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ABSTRACT OF THE DISSERTATION

The regulation of somatostatin and parvalbumin inhibitory synapses onto hippocampal pyramidal
neurons

By Meryl Elizabeth Horn
Doctor of Philosophy in Neuroscience

University of California, San Francisco, 2017

Excitation/inhibition balance is critical for optimal brain function, yet the mechanisms
underlying the tuning of inhibition from different populations of inhibitory neurons are unclear.
Here, we found evidence for two distinct pathways through which excitatory neurons cell-
autonomously modulate inhibitory synapses. Synapses from parvalbumin-expressing
interneurons onto hippocampal pyramidal neurons are regulated by neuronal firing, signaling
through L-type calcium channels. Synapses from somatostatin-expressing interneurons are
regulated by NMDA receptors, signaling through R-type calcium channels. Thus, excitatory
neurons can cell-autonomously regulate their inhibition onto different subcellular compartments
through their input (glutamatergic signaling) and their output (firing). We found that in both the
regulation of parvalbumin synapses by action potentials, and the regulation of somatostatin
synapses by NMDA receptors represent alterations in the number of functional synapses.

Separately, little is known regarding whether synapses formed by somatostatin and
parvalbumin interneurons onto pyramidal neurons are composed of different sets of post-
synaptic components. Here, we found that while somatostatin and parvalbumin synapses onto
excitatory neurons are both dependent on a common set of post-synaptic proteins, including
gephyrin, collybistin, and neuroligin-2, somatostatin synapses are selectively impacted by

neuroligin-3. Decreasing neuroligin-3 expression selectively decreases inhibition from

Vii



somatostatin interneurons, and overexpression of neuroligin-3 selectively enhances somatostatin
inhibition. Together, these results provide evidence that excitatory neurons can selectively

regulate two distinct sets of inhibitory synapses.
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CHAPTER 1

General Introduction

“...it has been possible to establish that the synapses of
different kinds are not mixed but rather grouped in special
regions of the cell; some on the body, some on the origin of
the dendrites, some on the end, etc., although, of course the
fields of distribution of the synapses of different kinds
often overlap.”
-Lorente de No, 1934, Studies of the
structure of the cerebral cortex. II.

Continuation of the study of the ammonic
system.

Lorente de N6 was perhaps the first to recognize the potential functional importance of
neuronal subtype diversity. A disciple of Santiago Ramoén y Cajal, his attempt to reconstruct the
microanatomy of neurons in the mouse cerebral cortex in 1933 provided the most complete
accounting of neurological morphological diversity to date. He estimated that the mouse cortex
“contains more than sixty perfectly defined types of nerve cells” (Fairén, 2007), which he
referred to as “short-axon cells,” now known as interneurons. He was also one of the first
neuroscientists to recognize that different types of neurons generally showed different targeting
properties. As the above quote illustrates, some types neurons targeted the body, some the
dendrites. And remarkably, he correctly predicted that dendritic integration leads to a potential

overcoming of a threshold. As he wrote in 1933, “The subliminal changes are summated first in



the dendrites and then in the surrounding of the axon. When the change reaches the threshold
value, an explosive discharge through the axon takes place” (Fairén, 2007).

But Lorente de N6 is perhaps most known for formulating the current terminology for the
subdivisions of the hippocampus. In “Studies on the structure of the cerebral cortex.
Continuation of the study of the ammonic system" published in 1934, he postulated that the
hippocampus be subdivided into the Cornu Ammonis (or “Ram’s Horn”) areas, which is now
commonly abbreviated as CA1, CA2, and CA3. It was in this brain region that future
neuroscientists would perform a heroic characterization of interneurons, cataloging their
morphological and electrophysiological properties, lamellar distribution, genetic markers, and in
vivo firing properties. Now, it is thought that there are closer to 15-20 subtypes of inhibitory
neurons (Jiang et al., 2015; Klausberger and Somogyi, 2008), rather than the 60 de N6 observed.

Of course, it is now recognized that the vast majority of interneurons are inhibitory.
While de N6 provided incredible insights into the anatomical diversity and functional importance
of interneurons, at the time of his initial work, de N6 refused to accept the idea that inhibitory
cells exist, as well as the fact that sodium was the ion responsible for the conduction of action
potentials. Is it ever possible to realize which blind spots we possess, which prevent us from
seeing the facts which will one day seem as equally obvious to us as the existence of inhibitory

neurons?

The work in this thesis draws upon an array of literature composed of distinct threads.
Besides inhibitory neuron diversity, a review of the current state of the fields of GABAergic
homeostasis, excitatory/inhibitory balance, as well as the molecular composition and diversity of

the inhibitory post-synaptic density will be necessary.



Inhibitory Neuron Diversity

Inhibitory neurons, that is, neurons which release the neurotransmitter the
neurotransmitter y-aminobutyric acid (GABA), only make up 10-20% of the total neuronal
population in the hippocampus. However, they display a staggering amount of diversity. The
most detailed cataloging of inhibitory neurons has been done in the hippocampus, likely because
the simplicity of its lamellar structure lent itself easily to this endeavor. The main categories of
inhibitory neurons in the hippocampus can be broadly categorized by their expression of genetic
markers: parvalbumin-expressing (PV+), somatostatin-expressing (SOM+), cholecystokinin-
expressing (CCK+), and SHT3a Receptor-expressing (SHT3a+), all of which can be further
broken down into more distinct subcategories.

