formation. This phenomenon is an especially prominent feature of
excitatory synaptic transmission in regions of the brain involved in learning and memory, such as
the hippocampus. For example, in the CA1 region of the hippocampus brief periods of high-
frequency synaptic activity and subsequent increases in intracellular Ca?* induce a robust and
persistent increase in the strength of synaptic transmission known as long-term potentiation (LTP).
Although the mechanisms responsible for LTP are not completely understood, activation of protein
kinases (such as aCamKII and ERK2) that potentiate synaptic strength by enhancing the activity
of postsynaptic AMPA type glutamate receptors (AMPAR) is thought to have a central role
(Malenka and Bear, 2004; Brigman et al., 210). In contrast, bouts of low-frequency synaptic
activity induce a lasting inhibition of synaptic transmission known as long-term depression (LTD)
and, like LTP, the induction of LTD requires NMDAR activation and increases in postsynaptic
calcium (Collingride et al., 2010; Dudet et al., 2009; Mulkey et al., 1992). Genetic and
pharmacological manipulations that disrupt LTP and LTD have profound effects on learning and
memory, supporting the notion that these forms of synaptic plasticity serve as cellular mechanisms

involved in memory formation.

In the hippocampus, LTP and LTD are induced by activation of postsynaptic NMDA type
glutamate receptors. Traditionally, these receptors were thought of in very simple terms, i.e. once
activated by glutamate, NMDA receptors were thought to signal simply by allowing the influx of

Ca?" ions into the postsynaptic cell. Our view of NMDA receptors has changed over the last few



years, however, with the realization that these receptors are in fact part of a much larger complex
of proteins. Within the postsynaptic density of excitatory synapses, NMDARSs are associated with
a large number of adaptor proteins and downstream signaling molecules through protein
interactions mediated by the C-terminal tails of their GIuN2 subunits. These protein interactions
might provide a mechanism whereby conformational changes associated with glutamate binding
could activate downstream signaling pathways. A recent study found that LTD is not inhibited by
MK-801, an uncompetitive antagonist that blocks NMDAR channels (Nabavi et al, 2013). This
suggests that LTD involves a metabotropic form of NMDAR signaling where, in a manner similar
to mGIuR signaling, conformational changes in NMDARs induced by glutamate binding can
directly activate downstream signaling pathways. Thus, the notion that NMDARs are capable of
metabotropic-like signaling and that this form of NMDAR signaling might have an important role
in synaptic plasticity is an intriguing possibility. Consistent with a large body of previous results,
all of which support a crucial role for NMDAR-mediated Ca?* signaling in LTD our results in
Chapter | indicate that ionotropic, rather than metabotropic, NMDA receptor signaling is required

for the induction of LTD in the mouse hippocampus CAL region.

Hippocampus plays an important role in commonly used associative learned behaviors
such as hippocampal-dependent contextual fear conditioning and novel object recognition (Philips
et al., 1992; Clark et al., 2000). In fear conditioning the animal is placed in a novel environment,
allowed to acclimate, and then presented with a brief tone (CS). At the termination of this non-
aversive tone (CS), an aversive footshock (US) is presented through a grid at the bottom of the
cage. Obviously, if in a conditioning context one administers a foot shock that is paired with a
tone, there will be learning not only to the tone, but also to the context. When tested a time later

the previously non-aversive tone or context will elicit defensive fear response such as freezing
2



(CR). Pre and post training lesion of the hippocampus disrupt acquisition and recall of contextual
fear conditioning whereas cued fear conditioning depends upon both the hippocampus and

amygdala (Clark et al., 2000, Phillips et al., 1992).

Novel object recognition is another hippocampus dependent task that exploits the natural
tendency of rodents to explore novel items and depending on the amount of time that rodents spend
exploring the presented objects. Data indicate that temporary inactivation of hippocampus or
permanent lesion of the hippocampus disrupts object memory in novel object recognition test (de

Lima et al., 2006).

Robust sleep/wake rhythms are important for health and cognitive function. Unfortunately,
many people are living in an environment where their circadian system is challenged by
inappropriate meal- or work-times. In Chapter Il we scheduled food access to the sleep time and
examined the impact on learning and memory in mice by examining hippocampus dependent tasks
such as fear conditioning and novel object recognition. Under these conditions, we demonstrate
that the molecular clock in the master pacemaker, the suprachiasmatic nucleus (SCN), is unaltered
while the molecular clock in the hippocampus is synchronized by the timing of food availability.
This chronic circadian misalignment causes reduced hippocampal long term potentiation and
CREB expression.  Importantly this mis-timed feeding resulted in dramatic deficits in
hippocampal-dependent learning and memory. Our findings suggest that both learning and
synaptic plasticity is regulated by the circadian rhythm and find that misaligning the hippocampal

oscillator from the SCN oscillator by misaligning mealtime is detrimental to learning and memory.

Although the hippocampus has been intensively studied because of its crucial role in spatial
navigation as well as learning and memory, hippocampal lesions also have profound effects on

3



innate fear and anxiety (Deacon et al., 2002; Kjelstrup et al., 2002; Bannerman et al., 2003;
Pentkowski et al., 2006). Intriguingly, these different aspects of hippocampal function are
segregated into distinct anatomical zones, with the dorsal hippocampus having a key role in
memory formation, whereas, the ventral hippocampus is more importantly involved in emotions
and anxiety (Moser and Moser, 1998; Kjelstrup et al., 2002; Bannerman et al., 2003; Fanselow
and Dong, 2010; Strange et al., 2014). Consistent with this functional segmentation along the
dorsal-ventral axis of the hippocampus, both direct and indirect connections link the dorsal
hippocampus to brain regions with roles in spatial information processing and memory, while the
ventral hippocampus has prominent connections with brain regions involved in emotions and
anxiety (see Fanselow and Dong, 2010 and Strange et al., 2014). It remains unclear whether there
are important differences in how synapses, cells, and/or networks within the dorsal and ventral

hippocampus process different patterns of synaptic activity.

In Chapter 11, I investigated the mechanisms underlying dorsal-ventral differences in the
LTP induction using theta pulse stimulation (TPS) patterns of SC fiber stimulation (Thomas et al.,
1998 and find that dorsal and ventral SC synapses exhibit markedly distinct responses to TPS and,
in contrast to dorsal hippocampus, TPS fails to induce LTP at ventral synapses. Excitatory
postsynaptic potential (EPSP) amplification is also strongly reduced at ventral synapses and, as a
result, both EPSP-spike (E-S) coupling and EPSP-evoked complex spike (CS) bursting are
significantly weaker in ventral pyramidal cells. Our results indicate that all of these differences in
postsynaptic function arise from a common mechanism: an enhanced activation of Ca?*-activated
SK-type K* channels that strongly inhibits NMDA receptor (NMDAR) activation at ventral SC
synapses. Together, these findings indicated that a dorsal-ventral difference in SK channel

regulation of NMDAR activation has a profound effect on the transmission, processing and storage
4



of information at SC synapses and thus likely contributes to the distinct roles of the dorsal and
ventral hippocampus in different behaviors. Interestingly, SK channel activity at dendritic spines
is strongly down-regulated by B-adrenergic (Carter et al. 2012) and muscarinic receptor activation
(Buchanan et al. 2010; Giessel and Sabatini 2010). Thus, in addition to coincident pre- and
postsynaptic activity, the induction of LTP at SC synapses in the ventral hippocampus may be
highly state-dependent and require the release of modulatory neurotransmitters, such as

norepinephrine or acetylcholine, to overcome the SK channel inhibition of NMDAR activation.

In Chapter 1V, | examined the postsynaptic effects of muscarinic receptor activation in
CAL1 pyramidal neurons in dorsal and ventral hippocampus in presence of different sub-type
selective, mAchR agonists and antagonists. Consistent with our previous results | found that
although theta-frequency patterns of synaptic stimulation induce robust LTP at SC synapses in the
dorsal CA1 region but not in ventral CA1 region, activation of acetylcholine receptors by non-
selective cholinergic agonist and more selective muscarinic M1 agonist facilitates TPS-induced
LTP at SC synapses in the ventral hippocampus. | also show that EPSP-spike coupling and
NMDAR dependent EPSP amplification is enhanced in ventral SC synapses. These findings
confirm and extend these earlier observations by demonstrating that regional differences in
muscarinic receptor activity provide a mechanism for generating functionally distinct types of
synapses wWhere theta-frequency patterns of synaptic activity can have profoundly different effects

on both synaptic transmission and long-term synaptic plasticity.
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1 CHAPTER I: lonotropic NMDA Receptor Signaling is Required for the Induction of

LTD in the Mouse Hippocampal CA1 Region
1.1 Introduction

Excitatory synapses in many brain regions undergo long-lasting, activity-dependent
changes in synaptic strength. For example, increases in intracellular Ca?* mediated by NMDAR
activation during brief periods of high-frequency synaptic activity induces long-term potentiation
(LTP), a long-lasting enhancement of synaptic strength (LUscher and Malenka, 2012). In contrast,
long-term depression (LTD), a persistent decrease in synaptic strength, is induced by periods of
low-frequency synaptic activity. Although activation of G protein-coupled, metabotropic
glutamate receptors (mMGIuRs) can induce LTD, at many synapses the induction of LTD is

dependent on NMDAR activation and increases in intracellular Ca?* (Collingridge et al., 2010).

The notion that Ca?* signaling has a crucial role in NMDAR-dependent forms of synaptic
plasticity is widely accepted. However, although the induction of LTD is blocked by competitive
NMDAR antagonists (Dudek and Bear, 1992; Mulkey and Malenka, 1992), a recent study found
that LTD is not inhibited by MK-801, an uncompetitive antagonist that blocks NMDAR channels
(Nabavi et al, 2013). This suggests that LTD involves a metabotropic form of NMDAR signaling
where, in a manner similar to mGIuR signaling, conformational changes in NMDARs induced by
glutamate binding can directly activate downstream signaling pathways. Interestingly, the
NMDAR-dependent inhibition of excitatory synaptic transmission induced by amyloid-B (AB)
peptides is also MK-801 insensitive, suggesting that NMDAR metabotropic signaling contributes
to AB-induced synaptic dysfunction in Alzheimer’s disease (Tamburri et al., 2013; Kessels et al.,

2013). In addition, metabotropic NMDAR signaling may mediate activation of p38-MAPK
8



(Nabavi et al., 2013), a protein kinase implicated in both LTD (Zhu et al., 2002) and the

synaptotoxic effects of Ap peptides (Li et al., 2011; Chen et al., 2013).

NMDAR-mediated ionotropic signaling undergoes pronounced changes during early
postnatal development, in part due to developmental changes in the expression of different GIuUN2
type NMDAR subunits (Paoletti et al., 2013). Whether metabotropic signaling by NMDARS is
also developmentally regulated is unclear, however. To examine this question we compared the
effects of MK-801 on LTD induction and NMDA-induced changes in protein phosphorylation in
hippocampal slices obtained from young and adult mice. We find that MK-801 blocks LTD in the
hippocampal CAL region of adult and, surprisingly, young mice. Moreover, LTD induction in the
adult hippocampus is highly sensitive to extracellular Ca?* levels. Thus, ionotropic, rather than
metabotropic, NMDAR signaling is responsible for the induction of LTD during postnatal

development and in the mature hippocampus.

1.2 Materials and Methods
Slice preparation and extracellular recording

Standard methods approved by the University of California, Los Angeles and Stanford
University Institution Animal Care and Use Committees were used to prepare 400 um-thick
hippocampal slices. In experiments done at UCLA slices were obtained from adult (8-12 week old,
male) or young (14-21 day old, male or female) C57BL/6N mice and maintained (at 30°C) in
interface-type chambers perfused (2 — 3 ml/min) with oxygenated (95% 0./5% CO.) ACSF

containing (in mM): 124 NaCl, 4 KCI, 25 NaHCOs3, 1 NaH2POg4, 2 CaClz, 1.2 MgSOs, and 10



glucose. Slices were allowed to recover for > 2 hours prior to an experiment and fEPSPs evoked
by Schaffer collateral/commissural fiber stimulation in the CA1 region were recorded using
techniques described elsewhere (Delgado et al., 2007). Because of the use-dependent nature of the
blockade of NMDARs by MK-801 (Huettner and Bean, 1988), slices were exposed to ACSF
containing MK-801 (10 uM) for > 2 hours prior to the start of an experiment and MK-801 was
present throughout the experiment. To facilitate the induction of LTD in slices from adult mice the
extracellular concentration of Ca?* was increased to 4 mM (Norris et al., 1996; Delgado et al.,

2007).

In experiments done at Stanford, hippocampal slices obtained from CD1 mice (18-21 days
old, male or female) were prepared in a similar manner to C57BL/6N mice. Slices (300 um thick)
were allowed to recover in oxygenated (95% O2/5% CO2) ACSF maintained at 30°C for 1 hr and
then transferred to a holding chamber containing ACSF or ACSF with MK-801 (50 uM) at room
temperature for a minimum of 2 hrs before being transferred to the recording chamber (at 30°C).
To maximize the number of synaptic NMDARs blocked by MK-801 slices were pre-stimulated at
0.2 Hz for 5 min at approximately twice the intensity used to elicit baseline fEPSPs. Picrotoxin

(50 uM) was present in the perfusion solution in all experiments.

Three different synaptic stimulation protocols were used to examine the effect of MK-801
on activity-dependent changes in synaptic strength: (1) 1 Hz low-frequency stimulation (LFS) (900
pulses); (2) 2 Hz LFS (900 pulses); (3) high frequency stimulation (HFS) (4 trains of 100 Hz
stimulation, 1 second in duration, inter-train interval = 20 seconds). We also examined the effect

of MK-801 on LTD using a chemical induction protocol (chem-LTD) (Lee et al., 1998; Delgado
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et al., 2007). In these experiments slices were maintained in a submerged-slice recording chamber

and LTD was induced by a 3 minute bath application of 20 uM NMDA.

Western Immunoblotting

Hippocampal slices or CA1 mini-slices (where CA3 and dentate gyrus were removed
during dissection to isolate the CAL region) were prepared and maintained as described above.
Slices were then placed into two separate interface type chambers and allowed to recover for 2
hours. During this time one chamber was perfused with ACSF, while slices in the second chamber
were exposed to ACSF containing 10 uM MK-801. Several slices from both chambers were then
collected to serve as untreated controls and the remaining slices were collected immediately after
a 3 minute bath application of 20 uM NMDA. Slice homogenates were prepared using techniques
described elsewhere (Delgado et al., 2007) and proteins were resolved on 12% SDS-PAGE gels
and then transferred onto nitrocellulose membranes. Following incubation in primary and
secondary antibodies immunoreactive bands were visualized using enhanced chemiluminesence.
For quantification, all blots were probed with anti-tubulin antibodies and the optical density of

bands of interest were normalized to tubulin levels in each lane to control for variations in loading.

Reagents and Antibodies

NMDA (Sigma-Aldrich, St. Louis, MO, USA), MK-801, and D-APV (both from Abcam,
Cambridge, MA USA) were prepared as concentrated stock solutions in ddH2O. Anti-phospho-
Thr840 GluA1l (1:2,000) and total GIuA1l (1:4,000) antibodies were from Abcam. Anti-phospho-
Ser845 GIuAl (1:1,000) was from Millipore (Billerica, MA USA). Anti-phospho-p38 MAPK

(1:1,000) antibody was from Cell Signaling Technology (Danvers, MA USA). Anti-BIII-tubulin
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(1:20,000) was from Sigma. HRP conjugated secondary antibodies (1:2,000) were obtained from

GE Healthcare.

Statistics

All results are presented as mean + sem. Statistical significance was determined using
paired and unpaired t-tests, one-way ANOVASs or, where appropriate, one-way ANOVAs on ranks.

Student-Newman-Keuls tests were used for post hoc comparisons.

1.3 Results

MK-801 blocks LTD and LTP in hippocampal slices from adult mice.

Blocking NMDAR ionotropic signaling with MK-801 provides a useful approach for
examining ion channel-independent, metabotropic forms of NMDAR signaling (Yang et al., 2004;
Nabavi et al., 2013; Kessels et al., 2013; Tamburri et al, 2013). Thus, to determine whether
metabotropic NMDAR signaling underlies LTD in the CAL region of the adult hippocampus we
first examined whether MK-801 fails to inhibit LTD induced by 1 Hz LFS in slices obtained from
8-12 week old mice. In control experiments fEPSPs were depressed to 77 + 4% of baseline 45
minutes post-LFS (n = 6, p < 0.005 compared to pre-LFS baseline) (Fig. 1-1A). In contrast, LFS
in the presence of the competitive NMDAR antagonist D-APV had no lasting effect on synaptic
strength (FEPSPs were 102 + 4% of baseline, n = 6), indicating that the induction of LTD is

NMDAR dependent (Fig. 1-1A). LTD was also blocked, however, in slices where LFS was
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delivered in the presence of MK-801 (10 uM) (Fig. 1-1A, fEPSPs were 100 + 12% of baseline, n
= 8). Consistent with previous reports (Norris et al., 1996; Delgado et al., 2007), the induction of
LTD in slices from adult animals was sensitive to extracellular Ca* levels as LTD was not induced
by LFS in slices bathed in ACSF containing 2 mM CaCl, (Fig. 1-1B). Thus Ca®*-dependent,
ionotropic NMDAR signaling is required for the induction of LTD in hippocampal CA1 region of

adult mice.

In the CAL region of hippocampal slices from young animals HFS in the presence of MK-
801 induces LTD (Nabavi et al., 2013). Thus, we also examined the effect of MK-801 on HFS-
induced changes in synaptic strength in slices from adult mice. Although MK-801 significantly
inhibited HFS-induced LTP, it did not enable the induction of LTD (Fig. 1-1C, 45 minutes post-
HFS fEPSPs were 164 + 6% of baseline in control experiments, n = 9 and were 111 + 4% of
baseline in MK-801 experiments, n = 8, p < 0.001 compared to control). The small potentiation of
synaptic transmission induced by HFS in the presence of MK-801 was also seen in experiments
where NMDARs were blocked with D-APV (Fig. 1-1C). Together, these data suggest that the
HFS protocol used in these experiments induces a small NMDAR-independent form of
potentiation and that blocking NMDAR channels with MK-801 does not enable HFS-induced LTD

in slices from adult mice.

As a final test for the potential role of metabotropic NMDAR signaling in LTD in the adult
hippocampus we examined whether chem-LTD can still be induced in the presence of MK-801.
Although a 3-minute bath application of 20 uM NMDA induced significant LTD in control
experiments (FEPSPs were 52 + 7% of baseline 50 minutes post NMDA application, n = 6), NMDA

had no effect on synaptic transmission in slices incubated in ACSF containing MK-801 (Fig. 1-
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1D, fEPSPs were 101 + 1% of baseline, n = 4, p < 0.001 compared to control). Thus, like LFS-
induced LTD, chem-LTD is also dependent on ionotropic NMDAR signaling. Indeed, bath
application of NMDA in Ca?*-free ACSF failed to induce LTD (Fig. 1-1E, 50 minutes post NMDA
application in Ca?*-free ACSF fEPSPs were 112 + 8% of baseline, n = 6, compared to 53 + 8% of

baseline in interleaved control experiments, n =6, p < 0.001).
MK-801 blocks LTD in hippocampal slices from young mice.

Because MK-801 readily blocked LTD in hippocampal slices from adult animals we
reexamined the effects of MK-801 on LTD induction in slices obtained from young mice to test
whether LTD is MK-801 insensitive in the hippocampus of young animals (Nabavi et al., 2013).
Surprisingly, MK-801 completely blocked LFS-induced LTD in slices obtained from young
C57BL/6 mice (Fig. 1-2A, fEPSPs were 78 + 5% of baseline 50 minutes post-LFS in interleaved
control experiments, n = 7, but were 99 + 6% of baseline following LFS in the presence of MK-
801, n = 6, p < 0.05 compared to control). Similarly, MK-801 also blocked LTD induced by a
different LFS protocol (900 pulses at 2 Hz) in slices obtained from young CD1 mice (Fig. 1-2B,
fEPSPs were 104 + 6% of baseline following LFS in MK-801, n = 8, compared to 81 + 5% of
baseline in interleaved control experiments, n =8 p < 0.05). Thus, as in adult animals, our results
indicate that NMDAR channel ion flux is crucial for inducing LTD in the hippocampal CA1 region

of young mice.
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MK-801 blocks NMDAR-mediated changes in protein phosphorylation at sites implicated in

LTD.