The majority of CCK+ inhibitory neurons are “basket-cells,” which refers to interneurons
which target the soma of pyramidal neurons and whose cell bodies reside in the stratum
pyramidale. One distinguishing feature of CCK+ interneurons is their expression of the
CBI1 cannabinoid receptors on their axonal terminals. These receptors mediate depolarization-
induced suppression of inhibition, which is triggered by release of endocanabinoids from
pyramidal neurons, acting in a retrograde manner (Wilson et al., 2001; Wilson and Nicoll, 2001).
This was perhaps the first known case of pyramidal neurons selectively regulating inhibitory
input from certain populations of interneurons. As a percentage of pyramidal neurons also
express CCK, studying this population of inhibitory neurons, without also stimulating a small
percentage of pyramidal neurons, has not been possible with the recent advances in
optogenetically stimulation. SHT3a+ cells have been more thoroughly characterized in the

neocortex than the hippocampus. In the neocortex, they are comprised of two main categories:



cells also expressing the vasoactive intestinal peptide (VIP+) and neurogliaform cells (NGs)
(Tremblay et al., 2016). VIP+ cells largely target other inhibitory neurons, especially SOM+
cells. NGs are thought to release GABA by volumetric transmission.

The two most widely characterized subtypes of inhibitory neurons, and the ones which
will be subject of experimentation in this thesis, are PV+ and SOM+ cells. I will now focus on
what is known about these two classes of inhibitory neurons in the CA1 region of the
hippocampus. The majority of PV-expressing cells in CA1 are basket cells, which target the cell
body and peri-somatic dendrites of pyramidal neurons. Other PV-expressing cells include axo-
axonic cells, which target the axon-initial segment, and bistratified cells, which target the
dendrites. PV+ interneurons make up an estimated 23.9% of the inhibitory neurons in the
hippocampus. The basket cells and axo-axonic cells together account for 76% of this population,
while bistratified cells account for the remaining 24% of PV+ cells (Bezaire and Soltesz, 2013).
This indicates that the majority of PV+ cells in the hippocampus target the soma, peri-somatic
region, or the axon-initial segment.

The largest groups of SOM+ cells are oriens-lacunosum moleculare (O-LM) cells, so-
called because their bodies lie in stratum oriens, while their axons extend to stratum lacunosum
moleculare. O-LM cells account for 40% of SOM+ cells in the hippocampus, the other 60%
being composed of a diverse group of other inhibitory neurons, including double projection cells
and oriens-retrohippocampal cells, which target both the dendrites of CA1 pyramidal neurons as
well as the subiculum (Klausberger and Somogyi, 2008). It has also been documented that a
proportion of bistratified neurons express both PV and SOM (Somogyi and Klausberger, 2005).

Therefore, while these populations of cells are not entirely non-overlapping in their

targeting, it can be said that the majority of PV+ cells target the soma and the peri-somatic



region, whereas the majority of SOM+ cells target the dendrites. These overall targeting
properties are found both in the hippocampus (Bezaire and Soltesz, 2013) and the neocortex
(Tremblay et al., 2016), and are conserved in organotypic slices (Di Cristo et al., 2004).
Another interesting difference between SOM+ and PV+ cells in CA1 is the manner in
which they get activated. Afferent fibers from CA3 stimulate both PV+ basket cells and CA1
pyramidal neurons in parallel, with PV+ basket cells then rapidly firing onto CA1 pyramidal
neurons via disynaptic inhibition, in a microcircuit motif referred to as “feed-forward inhibition”
(Hu et al., 2014; Pouille and Scanziani, 2001) (though there is also evidence that PV+
interneurons participate in other motifs, such as “lateral inhibition” (Hu et al., 2014)). SOM+ O-
LM neurons are stimulated by local CA1 pyramidal neurons in stratum oriens, after which they
may fire onto CA1 pyramidal neurons in stratum lacunosum moleculare, which is referred to as

“feed-back inhibition” (Blasco-Ibafiez and Freund, 1995).

GABAergic homeostasis

The idea of synaptic homeostasis is that neurons will adjust their synaptic inputs in order
to maintain a set level of firing (Turrigiano, 2011). It was first demonstrated to be true for
excitatory inputs, in a landmark paper by Turrigiano et al. (Turrigiano et al., 1998), which
showed that incubating a culture in tetrodotoxin (TTX), a toxin which blocks sodium channels
and thus action potentials, causes an increase in miniature excitatory post-synaptic currents
(mEPSCs). It was also shown that incubating a culture in bicuculline, which inhibits GABAAR
and thus increases firing rate, causes a decrease in mEPSCs (Turrigiano et al., 1998). Together,
this points to the idea that neurons will work to counteract changes in firing rates by adjusting

their synaptic inputs.



It was not long before the Turrigiano lab also showed similar but opposing effects when
examining miniature inhibitory post-synaptic currents (mIPSCs) (Rutherford et al., 1997).
Incubating a culture in TTX causes a decrease in mIPSCs, while incubating a culture in
bicuculline causes an increase in mIPSCs. This process was termed “GABAergic Homeostasis,”
and has since been shown to occur in multiple studies (Kilman et al., 2002; Peng et al., 2010;
Pribiag et al., 2014; Saliba et al., 2007; Swanwick et al., 2006). Most of these studies find a
change in both mIPSC amplitude and frequency, indicating that the size and number of
inhibitory contacts are capable of being modulated.

Some studies gone on to investigate the possible molecular mechanisms that may underly
the decrease in mIPSCs following TTX treatment. One study found that a decrease in brain
derived neurotrophic factor (BDNF) may be required (Swanwick et al., 2006), while another
study found that increased degradation of GABAAR in the endoplasmic reticulum-associated
degradation pathway could be involved (Saliba et al., 2007). However, it is unclear from these
experiments whether the phenomenon is cell-autonomous, as the TTX affects the entire network
of neurons, including the excitatory and inhibitory cells. If one were to alter the firing rate of a
single excitatory neuron, is this sufficient to cause a change in inhibitory inputs onto that cell?

The first study which attempted to do so failed to find evidence that cell-autonomous
GABAergic homeostasis existed. Hartmen et al. (Hartman et al., 2006) used sparse transfection
to either knock-down sodium channels or exogenously express an inwardly rectifying potassium
channel, Kir2.1, which should lower the neuron’s resting membrane potential and thus firing
rate. In both of these experiments, the researchers failed to find any significant effects on
mIPSCs. This suggests that the kind of GABAergic homeostasis that occurs following TTX or

bicuculin treatment might indeed depend on a network-level action.



Since then, it is clear that there are conditions in which cell-autonomous changes in firing
rate may alter inhibitory inputs onto that cell. In the Nicoll lab, Lu et al. (Lu et al., 2013)
developed a mouse line which contained floxed GIluA1,2,3, and GluN1 alleles. Combined with
sparse infection with Cre, this leads to the elimination of all excitatory current from a small
subset of pyramidal neurons in CA1. It was found that the electrically-induced IPSCs onto
infected cells were decreased as compared to neighboring, uninfected control neurons. The
authors also found that both mIPSC amplitude and frequency was decreased, though the decrease
in mIPSC frequency was more pronounced. This suggests that there may be certain conditions in
which cell-autonomous manipulations can lead to changes in the inhibitory input. It is possible
that in the Hartmen et al. study, the manipulations still allowed for a low level of firing.

One clear limitation to these experiments is that it ignores the profound diversity of
inhibitory neurons discussed earlier. When using mIPSCs or electrically-induced IPSCs, one
cannot determine whether there are differences affecting only a subset of inhibitory inputs. It is
now clear that PV+ neurons may be selectively affected by changes in firing rate (Bartley et al.,
2008; Xue et al., 2014). However, before discussing those reports it is first necessary to explore

another field relevant to this topic.

Excitatory/Inhibitory Balance

In parallel to the work examining homeostatic changes after in vitro pharmacological
manipulations, the past two decades have also seen a growing recognition that excitatory and
inhibitory brain activity is correlated in vivo. This has been found to hold true for both
spontaneous and sensory-evoked activity, and is found in both the hippocampus and the

neocortex (Atallah and Scanziani, 2009; Haider et al., 2006; Okun and Lampl, 2008; Wehr and



Zador, 2003; Wilent and Contreras, 2004). This phenomenon is referred to as
“excitatory/inhibitory balance,” and suggests that there are mechanisms at play to ensure that the
total excitatory and inhibitory current amplitudes a neuron receives will correlate together over
time (Eichler, 2008). It is thought that in order to maintain firing in a constant range, cells will
adjust their inputs to ensure a constant ratio of excitatory and inhibitory inputs. It is recognized
that this ratio may vary over development, and depend on the cell-type in question (Gao and
Penzes, 2015).

To consider a concrete example, in the hippocampus in vivo, the amplitude of gamma
rhythms will vary from cycle to cycle (Atallah & Scanziani 2009). The amplitude of inhibitory
current varies in proportion to the amplitude of excitatory current, creating a stable
excitation/inhibition ratio over time of about 1:4 (Atallah & Scanziani 2009). However, this
phenomenon may be explained by the fact that more inhibitory neurons may be recruited as more
schaffer collateral excitatory fibers are activated. At the time of this report, it was unclear
whether individual neurons are also “hardwired” to receive proportionate levels of excitation and
inhibition.

Xue et al., also from the Scanziani lab, went on to explore this new question in an elegant
study published in 2014 (Xue et al., 2014). Using quadruple patching from acute slices in the
visual cortex, Xue et al. here found that indeed, neurons are hardwired to receive proportional
levels of excitatory and inhibitory currents. That is, the cells that received higher EPSC
amplitudes upon ChR2 stimulation of excitatory fibers from layer 4 also received higher di-
synaptic IPSCs amplitudes from the same fibers. They also found that pyramidal neurons that
were firing at a higher rate in vivo (as measured by a Fos-EGFP mouse line) received higher

IPSCs amplitudes. Of particular importance to the work shown here, the authors found cell-type



specific effects: IPSCs from PV+ inhibitory neurons onto pyramidal neurons (PV-IPSCs), but
not IPSCs from SOM+ inhibitory neurons (SOM-IPSCs), showed stronger inhibition onto cells
that were more active. Furthermore, PV-IPSCs were also responsive to artificially manipulating
pyramidal cell activity in a cell-autonomous way. Decreasing firing by expressing a Kir2.1
channel caused a specific decrease in PV-IPSCs but not SOM-IPSCs, while increasing firing by
expressing a bacterial sodium channel caused a specific increase in PV-IPSCs but not SOM-
IPSCs. Thus, this study pointed to an activity-dependent regulation of inhibitory synapses
formed by PV+ inhibitory neurons. This study corroborates earlier work done in organotypic
slices from the somatosensory cortex, showing that slices incubated in TTX had reduced unitary-
IPSC connections from PV+ inhibitory neurons, but not from SOM+ inhibitory neurons onto
pyramidal neurons (Bartley et al., 2008).

These results lead to a model in which PV-IPSCs are uniquely responsive to changes in
the target neuron’s firing rate. Intriguingly, PV+ neurons are also poised to control the firing rate
of pyramidal neurons, given the fact that the majority of PV-IPSCs target the soma and peri-
somatic region, and axon initial segment, where action potentials are thought to be initiated.

So far, no circumstances have been found in which the inhibitory inputs of dendritic
targeting inhibitory neurons or SOM+ neurons are specifically altered. However, one clue as to a
possible mechanism comes from a follow-up study (Gu et al., 2016) from the lab of Wei Lu, the
first author of the 2013 Nicoll lab paper showing that a cell-autonomous decrease in all
excitatory current leads to a decrease in IPSCs (Lu et al., 2013). After reproducing the original
result that elimination of both AMPAR receptors (AMPAR) and NMDA receptors (NMDAR)
leads to a decrease in mIPSC frequency and amplitude, they examined the effects of just deleting

AMPAR or NMDAR alone. Surprisingly, they found that only deletion of NMDAR, but not



AMPAR, was sufficient to decrease mIPSC frequency (Gu et al., 2016). This suggests that
NMDARSs might also play a role in the regulation of IPSCs. As NMDAR containing excitatory
synapses are located on the dendrites, where SOM+ cells target, it is possible that it is SOM+
inputs which are particularly affected by alterations in NMDAR expression.