Because dephosphorylation of AMPAR GIluA1l subunits and activation of p38-MAPK are
thought to contribute to LTD induction (Zhu et al., 2002; Lee et al., 1998, 2000; Delgado et al.,
2007), we also used MK-801 to examine whether metabotropic signaling by NMDARs regulates
p38-MAPK and GIuAl phosphorylation. Although a 3-minute application of 20 uM NMDA
induced a nearly 2-fold increase in p38-MAPK phosphorylation in control, CA1 mini-slices from
adult mice, it had no effect on p38-MAPK phosphorylation in mini-slices incubated in ACSF
containing MK-801 (Fig. 1-3A). NMDA induced increases in p38-MAPK phosphorylation in
slices from young mice were also blocked by MK-801 (Fib. 1.3B). Similarly, MK-801 blocked
NMDA induced dephosphorylation of GIuA1 subunits in slices from adult (Fig. 1-3A) and young
mice (Fig. 1-3B). Thus, ionotropic NMDAR signaling is required for activation of downstream

signaling pathways implicated in LTD in the hippocampus of young and adult mice.
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1.4 Discussion

Within the postsynaptic density of excitatory synapses NMDARs are associated with a large
number of adaptor proteins and downstream signaling molecules through protein interactions
mediated by the C-terminal tails of their GIuN2 subunits (Husi et al., 2000; Paoletti et al., 2013).
These protein interactions might provide a mechanism whereby conformational changes
associated with glutamate binding could activate downstream signaling pathways. Thus the notion
that NMDARs are capable of metabotropic-like signaling is an intriguing possibility. Moreover,
kainate receptors, another type of ionotropic glutamate receptor, are capable of metabotropic
signaling (Lerma and Marques, 2013). However, until recently there have been only a few reports
suggesting that NMDARs might be capable of metabotropic signaling (Yang et al., 2004; Vissel
et al., 2001). Thus, the recent suggestion that a Ca?*-independent, metabotropic form of signaling
by NMDARs underlies the induction of LTD represents a potentially important advance in our
understanding of both synaptic plasticity and NMDAR signaling (Nabavi et al., 2013). However,
in contrast to these findings we find that the induction of LTD is sensitive to extracellular Ca®*
levels and that blocking NMDAR channels with MK-801 blocks LTD. MK-801 also abolished
activation of p38-MAPK and changes in AMPAR GIuAl subunit phosphorylation induced by
NMDAR activation. Thus, our results are consistent with the view that Ca?*-dependent, ionotropic
NMDAR signaling underlies the induction of LTD at Schaffer collateral fiber synapses onto CA1

pyramidal cells in both the adult and young hippocampus.

The reasons for the discrepancy between our findings and those reported by Nabavi et al.
(2013) are unclear. Because of the use-dependent nature of the MK-801 block of NMDAR

channels (Huettner and Bean, 1988), one possibility is that the MK-801 resistant LTD seen in the
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experiments of Nabavi et al. (2013) is due to incomplete block of NMDARSs. This explanation
seems unlikely however as we find that LTD is blocked by 2-10 fold lower concentrations of MK-
801 than those used by Nabavi et al. (2013). Moreover, MK-801 completely prevents the inhibition
of synaptic transmission induced by bath application of NMDA (Fig. 1-1D) suggesting that
spontaneous glutamate release produces sufficient levels of receptor activation to enable inhibition
of NMDARs during prolonged exposures to MK-801. An alternative, albeit unlikely, explanation
is that even if NMDAR-mediated currents and NMDAR-triggered changes in intracellular Ca?*
are undetectable following application of MK-801 (Nabavi et al., 2013), these assays may have
been unable to detect very small currents and more importantly, small increases in Ca?* levels at

the intracellular mouths of the NMDAR channels during LTD induction protocols.

Because our experiments were done using hippocampal slices obtained from mice while
rat hippocampal slices were used in the previous studies (Nabavi et al., 2013) another possibility
is that the role of metabotropic NMDAR signaling in LTD is species dependent. It would be
surprising, however, if such a fundamental property of LTD induction was so different in two
closely related species. Moreover, previous findings have shown that MK-801 not only inhibits
LTD in the mouse visual cortex (Crozier et al., 2007) but also blocks LFS-induced LTD and chem-
LTD in the CAL region of rat hippocampus (Raymond et al., 2003; Kollen et al., 2008). Our
observation that MK-801 blocks NMDA-induced activation of p38-MAPK also contradicts the
role of metabotropic NMDAR signaling in LTD induction (Nabavi et al., 2013), but is consistent
with previous studies showing that MK-801 inhibits NMDA-induced increases in p38-MAPK

phosphorylation in hippocampal neurons (Waxman and Lynch, 2005; Xiao et al., 2011).

17



The ability of MK-801 to inhibit LTD induction is consistent with a number of previous
findings suggesting that LTD induction requires ionotropic NMDAR signaling. For example,
patterns of synaptic stimulation that normally have no effect on synaptic strength can induce LTD
when paired with modest postsynaptic depolarization (Oliet et al., 1997; Ngezahayo et al., 2000)
or dendritic spikes (Holthoff et al., 2004). This property of LTD induction can be readily explained
by the voltage-dependent Mg?* block of NMDAR ion channels but is difficult to understand if
LTD induction involves an ion channel-independent form of NMDAR signaling. In addition, LTD
is blocked by postsynaptic infusions of Ca?* chelators (Brécher et al., 1992; Mulkey and Malenka,
1992; Debanne et al., 1994) and is dependent on Ca?*-activated signaling mechanisms, such as
activation of protein phosphatase 2B (Mulkey et al., 1994) and the neuronal Ca®" sensor
hippocalcin (Palmer et al., 2005). Although the mechanism underlying the block of LTD by Ca?*
chelators has been questioned (Nabavi et al, 2013), it is unclear how a Ca?*-independent form of
NMDAR signaling could account for the key role of Ca?*-dependent signaling pathways in LTD.
Indeed, activation of voltage-dependent Ca?* channels alone can induce a form of LTD that
occludes NMDAR-triggered LTD (Cummings et al., 1996) and the induction of LTD by LFS
occludes the persistent depression of synaptic transmission induced by photolysis of caged Ca?*
chelators (Neveu and Zucker, 1996). Thus, our results are consistent with a large body of previous
results, all of which support a crucial role for NMDAR-mediated Ca?* signaling in LTD. Although
our results do not rule out the possibility that NMDARs are capable of metabotropic signaling,
they do indicate that this form of signaling is unlikely to have an important role in NMDAR-

dependent LTD at excitatory synapses on hippocampal CA1 pyramidal neurons.
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1.5 Figures
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Figure 1-1 MK-801 blocks LTD in the hippocampal CA1 region of adult mice.

A) LTD induced by 1 Hz LFS (open circles, n = 6) is blocked by 10 uM MK-801 (filled circles, n
= 8) or 50 uM D-APV (triangles, n = 6). MK-801 or D-APV were present throughout the
experiment. Traces are superimposed fEPSPs recorded during baseline and 45 minutes post LFS.
B) Changes in synaptic strength induced by LFS in slices bathed in ACSF containing 2 mM CaCl»
(open bar, n =8) or 4 mM CalCl; (filled bars, * p < 0.005 compared to pre-LFS baseline). C) HFS-
induced LTP (open circles, n = 9) is inhibited by MK-801 (filled circles, n = 8) or D-APV
(triangles, n = 6). Traces show superimposed fEPSPs recorded during baseline and 45 minutes post
HFS. D) Chem-LTD is blocked by MK-801. Bath application of 20 uM NMDA induced LTD in
interleaved control experiments (open circles, n = 6) but had no effect on synaptic strength in MK-
801 treated slices (filled circles, n = 4, p < 0.001 compared to control). Traces are superimposed
fEPSPs recorded during baseline and 50 minutes post NMDA application. E) Chem-LTD is
blocked when NMDA is applied in Ca?*-free ACSF (no added CaCly). A 15 min bath application
of Ca?*-free ACSF alone (shaded region) transiently abolished synaptic transmission but had no
lasting effect on synaptic strength (squares, n = 8). Bath application of NMDA induced LTD in
interleaved control experiments (open circles, n = 6) but had no lasting effect on synaptic strength
when applied in Ca?*-free ACSF (filled circles, n = 6). Traces show superimposed fEPSPs recorded
during baseline and 50 minutes post NMDA application in Ca?*-free ACSF (right) in control

experiments (left). Calibration bars are 1 mV and 5 msec (A, D, and E) and 2 mV and 5 msec (C).
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Figure 1-2 MK-801 blocks LTD induction in hippocampal CAL region of slices from young

animals.

A) MK-801 blocks 1 Hz LFS-induced LTD in slices from young C57BL/6 mice (open circles:
interleaved control experiments, n = 7; filled circles: LFS in 10 uM MK-801, n = 6, p < 0.05
compared to control). B) MK-801 blocks 2 Hz LFS-induced LTD in slices obtained from young
CD1 mice. Slices were incubated in ACSF containing 50 uM MK-801 for 2-6 hours prior to 2 Hz
LFS and MK-801 was washed out following LFS (filled symbols, n = 8, p < 0.05 compared to
control). Open symbols: results from interleaved control experiments (n = 8). Traces in A and B
show superimposed fEPSPs recorded during baseline and post LFS in control (bottom) and MK-

801 (top) experiments. Calibration bars are 1 mV and 10 msec (A) and 0.5 mV and 10 msec (B).
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Figure 1-3 MK-801 blocks activation of p38-MAPK and AMPAR GIuAl subunit
dephosphorylation induced by NMDAR activation.

A) MK-801 blocks NMDA-induced increases in p38-MAPK phosphorylation and GIuAl
dephosphorylation at serine 845 and threonine 840 in CA1 mini-slices from adult mice ([Ca®*]o =
4.0 mM, n = 6). Although basal levels of GIuA1 S845 phosphorylation tended to be elevated in
MK-801 treated slices, this difference was not statistically significant (p = 0.065). B) NMDA-
induced increases in p38-MAPK phosphorylation and GluA1 phosphorylation are blocked by MK-
801 in hippocampal slices from young mice ([Ca%*]o = 2.0 mM, n = 5). *p < 0.05 compared to

untreated control slices.
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2 CHAPTER II: Misaligned Feeding Impairs Hippocampus Dependent Memories

2.1 Introduction

The circadian system is a finely tuned network of central and peripheral oscillators headed
by a master pacemaker, the suprachiasmatic nucleus (SCN), which governs daily rhythms in
physiology and behaviour, including cognition. This network regulates cognitive processes (1, 2),
and the neural circuits involved in learning and memory also exhibit circadian rhythms in gene
expression and synaptic plasticity (3-6). Genetic disruption of these molecular oscillations has
severe consequences on cognition (7-9). Environmental perturbations also have the capacity to
disrupt synchrony and misalign this clock network (10-19) and are problematic as many people in

our modern society extend their work and recreation into the night hours.

There has been mounting evidence that the timing of when we eat is critical for our
metabolic health (20, 21). At this point, timing of food intake is well-established to have a major
impact on the phase of the molecular oscillations in peripheral organs such as the liver and pancreas
(22, 23). Mis-timed meals during the sleep phase accelerates weight gain compared with animals
fed during their wake phase (24, 25), whereas wake-phase feeding has a protective effect against
the cardiac and metabolic dysfunction caused by high fat diets (26, 27). Similar disruptive effects
are seen in humans, where misaligned mealtimes produce cardiac and metabolic deficits, leading
to a pre-diabetic state (28). We thus became interested in the possibility that these ill consequences
of eating at inappropriate phases of the daily cycle may also be maladaptive for cognitive function.
In this study, we sought to determine the effects of chronic but stable misalignment of the circadian
network by scheduling access to food at an inappropriate phase of the daily cycle. We demonstrate
that this simple manipulation has far-reaching consequences for learning and memory.
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2.2 Results

Misaligned feeding alters diurnal rhythms of activity and sleep.

Mice were allotted a six hour window in which food was made available either during the
middle of their active (aligned) or inactive (misaligned) phase (Figure 2-1). Mice adapted to the
feeding protocol within 6 days (P = 0.9, Fig. 2-2A) and there were no significant differences in
body weight between the two groups at the time of testing (P = 0.5, Fig. 2-2B). Daytime activity
was increased in mice subjected to misaligned feeding (P < 0.001; Fig. 2-3A, B), and the strength
of daily rhythms of activity was reduced by misaligned feeding (P = 0.003; Fig. 2-3C). Similarly,
the temporal pattern of sleep was altered by misaligned feeding (Fig. 2-3D). Immobility-defined
video monitoring of sleep behaviour of misaligned mice showed decreased time spent asleep
during the day (P < 0.001) and a corresponding increase in sleep during the night (P < 0.001; Fig.
2-3E). Misaligned mice no longer exhibit a day vs night difference in sleep, sleeping equally
during the day and night (P = 0.5). Crucially, the total time spent asleep over a 24 hr day was not
reduced by misaligned feeding (P = 0.2). The change in temporal pattern of sleep quantity is also
reflected in sleep fragmentation, where misaligned mice exhibit a greater number of sleep bouts
(P < 0.05) with a corresponding decrease in average sleep bout duration (P < 0.001) during the
day compared to aligned mice (Fig 2-4). This increased day-time sleep fragmentation is
compensated by fewer (P < 0.05) and longer (P < 0.001) night sleep bouts in the misaligned
animals, resulting in no significant change in the total number (P = 0.9) and average duration (P =

0.6) of sleep bouts over a 24 hr period.
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Misaligned feeding alters phase of hippocampus without shifting the SCN.

Using ex vivo organotypic cultures of explants from PER2::LUC reporter mice subjected
to aligned or misaligned feeding, we confirmed that daytime feeding shifts the phase of the liver
oscillator (P < 0.001) without altering the phase of the SCN oscillator (P = 0.07; Fig. 2.5A,C,D).
Importantly, we demonstrate that daytime feeding significantly misaligns the hippocampal
oscillator by 14.1 hr (P < 0.001; Fig. 2.5B, D), with small but significant effects on the intrinsic
properties of the oscillator, including period (P = 0.05; Fig. 2.5E) and damping rate (P = 0.02; Fig

2.5F).

Misaligned feeding blunts total CREB expression and reduces hippocampal long term

potentiation.

We measured expression of phosphorylated CREB (pCREB) and total CREB (tCREB) in
the hippocampus of aligned and misaligned mice at 6 hr intervals through a 24 hr day. pPCREB
protein levels were reduced in the misaligned animals at each time point, although significant
differences were not detected (Fig. 2-6A, B). Strikingly, expression of tCREB was significantly
reduced by misaligned feeding (P < 0.01; Fig. 2-6A, C, D), with the strongest effects in the day
(post hoc P < 0.05 for ZT 2, 8, and 20). This decrease in tCREB levels was uniformly observed

throughout the hippocampus (Fig. 2-6D).

Long term potentiation (LTP) responses of the dorsal hippocampus were measured during
the day from mice subjected to aligned or misaligned feeding. LTP was significantly impaired in
the misaligned group (P < 0.05; Fig. 2-6E), indicating significant deficits in synaptic plasticity in
the misaligned hippocampus. This decrease in LTP is specific to the misaligned feeding treatment

and not due to an LTP-boosting effect by aligned feeding (Fig. 2-8). To determine the impact of
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misaligned feeding on presynaptic neurotransmitter release probability, paired pulse facilitation
(PPF) experiments were performed at 25, 50, 100 and 250 msec intervals. There were no
significant differences between the aligned and misaligned PPF ratios (P = 0.5; Fig. 2-6F), and

EPSP profiles were similar.

Misaligned feeding affects hippocampal-dependent learning and memory.

To test our hypothesis that misaligning the hippocampal oscillator from the SCN oscillator
is detrimental to learning and memory, we subjected aligned and misaligned mice to hippocampal-
dependent contextual fear conditioning. Mice were trained to associate a specific novel context to
a fearful stimulus in the form of a mild shock. Both aligned and misaligned mice acquired freezing
behaviour during the training trial (Fig. 2-9). When tested 24 hr later by replacing the mice in the
same context, the misaligned mice exhibited a significant reduction in fear-conditioned behaviour
(ZT 2, P < 0.0001; Fig. 2-9A, left), indicating that circadian misalignment affects long term
memory. Performance on the fear conditioning test is dependent on time of day and performance
peaks in the early day (2, 3, 14). To test for the possibility that misaligned mice have an inverted
peak performance time, we trained and tested a separate cohort of mice at the opposite time of day
(night, ZT 14). Both aligned and misaligned groups acquired freezing behaviour (Fig. 2-10). Two
way comparisons revealed a time of day effect on recall (P < 0.001) and an interaction between
time of day and treatment (P < 0.001). Recall was significantly reduced in the aligned mice
compared to the daytime tests (post hoc P < 0.001), but did not significantly change with time of
day in misaligned mice (post hoc P = 0.3). Night-tested aligned and misaligned mice exhibited
equally poor recall (post hoc P = 0.4; Fig. 2.9A, right), ruling out the possibility that the

misaligned mice have an altered peak phase of cognition.
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We applied the novel object recognition test to examine cognition that peaks during the
night in nocturnal rodents (13). The misaligned mice exhibited significantly reduced novel object
recognition (NOR) during night-time tests (ZT 21, P < 0.001; Fig. 2-9B, right), indicating
decreased cognitive performance. Day-time tests of a separate cohort of aligned and misaligned
found no differences between both groups (Fig. 2-9B, left), ruling out the possibility that peak
performance of misaligned mice has shifted to the opposite phase. Two factor analysis revealed a
significant effect of feeding condition (P = 0.003) and an interaction between time of day and
feeding condition (P = 0.02). Specifically, aligned mice showed reduced NOR during the day (post
hoc P = 0.04), and day-tested misaligned mice were not significantly different from aligned (post

hoc P = 0.6).

2.3 Discussion

Many people in our society find themselves working or playing during their normal sleep
times. Due to these schedules, we eat around the clock with well-established literature of metabolic
consequences (21). In this study, we sought to determine if temporally restricted feeding schedules
in mice could impact cognition. We found that time-restricted feeding had dramatic negative
effects on commonly used learned behaviours such as hippocampal-dependent contextual fear
conditioning and novel object recognition. Not all behavioural tests were similarly affected, as
amygdala-dependent cued-fear conditioning was not altered by the misalignment. This implies that
some learned behaviours are more vulnerable to the impact of misaligned feeding. Crucially, the
total amount of sleep was not altered by the scheduled feeding and the mice did not lose weight as
might be expected if their caloric intake was restricted. Hence, by simply adjusting the time of

food access, we demonstrated that we can alter the cognitive performance of mice. We do not
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know vyet if this equally applies to humans but shift work has been associated with decreased

performance on cognitive tests (29-31).

The importance of sleep for memory is well-documented, where both the amount of sleep
and the quality of sleep have been found to be critical for memory consolidation (reviewed in 32).
The misaligned feeding treatment did not result in an overall decrease in amount of sleep, but
instead had a severe impact on the temporal pattern of sleep, suggesting that this treatment acts via
disruption of the circadian timing of sleep. While sleep quality as assessed by polysomnography
was not assessed in this study, we were able to examine the degree of sleep fragmentation as
determined by the number and duration of individual sleep bouts. Misaligned feeding again has a
greater impact on the temporal pattern of sleep fragmentation, where the misaligned mice appear

to “catch up” on consolidated sleep during what should be their active phase.

Mechanistically, we used the clock-driven rhythms in bioluminescence to demonstrate that
the altered feeding time not only shifted the peripheral clocks in the liver, but also altered the
circadian clock in the hippocampus. This finding is consistent with earlier literature suggesting the
phasing of the molecular clock in the corticolimbic system and hippocampus are strongly
influenced by the time of food availability (33-35). We have thus created a situation in which the
molecular clocks within the nervous system are running at different phases, i.e. internal
desynchronisation of the circadian system. A consequence of this misalignment is altered synaptic
plasticity within the hippocampal circuit (Schaffer Collaterals/CA1) as revealed by the reduction
in LTP. This is the first demonstration that the time of eating can impact the physiological
underpinning of learned behaviour. Importantly, our manipulation of feeding causes a significant

decline in CREB in the hippocampus, which has been demonstrated to be critical for memory
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allocation in mice (e.g. 36, 37). The levels of tCREB were reduced at all phases that we sampled
(ZT 2, 8, 14, and 20). Although we did not carry out learning tests at each of these phases, the
tCREB data indicates that memory would be impaired throughout the daily cycle. The reduction
in tCREB provides a biochemical explanation for our finding, as well as providing a guidepost for
future analysis of the effects of the misaligned feeding in the hippocampus. Therefore, this work
raises the possibility that the timing of when we eat alters the physiological and biochemical events

underlying learning and memory.

2.4 Methods

Animals

All experimental protocols used in this study were approved by the UCLA Animal
Research Committee. UCLA Division of Laboratory animal recommendations for animal use and
welfare, as well as National Institutes of Health guidelines were followed. Adult (2-4 month old)
male C57BL/6N wild-type mice (UCLA) were housed in a 12:12-hour lighting (LD) cycle with
ad libitum access to food and water. For the bioluminescence experiments, PER2::LUC knock-in
homozygotes on the C57BI/6J background were used (38). Mice were first entrained to a 12:12
LD cycle for a minimum of 2 weeks prior to further manipulations. For measurements of activity,
sleep, and food consumption, mice were individually housed in cages. For bioluminescence
measurements, learning and memory tests, hippocampal physiology, biochemistry and anatomy,
mice were housed in groups of 3-5 mice per cage. Group-housed animals showed similar activity

and food consumption patterns as singly housed animals.
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Scheduled food access

Mice entrained to a 12:12 LD cycle were randomly sorted into two groups per experiment.
Cages were topped with wire grids adapted to restrict access to the food chamber, which enabled
us to provide access to food during specific times of day (Fig. 2-1). We visually verified that food
pellets or powder were not being hoarded in nesting or bedding materials, but did not empty the
cage bottoms to avoid excessive handling stress to the animals. Both groups were given a 6 hour
window per 24 hr day to access the food chamber. Mice in one group were given access to the
food chamber during the middle of the dark phase from Zeitgeber Time (ZT; ZT 0 equates to lights
on) 15 to 21, aligned to their active phase. Mice in the second group were given automated access
to the food chamber during the middle of the light phase from ZT 3 to 9, misaligned from what
should have been their active phase. Scheduled food access was applied for 2 weeks prior to and
for the entire duration of all experiments. The exceptions were for the data described in Fig. 2-2
and Fig. 2-3a: food consumption and activity, for which we monitored the mice from day 1 of

scheduled food access.

Activity monitoring

Mice were individually housed in automated feeding cages with a top-mounted passive
infrared motion sensor (Honeywell 1S-215T) to detect cage activity (aligned n = 8, misaligned n =
8). Data was collected using the Vital View system (Mini Mitter) and analysed as previously
described for wheel running activity using the EI Temps software (39). Specifically, nocturnality
was calculated by determining the percentage of activity conducted during the dark phase (ZT 12-

24) from 7 days of activity monitoring (days 8 to 14 of scheduled feeding). Power of diurnal
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activity rhythms was determined from the same 7 days using fast fourier transform and reported

as %V.
Immobility-defined sleep measurements

Following activity monitoring, sleep-wake behaviour from the same cohort of aligned (n =
8) and misaligned (n = 8) mice was measured using continuous video recording and automated
mouse tracking as previously described (39). Mice were maintained in the same automated feeding
cages under the same lighting cycle and feeding schedule, and continuous video recording was
performed from days 15 to 17 of scheduled feeding. Side-on views of the cage were acquired using
CCTV cameras (Gadspot, GS-335C, City of Industry, CA), and the ANY-maze software (Stoelting
Co., Wood Dale, IL) was used to track the animals. Prior work by Fisher and colleagues established
the parameters for immobility detection (95% immobility of the area of the animal, for a minimum
of 40 sec) by correlation with EEG/EMG recordings (40). Immobility-defined sleep in 1 min bins
from days 16 to 17 of scheduled feeding were averaged, and day (ZT 0-12) and night (ZT 12-24)
sleep were compared. Average waveforms for display purposes were generated by smoothing the

data using 1 hr running averages.
PER2-driven bioluminescence activity in ex vivo organotypic cultures

PER2::LUC male mice (2-3 mo) were subjected to either aligned (n = 8) or misaligned (n
= 8) feeding for 2 weeks prior to sampling. Mice were sacrificed after anaesthesia (isoflurane)
between ZT 10 and 11, and 1-2 mm? liver explants were immediately dissected in ice-cold Hanks’
balanced salt solution (HBSS; Sigma) supplemented with 4.5 mM NaHCO03, 10 mM HEPES and
100 U/ml penicillin-streptomycin as previously described (41). Brains were incubated in ice-cold

slice solution (in mM: 26 NaHCOs, 1.25 NaH2POa, 10 glucose, 125 NaCl, 3 KCI, 5 MgCly, 1
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CacCly) aerated with 95% O2 / 5% CO> for 5 min, and 300 um coronal sections were collected using
a vibratome and further microdissected in HBSS under a 10X dissecting microscope. The SCN
was cut away from the rest of the section using two cuts with a surgical scalpel (No. 21 blade,
Fisher Sci.). To acquire the hippocampal explant, the dorsal-most section (Bregma -1.2 to -1.6
mm) was microdissected to liberate the hippocampus and dentate gyrus by gently teasing away the
cortex with scalpels (No. 11 blade, Fisher Sci.). All explants were individually transferred to
Millicell membranes (0.4um, PICMORGS50, Millipore, Bedford, MA) resting on 1.2 ml of
recording media: (1X DMEM (Sigma), 1X B27 supplement (Gibco), 4.5 mM NaHCO3, 10 mM
HEPES, 40 mM Glutamax (Gibco), 4.5 mg/ml D-glucose, 25 U/ml penicillin, 25 U/ml
streptomycin, 0.1 mM sodium salt monohydrate luciferin (Biosynth, Staad, Switzerland)) in a 35
mm dish sealed with autoclaved vacuum grease (Dow Corning, Midland, MI). SCN, hippocampus
and liver explants were inserted into the Lumicycle photometer (Actimetrics, Wilmette, IL),
incubated at 37 °C, and bioluminescence was continuously monitored for 7 consecutive days. Raw
bioluminescence values were normalized by baseline subtraction (24 hr running average) and
smoothed with 2 hr windows to prepare the representative bioluminescence traces. The phase and
damping rate of each explant were determined as previously described (41). Period was determined

using the sine-wave fit function in Lumicycle Analysis (Actimetrics).

Western immunoblotting

Hippocampi were rapidly dissected and homogenized in lysis buffer (50mM Tris-HCI,
0.25% (w/v) sodium deoxycholate, 150mM NaCl, 1ImM EDTA, 1% Nonidet P40, 1mM sodium
vanadate, 1ImM AEBSF, 10ug/ml Aprotinin, 10ug/ml Leupeptin, 10ug/ml Pepstatin, and 1 mM

sodium fluoride). Total protein concentration in cleared extracts was estimated using Pierce’s BCA
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(bicinchoninic acid) Protein Assay Kit (Thermo Fisher Scientific) using bovine serum albumin as
a standard. Western blots were performed as previously described (42, 43). Each extract was
analysed for relative protein levels of phosphoCREB by using an antibody directed against the
phosphorylated form at Ser133 (rabbit polyclonal, Millipore) and then for tCREB (rabbit
polyclonal, Millipore). Equal protein loading was verified by Ponceau S solution (Sigma)
reversible staining of the blots and each extract was also analysed for relative protein levels of -
actin (Sigma). Relative intensities of the protein bands were quantified by scanning densitometry
using the NIH Image Software (Image J, http://rsb.info.nih.gov/ij/), and each value background-
corrected. Data are shown as arbitrary units and are the average + SEM of 4-5 animals/group. We
confirmed by two way ANOVA comparisons that levels of 3-actin do not vary with time of day in
either group (P = 0.9) and is no different between aligned and misaligned mice (P = 0.9; Fig. 2-

7).

Immunohistochemistry

Mice were perfused intracardially with 4% paraformaldehyde (PFA). Brains were
dissected out, post-fixed in 4% PFA at 4°C overnight, cryoprotected in 15% sucrose.
Immunolabelling of frozen sections (30 um) was performed as previously described(44). Briefly,
sections were blocked in carrier solution (1% BSA and 0.3% Triton X-100) containing 20% normal
goat serum for 1 hr and incubated for 48h at 4°C with primary antibodies against tCREB (1:500
rabbit polyclonal, Millipore) diluted in carrier solution containing 5% normal goat serum. Sections
were incubated with a goat anti-rabbit secondary antibodies conjugated to Cy3 (Jackson
ImmunoResearch Laboratories) and mounted with Vectashield medium with DAPI (4',6-

diamidino-2-phenylindole; Vector Laboratories). Immunostained sections were visualized using a
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Zeiss Axio Imager 2 with an AxioCam MRm and the ApoTome imaging system. Images were

acquired using a 5X objective, in order to visualize the entire hippocampus.

Hippocampal slice preparation and electrophysiology

Hippocampal slice preparation and electrophysiological recordings were performed as
previously described (45). Briefly, slices (400 um) were maintained in oxygenated (95% O2 / 5%
COy), warmed (30 °C) artificial cerebrospinal fluid (ACSF) containing 124 mM NacCl, 4.4 M KCl,
25 mM NaHCOs, 1.0 mM NaH2POs, 2.0 mM CaCly, 1.2 mM MgSOs, and 10 mM glucose, and
allowed to recover for at least 2 hr prior to the start of an experiment. A bipolar, nichrome wire
stimulating electrode was placed in stratum radiatum of the hippocampal CA1 region to activate
Schaffer collateral-commissural fibre synapses and an extracellular glass microelectrode filled
with ACSF (resistance = 5-10 MQ) was used to record evoked field excitatory postsynaptic
potentials (fEPSPs). Extracellular recordings were done under interface conditions. The intensity
of presynaptic fibre stimulation was adjusted to evoke fEPSPs with amplitude approximately 50%
of the maximal fEPSP amplitude that could be elicited in each slice. fEPSPs were then elicited at
0.02 Hz throughout the experiment. LTP was induced by high-frequency stimulation (HFS, 2 trains
of 100 Hz stimulation, 1 sec duration, inter-train interval = 10 sec). The average slope of fEPSPs
normalized to baseline measured between 55 and 60 min post-HFS was used for statistical
comparisons (two tailed t tests). The paired pulse stimulation pulses were delivered with interpulse

intervals of 25, 50, 100 and 200ms.

Fear conditioning (FC)

Contextual fear conditioning was performed as previously described (2, 8, 14) with minor

modifications. In brief, aligned and misaligned mice were tested and trained either in the day (ZT
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2) or the night (ZT 14). Mice were trained and tested only once to avoid effects of prior
manipulation. Results reported for daytime and night-time tests are from distinct cohorts of
animals. Mice were habituated to the testing room for 30 min under the relevant lighting conditions
(dim red light, 2 lux, at night). The animals were individually introduced to the novel environment
(shock chamber) and allowed to familiarize to context for 3 min, after which the mice were trained
to associate the context with a fearful unconditioned stimulus (US): foot-shock (0.2 mA). The
training protocol consisted of 2 US with an inter-trial interval of 64 sec. At the end of the last US,
mice were left in the chamber for a further 64 sec, after which they were returned to their home
cages. 24 hr later, mice were placed individually into the same conditioning chamber for 6 min.
Video recordings of the acquisition and recall tests were done with CCTV (Gadspot) cameras with
supplemental infrared lighting during both times of day. Freezing behaviour was scored as
previously described (2). Cued fear conditioning was performed as previously described (8). Using
the same stimulus protocol as contextual FC, 30 sec of white noise (80 dB; conditioned stimulus,
CS) preceded the presentation of US1 and US2. 24 hr later, mice were placed individually into a
novel testing chamber. Following 2 min of baseline, the cued tone was presented for 2 min; mice
were left in the chamber for a further 2 min. Freezing behaviour was scored as previously

described.

Novel object recognition (NOR)

Habituation to the testing arena, object familiarization, and testing for NOR over 5
consecutive days were performed in the active phase at ZT 21 (n = 8 per feeding condition) for
night-time tests under dim red light (2 lux), with day tests at ZT 9 (n = 8 per feeding condition).

Mice were habituated to the testing arena (60 x 48 x 30 cm) in 10 min trials on 2 consecutive days.
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During familiarization trials, two identical objects were placed equidistant from each other and the
walls of the arena, and mice were allowed to explore the arena for 10 min on 2 consecutive days.
Mice that failed to travel 20 m or interact with objects for more than 20 sec in the second
familiarization trial were eliminated from further analysis. On the day of testing for NOR, one
familiar object was replaced with a novel object with a different shape and made of a different
material (plastic or glass). The testing trial was 5 min in duration. Arenas and objects were wiped
between animals with 10% Windex and dried using paper towels. Video feeds of each arena from
an overhead CCTV camera supplemented with infrared lighting were fed to the ANY-maze
software. The arena and object maps were defined in ANY-maze, and allowed for automated
tracking of the animal’s area, with the ability to distinguish between the head and tail. Entry of the
animal’s head to the defined object’s area was scored for time interacting with the object. An
experimenter watched the recorded videos and overlaid tracking in real-time to verify that tracking
of the animal’s area and head/tail orientation was consistent and that scoring of object interaction
was accurate. Performance on the NOR test is indicated by a discrimination index calculated of
time spent with the novel object (Tnover) divided by the sum of time spent with both objects
(Thovel*+ Tramiliar). One animal from the misaligned group (out of 8) tested during the day failed to
sufficiently explore both objects (< 10 sec during the second familiarization trial) and was
eliminated from further analysis. For all novel object recognition experiments, mice were trained
and tested only once to avoid effects of prior manipulation. Results reported for daytime and night-

time tests are from distinct cohorts of animals.
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Statistical analysis

All statistical analysis was performed using Sigma Stat (ver. 12). Effects of misaligned
feeding on activity, sleep, PER2-driven bioluminescence, and LTP were determined using
unpaired t-tests in comparison to the aligned group. In cases of unequal variance, the Mann-
Whitney rank sum test was applied. To determine the effects and interaction of time of day and
scheduled feeding condition on protein expression, and hippocampal-dependent learning and
memory, we applied two factor analysis of variance (ANOVA) tests. The Holm-Sidak post hoc
test was used to distinguish differences due to misaligned feeding. Differences with P < 0.05 were
deemed significant in all analyses. Where appropriate (Fig. 2-3, 2-5, 2-9), box plots indicate the
25" and 75" percentiles, with error whiskers indicating the 10" and 90'" percentiles. Values in the

text, line graphs, and bar graphs are reported as mean + standard error mean (SEM).
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2.5 Figures
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Figure 2-1 Cartoon schematic of experimental design.

Standard mouse cages were modified to restrict access to the food chamber. Access was controlled
by a motorized gate controlled by timed relay switches. Mice could only access food pellets when
the gate was lifted (6 hr), and positive drive of the motor kept the gate closed for the remaining 18
hr. The scheduled feeding protocol was maintained for a minimum of 2 weeks prior to and during

sample collections and behavioural tests, indicated by *.
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Figure 2-2 Food pellets in the automated feeding chambers were weighed daily to determine the
amount of food consumed.

(A) Misaligned mice caught up with aligned mice in daily food consumption by day 6 of scheduled
feeding (P = 0.9) and did not differ in food consumption subsequently (day 6-14 post hoc P > 0.2).
(b) Mice were weighed daily prior to food access. Body weights between treatment groups did not
differ significantly through the duration of scheduled feeding (two way ANOVA P =0.3). Line

graphs represent the mean £ SEM (n = 16 per treatment).
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Figure 2-3 Altered temporal patterns of activity and sleep in mice subjected to misaligned
feeding.

(A) Mice (n = 8 per treatment) were given 6 hr windows of food access during the middle of the
night (aligned, grey) or day (misaligned, red). Representative double-plotted actograms show the
increased daytime activity of the misaligned mice throughout the treatment in a 12 hr:12hr
light:dark (LD) cycle. Grey shading in the actograms indicates lights off. (b) Nocturnality (%
activity in the night) is reduced in misaligned mice (***P < 0.001). (c) Rhythm strength measured
by the amplitude of a chi-square periodogram (%V) is reduced in misaligned mice (**P < 0.01).
Box and whisker plots display the 25 to 75" percentiles, and the 10" to 90™ percentiles
respectively, with the median indicated by a line. (d) Sleep was measured by video monitoring
after 2 weeks of scheduled food access (n = 8 per treatment). Running averages of immobility-
defined sleep are shown for mice given aligned (black) and misaligned (red) access to food. The

grey shading indicates lights off in a 12:12 LD cycle. (e) Total time spent asleep during the day
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(12 hr), night (12 hr), or over 24 hr are shown. ***P < 0.001 as determined by t-tests of aligned vs
misaligned groups; # P < 0.001 day vs night within treatment. Bar graphs represent the mean +
SEM.
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Figure 2-4 The temporal pattern of sleep fragmentation is altered by misaligned feeding without

affecting overall sleep fragmentation over the 24 hr period.

(a) The number of sleep bouts during the day is increased in misaligned mice, decreased at night,
and unchanged between groups when considered over 24 hr (total). (b) The average duration of a
sleep bout is shorter in misaligned mice during the day, longer at night, and unchanged between
groups over 24 hr (total). (c,d) The distribution of sleep bout lengths is similar between groups (P
=0.3). *P < 0.05, ***P < 0.001 as determined by t-tests of aligned vs misaligned groups. Bar
graphs represent the mean £ SEM. Circles represent individual sleep bouts rounded to an integer

minute.
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Figure 2-5 Differential impact of misaligned feeing on PER2-driven rhythms in bioluminescence

of the SCN, hippocampus and liver (n = 8 per treatment).

Representative examples of baseline-subtracted traces of PER2-driven bioluminescence in the
SCN (a), hippocampus (HP; b), and liver (c) explants from aligned (black) and misaligned (red)
mice. (d) Phase relationship between the first calculated peaks of ex vivo bioluminescence plotted
against time of the prior lighting cycle (ZT) shows a significant phase change in the HP and liver.
(e) Period of bioluminescence rhythms were determined by sine wave fitting. (f) Damping rates
were determined from 6 days in culture. * denotes significant differences (P < 0.05) between
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aligned and misaligned samples. Box and whisker plots display the median as a line, the 25" to

75" percentiles, and the 10" to 90™ percentiles respectively.
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Figure 2-6 Reduced magnitude of hippocampal tCREB expression with a corresponding reduction

in long term potentiation (LTP) in misaligned mice.

(a) Representative immunoblots show the decrease in tCREB expression levels in misaligned vs.
aligned mice, sampled at 6 hr intervals through the daily cycle (ZT). (b) pCREB levels are not
significantly altered. (c) Misaligned feeding led to significant decreases in the amount of tCREB
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(P < 0.01). * indicates significant differences between groups at each time point (post hoc P <
0.05). Protein levels are expressed as arbitrary units (a.u.). Bar graphs represent the mean £ SEM
of aligned (n = 4) and misaligned (n = 5) animals per time point. (d) tCREB immunoreactivity is
decreased throughout the hippocampus in misaligned mice. Scale bar = 500 um. (e) LTP was
induced by high-frequency stimulation of the Schaffer collateral fibres, 2 x 100 Hz, 1 sec duration,
10 sec inter-train interval, delivered at time = 0. Daytime LTP responses recorded from the CA1
region were significantly decreased in misaligned mice (n = 6; P < 0.05) compared to aligned mice
(n=6). The inset shows fEPSPs recorded during baseline and 55-60 min post-HFS in aligned (left)
and misaligned slice (right). (f) Paired-pulse facilitation ratios changed with intervals (P < 0.001),
but were not significantly different between aligned and misaligned mice (P = 0.5) and no
interactions between both factors were detected (P = 0.8). Line graphs represent the mean £ SEM

(n = 6 per treatment).
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Figure 2-7 Expression of -actin does not vary with time of day in both aligned and misaligned
mice.
There are no differences in expression between aligned and misaligned mice (P = 0.9). Bar graphs

represent the mean = SEM of aligned (n = 4) and misaligned (n = 5) animals per time point.
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Figure 2-8 Aligned feeding does not significantly alter LTP magnitude compared to mice under
ad libitum feeding (P = 0.4).

LTP was induced in both groups using the same protocol; data from aligned mice is the same as

reported in Fig. 2-6e.
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Figure 2-9 Memory deficits arise from misaligned feeding in mice.

(a) Recall of the fear conditioned (FC) context is measured by the percentage of freezing when re-
exposed to the fearful context. Misaligned mice (n = 8) show significant deficits in recall of
contextual (FC) compared to aligned mice (n = 8;***P < 0.001) when trained and tested during
the day (ZT 2). Circadian regulation of learning and memory is demonstrated by the decreased
recall in aligned mice trained and tested at night (ZT 14; n =8; #P < 0.001). This time of day effect
is lost in misaligned mice (n = 8), which perform equally poorly at both times. (b) Novel object
recognition (NOR) is reported using a discrimination index of Trnovel/(Tnovel+ Tfamitiar), and mice are
considered to exhibit NOR at values of 0.5 and above (dotted red line). NOR is impaired in
misaligned mice trained and tested at night (ZT 21; n = 8) compared to aligned mice (n = 8; ***P
< 0.001). Time of day effects were also found for NOR in aligned mice (n = 8; #P < 0.01), which
perform better during the night than day (ZT 9). Misaligned mice fail to show a time of day effect
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(n =7), again showing equally poor performance at both times. Box and whisker plots display the

median as a line, the 25" to 75" percentiles, and the 10™ to 90™ percentiles respectively.
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Figure 2-10 Acquisition of FC freezing in the day (ZT 2, n = 8/group) and night (ZT 14; n =

8/group) are unaltered by misaligned feeding.