It is unclear why Lu et al. did not see a decrease in mIPSCs with the AMPAR deletion, as
one would expect this to lower firing rate and potentially trigger a reduction in IPSCs as was
found in Xue et al (Xue et al., 2014). However, it is possible that there are different “rules”
governing the modulation of inhibitory inputs at the early time point at which the Lu et al. study
was performed (using dissociated cultures taken from embryonic hippocampi and recording at 6
days in vitro (DIV)). Indeed, the authors describe this effect as a developmental requirement,
rather than a homeostatic effect, given that under normal conditions, the effect of GABA release

onto pyramidal neurons at this time point would be depolarizing (Gu et al., 2016).

The Molecular Composition of Inhibitory Synapses

As we dive deeper into the ways inhibitory synapses might be regulated, it becomes
necessary to discuss the fundamental components of inhibitory synapses. Inhibitory synapses are
composed of GABA receptors (GABAAR), as well as several GABAR interacting proteins.
GABAARs are the GABA binding, heteropentameric, ion channels which are responsible for the
majority of fast inhibitory transmission in the brain (Jacob et al., 2008). Several proteins have
been shown to bind directly to GABA 4R and regulate their trafficking. In particular, gephyrin is
thought to be a powerful regulator of GABAAR and has been studied extensively. Gephyrin has
been shown to stabilize GABAAR containing clusters at post-synaptic sites (Jacob et al., 2005)

and to interact with cytoskeleton-binding proteins (Papadopoulos et al., 2007).

10



One protein thought to interact with gephyrin is collybistin, a guanine nucleotide
exchange factor (GEF)-containing protein. Collybistin has been shown to alter the membrane
targeting properties of gephyrin through its src homology 3 (SH3) region (Kins et al., 2000;
Papadopoulos et al., 2007). Neuroligin-2 (NLGN?2) is another gephyrin-interacting protein, a
cellular adhesion molecule that binds to pre-synaptically expressed neurexin proteins (Siidhof,
2017). NLGN2 is part of a larger family of NLGN proteins, including NLGN1, NLGN2,
NLGN3, and NLGN4. Out of these isoforms, NLGN?2 is the only family member which has been
shown to be localized exclusively to inhibitory synapses (Varoqueaux et al., 2004). NLGN3 can
localize to both excitatory and inhibitory synapses (Budreck and Scheiffele, 2007), while
NLGNI is thought to localize exclusively to excitatory synapses and the role of NLGN4 is
unclear (Siidhof, 2017).

Finally, dystroglycan and dystrophin are also thought to play a role in the stabilization of
GABAAR at synapses. There are decreased clusters of GABAAR in mice lacking dystrophin
(mdx mice, also a model of Duchenne muscular dystrophy) (Knuesel et al., 1999), and there is
evidence that a-dystroglycan can regulate GABAARs in an activity dependent manner (Pribiag
et al., 2014). While gephyrin, collybistin, neuroligin-2, and dystroglycan are all thought to play a
role in regulating the trafficking of GABAARs, inhibitory post-synaptic densities (iPSDs) are
heterogeneous and show differing compositions of these proteins, as well as differing GABAAR

subunits, at different synapses.

The Molecular Heterogeneity of Inhibitory Synapses

It has long been known that different iPSDs contain different GABAAR o subunits.

Beginning in 2000, Thomson et al. (Thomson et al., 2000) showed that fast-spiking basket cells

11



(thought to be largely PV+) are more sensitive to zolpidem, a GABAAR al preferring agonist,
compared to regular-spiking basket cells. This was corroborated by a study which showed that
synapses from PV+ immunolabeled cells onto pyramidal neurons contain more GABAAR al
than synapses formed by PV- cells (Klausberger et al., 2002). Conversely, regular spiking,
somatically targeting PV- synapses contain a higher density of GABAAR a2 subunits, compared
to PV+ synapses onto pyramidal neurons (Nyiri et al., 2001). While it was originally thought that
these PV- synapses were likely CCK+, it was later shown that synapses formed by CCK+
inhibitory neurons likely contain a mixture of GABAAR a1, NLGN2, and dystrophin (Friih et al.,
2016; Panzanelli et al., 2011). It is therefore unclear which subtypes of inhibitory input depend
on the GABAAR 02 subunit.

It is clear from the gephyrin knock-out (KO) mouse that not all inhibitory synapses
depend on gephyrin, as inhibitory transmission is largely intact: there is only a reduction in
mIPSC amplitude by 23% while mIPSC frequency is unchanged in these animals (Lévi et al.,
2004). However, it is unclear whether the gephyrin-independent synapses can be categorized in
any meaningful way. According to one report using the gephyrin KO mouse, there is a loss of
GABAAR 02, a3, B2/3, and y2, while GABAAR ol and a5 puncta remain (Kneussel et al., 2001).
However, another report (Lévi et al., 2004) shows a subset of GABAAR a2, y2 containing
clusters which remain intact in the gephyrin KO mouse. Results from the GABAAR a2 KO
mouse showed that multiple types of GABAAR 02 containing synapses may exist: a population
of GABAAR a2, gephyrin, and NLGN2 containing synapses at the soma, as well as a population
of GABAAR a2, al, gephyrin and NLGN2 containing synapses at the axon-initial segment

(Panzanelli et al., 2011). The collybistin KO mouse showed a loss of gephyrin puncta, with
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evidence that dendritic inhibitory synapses were preferentially lost over somatic synapses
(Papadopoulos et al., 2007).

There is also evidence that NLGN may show synapse-specific, as well as brain region-
specific, roles. In dissociated hippocampal neurons taken from NLGN2 KO mice, there is a
decrease in gephyrin puncta at the soma but not the dendrites, which mirrored a loss of gephyrin
puncta in stratum pyramidale, but not stratum radiatum, in the hippocampus (Poulopoulos et al.,
2009). Corroborating this, another study using the NLGN2 KO mouse, in the somatosensory
cortex, found that unitary IPSCs evoked by PV+ cells, but not SOM+ cells, showed a decreased
amplitude (Gibson et al., 2009). In the hippocampus of the NLGN3 knock-out mouse, unitary
IPSCs evoked by PV+ cells remained unaltered, while unitary IPSCs evoked by CCK+
interneurons were increased (Foldy et al., 2013). In the striatum, NLGN3 KO mice showed a
reduction of mIPSC frequency onto medium spiny neurons expressing the dopamine receptor 1,
but not 2 (Rothwell et al., 2014).