(a) Misaligned mice did not show significant changes in baseline freezing (P = 0.3), freezing in

response to the first foot shock (US-1; P = 0.9), or freezing in response to the second foot shock

(US-2; P = 0.1). Recall was significantly reduced in misaligned mice as reported in the main text

and Fig. 2-9. (b) Misaligned feeding did not cause differences in baseline freezing (P = 1.0), nor

in acquisition of freezing in response to US-1 (P = 0.9) and US-2 (P = 0.5). There was a time of

day effect on freezing in response to US-2 (# P < 0.05), as previously reported (2).
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3 CHAPTER III: Differential Regulation of NMDA Receptor-Mediated Transmission by
SK Channels Underlies Dorsal-Ventral Differences in Dynamics of Schaffer Collateral

Synaptic Function

3.1 Introduction

Although the hippocampus has been intensively studied because of its crucial role in spatial
navigation as well as learning and memory, hippocampal lesions also have profound effects on
innate fear and anxiety (Deacon et al., 2002; Kjelstrup et al., 2002; Bannerman et al., 2003;
Pentkowski et al., 2006). Intriguingly, these different aspects of hippocampal function are
segregated into distinct anatomical zones, with the dorsal hippocampus having a key role in
memory formation, whereas, the ventral hippocampus is more importantly involved in emotions
and anxiety (Moser and Moser, 1998; Kjelstrup et al., 2002; Bannerman et al., 2003; Fanselow
and Dong, 2010; Strange et al., 2014). Consistent with this functional segmentation along the
dorsal-ventral axis of the hippocampus, both direct and indirect connections link the dorsal
hippocampus to brain regions with roles in spatial information processing and memory, while the
ventral hippocampus has prominent connections with brain regions involved in emotions and

anxiety (see Fanselow and Dong, 2010 and Strange et al., 2014).

In contrast to the extensive differences in afferent and efferent connections of the dorsal
and ventral regions of the hippocampus, the general structure of the internal circuitry of the
hippocampus (i.e., the trisynaptic circuit) is preserved throughout the dorsal-ventral axis. This
suggests that along the dorsal-ventral axis, the hippocampus uses a stereotyped circuit to
implement a common computational algorithm to process information. From this perspective, the
distinct functions of the dorsal and ventral hippocampus are driven primarily by their unique
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patterns of connectivity with different brain regions. This notion, however, is complicated by
dorsal-ventral differences in the cellular and synaptic physiology of hippocampal neurons that
likely alter how information is processed by the trisynaptic circuit. For example, a remarkable level
of heterogeneity in gene expression exists in both CA1 and CA3 pyramidal cells along the dorsal-
ventral axis of the hippocampus (Leonardo et al., 2006; Thompson et al., 2008; Dong et al., 2009;
Cembrowski et al., 2016A). Moreover, a variety of ion channels are differentially expressed in
dorsal and ventral CA1l pyramidal cells (Marcelin et al., 2012; Dougherty et al., 2013;
Honigsperger et al., 2015). Any role these differences have in determining how information
processing varies in the trisynaptic circuit of dorsal and ventral hippocampus has yet to be
established, however. Interestingly, both short-term facilitation and long-term potentiation (LTP)
are reduced at Schaffer collateral (SC) synapses in the ventral hippocampus (Papatheodoropoulos
et al., 2000; Maggio and Segal, 2007; Papatheodoropoulos, 2015). Although these differences
could support important dorsal-ventral differences in information processing, the molecular
mechanisms responsible for the divergent properties of synaptic plasticity in these regions are
unclear. Furthermore, although theta oscillations in the ventral hippocampal CA1 region recorded
in-vivo are significantly less regular, lower in amplitude, and sometimes absent during behavioral
states associated with robust theta oscillations in the dorsal CA1 region (Patel et al. 2012), it
remains unclear whether there are important differences in how synapses, cells, and/or networks

within the dorsal and ventral hippocampus process theta-frequency patterns of activity.

Here, we investigated the mechanisms underlying dorsal-ventral differences in the LTP
induction using theta pulse stimulation (TPS) patterns of SC fiber stimulation (Thomas et al.,
1998). We find that dorsal and ventral SC synapses exhibit markedly distinct responses to TPS

and, in contrast to dorsal hippocampus, TPS fails to induce LTP at ventral synapses. Excitatory
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postsynaptic potential (EPSP) amplification is also strongly reduced at ventral synapses and, as a
result, both EPSP-spike (E-S) coupling and EPSP-evoked complex spike (CS) bursting are
significantly weaker in ventral pyramidal cells. Our results indicate that all of these differences in
postsynaptic function arise from a common mechanism: an enhanced activation of Ca?*-activated
SK-type K* channels that strongly inhibits NMDA receptor (NMDAR) activation at ventral SC
synapses. Together, our findings indicate that differences in the expression and/or activity of SK
channels provides a potent mechanism for modulating multiple aspects of synaptic function

involved in the transfer, processing and storage of information.
3.2 Material and Methods
Animals and slice preparation

Male C57BI/6N mice (Charles River Laboratories, Cambridge, MA; 2-3 months old;
housed ina 12/12 light/dark cycle) and Syt7 knockout mice and wild type litter mates of both sexes
(RRID: IMSR_JAX:004950, The Jackson Laboratory, Bar Harbor, ME; 2-3 months old; housed
in a 12/12 light/dark cycle) were deeply anesthetized with isoflurane and following cervical
dislocation the brain was rapidly removed and submerged in ice-cold, oxygenated (95% 02/5%
CO2) ACSF containing (in mM) 124 NaCl, 4 KCI, 25 NaHCO3, 1 NaH2PQOg4, 2 CaCly, 1.2 MgSOs,
and 10 glucose (Sigma-Aldrich, St. Louis, MO). On a cold plate, the brain hemispheres were
separated, blocked, and the hippocampi removed. 400-um-thick slices were then cut using a
manual tissue chopper. Slices from the dorsal and ventral thirds of the hippocampus were used.
Slices were maintained (at 30°C) in interface-type chambers that were continuously perfused (2-3

ml/min) with ACSF and allowed to recover for at least 2 hours prior to recordings. All
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experimental techniques were approved by the Institutional Care and Use Committee at the

University of California, Los Angeles.

Electrophysiological recordings

A bipolar, nichrome wire stimulating electrode was placed in stratum radiatum of the CA1
region and used to activate Schaffer collateral/commissural fiber synapses. For extracellular
recordings, evoked fEPSPs (basal stimulation rate = 0.02 Hz) were recorded in stratum radiatum
using a glass microelectrode (A-M Systems, Carlsborg, WA) filled with ACSF (resistance ranged
from 5-10 MQ). Interface-type recording chambers were used for extracellular recordings while
whole-cell current- and voltage-clamp recordings were done using slices maintained in
submerged-slice type chambers. Whole-cell current-clamp recordings were used to examine
pairing-induced LTP, intrinsic excitability, E-S coupling, and EPSP amplification. In these
experiments recording electrodes (4-8 MQ) were filled with a K*-based electrode-filling solution
containing (in mM) 122.5 K-gluconate, 17.5 KCI, 10 HEPES, 0.2 EGTA, 10 Naz-phosphocreatine,
4 Mg-ATP, 0.3 Na-GTP (pH = 7.3, 290 mOsm). Whole-cell voltage-clamp recordings (evoked
EPSCs and mEPSCs) were performed using a Cs*-based electrode-filling solution containing (in
mM) 102 mM Cs-gluconate, 20 mM CsCl, 10 K-gluconate, 10 mM TEA-CI, 5 mM QX314, 20
HEPES, 0.2 EGTA, 4 Mg-ATP, 0.3 Na-GTP, and 20 mM HEPES (pH = 7.3, 290 mOsm). For
experiments performed in picrotoxin (Sigma-Aldrich; 100 uM) the CA3 region was removed and,
unless noted otherwise, the slices were bathed in a modified ACSF containing 2.4 mM KCI, 4.0
mM CacCl,, and 2.4 mM MgSOg. Series resistance compensation was used in all voltage-clamp
recordings except in experiments examining miniature postsynaptic currents. All cells were

allowed to equilibrate for > 3 minutes after break-in before starting experiments. Recordings where

65



series resistance was > 30 MQ or unstable were discarded. Unless noted, reported membrane

potentials are not adjusted for junction potentials.

LTP induction protocols

The induction of LTP by TPS was examined using a 30s long train of 5 Hz stimulation
(150 pulses). At the start of each experiment the maximal fEPSP amplitude was determined and
the intensity of presynaptic fiber stimulation was then adjusted to evoke fEPSPs with an amplitude
~50% of the maximal amplitude. Note that unlike more conventional theta-burst stimulation
protocols, where bursts of presynaptic stimulation are delivered at 5 Hz, only single pulses of
stimulation are delivered during TPS. The average slope of fEPSPs evoked between 40 and 45 min
post-TPS (normalized to pre-TPS baseline) was used for statistical comparisons. In experiments
using whole-cell current-clamp recordings, LTP was induced by pairing EPSPs evoked by SC fiber
stimulation with tonic postsynaptic depolarization. Slices were bathed in modified ACSF
containing picrotoxin and the strength of SC fiber stimulation was adjusted to evoke approximately
15 mV EPSPs (Vm =-80 mV). Following a 10-minute baseline (basal stimulation rate = 0.05 Hz),
100 pulses of presynaptic fiber stimulation delivered at 2 Hz were paired with postsynaptic
depolarization to -10 mV. The average slope of EPSPs elicited 25-30 min post-pairing (normalized

to baseline) was used for statistical comparisons.

Basal properties of excitatory and inhibitory synaptic transmission

Basal synaptic strength at SC synapses was determined by comparing presynaptic fiber
volleys and fEPSP slopes elicited by different intensities of presynaptic fiber stimulation. Quantal
size and release probability were determined from the amplitude and frequency (Prange and

Murphy, 1999), respectively, of miniature EPSCs (mEPSCs) recorded at =80 mV in pyramidal
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cells bathed in standard ACSF containing TTX (1 uM; Alomone Labs, Jerusalem, Israel) and
picrotoxin. A template-based event detection routine in pClamp 10 (Molecular Devices) was used
to identify mEPSCs. Detected events smaller than 6 pA were excluded from the analysis. The use-
dependent inhibition of NMDAR-mediated EPSCs by MK-801 (Huettner and Bean, 1988) was
also used to examine basal release probability (Hessler et al. 1993; Rosenmund et al. 1993). In
these experiments slices were bathed in CNQX (Alomone Labs; 20 uM) and picrotoxin and
pyramidal cells were voltage-clamped at 40 mV. Evoked currents were set at ~300 pA and a
baseline was established. Synaptic stimulation was stopped for 10 minutes during bath application
of MK-801 (Abcam, Cambridge, MA; 40 uM) and then 100 pulses of synaptic stimulation were
delivered at 0.1 Hz. For each cell, the activity-dependent, MK-801 inhibition of NMDAR-
mediated EPSCs was measured using a weighted decay time constant (tw) calculated from double

exponential fits to the time course of the inhibition using the equation: 7, = 77 X
las/(as + as)] + 75 x [as/(as + as)] where 77 and = are the time constants of the fast and slow

components and a and a, are the amplitudes of fast and slow components.

The ratio of NMDAR to AMPAR-mediated EPSCs was measured by adjusting the strength
of presynaptic fiber stimulation to elicit EPSCs with a peak amplitude of ~-200 pA at Vim = -80
mV and then recording EPSCs at Vim = 40 mV. The AMPAR and NMDAR-mediated components
of the synaptic currents were estimated by measuring the EPSC amplitude at 5 and 50 ms after
EPSC onset, respectively, from the average 40 mV waveform for each cell. To determine the
NMDA current decay time constant, the decay of the average EPSC waveform at 40 mV for each
cell was fit with a double exponential and a weighted decay time constant was calculated for

comparison.
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EPSP-spike (E-S) coupling was measured using whole-cell current-clamp techniques to
record postsynaptic responses elicited by different intensities of SC fiber stimulation (membrane
potential was set to -70 mV using current injection). Five responses were elicited at each
stimulation intensity and the size of EPSPs was measured using the average EPSP slope. To
examine EPSP amplification, current through the recording electrode was used to set Vim = -80 mV
and the strength of SC fiber stimulation was adjusted to evoke ~5 mV EPSPs. Steady-state current
injection was then used to examine the effect of membrane depolarization (up to -40 mV) on EPSP
amplitude and duration. For each cell, the average of 5 EPSPs recorded at each membrane potential

tested was used for analysis. D-APV and apamin were acquired from Alomone Labs.

Inhibitory synaptic transmission was assessed in the following ways. The ratio of excitation
to inhibition was measured by voltage clamping and holding cells at the reversal potential for
GABA (-42 mV) and for glutamate (15 mV) receptors, which had been measured in this
preparation and was not different between dorsal and ventral pyramidal cells. Charge transfer at
each reversal potential was computed and the ratio taken for comparison. The recording electrode
solution used in these experiments contained (in mM): 115 Cs-gluconate, 10 K-gluconate, 13 TEA-
Cl, 0.2 EGTA, 20 HEPES, 5 QX314, 5 Na-posphocreatine, 0.3 Na-GTP, and 4 Mg-ATP (pH =
7.3, 290 mOsm). Spontaneous and miniature IPSCs (mIPSCs) were recorded in cells voltage-
clamped at -70 mV using recording electrodes filled with a solution containing (in mM): 140 CsCl,
4 NaCl, 1 MgCl,, 0.1 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 5 QX314, and 10 HEPES (pH = 7.3). The
external solution contained kynurenate (Abcam; 3 mM) to block AMPAR and NMDAR-mediated
currents and TTX was also present during mIPSC recordings. The very high frequency of
spontaneous and mIPSCs made it difficult to resolve single events and thus total charge transfer

during 10-second-long recording intervals was measured. The TPS-induced depression of evoked
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IPSCs (Vm = -70) was also measured using CsCl-based electrode solutions and kynurenate to block
excitatory synaptic transmission. Bath application of picrotoxin (100 uM) or bicuculline (Abcam;
40 uM) completely blocked currents recorded in the presence of kynurenate, confirming that the

responses are GABAA receptor-mediated.

Intrinsic excitability

Resting membrane potential was the steady-state membrane voltage with no current
injection measured > 3 min after break-in but before any kind of current injection to the neuron.
All other intrinsic properties were measured with steady-state current injected to hold cells at -57
mV (~ -70 mV after correction for calculated junction potential), which was the approximate
resting membrane potential for pyramidal cells (Table 1). All protocols were repeated three times
per cell and averaged. For input resistance, 500 ms current steps of 0 pA to -200 pA were injected
in -20 pA increments. Steady-state responses were measured as the average change in voltage in
the last 100 ms of the pulse. The slope of a regression line fitted to the voltage versus current data
was used to calculate input resistance. Current sag was also measured during these experiments
and computed as the initial voltage trough during the -100 pA and -200 pA steps minus the steady-
state voltage change. Rheobase was determined by injecting 1 ms square pulses in 100 pA steps
and recording the strength of the first pulse to elicit an action potential. Action potential threshold,
height, after-hyperpolarization, and after-depolarization were computed from these waveforms as
described in Jensen et al. (1996) except for threshold, which was the average of the thresholds
computed using Methods I1, VI, VI from Sekerli et al. (2004). Firing frequency vs. injected current

was measured as the number of spikes per 500 ms step in 25 pA increments from 0 pA to 150 pA.
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Reverse transcription and quantitative PCR (RT-gPCR)

Isolated CA1 regions were micro-dissected from dorsal and ventral hippocampal slices,
snap frozen on dry ice, and then stored at -80°C until use. RNA was then purified from samples
(each containing 8 CAL regions) using a combined Trizol (Invitrogen, Grand Island, NY) and
column (Qiagen, Valencia, CA) purification protocol. 500 pL of Trizol was added to each sample,
followed by the standard Trizol protocol until the phase separation step. The top aqueous layer
was then removed, mixed 1:1 with 100% ethanol, and added to the column, followed by the

manufacturer protocol for column purification.

Equal amounts of dorsal and ventral purified RNA (100 ng per RT reaction) were added
into the reverse transcription reaction using the SuperScript Il First Strand Synthesis System with
random hexamer priming. gPCR was then carried out on the cDNA using SYBR Green-based PCR
(Applied Biosystems, Waltham, MA) using primers specific for Kcnn2, Kenn3, and HPRT1 in
technical triplicates per reaction. Normalization was done using ACt by first normalizing Kcnn2/3
expression levels to HPRT of that sample, then by comparing the normalized Kcnn2/3 ventral Ct

values to dorsal Ct values.

Exon-spanning primers for Kcnn2 were 5° GTCGCTGTATTCTTTAGCTCTG, 3’
ACGCTCATAAGTCATGGC; and Kcnn3 were 5° GCTCTGATTTTTGGGATGTTTG, 3°
CGATGATCAAACCAAGCAGGATGA (both from Bond et al. (2004)). Hprtl primers were 5’

TGTTGTTGGATATGCCCTTG, 3> GGCCACAGGACTAGAACACC.
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Statistical analysis

Values are reported as mean + SEM. After evaluating data for normality and
homoscedasticity, Student’s t tests or, where appropriate, Mann Whitney U tests were used to
determine statistical significance between two groups. All other comparisons used either one-way
or two-way ANOVAs. Student-Newman-Keuls post hoc tests were used in cases where multiple

comparisons were required. Each test and sample sizes are documented in the figure legends.
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3.3 Results

CS bursting and LTP deficits in ventral CA1 following theta-frequency stimulation

TPS protocols induce LTP at SC synapses by activating a rich set of circuit and synaptic
temporal dynamics that lead to complex-spike (CS) bursting in CA1 pyramidal cells (Thomas et
al. 1998; Fink and O’Dell 2009; Wojtowicz and Mozrzymas 2015), a pattern of action potential
(AP) firing exhibited by pyramidal cells in vivo (Kandel and Spencer 1961; Rank 1973). Thus,
understanding how these dynamics vary in the dorsal and ventral hippocampal CAL1 region can
provide insights into how dorsal-ventral differences in gene expression impact synaptic plasticity,
neuronal excitability, and circuit function. Therefore, in our initial experiments we examined both
the short-and long-term changes in synaptic transmission induced by a 150 pulse train of TPS. As
expected from previous work (Thomas et al., 1998), TPS elicited complex, time-varying changes
in both synaptic transmission and postsynaptic firing in dorsal slices (Fig. 1). Following an initial
facilitation of synaptic transmission, EPSPs began to elicit bursts of multiple population spikes
(Fig. 3-1 A,B), which are due to CS bursts of postsynaptic APs (Thomas et al., 1998). Although
the facilitation gradually faded and synaptic transmission at later time points was depressed, EPSPs
continued to elicit CS bursts for the remainder of the stimulation train (Fig. 3-1B). In stark contrast,
the dynamics of synaptic transmission during TPS were less dramatic at SC synapses in the ventral
hippocampus and, surprisingly, EPSPs failed to elicit postsynaptic CS bursts (Fig. 3-1A,B).
Notably, CS bursting provides the postsynaptic depolarization needed for NMDAR activation and
LTP induction by TPS (Thomas et al., 1998). Thus, this difference in EPSP-evoked CS bursting
suggested that SC synapses in the dorsal and ventral hippocampus would exhibit an equally

dramatic difference in their ability to undergo TPS-induced LTP. Indeed, TPS induced robust LTP
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in dorsal hippocampal slices but had no lasting effect on synaptic strength in ventral slices (Fig.
3-1C). In contrast, similar amounts of potentiation were induced in dorsal and ventral pyramidal
cells when low-frequency SC fiber stimulation was paired with strong postsynaptic depolarization
during whole-cell current-clamp recordings (Fig. 3-1D). This indicates that the failure of TPS to
induce LTP at SC synapses in the ventral hippocampus is not simply due to a reduced capacity for
LTP. Instead, it suggests that dorsal-ventral differences in TPS-induced LTP are due to differences
in pre- and/or postsynaptic properties that regulate the ability of SC EPSPs to evoke postsynaptic

CS bursts.

Properties of basal synaptic transmission at dorsal and ventral SC fiber synapses

In addition to the weaker facilitation observed during TPS (Fig. 3-1B), ventral SC synapses
also exhibited significantly reduced paired-pulse facilitation compared to dorsal synapses (Fig. 3-
2A). In contrast, basal synaptic strength, determined by comparing the amplitudes of presynaptic
fiber volleys and fEPSP slopes for responses elicited by different intensities of SC fiber
stimulation, was the same (Fig. 3-2B). Moreover, there was no difference in the amplitude of
miniature EPSCs (mEPSCs) in dorsal and ventral CA1 pyramidal cells (Fig. 3-2C), indicating that
quantal size is similar at excitatory synapses in the dorsal and ventral hippocampus. The frequency
of mEPSCs was also similar (Fig. 3-2D), suggesting that the probability of transmitter release is
the same at dorsal and ventral synapses (Prange and Murphy, 1999). Consistent with this notion,
the activity-dependent inhibition of NMDAR-mediated EPSCs by the channel blocker MK-801
(Huettner and Bean, 1988), which can be used to measure the probability of evoked release at SC
synapses (Hessler et al., 1993; Rosenmund et al., 1993), was not significantly different in dorsal

and ventral CA1 pyramidal cells (Fig. 3-2F,G). Thus, although SC synapses in the dorsal and
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ventral hippocampus exhibit striking differences in activity-dependent forms of plasticity, basal

transmission appears to be essentially identical at these synapses.

Assessing the importance of activity-dependent presynaptic facilitation in the induction of theta-

frequency CS bursting and LTP

The robust initial facilitation of transmission at SC fiber synapses during TPS in the dorsal
hippocampus and its near absence at ventral synapses (Fig. 3-1B) suggested that dorsal-ventral
differences in short-term, presynaptic plasticity may have a central role in regulating CS bursting
and LTP induced by theta-frequency stimulation. To examine this, we used mice lacking the Syt7
gene that encodes synaptotagmin VII, a presynaptic Ca®* sensor recently shown to have a crucial
role in paired-pulse and frequency facilitation at SC fiber synapses (Jackman et al., 2016).
Consistent with previous findings (Jackman et al., 2016), both paired-pulse facilitation (Fig. 3-3A)
and the facilitation of synaptic transmission during the initial phase of TPS were almost completely
abolished in slices from Syt7” mice (Fig. 3-3B). The ability of EPSPs to elicit CS bursts was also
altered in Syt7”- mutants, with the onset of EPSP-evoked bursting during TPS being significantly
delayed (Fig. 3-3C,D). Moreover, TPS induced significantly less LTP in slices from Syt7” mice
(Fig. 3-3E), most likely due to the reduction in EPSP-evoked bursting during the stimulation train
(see Thomas et al 1998). Together, these findings indicate that, although not essential, frequency
facilitation of EPSPs during TPS does contribute to LTP induction by significantly advancing the

onset of CS bursting.

Therefore, we next tested whether enhancing stimulation strength during theta-frequency
stimulation would induce CS bursting and LTP in ventral slices from wild type mice. In these
experiments the intensity of presynaptic fiber stimulation during the first 50 pulses of stimulation
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(the time period where CS bursting develops in dorsal slices) was increased to mimic (or exceed)
the initial facilitation of transmission that occurs during TPS in dorsal slices (Fig. 3-4A). Despite
more robust synaptic activation during TPS, CS bursting (Fig. 3-4B) and LTP (Fig 3-4C) failed to
occur, suggesting that a lack of facilitation at ventral SC synapses is not primarily responsible for

the absence of TPS-induced CS bursting and LTP at these synapses.

Previous studies have shown that another type of presynaptic plasticity, the short-term
depression of feedforward inhibition that occurs during theta-frequency SC fiber stimulation, can
have a crucial role in the induction of LTP (Davies et al., 1991; Mott and Lewis, 1991). Thus, we
also examined whether there might be dorsal-ventral differences in both short-term plasticity and
the basal properties of inhibitory synaptic transmission. We found, however, that the TPS-induced
depression of inhibitory postsynaptic currents (IPSCs) was essentially identical in dorsal and
ventral pyramidal cells (Fig. 3-5A). Moreover, spontaneous IPSCs (Fig. 3-5B,C) and
IPSC/excitatory postsynaptic current (EPSC) ratios for synaptic currents evoked by SC fiber
stimulation (Fig. 3-5D,E) were not different in dorsal and ventral pyramidal cells. Thus, there do
not appear to be significant differences in inhibitory transmission that could contribute the distinct

effects of TPS on LTP induction and CS bursting in dorsal and ventral CA1 regions.

Weaker EPSP-Spike coupling and EPSP amplification in ventral CA1

We next examined whether differences in postsynaptic excitability might contribute to
dorsal-ventral differences in TPS-induced CS bursting and LTP. Although previous studies have
found differences in intrinsic excitability in dorsal and ventral CA1 pyramidal cells (Dougherty et
al., 2012; Marcelin et al., 2012; Dougherty et al., 2013; Honigsperger et al., 2015; Malik et al.,
2015), under our experimental conditions rheobase and threshold for APs elicited by somatic
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current injection were not significantly different (Table 1). There was also no significant
difference in the number of APs elicited by somatic injection of pulses of depolarizing current
(Fig. 3-6A,B). Importantly, somatic current injection might fail to detect differences in ionic
conductances present in dendritic spines that regulate depolarization mediated by excitatory
synaptic inputs (Gu et al., 2008; Ngo-Anh et al., 2005; Bloodgood and Sabatini, 2007; Faber et al.,
2008; Wang et al., 2014). Thus, we also examined intrinsic excitability by measuring the ability
of different sizes of EPSPs, evoked by different intensities of presynaptic fiber stimulation, to elicit
APs, a phenomenon known as E-S coupling. Although AP firing in response to somatic current
injections was the same in dorsal and ventral pyramidal cells (Fig. 3-6A,B), E-S coupling was

significantly weaker in ventral pyramidal cells (Fig. 3-6C,D).

To gain further insight into the mechanisms responsible for the dorsal-ventral difference in
E-S coupling, we examined the voltage-dependent amplification of EPSPs that occurs with
membrane depolarization in pyramidal cells (Stuart and Sakmann, 1995; Andreasen and Lambert,
1998; Fricker and Miles, 2000; Carter et al., 2012). In these experiments inhibitory synaptic
transmission was blocked with picrotoxin (100 uM) to pharmacologically isolate EPSPs, and the
strength of SC fiber stimulation was adjusted to evoke small, sub-threshold EPSPs (~5 mV at Vm
= -80 mV). Synaptic responses were then recorded at postsynaptic membrane potentials between
-80 and -40 mV (Fig. 3-7A). Although robust EPSP amplification was observed in dorsal
pyramidal cells, there was little, if any, depolarization-induced amplification of EPSPs in ventral

pyramidal cells (Fig. 3-7A,B).

Consistent with previous findings indicating that NMDAR activation significantly

contributes to EPSP amplification in CA1l pyramidal cells (Fricker and Miles, 2000), bath
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application of the NMDAR antagonist D-APV (50 uM) strongly inhibited EPSP amplification in
dorsal CA1 pyramidal cells (Fig. 3-7C,D). Blocking NMDARSs had no effect, however, on EPSPs
in ventral pyramidal cells (Fig. 3-7C,D). These findings indicate that NMDAR activation is
strongly down-regulated at ventral SC synapses. Moreover, because NMDAR activation has a
crucial role in CS bursting in dorsal CAl pyramidal cells in vivo (Grienberger et al., 2014), we
hypothesized that the absence of robust NMDAR-mediated EPSP amplification in ventral
pyramidal cells might account for the absence of CS bursting during TPS in the ventral

hippocampus.
SK channel suppression of NMDAR-dependent EPSP amplification and CS bursting

Given the prominent role of NMDAR activation in EPSP amplification in dorsal CAl
pyramidal cells, one simple explanation for the absence of EPSP amplification in ventral CA1
pyramidal cells is that NMDAR expression is lower at ventral SC synapses. Indeed, the NMDAR-
mediated component of fEPSPs measured using extracellular recording techniques is smaller at
SC synapses in the ventral hippocampus (Maggio et al., 2015). Previous studies have found,
however, that the presence of Ca?*-activated, SK-type K* channels in dendritic spines can potently
inhibit activation of NMDARs by sub-threshold EPSPs (Ngo-Anh et al., 2005; Bloodgood and
Sabatini, 2007; Faber et al., 2005). Thus, another possibility was that differential expression of SK
channels might underlie the differences in EPSP amplification between dorsal and ventral
pyramidal cells. Consistent with this second possibility, the NMDAR-mediated component of
EPSCs elicited by SC fiber stimulation was not significantly different in dorsal and ventral
pyramidal cells when postsynaptic SK channels (and other K* channels) were blocked by

intracellular perfusion of Cs™ and TEA (Fig. 3-8A). This indicates that the absence of NMDAR-

77



mediated EPSP amplification in ventral CA1 pyramidal cells is not due to a dorsal-ventral
difference in postsynaptic NMDAR content. In contrast, using quantitative RT-PCR we found that,
although there was no dorsal-ventral difference in mRNA levels for the SK2 subunit of the SK
channel, mMRNA levels for SK3 subunits were approximately 1.6-fold higher in isolated CAl
regions obtained from ventral hippocampal slices (Fig. 3-9A). Although this suggests that SK3
subunit mRNA is more highly expressed in ventral pyramidal cells, measurements of mMRNA levels
in samples prepared from hippocampal slices reflect levels of SK channel subunit mRNA
expression in multiple cell types. Thus, we also analyzed data generated from a recent RNA-Seq
study specifically examining differences in gene expression in dorsal and ventral CA1 pyramidal
cells (Cembrowski et al., 2016A). This analysis, performed using Hipposeq (Cembrowski et al.,
2016B), revealed that SK3 subunit mRNA levels are 2 to 9-fold higher in ventral CA1 pyramidal
cells (Fig. 3-9B). Based on these findings, we directly tested the potential impact of dorsal-ventral
differences in SK channel expression and/or function on NMDAR-dependent EPSP amplification
by examining the effects of the selective SK channel antagonist apamin. Blocking SK channels
with apamin (100 nM) significantly enhanced EPSP amplification in ventral pyramidal cells,
abolishing the dorsal-ventral difference in EPSP amplification observed previously (Fig. 3-8B,C).
In addition, blocking NMDARs with APV prevented the apamin-induced enhancement of EPSP
amplification in ventral pyramidal cells (Fig. 3-8B,C), indicating that SK channel activation
suppresses EPSP amplification in ventral pyramidal cells by inhibiting NMDAR activation.
Indeed, although APV had no effect on EPSPs evoked at -40 mV in ventral pyramidal cells under
control conditions, an APV-sensitive component of EPSPs was present when SK channels were

blocked with apamin (Fig. 3-8D).
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Enabling CS bursting and LTP in ventral CA1 by SK channel inhibition

To determine how the lack of EPSP amplification in ventral pyramidal cells influences E-
S coupling and CS bursting, we next examined its effect on EPSP-evoked AP firing in dorsal and
ventral pyramidal cells. First, the intensity of SC stimulation was adjusted to evoke large EPSPs
(~15 mV) that were below threshold for action potential generation at Vm =-70 mV, and the ability
of EPSPs to elicit APs was then tested at membrane potentials between -70 and -50 mV. In
addition, inhibitory synaptic transmission was suppressed with picrotoxin to mimic the activity-
dependent depression of IPSCs that occurs during TPS (Fig. 3-5A). Under these conditions, EPSPs
reliably elicited robust, CS bursts in dorsal pyramidal cells at membrane potentials depolarized to
> -60 mV, with little or no bursting observed in ventral pyramidal cells at all membrane potentials
tested (Fig. 10A). Consistent with the notion that NMDAR activation facilitates CS bursting, bursts
of postsynaptic APs were rarely seen in cells where NMDARs were blocked by intracellular
application of MK-801 (40 uM) (Fig. 3-10B). To determine whether SK channel inhibition of the
NMDAR-mediated component of EPSPs is responsible for the lack of EPSP-evoked bursting in
ventral pyramidal cells, we next repeated these experiments in the presence of apamin. Although
apamin had little effect on bursting in dorsal cells, it strongly facilitated EPSP-evoked CS bursting
in ventral pyramidal cells (Fig. 3-10C). Importantly, apamin did not facilitate EPSP-evoked CS
bursting in ventral pyramidal cells where intracellular perfusion of MK-801 was used to block
NMDARs, demonstrating both the crucial role for NMDAR activation in EPSP-evoked CS
bursting and the direct role of SK channels in suppressing NMDAR activation. Together, these
findings indicate that NMDAR-mediated EPSP amplification has an important role in the ability

of excitatory synaptic inputs to trigger CS-like bursting in CA1 pyramidal cells and that activation
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of SK channels prevents EPSP-evoked bursting in ventral CA1 pyramidal cells by suppressing

NMDAR activation and EPSP amplification.

Finally, we examined whether enhanced SK suppression of NMDAR-dependent
amplification and resultant CS bursting at ventral SC synapses is responsible for the robust dorsal-
ventral difference in TPS-induced LTP by examining the effects of apamin on TPS-induced CS
bursting and LTP. As we observed in our initial experiments (Fig. 3-1), EPSPs failed to elicit CS
bursting and LTP during TPS in ventral hippocampal slices under control conditions. However,
inhibiting SK channels with apamin enabled robust CS bursting (Fig. 3-11A,B) and strongly
facilitated the induction of LTP in ventral hippocampal slices (Fig. 3-11C), while having no effect

on LTP induction in dorsal hippocampal slices (Fig. 3-11D).

3.4 Discussion

Results from numerous anatomical and behavioral studies provide strong support for the
idea that the dorsal and ventral zones of the hippocampus have fundamentally distinct roles in
spatial learning, anxiety, and emotions (Moser and Moser 1998; Fanselow and Dong 2010; Strange
et al. 2014). It is unclear, however, whether the different functional roles of the dorsal and ventral
hippocampus simply reflect the distinct connections of the dorsal and ventral hippocampus with
other brain regions or whether the dorsal and ventral hippocampus also process information in
different ways. The fact that the overall anatomical organization of the trisynaptic circuit is
preserved along the entire dorsal-ventral axis suggests that a common, core algorithm is
implemented throughout the hippocampus. Our results, however, challenge this view and suggest

that, at least within the CA1 component of this circuit, the distinct functional roles of the dorsal
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and ventral hippocampus are supported by pronounced differences in both pre- and postsynaptic

function that can fundamentally influence the processing and storage of information.

Consistent with previous work (Papatheodoropoulos and Kostopoulos, 2000;
Papatheodoropoulos, 2015), both paired-pulse facilitation (Fig. 3-2A) and the initial facilitation of
transmission that occurs at the start of TPS (Fig. 3-1B) were significantly lower at ventral SC
synapses. Surprisingly, although differences in short-term plasticity are often associated with
differences in the basal probability of neurotransmitter release from presynaptic terminals, basal
release probability at dorsal and ventral SC synapses was the same. This dissociation indicates that
a difference in the efficacy of transmission at SC synapses in the dorsal and ventral hippocampus
will only emerge during patterns of presynaptic activity that occur at frequencies high enough to
engage the mechanisms underlying short-term plasticity. Thus, the distinct properties of short-term
plasticity at dorsal and ventral SC fiber synapses likely give rise to profound dorsal-ventral
differences in basic forms of synaptic computation, such as pattern detection and frequency

filtering that are thought to be mediated by short-term plasticity (Abbott and Regehr 2004).

Our results indicate that differences in long-term plasticity can also support the segregation
of hippocampal function along its dorsal-ventral axis. Specifically, we find that although theta-
frequency patterns of synaptic stimulation induce robust LTP at SC synapses in the dorsal CA1
region, activation of SK-type K* channels potently suppresses NMDAR activation and prevents
TPS-induced LTP at SC synapses in the ventral hippocampus. Consistent with our findings, both
SK2 and SK3 subunits of SK channels are present in dendritic spines (Lin et al. 2008; Ballesteros-
Merino et al. 2014) and activation of SK channels by increases in spine Ca®* acts in a feedback

fashion to limit membrane depolarization and inhibit NMDAR activation (Faber et al. 2005; Ngo-
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Anh et al. 2005; Bloodgood and Sabatini 2007). Moreover, inhibiting SK channels with the
selective blocker apamin facilitates LTP induction (Behnisch and Reymann 1998; Stackman et al.
2002; Faber et al. 2005; Buchanan et al. 2010). Our findings confirm and extend these earlier
observations by demonstrating that regional differences in SK channel activity provide a
mechanism for generating functionally distinct types of synapses where theta-frequency patterns
of synaptic activity can have profoundly different effects on both synaptic transmission and long-
term synaptic plasticity. Importantly, our findings also indicate that in addition to their canonical
role as a detector of coincident pre- and postsynaptic activity, NMDARs also have a crucial role
in EPSP-evoked CS bursting. Thus, differences in SK channel regulation of NMDAR activation
at SC-CA1 pyramidal cell synapses also underlie the profound dorsal-ventral disparity in EPSP
amplification and E-S coupling, processes that fundamentally impact input-output transformations

at synapses.

Although our results suggest that dorsal-ventral differences in SK3 subunit expression
contribute to increased SK channel activity at SC synapses in the ventral hippocampus, they do
not rule out the possibility that a dorsal-ventral difference in the coupling between SK channels
and sources of Ca?* influx, such as NMDARs and voltage-activated Ca?* channels, might also be
involved. Moreover, the spine localization of SK channels is highly activity-dependent (Lin et al.
2008, 2010), suggesting that factors in addition to overall levels of expression may contribute. The
specific increase in SK3 is of interest, though, as elevated SK3 subunit expression contributes to

age-related deficits in both LTP and memory (Blank et al. 2003).

An important implication of our results is that differences in the susceptibility of dorsal

and ventral SC synapses to LTP induction during theta-frequency stimulation are achieved by
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placing differing inhibitory constraints on LTP induction. In dorsal CA1 pyramidal cells, even
large EPSPs fail to induce AP bursting when inhibitory synaptic transmission is intact (Fig. 3-
4C,D) but readily elicit CS bursts when inhibitory synaptic transmission is reduced (Fig. 7A).
Thus, GABAergic inhibition acts as the sole inhibitory constraint that counteracts EPSP
amplification and the activity-dependent suppression of IPSCs during TPS is sufficient to enable
the EPSP-evoked CS bursting necessary for LTP induction. Although the suppression of IPSCs
during TPS is similar in ventral pyramidal cells (Fig. 3-5A), ventral synapses have the additional
potent inhibitory constraint of elevated SK channel activity that prevents theta-frequency patterns
of presynaptic activity from engaging the cellular and molecular machinery necessary for LTP
induction. Moreover, although we find that presynaptic facilitation does not appear to be either
necessary or sufficient for TPS-induced LTP, the disruption of facilitation in Syt7-/- mutants was
associated with a reduction in both EPSP-evoked CS bursting and LTP induction during TPS at
dorsal SC synapses. Thus, it seems likely that the dorsal-ventral difference in facilitation also has
an important role in regulating the ability of SC synapses in the dorsal and ventral hippocampus
to undergo LTP in response to theta-frequency patterns of presynaptic activity. In contrast, the
induction machinery for LTP, itself, appears to be unchanged between the dorsal and ventral CA1
regions (Fig. 3-1D, 3-11C). Thus, levels of postsynaptic phasic inhibition, presynaptic facilitation,
and SK channel activity likely work together to confer differential pattern selectivity for LTP
induction at dorsal and ventral SC synapses. This implies that LTP is used to store information at
both dorsal and ventral SC synapses but is recruited by very different patterns of presynaptic

activity.

Although the optimal activity patterns for inducing LTP at ventral SC synapses remain

unclear, SK channels are inhibited by adrenergic receptor activation (Maingret et al., 2008) and
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SK channel activity in dendritic spines is down-regulated by metabotropic glutamate receptor
activation (Tigaret et al., 2016) as well as 3-adrenergic (Faber et al., 2008) and muscarinic receptor
activation (Buchanan et al. 2010; Giessel and Sabatini 2010). Thus, in addition to coincident pre-
and postsynaptic activity, the induction of LTP at SC synapses in the ventral hippocampus may be
highly state-dependent and require the release of modulatory neurotransmitters, such as
acetylcholine or norepinephrine, to overcome the SK channel inhibition of NMDAR activation.
Interestingly, a variety of neuromodulatory projections, including noradrengeric inputs from the
locus coeruleus, are denser in ventral hippocampus (Haring and Davis, 1985; Strange et al. 2014).
Neurons in the locus coeruleus exhibit elevated levels of tonic activity during heightened states of
arousal and fire high frequency bursts of APs in response to stressful, noxious, and/or novel stimuli
(Aston-Jones and Cohen, 2005; Sara and Bouret, 2012). Thus, norepinephrine, as well as other
modulatory neurotransmitters that regulate SK channel activity, may serve as an essential trigger

for plasticity in the ventral hippocampus during behaviors that contain greater emotional valence.