Together, this body of work indicates that there is certainly molecular heterogeneity
among GABAergic synapses, both within neurons and between different brain regions. However,
it is unclear which types of synapses correspond to which pre-synaptic inhibitory neuron

subtypes.

Rationale for the Approach Taken Here

Much progress has been made in both characterizing the ways neurons can
homeostatically alter their inhibitory input, and in determining the molecular composition of
inhibitory synapses. However, these two fields seem to suffer from opposite problems: either too

little granularity, or too much. In the field of GABAergic homeostasis, the vast majority of
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studies have been limited to using the measurement of mIPSCs, from which nothing can be
determined about whether the effects pertain to one or several classes of inhibitory neurons.
Similarly, while several studies have shown that a balancing of excitatory and inhibitory currents
exists in vivo, few studies (Xue et al., 2014) have investigated the cellular and molecular
mechanisms underlying this effect. On the other hand, while several studies have determined the
various combinations in which GABAR subunits cluster with GABAR trafficking proteins, no
big picture has been resolved describing which types of inhibitory synapses depend on which
proteins. The extent to which iPSDs formed by different subtypes of inhibitory neurons differ at

the molecular level is largely unknown.

With the advent of optogenetic technology, it should be possible to make rapid progress
in both of these fields. This is because it allows for the selective stimulation of genetically-
defined subclasses of inhibitory neurons, without the need to use paired, unitary IPSC
recordings. Here, I set out to accomplish two goals: (1) elucidate the molecular mechanisms of
GABAergic homeostasis and (2) determine whether PV+ and SOM+ synapses depend on
different sets of post-synaptic inhibitory proteins. I use PV-IRES-Cre mice and SOM-IRES-Cre
mice, bred with Ai32 (lox-stop-lox-ChR2) mice, leading to expression of ChR2 selectively in
either PV+ or SOM+ neurons. I then use biolistic transfection of organotypic, hippocampal slices
to perform cell-autonomous manipulations on pyramidal neurons, and measure both PV+
mediated IPSCs (PV-IPSCs), and SOM+ mediated IPSCs (SOM-IPSCs) onto pyramidal neurons.

In Chapter 3, I explore the ways PV and SOM-IPSCs can be regulated in response to cell-
autonomous manipulations of pyramidal neuron excitatory channel expression. I first confirm

that PV-IPSCs can be regulated by firing in hippocampal organotypic slices, then discover a
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novel form of homeostasis capable of regulating SOM-IPSCs. I also explore the molecular
pathways through which these sets of synapses are regulated. In Chapter 4, I determine whether
the canonical inhibitory proteins- gephyrin, collybistin, and NLGN2 and NLGN3- show
differential effects on these sets of synapses. I find that there are both commonalities and
differences in the proteins which PV+ and SOM+ synapses depend upon. Together, this work
shows that pyramidal neurons are capable of regulating inhibitory input from PV+ vs. SOM+

neurons in distinct ways.
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CHAPTER 2

Methods

Mouse transgenic lines

To express ChR2 in parvalbumin positive interneurons, PV-IRES-Cre mice (Jackson Laboratory
Strain 008069) were bred with Ai32 mice, a Cre-dependent ChR2 line (Jackson Laboratory
Strain 012569). To express ChR2 in somatostatin positive interneurons, SOM-IRES-Cre mice
(Jackson Laboratory Strain 013044) were bred with Ai32 mice. Mice that were either
heterozygous or homozygous for each gene were used for organotypic slice culture dissection.
PV-IRES-Cre and SOM-IRES-Cre mice were a gift of Dr. V.S. Sohal, while Ai32 mice were a
gift of Dr. Z.A. Knight. Animals were housed according to the IACUC guidelines at the

University of California, San Francisco.

Experimental constructs

For CRISPR constructs, the following guide RNA (gRNA) targeting sequences were used (5’ to
3’): Navl.l, 1.2, and 1.3: TCCACTCCCCACACAGCACG; Navl.6:
GCTGCTGCAGAATGAGAAGA; GluN1 gRNA #1 AACCAGGCCAATAAGCGACA
(validated in (Incontro et al., 2014)): GIuN1 gRNA #2: AACCAGCCCACACCATGCCT
(validated in (Straub et al., 2014)), GluN1 gRNA #3 ACTAGGATAGCGTAGACCTG

(validated in (Incontro et al., 2014)). The gRNA sequences were ligated into pX458 to co-
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express the human codon-optimized Cas9 as previously described (Incontro et al., 2014). To
target sodium channels, we triple-coated gold particles with pX458 expressing gRNA targeting
Navl.1,1.2,1.3, pX458 expressing gRNA targeting Nav1.6, and pCAGGS-mCherry expressing
plasmid in order to aid identification of transfected cells. To target GluN1, we co-coated the gold
particles with either a pX458 plasmid expressing gRNA #1, gRNA #2, or gRNA#3, along with
pCAGGS-mCherry. GluN1 N616R was mutated from the GluN1-1a splice variant and expressed
in a pCAGGS expression plasmid (pCAG-GluN1 N616R-IRES-mCherry). Gephyrin miR
targeting sequence was AACAGGGAATGAGCTACTAAA, validated in (Nguyen et al., 2016).
Collybistin shRNA targeting sequence was AATCCGGAGAGACATCCTATA, validated in
(Korber et al., 2012; Kuhse et al., 2012) and in Chapter 4, Fig. 1. NLGN2 miR targeting
sequence was ATGGAGCAAGTTCAACAGCAA, validated in (Nguyen et al. 2016). NLGN3
miR targeting sequence was GCAGCGTTCTTGCAAGTTATG, validated in (Shipman and
Nicoll, 2012). The NLGN3 overexpression construct was expressed in a pPCAGGS expression
construct containing IRES mCherry, and was based on human NLGN3 (accession number

BC051715).