Our results also indicate a previously unappreciated strong interrelationship among several
fundamental properties of synaptic transmission that have been studied for decades. These are
NMDA receptor activation, EPSP amplification, and E-S coupling. As integrate-and-fire neurons,
pyramidal cells are not only sensitive to the rising slope and peak of the EPSP but also the duration
and magnitude of the EPSP envelope (Shadlen and Newsome, 1994; Sakai et al., 1999; Rauch et
al., 2003). Because of this, the amplification of EPSP amplitude and duration due to NMDAR
activation at depolarized membrane potentials strongly facilitates the ability of synaptic inputs to
elicit postsynaptic APs (Fig. 3-10). This indicates that rather than acting as passive detectors of
coincident pre- and postsynaptic activity, NMDARs also have an active role in regulating

postsynaptic firing. Thus, low levels of NMDAR activation can act in a positive feedback manner
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by promoting postsynaptic AP firing and bursting which, by helping to relieve the voltage-
dependent Mg?* block of NMDAR ion channels, leads to even stronger NMDAR activation. This
phenomenon, which our results indicate allows even low-frequency patterns of synaptic activity
to produce the strong levels of NMDAR activation needed for LTP induction, is likely to be a
common feature of NMDAR-mediated synaptic transmission at excitatory synapses throughout
the brain. Moreover, by providing an activity-dependent, negative feedback mechanism to limit
NMDAR activation, SK channel activation interacts with these phenomena to regulate multiple

aspects of synaptic transmission and plasticity.
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Tables:

Intrinsic Excitability in Dorsal and Ventral CA1 Pyramidal Cells

Parameter Mean = SEM [range] P value Test

Input resistance (mV) D: 83.6 +3.4[56.5-99.3] (n=13) 0.892 Mann Whitney
V:87.5+7.6 [51.7-128.9] (n=12)

Resting membrane potential (mV)* D:-75.2 £ 1.1 [-80 to -66] (n = 13) 0.052 Mann Whitney
V:-72.9+ 0.8 [-791t0 -69] (n=12)

Sag w/ -100 pA injection (mV) D:-2.7+0.2[-0.9t0-4.0] (n=13) 0.724 Mann Whitney
V:-3.2+0.4[-0.9t0-5.8] (n=12)

Sag w/ -200 pA injection (mV) D:-52+04[-7.21t0-2.0] (n=13) 0.724 Mann Whitney
V:-6.1+0.8[-9.9t0-1.9] (n=12)

Rheobase (pA) D: 892 + 136 [533 - 2433] (n = 13) 0.956 Mann Whitney
V: 1072 £ 188 [300 - 2200] (n = 12)

AP Threshold (mV)* D: -49.0 £ 1.0 [-52.6 to -38.3] (n=13) 0.072 Mann Whitney
V:-46.4 + 1.4 [-52.7 to -36.7] (n=11)

AP Height (mV) D: 95.5+ 1.5 [81.0 to 105.0] (n=13) 0.093 Mann Whitney
V:90.1 +2.4[72.9t098.2] (n=11)

AP After-depolarization Peak (mV) D:-44.7 £ 0.7 [-48.4 10 -38.7] (n = 13) 0.224 Mann Whitney
V:-42.8+1.4[-48.91t0-31.6] (n=11)

AP After-hyperpolarization Peak D:-45.8+0.9[-51.810-39.0] (n=13) 0.214 Student’s t

(mV) V:-44.1+ 1.0 [-39.3 to -50.5] (n = 11)

*adjusted for calculated junction potential of 13.4 mV
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Figure 3-1 Theta-frequency modulation of transmission at SC synapses in the dorsal and ventral

hippocampal CA1 regions.

A, Examples of fEPSPs evoked by TPS in dorsal (top) and ventral hippocampal slices (bottom).
Note the prominent, multiple population spikes elicited during TPS in dorsal hippocampal slices.
Calibration bars are 2 mV and 5 ms. B, fEPSP slopes (left) and number of population spikes (right)
elicited during TPS (n = 6 dorsal and 7 ventral slices, shading indicates SEM). C, TPS fails to
induce LTP at SC fiber synapses in ventral hippocampus. 45 minutes post-TPS (delivered at time
= 0) fEPSPs were potentiated to 160 + 8% of baseline in dorsal slices (n = 6) and were 109 + 6%
of baseline in ventral slices (n = 7, P = 1.8x10*, Student’s t-test: t(11) = 5.516). Traces at right
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show superimposed fEPSPs recorded during baseline and 45 min post-TPS. Calibration bars are 2
mV and 5 ms. D, Pairing presynaptic fiber stimulation (100 pulses at 2 Hz) with postsynatpic
depolarization (at time = 0) induces similar amounts of LTP in dorsal and ventral pyramidal cells.
30 minutes post-pairing EPSPs were 193 + 4.6% of baseline in dorsal cells (n = 7) and 180 + 10%
of baseline in ventral cells (n = 6, P = 0.22, Student’s t-test: t(11) = 1.291). Traces show
superimposed EPSPs recorded during baseline and 30 minutes post-LTP induction. Calibration

bars are 5 mV and 20 ms.
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Figure 3-2 Paired-pulse facilitation, basal synaptic strength, and transmitter release probability at

excitatory synapses in CAL region of dorsal and ventral hippocampus.

A, Paired-pulse facilitation is significantly lower at ventral SC fiber synapses (**P < 0.001, two-
way ANOVA with Student-Newman-Keuls post hoc multiple comparisons test: P = 1.6x1074,
Fasn) = 104.7, n =
stimulation pulses delivered with a 50 millisecond inter-pulse interval. Calibration bars are 1 mV
and 10 ms. B, Comparison of presynaptic fiber volley amplitudes and postsynaptic fEPSP slopes
for responses elicited by different intensities of SC fiber stimulation in dorsal (n = 17) and ventral
(n =18) hippocampal slices (P = 0.982, Student t-test: t(33) = 0.022). C and D, Amplitude (C) and
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12 dorsal and 9 ventral slices). Traces at right show fEPSPs evoked by
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frequency (D) of mEPSCs in dorsal and ventral CA1 pyramidal cells (n = 1,843 events from 7
dorsal cells and 1,815 events from 7 ventral cells). There was no significant difference in either
the mean amplitude (dorsal: 23.0 + 1.6 pA, ventral: 23.7 + 1.0 pA, P = 0.71, Student t-test: t(11)
= 0.378) or frequency of mEPSCs (dorsal: 1.7 = 0.1 Hz, ventral: 1.7 £ 0.1 Hz, P = 0.94, Student
t-test: t(11) = 0.076). E, Examples of mEPSCs recorded from dorsal and ventral pyramidal cells.
Calibration bars are 20 pA and 100 ms. F, Plot shows an example of the use-dependent block of
NMDAR-mediated EPSCs in the presence of 40 uM MK-801 in a dorsal CAl pyramidal cell.
Synaptic stimulation was omitted during the first 10 minutes of MK-801 application. Inset shows
NMDAR-mediated currents recorded before, immediately after resuming synaptic stimulation in
presence of MK-801, and after 20 stimulation pulses in presence of MK-801. Calibration bars are
100 pA and 50 ms. G, The activity-dependent inhibition of NMDAR-mediated EPSCs by MK-801
is not significantly different in dorsal (n = 6) and ventral (n = 7) pyramidal cells. Weighted decay
time contansts for the MK-801 inhibition of NMDAR EPSCs were 209 + 10 ms and 214 + 33 ms
in dorsal and ventral cells, respectively (P = 0.88, Student t-test: t(11)=0.155).
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Figure 3-3 Faciliation, CS bursting, and LTP induction are reduced in dorsal hippocampal slices

from Syt7”- mutant mice.

A, Paired-pulse facilication is significantly reduced in dorsal hippocampal slices from Syt7~- mice
(**P < 0.001, two-way ANOVA with Student-Newman-Keuls post hoc multiple comparisons test:
P = 3.7x10%*, Fa36) = 609.2, n = 18 slices from 6 wild type and 15 slices from 5 Syt7”- mutant
mice). B and C, fEPSP slopes (B) and number of population spikes (C) elicited during TPS in
slices from wild type (n = 18 slices from 6 mice) and Syt7”- mutants (n = 15 slices from 5 mice).
Shading indicates SEM. The latency to first burst (first stimulation pulse to elicit 2 or more
population spikes) was 28 + 3.1 pulses in slices from wild type mice and 55 £ 6.7 pluses in slices
from Syt7” mice (P = 4.1x10™, Student’s t-test: t(9) = 5.445). D, Examples of fEPSPs elicited

during TPS in slices from wild type (top) and Syt7”- mutant mice. Calibration bars are 2 mV and
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5 ms. E, TPS stimulation-induced LTP is reduced in Syt7”- mutant mice (P = 0.014, Student’s t-
test: t(9) = 3.045). 45 minutes post-TPS (delivered at time = 0) fEPSPs were potentiated to 148 +
4% of baseline in slices from wild type littermates (P = 8.38x1077, Paired t-test: t(17) = 7.521) and
were 121 + 8% of baseline in slices from Syt7” mutants (P = 1.86x10°3, Paired t-test: t(14) = 3.824.

Results from the same experiments shown in B and C.
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Figure 3-4 Increasing the strength of presynaptic fiber stimulation does not enable EPSP-evoked

CS bursting and LTP induction in ventral hippocampus.

A and B, fEPSP slopes (A) and number of population spikes (B) elicited during TPS in ventral
slices in experiments where the strength of presynaptic fiber stimulation during the first 50 pulses
of TPS was increased to mimic (1.1x basal stimulation pulse duration, n = 6) or exceed (1.2x basal
stimulation pulse duration, n = 6) the facilitation that occurs during the first 50 pulses of TPS in
dorsal hippocampal slices. C, Increasing the intensity of presynaptic fiber stimulation during TPS
(delivered at time = Q) fails to enable LTP induction in ventral hippocampal slices. 45 minutes
post-TPS fEPSPs were 112.7 + 5.9% of baseline in experiments where stimulation strength was
increased 1.1-fold at start of TPS and were 110 + 2.5% of baseline in experiments where the
stimulation strength was increased to 1.2-fold (P = 0.928, one-way ANOVA: F(.15) = 0.075). D
and E, fEPSP slopes (D) and number of population spikes (E) elicited by TPS in interleaved
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control experiments where the strength of presynaptic fiber stimulation was held constant
throughout the experiment (n = 8 dorsal and 6 ventral slices). F, TPS-induced LTP in interleaved
control experiments. 45 minutes post-TPS fEPSPs were potentiated to 161 + 5.7% of baseline in
dorsal slices and were 111 + 6% of baseline in ventral slices (P = 6.6x10°, Student’s t-test: t(12)
=5.962).
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Figure 3-5 Inhibitory synaptic transmission in CAL region of dorsal and ventral hippocampus.

A, Activity-dependent depression of IPSCs during TPS is similar in dorsal (n = 8) and ventral (n
=9) CAL pyramidal cells. Traces show superimposed IPSCs evoked by the first and last pulse of
TPS in dorsal and ventral CAl pyramidal cells. Calibration bars are 15 ms and 100 pA. B, All

points histogram showing spontaneous IPSC current amplitudes in the presence and absence of
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the GABAA receptor blocker bicuculline (40 uM). Shaded region corresponds to IPSC charge
transfer. Traces show spontaneous IPSCs (sIPSCs) recorded from a dorsal CA1 pyramidal cell
before (control) and after application of bicuculline. Calibration bars are 0.5 sec and 40 pA C,
Charge transfer for sIPSCs and mIPSCs (mIPSCs were recorded in presence of 1 uM TTX).
Charge transfer for sIPSCs was 94.3 + 8.4 pC in dorsal cells (n = 8) and 95.2 + 6.8 pC in ventral
cells (n = 8 ventral cells, P = 0.937, Student t-test: t(14) = 0.08). Charge transfer for mIPSCs was
58.5+ 5.6 pC in dorsal cells (n = 6) and 57.6 £ 9.8 pC in ventral cells (n =6, P =0.939, Student t-
test: t(10) = 0.078). D, Examples of evoked IPSCs (Vm = +15 mV) and EPSCs (Vm = -42 mv) in
dorsal and ventral pyramidal cells. Calibration bars are 40 ms and 250 pA. E, IPSC/EPSC ratios
in dorsal (37.7 £ 4.8, n = 9) and ventral pyramidal cells (27.6 + 3.8, n = 10) were not significantly
different (P = 0.117, Student t-test: t(17) = 1.651).
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Figure 3-6 Weaker E-S coupling in ventral CA1 pyramidal cells.

Spikes/EPSP

A, Depolarization induced by somatic current injection elicits similar numbers of APs in dorsal
and ventral pyramidal cells (n = 13 dorsal and 12 ventral cells, P = 0.694, two-way ANOVA:
F,138 = 0.155 ). B, Traces show examples of APs elicited by 50 and 100 pA current injections in
dorsal and ventral cells. Calibration bars correspond to 20 mV and 100 ms. C, The ability of EPSPs
to elicit postsynaptic APs is significantly reduced in ventral pyramidal cells (*P < 0.01, **P <
0.001, two-way ANOVA with Student-Newman-Keuls post hoc multiple comparisons test: P =
2.3x107, Faez = 33.794, n = 10 dorsal and 7 ventral cells). D, Traces show examples of
postsynaptic responses evoked by small (top, EPSP slope ~ 5 mV/ms) and larger EPSPs (bottom,
EPSP slope » 8 mVV/ms). Calibration bars correspond to 10 mV and 20 ms.
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Figure 3-7 Dorsal-ventral difference in NMDAR-mediated EPSP amplification at SC synapses.

A, Average EPSPs recorded from 10 dorsal and 12 ventral cells at the indicated membrane
potentials (shading indicates SEM). Traces at right show superimposed EPSPs recorded at -80 and
-40 mV. Scale bars are 2 mV and 20 ms. B, Increase in EPSP integrals with depolarization (EPSP
amplification) is significantly smaller in ventral pyramidal cells (*P < 0.05, **P < 0.001, two-way
ANOVA with Student-Newman-Keuls post hoc multiple comparisons test: P = 6.5x10®, F(1.120) =
33.23). C, EPSP amplification in the presence of the NMDAR blocker D-APV (50 uM) (n =9
dorsal and 10 ventral cells). D, Amplification determined from the ratio of EPSP integrals at -40
and -80 mV for all cells for results shown in (B) and (C). In control recordings the amplification
in dorsal cells (2.7 + 0.23) was significantly greater than that seen in ventral pyramidal cells (1.3
+ 0.12). Blocking NMDARs significantly reduced amplification in dorsal cells (1.3 £+ 0.16) but

had no effect on amplification in ventral pyramidal cells (1.3 + 0.17). **P < 0.001, two-way
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ANOVA with Student-Newman-Keuls post hoc multiple comparisons test: P = 4.9x107, F338) =
16.544.

99



A © Dorsal A Ventral Dorsal

NS NS
0.8 4 A
A i A
o AL _1001o Ay
X 06{ © 2 P
s M Eons- “‘
< A = o
< %41 504 © Ventral
S 8
= i
= 0.2 8 25
0 _l
+40 mV +40 mV
B Apamin © Dorsal C O Dorsal
A Ventral A A Ventral
A Ventral + APV NS
’g 500 -
*
g 2 44 8
£ 400 T
= Dé 3 -Oo AL
£ 300 g, ouk A
2 S oo 4 ?
% 200 T é‘ 1] S
A
*
85 100 — < o
-80 -70 -60 -50 -40 &
. &
Membrane Potential (mV) ?9’3’ Ne
D .
Control £ APV Apamin £ APV

Figure 3-8 SK channel suppression of NMDAR activation and EPSP amplification at SC synapses

in ventral hippocampus.

A, Ratio of NMDAR and AMPAR-mediated components (left) and decay time constants (middle)
for EPSCs recorded at Vm =40 mV in dorsal and ventral pyramidal cells (n = 9 dorsal and 8 ventral
cells). Ratios were 0.52 + 0.02 and 0.57 + 0.03 in dorsal and ventral cells, respectively (P = 0.312,
Student t-test: t(15) = 1.046). Decay time constants were 75 + 5.1 ms in dorsal cells and 86 + 5.2
ms in ventral cells (P = 0.15, Student t-test: t(15) = 1.517). Traces (right) show example EPSCs
recorded at -80 and 40 mV. Calibration bars are 75 pA and 20 ms. B, Blocking SK channels with
100 nM apamin enables NMDAR-mediated EPSP amplification in ventral pryamidal cells (*P <
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0.05, **P < 0.001, two-way ANOVA with Student-Newman-Keuls post hoc multiple comparisons
test: P = 4.1x107, F.162) = 16.12, n = 10 dorsal and 10 ventral cells in apamin, n = 10 ventral cells
in apamin plus D-APV). C, Amplification for all cells in the presence of apamin or apamin plus
D-APV. Amplification in the presence of apamin was 2.5 + 0.34 and 2.6 + 0.21 for dorsal and
ventral pyramidal cells, respectively and 1.7 + 0.17 for ventral cells in the presence of apamin +
D-APV. *P < 0.05, one-way ANOVA with Student-Newman-Keuls post hoc multiple
comparisons test: P = 0.013, Fp27 = 5.154. D, Traces show superimposed average EPSPs in
ventral pyramidal cells elicited at Vm = -40 mV in the absence and presence of APV in control
cells (left, from experiments shown in Fig. 7B,C) and in the presence of apamin (right). Shading

indicates SEM. Calibration bars are 2 mV and 20 ms.
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Figure 3-9 SK channel subunit expression in dorsal and ventral hippocampus.

A, Levels of Kcnn2 (SK2) and Kcnn3 (SK3) mRNA expression in isolated CA1 regions micro-
dissected from dorsal and ventral hippocampal slices. Lines indicate values obtained from tissue
samples from the same hippocampus. B, Expression levels for SK channel subunit mRNA in dorsal
and ventral CA1 pyramidal cells obtained using Hipposeq (Cembrowski et al., 2016B) analysis of
hippocampal RNA-seq database generated by Cembrowski et al. (2016A).
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Figure 3-10 Enhancement of EPSP-evoked CS bursting by blockade of SK channels in ventral
CAL1 pyramidal cells.

A, Effect of membrane depolarization on EPSP-evoked AP firing in dorsal (n = 15) and ventral (n
= 16) CAL pyramidal cells. *P < 0.01, **P < 0.001, two-way ANOVA with Student-Newman-
Keuls post hoc multiple comparisons test: P = 1.8x10°, Fu10) = 83.715. Traces show

postsynaptic responses elicited at the indicated membrane potentials. B, EPSPs fail to elicit
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bursting when NMDARs are inhibited with intracellular application of 40 uM MK-801 (n = 10
dorsal and 10 ventral cells). C, Inhibiting SK channels with 100 nM apamin enables NMDAR-
dependent EPSP-evoked bursting in ventral CA1 pyramidal cells (n = 11 dorsal cells and 10 ventral
cells in the presence of apamin and 6 ventral cells in the presence of apamin with intracellular
application of MK-801). *P < 0.05, **P < 0.001, two-way ANOVA with Student-Newman-Keuls
post hoc multiple comparisons test: P = 5.5x104, Fs4) = 44.902. Traces show postsynaptic
responses elicited in ventral pyramidal cells in the presence of apamin with and without
intracellular MK-801. Calibration bars in A, B, and C are 20 mV and 20 ms.
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Figure 3-11 Inhibiting SK channels enables TPS-induced CS bursting and LTP in ventral

hippocampal slices.

A, Traces show examples of fEPSPs elicited during TPS in ventral hippocampal slices during
control experiments and in the presence of apamin. Calibration bars are 1 mV and 10 ms. B,
Summary of EPSP-evoked bursting during TPS in ventral hippocampal slices in the absence
(control, n = 8) and presence of apamin (n = 7). Results are from same experiments shown in (C).
C, Apamin enables LTP induction by TPS (delivered at time = 0) in ventral hippocampal slices.
45 minutes post-TPS fEPSPs were potentiated to 149 + 6.2% of baseline in the presence of apamin
compared to 105 + 2.9% of baseline in control experiments (P = 1.6x107°, Students t-test: t(13) =
6.65). Traces show superimposed fEPSPs recorded during baseline and 45 minutes post-TPS in
control experiments (top) and in experiments with apamin (bottom). Calibration bars are 1 mV and
5 ms. (D) Apamin has no effect on TPS-induced LTP in dorsal hippocampal slices. 45 minutes
post-TPS fEPSPs were potentiated to 145 + 3.8% of baseline in control experiments (n = 7) and

144 + 4.2% of baseline in the presence of apamin (n =7, P = 0.85, Student’s t-test: t(12) = 0.199).
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4 CHAPTER IV Muscarinic Modulation of Pyramidal Cell Excitability and Long Term

Potentiation Across Dorsal-Ventral Axis of Mouse Hippocampus.

4.1 Introduction

Behavioral, physiological, and anatomical evidence indicates that the dorsal and ventral
zones of the hippocampus have distinct roles in cognition. How the unique functions of these zones
might depend on differences in synaptic and neuronal function arising from the strikingly different
gene expression profiles exhibited by dorsal and ventral CA1 pyramidal cells is unclear. To begin
to address this question, | previously investigated the mechanisms underlying differences in
synaptic transmission and plasticity at dorsal and ventral Schaffer collateral (SC) synapses and
discovered that although basal synaptic transmission is similar, SC synapses in the dorsal and
ventral hippocampus exhibit markedly different responses to theta-frequency patterns of
stimulation. In contrast to dorsal hippocampus, theta-frequency stimulation fails to elicit
postsynaptic complex-spike bursting and does not induce LTP at ventral SC synapses. Moreover,
EPSP-spike coupling, a process that strongly influences information transfer at synapses, is weaker
in ventral pyramidal cells. These results indicated that all these differences in postsynaptic function
are due to an enhanced activation of SK-type K* channels that suppresses NMDA receptor
(NMDAR)-dependent EPSP amplification at ventral SC synapses. Consistent with this, mMRNA
levels for the SK3 subunit of SK channels are significantly higher in ventral CA1 pyramidal cells

(Cembrowski et al., 2016A).