Slice culture and biolistic transfection

Hippocampal organotypic slice cultures were prepared from P6-P8 mice as described previously
(Stoppini et al., 1991). All experiments were performed in accordance with established protocols
approved by the University of California San Francisco Institutional Animal Care and Use
Committee. Sparse biolistic transfections of organotypic slice cultures were performed as
previously described (Schnell et al., 2002). Briefly, 50 pug each of plasmid DNA was coated on

lum diameter gold particles in 0.5 mM spermidine, precipitated with 0.1 mM CaCl,, and washed
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four times in pure ethanol. The gold particles were coated onto PVC tubing, dried using ultra-
pure N, gas, and stored at 4°C in desiccant. DNA-coated gold particles were delivered with a
Helios Gene Gun (BioRad). Slices were maintained at 34 °C with media changes three times a
week. All constructs were transfected on day 1 in vitro. Construct expression was confirmed by
GFP and/or mCherry fluorescence. For the D-APV, MK-801, nifedipine, and SNX-482
experiments, slices were incubated in the drug from the time of transfection to the time of
recording. SNX-482 was obtained from Peptides International, and bovine serum albumin (0.1

mg/mL) was added to the media to minimize nonspecific peptide binding.

Electrophysiological recording

Recordings were performed at 14-21 DIV. Dual whole-cell recordings in area CA1 were done by
simultaneously recording responses from a fluorescent transfected neuron and a neighboring
untransfected control neuron. IPSCs were recorded at 0 mV. For photostimulation, blue light was
emitted from a Prizmatix UHP-LCC LED at 10 s interstimulus intervals. Intensity (0.05 mW-1
mW) and duration (~5ms) of light pulses were adjusted to produce reliable IPSCs of 100-1000
pA. We performed all recordings on an Olympus BX51WI microscope, using an Olympus
ACROPLAN 63X/ 0.90 W objective.

NMDAR currents were evoked with a bipolar electrode placed in stratum radiutum and were
measured at +40 mV in two different ways: (1) after the after wash-on of picrotoxin (0.1 mM)
and bicuculline (0.01 mM), 150 ms after the stimulation, to ensure that any currents recorded
were purely NMDAR-mediated, (2) or with the additional presence of NBQX (50 uM),

measuring amplitude at the initial peak. 20 - 50 sweeps were averaged per pair. Typically each
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pair of neurons is from a separate slice, whereas on rare occasions multiple pairs may come from

one slice.

For all paired recordings, the number of experiments (n) reported in the figure legends refers to
the number of pairs. CA1 pyramidal neurons were identified by morphology and location.
Transfection under these conditions was sparse, and slices in which possible interneurons were
also transfected in the same slice as a CA1 pyramidal neuron were thrown out. To ensure stable
recording, membrane holding current, input resistance, and pipette series resistance were
monitored throughout recording. All recordings were made at 20-25 °C using glass patch
electrodes filled with an internal solution. Cesium-based internal solution was used for the
majority of experiments, and consisted of 135 mM CsMeSO3;, 8 mM NaCl, 10 mM HEPES, 0.3
mM EGTA, 4 mM Mg-ATP, 0.3 mM Na-GTP, 5 mM QX-314, and 0.1 mM spermine.
Potassium-based internal solution was used to validate the ANav construct, and consisted of 135
mM KMeSOy4, 10 mM NaCl, 2 mM MgCl,, 1 mM EGTA, 10 mM HEPES, 14 mM
phosphocreatine, 4 mM Mg-ATP, and 0.3 mM Na-GTP. External solution contained 119 mM
NaCl, 2.5 mM KCl, 4 mM MgSO,, 4 mM CaCl,, | mM NaH,POy4, 26.2 mM NaHCOs and 11
mM glucose, and was bubbled continuously with 95% O, and 5% CO,. For the ANav
experiments, KMeSOs-based internal was used to validate the construct, pulsing increasing
amounts of current until the ANav cell either fired residual action potentials or failed to fire
action potentials even with currents sufficient to elicit trains of action potentials in control cells
(Chapter 3 Fig. 1). We initially recorded some PV-IPSCs and SOM-IPSCs using the KMeSOs-

based internal. After ensuring our ANav technique reliably eliminated or significantly reduced
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action potentials, we switched to using a cesium-based internal. We found no difference between

these conditions and therefore combined the data sets.

Paired-pulse ratios were examined using optogenetically evoked IPSCs at 50, 100, 200, 400, and
800 ms intervals. 6 stimuli were averaged per interval for each cell. Transfected and control
neurons were recorded serially, adjusting the stimulus intensity for each neuron so that the first
pulse produced IPSCs with approximately 200 pA peak amplitudes. Control neurons and
transfected neurons were recorded from the same slice to control for inter-slice variation, moving
to a new field of illumination in CA1 for the second recorded neuron, and varying whether the
transfected or untransfected neuron was recorded from first. To measure the height of the second
IPSC in cases where the first [IPSC was overlapping with the second, we subtracted the
contribution from the first IPSC, measuring from the point on the y-axis at which second IPSC

began to its peak.

Lentivirus production

HEK293T cells were co-transfected with psPAX2, pVSV-G, and either NL2miR or Gephyrin-
miR using FuGENE HD (Promega, Madison, WI). Supernatant was collected 40 hr later, filtered,
and concentrated using PEG-it Virus Precipitation Solution (System Biosciences, Palo Alto,

CA). Resulting pellet was resuspended in Opti-mem, flash-frozen, and stored at —80°C.

Real-time PCR

Primary rat hippocampal dissociated neurons were prepared at E18.5 and infected with lentivirus

expressing a collybistin shRNA or control GFP construct at DIV 4—7. Neurons were harvested at
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DIV17-18 by lysis and reverse transcribed to synthesize cDNA using a Power SYBR Green
Cells-to-CT kit (Life Technologies, Waltham, MA). Amplification of cDNA by real-time PCR
was quantified using SYBR Green with the following primers: (fwd)

TGCAAGAAGGACCTAATCCQG, (rev) TCTCTT CTCTGAAAGCTCTAAGC.

Coefficient of variation analysis

Coefficient of variation (CV) analysis can be used to determine whether the locus of the decrease
in PV and SOM-IPSC:s is due to a change in quantal size (q), or quantal content (N x P;). To
perform this analysis, we calculated the CV%, defined as the (M*/SD?), where M is the mean
IPSC amplitude and SD is the standard deviation for a set of successive sweeps. We calculated
the CV* for the experimental and control cell, and plotted this ratio (CV'ZExpt/ CVcy) against the
ratio of mean amplitude (Mgx,/Mcu). Each of the grey circles in Chapter 3, Figures 3A and 6A
represent a single pair of neurons. If these data points fall on the y = 1 line, the change in IPSC
amplitude represents a change in quantal size, while if the data points fall on the identity line
(grey dashed line), the change in IPSC amplitude represents a change in quantal content. This
relies on the fact that changes in quantal size change both the mean IPSC and the variance such
that the normalized ratio of CV™ remains constant. In contrast, changes in quantal content will
cause proportional changes of equal magnitude in CV™. Please see (Gray et al., 2011; Levy et al.,

2015) for a more detailed description of this technique.
Statistical analysis

All paired whole-cell data were analyzed using a two-tailed Wilcoxon matched-pairs signed rank

test. For comparisons of non-paired data including intrinsic excitability properties (Chapter 3
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Fig. 1), paired-pulse ratios (Chapter 3, Figures 3B and 6B), and Chapter 3, Figure 4B, a Mann
Whitney test was used. Outliers in IPSC data were removed using a ROUT test, Q = 5% on the
logo transfected/control data, on all paired IPSC data sets (3 out of 403 pairs were removed). For
measuring rise time and action potential height, the start of the action potential was defined as
the point at which the action potential reached 10% of its maximum slope. Data analysis was
carried out in Igor Pro (Wavemetrics), GraphPad Prism (GraphPad Software) and Excel

(Microsoft).
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CHAPTER 3

Differential homeostatic regulation of inhibitory synapses formed by PV vs.

SOM-expressing interneurons

Introduction

The majority of studies examining GABAergic homeostasis have been performed on
dissociated neurons, using pharmacological manipulations that affect the entire network. A
previous study from the Nicoll lab found that elimination of excitatory current in a pyramidal
neuron causes a cell-autonomous decrease in IPSCs onto that neuron (Lu et al., 2013). Xue et al.
(Xue et al., 2014) showed that although changes in pyramidal neuron firing in the visual cortex
lead to positively correlated changes in IPSCs from PV+ interneurons onto those pyramidal
neurons, pyramidal neuron firing does not change IPSCs from SOM+ interneurons. Additionally,
elimination of NMDAR, but not AMPAR, in pyramidal neurons causes a decrease in IPSCs onto
those cells (Gu et al., 2016), suggesting signaling through NMDARs is important for modulation
of inhibitory inputs. While these studies indicate that excitatory neurons can alter their inhibitory
inputs cell-autonomously, the mechanisms underlying this plasticity, and whether there are ways
to specifically alter SOM synapses, are unclear.

Here, we confirmed the finding that PV-IPSCs are regulated by action potential firing,
and discovered a new form of homeostatic plasticity wherein SOM-IPSCs are regulated by

NMDAR. We found that these forms of homeostasis depended on different voltage gated
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calcium channels, and both resulted in a reduction of quantal content, not quantal size. These
results elucidate the ways in which pyramidal neurons can regulate different sets of inhibitory

synapses.

Results
Synapses from PV-expressing inhibitory neurons are regulated by neuronal firing through
L-type Calcium Channels.

We wanted to test whether there are different plasticity pathways selective for PV or
SOM-IPSCs. As there is evidence that PV-IPSCs are regulated by the target neuron firing rate
(Xue et al., 2014), we aimed to test this directly by using CRISPR/Cas9 to target pyramidal
neuron sodium channels. Hippocampal pyramidal neurons express Nav1.2 and Nav1.6, and
possibly trace amounts of Nav1.1 and Nav1.3 (Felts et al., 1997; Qiao et al., 2013). We therefore
designed one guide RNA (gRNA) targeting Nav1.6, and one gRNA targeting a sequence present
in Navl.1, Navl.2, and Nav1.3.

We first tested whether pyramidal neurons transfected with these gRNAs, along with
Cas9 (“ANav”), were able to fire action potentials. We found that the majority (20/32) of
transfected pyramidal neurons fired no action potentials (Fig. 1A). In the 12/32 pyramidal
neurons that were still able to fire (Fig. 1B), we found that the action potentials had significantly
slower rise times, decreased heights, and decreased slopes (Fig. 1C-E). Therefore, any action
potentials remaining in ANav cells are likely of minimal strength.

In order to test whether the elimination of action potentials in pyramidal neurons would
have an effect on PV-IPSCs, we crossed either PV-IRES-Cre or SOM-IRES-Cre mice with Ai32

(lox-stop-lox-ChR2) mice, leading to Cre-mediated excision of the floxed stop signal and
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expression of ChR2 selectively in either PV or SOM neurons (PV:ChR2 or SOM:ChR2 mice)
(Fig. 2A). We used PV:ChR2 and SOM:ChR2 mice for organotypic, hippocampal slice
dissection at post-natal day 6-8. We used biolistic transfection of hippocampal slices at 1DIV,
with the goal to selectively modulate pyramidal neuron gene expression, as this technique
ensures very low transfection efficiency. IPSC recordings at 0 mV were made from pairs of
transfected/untransfected CA1 pyramidal neurons between 2-3 weeks in vitro. We used
PV:ChR2 mice to record light-evoked PV-IPSCs, and SOM:ChR2 mice to record SOM-IPSCs.