Together, these findings indicated that a dorsal-ventral difference in SK channel regulation
of NMDAR activation has a profound effect on the transmission, processing and storage of
information at SC synapses and thus likely contributes to the distinct roles of the dorsal and ventral
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hippocampus in different behaviors. Interestingly, SK channel activity at dendritic spines is
strongly down-regulated by p-adrenergic (Carter et al. 2012) and muscarinic receptor activation
(Buchanan et al. 2010; Giessel and Sabatini 2010). Thus, in addition to coincident pre- and
postsynaptic activity, the induction of LTP at SC synapses in the ventral hippocampus may be
highly state-dependent and require the release of modulatory neurotransmitters, such as

norepinephrine or acetylcholine, to overcome the SK channel inhibition of NMDAR activation.

SK channels (small conductance calcium-activated potassium channels) are a subfamily of
Ca?*-activated K* channels highly expressed throughout the CNS and hippocampus (Sailer et al.,
2002). Previously reports indicate that SK channels are expressed and restricted to apical dendritic
spines where they oppose depolarization and shunt amplitude of postsynaptic potentials and
greatly regulate synaptic efficacy (Sah et al., 1996; Faber et al., 2005). Importantly SK channel
activity in dendritic spines is down-regulated by muscarinic receptor activation (Buchanan et al.,

2010; Giessel and Sabatini, 2010).

There are five muscarinic receptor subtypes (M1-M5) and all are expressed in the
hippocampus (Hulme et al., 1999; Nathanson et al., 1987). The hippocampus receives
rich cholinergic innervation from basal forebrain cholinergic neurons residing in the medial
septum (Frotscher et al., 1985; Price et al., 1993) and effect of acetylcholine in the hippocampus
is mediated primarily by muscarinic receptors (McKenney et al., 1984; Krnjevic 1993).
Cholinergic projections from vertical and horizontal limb of diagonal band to the CA1 pyramidal
cells are reported to be involved in the theta rhythm generation (Yoshida and Oka, 1994). Thus,

muscarinic receptors are good candidates for neurotransmitter receptors that might modulate SK-
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type K* channel activity, may serve as an essential trigger for plasticity in the ventral hippocampus

during behaviors that contain greater emotional valence.

Two types of acetylcholine receptors, Muscarinic (mAchR) and Nicotinic (nAchR)
receptors bind to acetylcholine are commonly found in the CNS. From here on, | will only focus
on mAchRs, which are G-protein coupled, mediate a slow metabolic response via second
messenger cascade, and are primary found in the CNS and more specifically in the hippocampus.
There are five subtypes of mAchRs (M1-M5). M1, M3 and M5 cause activation of phospholipase
C leading to increase in second messengers such as IP3, DAG, PKC and eventually lead to increase
in intracellular Ca?* while M2 and M4 inhibit adenylate cyclase thus leading to decrease in second
messenger CAMP. M1 and M3 are widely expressed in pyramidal neurons while M2 and M4 are
expressed in nonpyramidal neurons but M2 is expressed in discrete bands of fibers surrounding
pyramidal neurons (Levey et al., 1995). Muscarinic acetylcholine receptor (mAchR) antagonists
have been used to impair spatial memory (Falsafi et al., 2012), while mAchR agonists have been
used to reverse learning and spatial memory impairment in animal models of Alzheimer’s disease
(Fisher et al., 2003). Behavior studies also indicate that increasing cholinergic levels in the ventral
hippocampus but not dorsal hippocampus significantly reduces anxiety as measured in the plus-
maze and shock-probe tests, indicating that only the ventral hippocampus cholinergic system in
involved in the passive avoidance of painful stimuli and pointing towards a different modulatory
roles of cholinergic response in the different hippocampal zones (Degroot et al., 2002). Thus,
muscarinic cholinergic neurotransmission in the hippocampus plays a key role in a variety of

higher brain functions, including learning and memory.
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Here | investigated the mechanisms underlying dorsal-ventral differences in the LTP
induction using theta pulse stimulation (TPS) patterns of SC fiber stimulation in control dorsal and
ventral hippocampus slices as well as slices treated with various muscarinic neuromodulators. Our
analysis of muscarinic neuromodulation of TPS-LTP provides important insights into how
activation of mAchRs can modulate multiple aspects of synaptic function involved in the transfer,
processing and storage of information in the hippocampus that could be targeted to attempt to

reduce memory impairments in age related memory loss and Alzheimer’s disease.

4.2 Material and Methods

Animals and slice preparation

Male C57BI/6N mice (Charles River Laboratories, Cambridge, MA; 2-3 months old;
housed ina 12/12 light/dark cycle) and Syt7 knockout mice and wild type litter mates of both sexes
(RRID: IMSR_JAX:004950, The Jackson Laboratory, Bar Harbor, ME; 2-3 months old; housed
in a 12/12 light/dark cycle) were deeply anesthetized with isoflurane and following cervical
dislocation the brain was rapidly removed and submerged in ice-cold, oxygenated (95% 02/5%
CO2) ACSF containing (in mM) 124 NaCl, 4 KCI, 25 NaHCO3, 1 NaH2PQOg4, 2 CaCly, 1.2 MgSOs,
and 10 glucose (Sigma-Aldrich, St. Louis, MO). On a cold plate, the brain hemispheres were
separated, blocked, and the hippocampi removed. 400-um-thick slices were then cut using a
manual tissue chopper. Slices from the dorsal and ventral thirds of the hippocampus were used.
Slices were maintained (at 30°C) in interface-type chambers that were continuously perfused (2-3
ml/min) with ACSF and allowed to recover for at least 2 hours prior to recordings. All
experimental techniques were approved by the Institutional Care and Use Committee at the

University of California, Los Angeles.
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Electrophysiological recordings

A bipolar, nichrome wire stimulating electrode was placed in stratum radiatum of the CA1
region and used to activate Schaffer collateral/commissural fiber synapses. For extracellular
recordings, evoked fEPSPs (basal stimulation rate = 0.02 Hz) were recorded in stratum radiatum
using a glass microelectrode (A-M Systems, Carlsborg, WA) filled with ACSF (resistance ranged
from 5-10 MQ). Interface-type recording chambers were used for extracellular recordings while
whole-cell current-clamp recordings were done using slices maintained in submerged-slice type
chambers. Whole-cell current-clamp recordings were used to examine intrinsic excitability, E-S
coupling, and EPSP amplification. In these experiments recording electrodes (4—8 MQ) were filled
with a K*-based electrode-filling solution containing (in mM) 122.5 K-gluconate, 17.5 KCI, 10
HEPES, 0.2 EGTA, 10 Naz-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP (pH = 7.3, 290 mOsm). Al
cells were allowed to equilibrate for > 3 minutes after break-in before starting experiments.
Recordings where series resistance was > 30 MQ or unstable were discarded. Unless noted,

reported membrane potentials are not adjusted for junction potentials.

LTP induction protocols

The induction of LTP by TPS was examined using a 30s long train of 5 Hz stimulation
(150 pulses). At the start of each experiment the maximal fEPSP amplitude was determined and
the intensity of presynaptic fiber stimulation was then adjusted to evoke fEPSPs with an amplitude
~50% of the maximal amplitude. Note that unlike more conventional theta-burst stimulation
protocols, where bursts of presynaptic stimulation are delivered at 5 Hz, only single pulses of
stimulation are delivered during TPS. The average slope of fEPSPs evoked between 40 and 45 min

post-TPS (normalized to pre-TPS baseline) was used for statistical comparisons.
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Basal properties of excitatory and inhibitory synaptic transmission

EPSP-spike (E-S) coupling was measured using whole-cell current-clamp techniques to
record postsynaptic responses elicited by different intensities of SC fiber stimulation (membrane
potential was set to -70 mV using current injection). Five responses were elicited at each
stimulation intensity and the size of EPSPs was measured using the average EPSP slope. To
examine EPSP amplification, current through the recording electrode was used to set Vim = -80 mV
and the strength of SC fiber stimulation was adjusted to evoke ~5 mV EPSPs. Steady-state current
injection was then used to examine the effect of membrane depolarization (up to -40 mV) on EPSP
amplitude and duration. For each cell, the average of 5 EPSPs recorded at each membrane potential
tested was used for analysis. D-APV was acquired from Alomone Labs. McN-A-343, Carbachol

and Scopolamine were acquired from Sigma-Aldrich, St. Louis, MO, USA

Intrinsic excitability

Resting membrane potential was the steady-state membrane voltage with no current
injection measured > 3 min after break-in but before any kind of current injection to the neuron.
All other intrinsic properties were measured with steady-state current injected to hold cells at -57
mV (~ -70 mV after correction for calculated junction potential), which was the approximate
resting membrane potential for pyramidal cells. All protocols were repeated three times per cell
and averaged. Firing frequency vs. injected current was measured as the number of spikes per 500

ms step in 25 pA increments from 0 pA to 150 pA.

Statistical significance was assessed using One-Way ANOVA followed by Neuman-Keuls

multiple comparison test.
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4.3 Results

Activation of AchRs facilitate LTP induction at SC fiber synapses in the Dorsal and Ventral

hippocampus

In chapter 111 of this dissertation, | showed that TPS elicited complex, time-varying changes
in both synaptic transmission and postsynaptic firing in dorsal slices (Fig. 3-1). At the SC synapse
in dorsal hippocampus following an initial facilitation of synaptic transmission, EPSPs began to
elicit bursts of multiple population spikes (Fig. 3-1 A,B). Although the facilitation gradually faded
and synaptic transmission at later time points was depressed, EPSPs continued to elicit CS bursts
for the remainder of the stimulation train (Fig. 3-1B). In stark contrast, the dynamics of synaptic
transmission during TPS were less dramatic at SC synapses in the ventral hippocampus and,
surprisingly, EPSPs failed to elicit postsynaptic CS bursts (Fig. 3-1A,B). Thus, this difference in
EPSP-evoked CS bursting suggested that SC synapses in the dorsal and ventral hippocampus
would exhibit an equally dramatic difference in their ability to undergo TPS-induced LTP. Indeed,
TPS induced robust LTP in dorsal hippocampal slices but had no lasting effect on synaptic strength

in ventral slices (Fig. 3-1C).

| have also previously shown that although apamin had little effect on bursting in dorsal
cells, it strongly facilitated EPSP-evoked CS bursting and facilitated the induction of LTP in
ventral pyramidal cells (Fig. 3-6C). Importantly, apamin alone did not facilitate EPSP-evoked CS
bursting in ventral pyramidal cells where intracellular perfusion of MK-801 was used to block
NMDARs, demonstrating both the crucial role for NMDAR activation in EPSP-evoked CS
bursting and the direct role of SK channels in suppressing NMDAR activation. Giessel
and Sabatini (2010) have previously shown that mAChR activation reduces the calcium sensitivity
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of small conductance calcium-activated potassium (SK) channels that are found in dendritic spines,

resulting in increased synaptic potentials and calcium transients.

To determine whether AchRs activation may differentially modulate synaptic plasticity in
SC synapse in the CA1 region of both dorsal and ventral hippocampus, I next performed similar
TPS-LTP experiments where | treated (present in bath solution before and after TPS-LTP
induction) dorsal and ventral hippocampus slices with the cholinergic receptor agonist carbachol
(CCh, 20 uM). Results (Fig. 4-1) indicate that AchR activation facilitates TPS-induced LTP in
both dorsal (P < 0.01, dorsal control vs dorsal CCh), and ventral hippocampus (P < 0.0001, ventral
control vs ventral CCh). The NMDAR antagonist APV (50 uM) blocked the induction of LTP
induced by TPS in the presence of CCh in both dorsal and ventral hippocampal slices (P < .0001,
dorsal CCh compared to dorsal CCh+APV and P < 0.001, ventral CCh compared to ventral
CCh+APV), indicating that AchR activation facilitates the induction of NMDAR-dependent LTP.
To determine if activation of muscarinic receptors underlie the ability of CCh to facilitate TPS-
induced LTP I next examined whether the muscarinic receptor antagonist scopolamine (SCO, 10

M) blocks the effects of CCh on TPS-induced LTP in the dorsal and ventral hippocampal slices.

Results from these experiments (Fig. 4-2), indicate that scopolamine alone does not block
TPS-LTP in dorsal slices (P > 0.05, dorsal control compared to dorsal SCO). Scopolamine blocks
the CCh induced LTP enhancement in both ventral slices (P < 0.0001, ventral CCh compared to
ventral CCH+SCO) and CCh treated dorsal slices ( P < 0.0001, dorsal CCh vs dorsal CCh+SCO).
Surprisingly, although SCO alone had no effect on LTP in dorsal slices, it completely blocked
TPS-induced LTP when co-applied with CCh. Importantly; CCh activates both muscarinic and

nicotinic receptors agonist (French et al., 1999). Nicotinic acetylcholine receptors are found on
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both GABAergic interneurons and presynaptic terminals (Ji et al., 2000; Alkondon et al., 2000).
Therefore the decrease in TPS-LTP | see in CCh+SCO treated dorsal hippocampus slices could be
due to nicotinic receptor activation on neighboring GABAergic interneurons, which are known to
directly inhibit CA1 pyramidal neurons (Ji et al., 2000; Alkondon et al., 2000) and presynaptic
terminals where it can block STP and LTP in the pyramidal cells (Ji et al., 2001). This suggests
that cholinergic modulation of plasticity in the hippocampus exhibits a striking degree of regional
specificity with excitatory synapses in the ventral hippocampus being especially sensitive to the

effects of mAchR activation.

Carbachol (CCh) and Scopolamine (SCO) are very general cholinergic ligands. CCh is
agonist for both muscarinic M1/M2 receptors and SCO is a general cholinergic antagonist. In
particular, CCh is also a mix muscarinic and nicotinic receptor (nAChR) agonist (French et al.,
1999). In the hippocampus, M1 receptors are widely distributed subtype in hippocampus and are
enriched in the soma of CAL pyramidal neurons and their proximal apical and basal dendrites
(Levey et al., 1995). M2 receptors are located on axon terminals of GABAergic interneurons that
provide strong inhibitory input to pyramidal cells (Freund et al., 1997; Hajos et al 1998; Ji et al.,
2000; Alkondon et al., 2000). Previous studies have also shown that nAChRs (a7) are also located
on pyramidal neurons as well as interneurons (Ji et al., 2001). Thus applying carbachol not only
can activate M1 receptors postsynaptically but they can also activate M2 receptors presynaptically
and nicotinic receptors on GABAergic interneurons and perhaps nicotinic receptors

postsynaptically.

Therefore, to more directly identify the particular subtype of mAchR involved in TPS-LTP

in dorsal and ventral regions of hippocampus I used more specific M1 receptor agonist, McN-A-
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343 (4-(m-chlorophenyl-carbamoyloxy)-2-butynyltrimethylammonium chloride). McN-A-343 is
M1 receptor agonists known to specifically bind and activate M1 receptor in the hippocampus
(Ohno et al., 1994; Gisabella et al., 2005). Selectivity for M1 receptor in the hippocampus over
other muscarinic receptor types also expresses in the hippocampus although at a much lower level
appears to arise from the high efficacy at the M1 receptors (Michelletti et al., 1990). TPS-LTP
experiments results (Fig. 4-3) in ventral hippocampal slices in the presence of muscarinic agonist
McN-A-343 (50 uM) did not enable CS bursting (Fig. 4-3C) but muscarinic receptor activation
(Fig. 4-3B) did facilitate TPS-LTP in ventral hippocampal slices compared to control conditions
(post-TPS fEPSPs were 134 + 5% in ventral slices in presense of McN-A-343 compared to 103 +
3% in untreated ventral slices) and comparable to TPS-LTP in presence of CCH. However, once
again similar to CCH, McN-A-343 had minimal effect on LTP induction (Fig. 4-3A) and CS
bursting (Fig. 4-3C) in dorsal hippocampal slices (post-TPS fEPSPs were 143 + 3% in dorsal
control slices and 151 + 8% in dorsal slices treated with McN-A-343). This indicates that
muscarinic receptor activation has more critical role in cholinergic response in the ventral
hippocampus compared to dorsal hippocampus. To further elucidate the mechanism by which
muscarinic receptor activation enhances TPS-LTP in ventral hippocampus CAL region | next
looked at the EPSP-Spike coupling in dorsal and ventral CA1 region in presence of muscarinic

receptor activator McN-A-343.

Activation of muscarinic receptors enhance EPSP-Spike Coupling at SC synapses in ventral

hippocampus

Muscarinic M1 activation depolarize hippocampal CA1 pyramidal neurons and increases

EPSP-Spike (E-S) coupling (Dennis et al., 2016) strongly implicates role of muscarinic modulation
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of hippocampal pyramidal cells of dorsal hippocampus. We were left to wonder if there is
differential muscarinic modulation of the ventral hippocampus compared to dorsal hippocampus.
To determine if there is enhanced EPSP-Spike coupling of ventral hippocampus in presence of
muscarinic neuromodulators, intrinsic excitability and EPSP-spike coupling was measured using

whole-cell current-clamp techniques in presence of muscarinic M1 agonist McN-A343.

Similar to what I reported earlier (Fig. 3-6A,B) there was no significant difference between
dorsal and ventral CA1 pyramidal cells in the number of APs elicited by somatic injection of pulses
of depolarizing current (Fig. 4-4). Muscarinic agonist McN-A-343 also had no effect on number
of APs elicited by somatic injection of pulses of depolarizing current (Fig. 4-4). In presence of
muscarinic against McN-A-343, although McN-A-343 did not enhance CS bursts in dorsal CA1
pyramidal cells (Figure 4-4A, top panel) EPSPs reliably elicit robust CS bursts in CAL pyramidal
cells in ventral hippocampus slices at slopes ~ 12 mV/ms (Fig. 5A, bottom panel). Indicating that
the ability of EPSPs to elicit APs is significantly enhanced in ventral pyramidal cells in presence

of muscarinic M1 receptor agonist McN-A-343.

Activation of muscarinic receptors enhance EPSP amplification at SC synapses in ventral

hippocampus

To gain further insight into the mechanisms responsible for the dorsal-ventral difference in
E-S coupling enhanced by muscarinic M1 receptor activation, | next examine the voltage-
dependent amplification of EPSPs that occurs with membrane depolarization in pyramidal cells in
presence of muscarinic M1 receptor agonist McN-A-343. | previously showed that under control
conditions, although robust EPSP amplification was observed in dorsal pyramidal cells, there was
little, if any, depolarization-induced amplification of EPSPs in ventral pyramidal cells (Fig. 3-
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3A,B). Blocking SK channels with apamin (100 nM) significantly enhanced EPSP amplification
in ventral pyramidal cells, abolishing the dorsal-ventral difference in EPSP amplification observed
previously under control conditions (Fig. 3-5B,C). Next, | performed similar experiments to
determine if muscarinic M1 receptor activation enhances EPSP amplification at the SC synapse in

ventral hippocampus.

In presence of muscarinic agonist McN-A-343, CA1l pyramidal cells in ventral
hippocampus exhibited enhanced EPSP amplification at various membrane potentials (-60 mV
**pP < 0.01, -50mV and -40 mV ***P < 0.001, two-way ANOVA) compared to control untreated
slices and similar to amplification seen in dorsal CA1 pyramidal cells (Fig. 4-6A,B). Muscarinic
agonist McN-A-343 did not enhance or had very little effect on EPSP amplification in dorsal CAl

pyramidal cells as determined by looking at the ratio of EPSP integral at -40 and -80 mV.
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Discussion

Previously our results indicated that differences in long-term plasticity can also support the
segregation of hippocampal function along its dorsal-ventral axis. Specifically, we found that
although theta-frequency patterns of synaptic stimulation induce robust LTP at SC synapses in the
dorsal CA1 region, activation of SK-type K™ channels potently suppresses NMDAR activation and
prevents TPS-induced LTP at SC synapses in the ventral hippocampus. Although the optimal
activity patterns for inducing LTP at ventral SC synapses remain unclear, SK channels have been
shown to be inhibited by adrenergic receptor activation (Maingret et al., 2008) and SK channel
activity in dendritic spines is down-regulated by metabotropic glutamate receptor activation
(Tigaret et al., 2016) as well as B-adrenergic (Faber et al., 2008) and muscarinic receptor activation
(Buchanan et al. 2010; Giessel and Sabatini 2010). Thus, in addition to coincident pre- and
postsynaptic activity, the induction of LTP at SC synapses in the ventral hippocampus may be
highly state-dependent and require the release of modulatory neurotransmitters, such as

acetylcholine or norepinephrine, to overcome the SK channel inhibition of NMDAR activation.

Interestingly, a variety of neuromodulatory projections, including cholinergic inputs from
the septohippocampal projections, are topographically organized with the ventral hippocampal
formation receiving inputs both from the DBB and the intermediolateral septum (McKinney et al.,
1983). These cholinergic septohippocampal projections from the medial sepal area to the
hippocampus are proposed to have an important role in “arousal”, attention, recall, memory
formation (Blockland et al., 1992; Green et al., 2005) and cognition by modulating the properties
of the hippocampal network by altering spike activity during rhythmic network oscillations and

consequently modulate the induction and expression of both short- and long-term synaptic
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plasticity (Shimoshige et al., 1997, Shinoe et al., 2005, Hasselmo et al., 2006). There is also
behavior evidence indicating that mAChR antagonists impair encoding of new memories and
increase cognitive impairments (Aigner et al, 1991; Erskine et al, 2004) while Ache inhibitors
enhance cognitive performance (Aigner et al., 1987). Other behavior studies indicate that increase
cholinergic levels in the dorsal and ventral hippocampus significantly reduces anxiety but only the
ventral hippocampus cholinergic system in involved in the passive avoidance of painful stimuli

(Degroot et al., 2002).

Reports also indicate that SK channels are expressed and restricted to apical dendritic
spines where they oppose depolarization and shunt amplitude of postsynaptic potentials and
greatly regulate synaptic efficacy (Sah et al., 1996; Faber et al., 2005). Importantly SK channel
activity in dendritic spines are also down-regulated by muscarinic receptor activation (Buchanan
et al., 2010; Giessel and Sabatini, 2010). This suggests that muscarinic receptor activation in the
hippocampus alters neuronal excitability and synaptic plasticity, suggesting a key role for
acetylcholine in learning and memory. Thus, acetylcholine and muscarinic receptors, as well as
other modulatory neurotransmitters that regulate SK channel activity, may serve as an essential
trigger for plasticity in the ventral hippocampus during behaviors that contain greater emotional

valence.

Here | used electrophysiological approaches to examine the postsynaptic effects of
muscarinic reporter activation in CA1 pyramidal neurons in dorsal and ventral hippocampus in
presence of different Sub-type selective, mAchR agonists and antagonists. Consistent with our
previous results at least within the CA1 component of this circuit, the distinct functional roles of

the dorsal and ventral hippocampus are supported by pronounced differences in both pre- and
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postsynaptic function that can fundamentally influence the processing and storage of information.
We find that although theta-frequency patterns of synaptic stimulation induce robust LTP at SC
synapses in the dorsal CA1 region but not in ventral CA1 region, activation of Acetylcholine
receptors by non-selective cholinergic agonist Carbachol (CCh) and more selective muscarinic M1
agonist McN-A-343 facilitates TPS-induced LTP at SC synapses in the ventral hippocampus.
Surprisingly although muscarinic agonists had little effect on bursts of multiple population spikes,
which are due to CS bursts of postsynaptic APs, in dorsal cells, it failed to facilitated or elicit bursts

of multiple population spikes in ventral pyramidal cells.

Moreover, inhibiting muscarinic M1 receptors with the selective M1 antagonist
scopolamine (SCO) blocks muscarinic facilitated TPS induced LTP in both dorsal and ventral CA1
regions. Surprisingly, although SCO alone had no effect on LTP in dorsal slices, it completely
blocks TPS-induced LTP when co-applied with CCh in both dorsal and ventral hippocampus
slices. One possible explanation for this might be that CCh is nonselective AchR agonist. CCh
can activate both muscarinic and nicotinic receptors and GABAergic interneurons; known to
directly inhibit CA1 pyramidal cells (Ji et al., 2000). APV blocked the induction of LTP induced
by TPS in presence of muscarinic receptor agonist in both dorsal and ventral hippocampal slices
indicating that cholinergic receptor activation facilitate NMDAR-dependent LTP. This evidence
suggests that cholinergic modulation of plasticity in the hippocampus exhibits a striking degree of
regional specificity with excitatory synapses in the ventral hippocampus being especially sensitive

to the effects of mAchR activation.

To further elucidate the mechanism by which muscarinic receptor activation enhances

TPS-LTP in ventral hippocampus CAL region | next looked at the EPSP-Spike coupling in dorsal
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and ventral CAL region in presence of selective muscarinic M1 receptor agonist, McN-A-343. |
previously showed that EPSP-spike coupling, a process that strongly influences information
transfer at synapses, is weaker in ventral pyramidal cells. Results indicated that all these
differences in postsynaptic function were due to an enhanced activation of SK-type K* channels
that suppresses NMDA receptor (NMDAR)-dependent EPSP amplification at ventral SC synapses.
Next, | looked at whether muscarinic receptor activation enhances EPSP E-S coupling in ventral

hippocampus via SK channel inhibition.

Consistent with previous report (Dennis et al., 2016) muscarinic agonist McN-A-343
depolarize hippocampal CA1l pyramidal neurons and increases EPSP-Spike (E-S) coupling
strongly implicates role of muscarinic modulation of hippocampal pyramidal cells of ventral
hippocampus. Muscarinic M1 activation had no effect on number of APs elicited by somatic
injection of pulses of depolarizing current. In presence of muscarinic against McN-A-343,
although McN-A-343 did not enhance E-S coupling in dorsal CA1 pyramidal cells EPSPs reliably
enhanced E-S coupling in CAl pyramidal cells in ventral hippocampus slices at slopes = 12
mV/ms. Indicating that the ability of EPSPs to elicit APs is significantly enhanced in ventral
pyramidal cells in presence of muscarinic M1 receptor agonist McN-A-343. This is in contrast to
our TPS-induced LTP at SC synapses in the ventral hippocampus results where muscarinic agonist
failed to enhance bursts of multiple population spikes. One possible explanation for this
inconsistency might that muscarinic receptor activation suppress KCNQ/M (Kv7) potassium
channel activity. Reports indicate that KCNQ/M (Kv7) potassium channel family play a key role
in regulating membrane excitability during repetitive action potential discharges (Delmas et Al.,
2005; Peters et al., 2005). Thus, muscarinic acetylcholine receptor mediated suppression of M-

current generated by the family of KCNQ/M (Kv7) potassium channels could be responsible for
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the enhanced excitability without the enhanced bursts of multiple population spikes that we
observed with SK channel inhibition. Another possible explanation for the lack of TPS induced
CS busting in presence of muscarinic receptor agonist McN-A-343 is that bursting requires
voltage-dependent Na* channel currents that promote repetitive neuronal firing and modulate
synaptic input (Hoehn et al., 1993). These Na* channels are not only responsible for initiation and
propagation of action potential in hippocampal neurons but are also important regulators of
neuronal excitability in the hippocampus. Research indicates that muscarinic receptor activation
produces reduction in tetrodotoxin-sensitive voltage-dependent peak Na* currents (Cantrell et al.,

1996) leading to reduction in duration burst of neuronal activity.

Another possible mechanism for this enhanced E-S coupling seen in ventral pyramidal cells
in presence of muscarinic receptor agonist could be explained by examining the NMDA receptor
(NMDAR)-dependent EPSP amplification at ventral SC synapses that occurs with membrane
depolarization. In presence of muscarinic agonist McN-A-343, CA1 pyramidal cells in ventral
hippocampus exhibited significantly enhanced EPSP amplification at various membrane potentials
compared to control untreated slices and similar to amplification seen in dorsal CA1 pyramidal
cells. Muscarinic agonist McN-A-343 did not enhance EPSP amplification in dorsal CAl
pyramidal cells as determined by looking at the ratio of EPSP integral at -40 and -80 mV. These
results indicated that all these differences in postsynaptic function are due to an enhanced

muscarinic receptor activation in the ventral SC synapse.

These data indicate that muscarinic receptor activation has more critical role in cholinergic
response in the ventral hippocampus compared to dorsal hippocampus. Suggesting that activation

of cholinergic receptors differentially regulate postsynaptic excitability and synaptic plasticity in
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the CA1 region of dorsal and ventral hippocampus. Our findings confirm and extend these earlier
observations by demonstrating that regional differences in muscarinic receptor activity provide a
mechanism for generating functionally distinct types of synapses where theta-frequency patterns
of synaptic activity can have profoundly different effects on both synaptic transmission and long-

term synaptic plasticity.
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Figure 4-1 TPS induce LTP at SC fiber synapses in dorsal and ventral hippocampus in presence

of non-selective muscarinic receptor agonist Carbachol (CCh).

A, TPS was delivered at time = 0 45 minutes post-TPS fEPSPs were potentiated to 146 + 3% (mean
+ SEM) of pre-TPS baseline in Control dorsal slices (n = 22, P = 3.2 x102, Student’s t-test). B,
In ventral slices 45 minutes post-TPS fEPSPs were potentiated to 106 + 3% of pre-TPS baseline
(n =13, P =.075, Student’s t-test). A and B, In presence of CCh (20uM) 45 minutes post-TPS
fEPSPs were potentiated to 167 + 9% (mean + SEM) of pre-TPS baseline in dorsal slices (n = 8,
P =9.4 x10°, Student’s t-test) and were 138 + 7% of baseline in ventral slices (n=7, P = 1.3 x10°
8 Student’s t-test). A and B, APV (50 uM) attenuates CCh induced enhancement in dorsal and
ventral slices. In presence of CCh (20 uM) and APV (50 puM) 45 minutes post-TPS fEPSPs were
potentiated to 115 + 2% (mean + SEM) of pre-TPS baseline in dorsal slices (n = 7, P = 4.0 x107,
Student’s t-test) and were 117 + 4% of pre-TPS baseline in ventral slices (n = 5, P = 9.0 x1073,
Student’s t-test). Traces show superimposed EPSPs recorded during baseline and 45 minutes post-

LTP induction. Calibration bars are 2 mV and 5 ms.
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Figure 4-2 TPS induce LTP at SC fiber synapses in dorsal and ventral hippocampus in presence

of non-selective muscaranic receptor agonist CCh and antagonist Scopolomin (SCO).

A, TPS was delivered at time = 0. 45 minutes post-TPS fEPSPs were potentiated to 146 + 3%
(mean = SEM) of pre-TPS baseline in Control dorsal slices (n = 22, P = 3.2 x10'*2, Student’s t-
test). B, In ventral slices 45 minutes post-TPS fEPSPs were potentiated to 106 + 3% of pre-TPS
baseline in ventral slices (n = 13, P =.075, Student’s t-test). A and B, In presence of CCh (20 pM)
45 minutes post-TPS fEPSPs were potentiated to 167 + 9% (mean + SEM) of pre-TPS baseline in
dorsal slices (n = 8, P = 9.4 x10°, Student’s t-test) and were 138 + 7% of pre-TPS baseline in
ventral slices (n = 7, P = 1.4 x103, Student’s t-test). A and B, In presence of SCO (10 uM) 45
minutes post-TPS (delivered at time = 0) fEPSPs were potentiated to 136 + 6% (mean + SEM) of
pre-TPS baseline in dorsal slices (n =7, P = 4.5 x107°, Student’s t-test). SCO (10 uM) blocks CCh
induced enhancement in dorsal and ventral slices. In presence of CCH and SCO 45 minutes post-
TPS fEPSPs were potentiated to 108 + 4% (mean + SEM) of pre-TPS baseline in dorsal slices (n
=11, P =1.9 x102, Student’s t-test) and were 103 + 5% of pre-TPS baseline in ventral slices (n =
8, P =.054, Student’s t-test). Traces show superimposed EPSPs recorded during baseline and 45

minutes post-LTP induction. Calibration bars are 2 mV and 5 ms.
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Figure 4-3 TPS induce LTP at SC fiber synapses in dorsal and ventral hippocampus in presence

of selective muscarinic M1 receptor agonist McN-A-343.

TPS was delivered at time = 0 45 minutes post-TPS fEPSPs were potentiated to 143 + 3% (mean
+ SEM) of pre-TPS baseline in Control dorsal slices (A) (n = 12, P = 4.23 x10®, Student’s t-test)
and were 103 + 3% of pre-TPS baseline in ventral slices (B) (n =9, P = .431, Student’s t-test). A
and B, In presence of McN-A-343 (50 uM) 45 minutes post-TPS fEPSPs were potentiated to 151
+ 8% (mean = SEM) of pre-TPS baseline in dorsal slices (n = 10, P = 4.1 x10°, Student’s t-test)
and were 134 + 5% of baseline in ventral slices (n=9, P = 1.1 x10°, Student’s t-test). B, APV (50

H1M) blocked McN-A-343 induced enhancement in ventral slices. In presence of McN-A-343 (50
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puM) and APV (50 uM) 45 minutes post-TPS fEPSPs were potentiated to 111 + 5% of pre-TPS
baseline in ventral slices (n = 5, P = .135, Student’s t-test). Traces show superimposed EPSPs
recorded during baseline and 45 minutes post-LTP induction. Calibration bars are 2 mV and 5 ms.
C, Examples of fEPSPs evoked by TPS in dorsal (top) and ventral hippocampal slices (bottom) in
presense of muscarinic agonist McN-A-343. Note the prominent, multiple population spikes
elicited during TPS in dorsal hippocampal slices but not in ventral hippocampus slices in presense
of McN-A-343. Calibration bars are 2 mV and 5 ms.
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Figure 4-4 Similar intrinsic excitability in dorsal and ventral CA1 pyramidal cells.

A, Depolarization induced by somatic current injection elicits similar numbers of APs in dorsal
and ventral pyramidal cells (n = 15 dorsal and 13 ventral cells, P > 0.05, two-way ANOVA). McN-
A-343 had no effect on intrinisc excitabiluty in dorsal or ventral CA1 pyramidal cells (n = 11
dorsal McN-A-343 and 15 ventral McN-A-343, P > 0.05, two-way ANOVA) B, Traces show
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examples of APs elicited by 50 and 100 pA current injections in dorsal and ventral cells with and
without McN-A-343. Calibration bars correspond to 20 mV and 20 ms.
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Figure 4-5 Muscarinic agonist McN-A-343 enhances the ability of EPSPs to elicit postsynaptic
APs at SC synapses in ventral hippocampusin.

A, The ability of EPSPs to elicit postsynaptic APs is significantly reduced in ventral pyramidal
cells (EPSP slope = 5 mV/ms (*P < 0.01), EPSP slope = 8 mVV/ms and 12 mV/ms (***P < 0.001),
two-way ANOVA, n = 10 dorsal and 10 ventral cells). In Presense of McN-A-343 the ability of
EPSPs to elicit postsynaptic APs is significantly enhanced in ventral pyramidal cells (**P < 0.01,
two-way ANOVA, n =10 ventral control and 11 ventral (McN-A-343)). There was no significant
difference between dorsal pyramidal cells and dorsal pyramidal cells in presense of McN-A-343
(P > 0.05). B, Traces show examples of postsynaptic responses evoked by small (top, EPSP slope
~ 5 mV/ms), medium (middle, EPSP slope ~ 8 mVV/ms) and larger EPSPs (bottom, EPSP slope =~

12 mV/ms). Calibration bars correspond to 10 mV and 20 ms.
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Figure 4-6 Muscarinic agonist McN-A-343 enhances EPSP amplification at SC synapses in

ventral hippocampus.

A, Average EPSPs recorded from 17 dorsal cells, 13 ventral control cells and 11 dorsal McN-A-

343 (50 uM) and 11 ventral McN-A-343 (50 uM) ( treated cells at the indicated membrane
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potentials (shading indicates SEM). Traces at right show superimposed EPSPs recorded at -80 and
-40 mV. Scale bars are 2 mV and 20 ms. B, Increase in EPSP integrals with depolarization (EPSP
amplification) is significantly smaller in ventral pyramidal cells (**P < 0.001, two-way ANOVA).
C, EPSP amplification is significantly smaller in ventral pyramidal cells compared to ventral
pyramidal cells in presense of McN-A-343 (-60 mV **P < 0.01, -50mV and -40 mV ***P <0.001,
two-way ANOVA). C, Amplification determined from the ratio of EPSP integrals at -40 and -80
mV for all cells for results shown in (B and C). In ventral control recordings the amplification in
ventral cells (1.9 + 0.18) was significantly lower (*P < 0.05, unpaired Student’s t-test) than that
seen in both dorsal control (3.2 £ 0.45) and ventral pyramidal cells in presense of McN-A-343 (2.9
+ 0.35). There was no significant difference (*P > 0.05, unpaired Student’s t-test) in amplification

between dorsal pyramidal cells and dorsal pyramidal cells in presence of McN-A-343 (3.0 + 0.42).
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5 Conclusion

Hippocampus not only plays an important role in learning and memory but also is also
involved in spatial navigation, emotion, and anxiety. The hippocampus is one of the most
extensively studied regions of the nervous system since the discovery that lesions of hippocampus
leads to severe loss of short term and long term memory as well as the discovery of long term
potentiation, long lasting activity dependent enhancement of synaptic transmission, in the
hippocampus excitatory circuitry. Long term potentiation is considered the most prominent
candidate for mechanism of learning and memory and there are detailed hypotheses about how
signals that drive learning are encoded and how they might be stored. Because of its simple
architecture, organization of the trisynaptic excitatory circuitry it is perfectly suited for examining
how neuromodulatory projections can affect synaptic plasticity and cell excitability and how this

modulatory signal can drive learning at the circuit level.

In chapter 1, | examined whether calcium-independent, metabotropic forms of NMDAR
signaling might have an important role in synaptic plasticity. The results from these experiments
indicate that there is a crucial role for NMDAR-mediated Ca?* signaling in NMDAR-dependent
LTD at excitatory synapses on hippocampal CA1 pyramidal neurons. This is consistent with a
large body of previous results, all of which support a crucial role for NMDAR-mediated Ca?*
signaling in LTD, an activity-dependent depression of EPSP due to low rate (1 Hz) stimulation

over long periods (10-15 minutes).

In Chapter Il, we examined whether mis-timed feeding impact learning and memory in
mice. The results from these experiments indicated that time-restricted feeding had dramatic
negative effects on commonly used learned behaviours such as hippocampal-dependent contextual
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fear conditioning and novel object recognition. In addition, we found that LTP was significantly
impaired in the misaligned group, indicating significant deficits in synaptic plasticity in the
misaligned hippocampus. This is the first demonstration that the time of eating can impact the

physiological underpinning of learned behaviour.

In Chapter 111, I examined the mechanisms underlying differences in synaptic transmission
and plasticity at dorsal and ventral Schaffer collateral (SC) synapses in the mouse hippocampus.
The results from these experiments indicated that dorsal and ventral SC synapses exhibit markedly
distinct responses to TPS and, in contrast to dorsal hippocampus, TPS fails to induce LTP at ventral
synapses. Excitatory postsynaptic potential (EPSP) amplification is also strongly reduced at
ventral synapses and, as a result, both EPSP-spike (E-S) coupling and EPSP-evoked complex spike
(CS) bursting are significantly weaker in ventral pyramidal cells. These results also indicate that
all of these differences in postsynaptic function arise from a common mechanism: an enhanced
activation of Ca®**-activated SK-type K* channels that strongly inhibits NMDA receptor
(NMDAR) activation at ventral SC synapses. These results suggest that modulatory
neurotransmitter receptors that that regulate SK channel function may have an especially important

role in regulating synaptic plasticity in the CA1 region of the ventral hippocampus.

In chapter 1V, | examined the potential role of cholinergic muscarinic neuromodulation in
regulating TPS-LTP in dorsal and ventral Schaffer collateral (SC) synapses in the mouse
hippocampus. The results from these experiments provide a detailed characterization of
cholinergic modulation of NMDAR-dependent EPSP amplification and EPSP-Spike coupling in
dorsal and ventral CA1 pyramidal cells and that cholinergic inhibition of SK-type K* channels via

MAChR activation might provide a mechanism to gate LTP induction in the ventral CAL region.
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These results show that muscarinic receptor activation plays more critical role in the cholinergic
response in the ventral hippocampus compare to dorsal hippocampus suggesting that muscarinic
receptors differentially regulate pyramidal cell excitability and synaptic plastic in the CAL1 regions
of dorsal and ventral hippocampus. Further research needs to be done to elucidate the mechanism
by which mAchR activation inhibit SK-Type K* and to determine the role of KCNQ/M (Kv7)
potassium channels in TPS induced LTP without the bursts of multiple population spikes in ventral

pyramidal cells.

One important implication for this work is that manipulations in the hippocampus like these
described here open the door to future experiments focused on age- or disease-initiated changes in
these circuits such as in Alzheimer’s disease (AD). Alzheimer's disease is the most common form
of dementia that affects memory, thinking, and behavior. Alzheimer’s disease symptoms include
memory impairments, language deficits, visuospatial impairments, executive dysfunction and
most importantly impairment of activities of daily living (Hughes et al., 1982; Francis et al., 1999;

Teri et al., 1992; Bolger et al., 1994; Fernandez et al., 2010).

In Alzheimers disease patients it been reported that there is substantial decrease in enzymes
responsible for synthesis of acetylcholine (Ach), Choline acetyltransferase (ChAT) (Davies and
Maloney, 1976), loss of presynaptic cholinergic neurosome (Whitehouse et al., 1982) and
subsequently loss of Ach release (Nilsson et al., 1986). Given these data, it was proposed that
degeneration of cholinergic neurons in the basal forebrain and the associated loss of cholinergic
neurotransmission in the cerebral cortex and other areas contributed significantly to the
deterioration in cognitive function seen in patients with Alzheimer’s disease (Bartus et al., 1982).

Previously studies have also found that there is increase in SK3 type channel in hippocampus of
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aged mice contributing to impaired hippocampus dependent learning and LTP (Blank et al., 2003).
Therefore these data help provide some insight into role of hippocampus in learning and memory
and the key role modulatory signal such as cholinergic system play in modulating synaptic

plasticity in the hippocampus.
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