When we measured the PV-IPSCs, we found that they were significantly decreased in
ANavy cells (Fig. 2 B and E), while SOM-IPSCs showed no change (Fig. 3 C and E). These
results support a model in which a cell-autonomous reduction of firing in pyramidal neurons
causes a decrease in PV-IPSCs, but has no significant effects on SOM-IPSCs. These results
confirm that we can replicate the results seen in vivo in the visual cortex (Xue et al., 2014), in
hippocampal organotypic slices.

We then tested whether the mechanism through which neuronal firing regulates PV-
IPSCs is dependent on L-type calcium channels (LTCC), as they have been found to mediate
forms of action potential dependent excitatory homeostatic plasticity (Goold and Nicoll, 2010;
Ibata et al., 2008; Levy et al., 2015; Thiagarajan et al., 2005). We incubated slices transfected
with ANav in 20 uM nifedipine, a specific inhibitor of LTCC. As this will block LTCC on both
the transfected and the control cells, any remaining difference between the cells indicates that the
decrease in PV-IPSCs is not dependent on LTCC signaling. However, in the presence of
nifedipine no difference in the size of PV-IPSCs was seen between ANav cells and control cells
(Fig. 2 D and E), suggesting an occlusion of the effect. Therefore, elimination of action potential

firing causes a decrease in PV-IPSCs through a reduction in current from LTCC.
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Finally, we sought to determine whether the nature of the decrease in PV-IPSCs in ANav
cells was due to a reduction in the number of functional synapses (N), a reduction in presynaptic
release properties (P;), or a reduction in the number of GABAARs at each synapse (q). We
decided to use coefficient of variation (CV) analysis, a technique which uses the inherent IPSC
amplitude variability from trace to trace to differentiate between changes in quantal content (N x
P;) and size (q) between two simultaneously recorded neurons (see Chapter 2, “Coefficient of
variation analysis,” for further description of this technique). As the data points fell along the
dashed identity line, we found that the decrease in PV-IPSCs represents a change in quantal
content (N x P,) rather than quantal size (q) (Fig. 3A). This indicates that the change in PV-
IPSCs could either be due to a change in P, or the number of functional synapses (N). To
determine whether the decrease in PV-IPSCs in ANav cells is caused by altered P,, we measured
the paired-pulse ratio (PPR) of ANav and control cells. At no interval did we find a significant
difference between the PPRs in ANav and control cells (Fig. 3B). Together, this indicates that the
decrease in PV-IPSCs in ANav cells represents a change in N: an all-or-none loss in functional

synaptic connections.

Synapses from SOM-expressing inhibitory neurons are regulated by NMDAR through R-
type Calcium Channels.

We were next interested in studying the factors controlling SOM-IPSCs. Since alterations
in NMDAR levels can regulate IPSCs (Gu et al., 2016), we decided to test whether NMDAR
signaling might affect SOM-IPSCs, which largely target dendrites (Bezaire and Soltesz, 2013).
We therefore used CRISPR/Cas9 to target the obligatory NMDAR subunit, GluN1 (“AGIluN1").

We used one of two different gRNAs, both previously validated (Incontro et al., 2014; Straub et
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al., 2014). We found robust reductions of NMDAR currents with both gRNAs (Fig. 4 A and B)
and as expected, greater reductions in NMDAR current were observed with more days post-
transfection (Fig. 4C), indicating that any residual current is due to slow NMDAR turnover. We
found no significant differences in NMDAR-mediated current remaining between the gRNAs
(Fig. 4B), so we combined the datasets. There was no change in PV-IPSCs in AGIuN1 cells
compared to control neurons (Fig. 5 A and H). However, we found a significant reduction in
SOM-IPSCs in AGIuNI1 transfected pyramidal neurons. (Fig. 5 B and H).

To determine the mechanism through which NMDARSs regulate SOM-IPSCs, we
incubated slices in 200 uM D-APV, a competitive NMDAR antagonist which prevents glutamate
binding to the NMDAR, and subsequent NMDAR activation-dependent depolarization of the
neuron. Because the inhibitor will act on the control cells, we can use this experiment to
determine whether the reduction in SOM-IPSCs in the AGIuN1 cell is due to glutamate binding
to the NMDAR. We found that this treatment occluded the decrease in SOM-IPSCs (Fig. 5 C and
H), indicating a requirement for both glutamate binding to the NMDAR and presumably, the
subsequent NMDAR- dependent depolarization.

Next, to determine explicitly whether ionotropic current through the NMDAR is
necessary for this form of plasticity, we incubated slices in 100 uM MK-801, an NMDAR pore
blocker. This, too also occluded the decrease in SOM-IPSCs in AGIuN1 cells (Fig. 5 D and H).
Finally, we attempted to rescue SOM-IPSCs by expressing GluN1 N616R, a mutant subunit
impermeable to calcium (Sakurada et al., 1993). For these experiments we switched to “GluN1
gRNA #3,” which targets an intron-exon junction of the Grinl/ gene so it would not target the
rescue construct (Fig. 4D). We then co-expressed AGIuN1 with GIuN1 N616R. We confirmed

the presence of GluN1 N616R by measuring NMDAR current at -70mV, as these channels are
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insensitive to magnesium (Fig. 4E). Unexpectedly, this manipulation rescued the SOM-IPSCs
(Fig. 5 E and H), indicating that calcium influx through NMDARSs is unnecessary in regulating
SOM-IPSCs. Instead, these results point to a model in which sodium influx through the NMDAR
is necessary in the regulation of SOM-IPSCs.

In order to test whether other sources of calcium are required, we inhibited either LTCC
or R-type calcium channels (RTCC), which are both found on spines (Davare et al., 2001;
Yasuda et al., 2003). While incubation with 20 uM nifedipine did not block the relative decrease
in SOM-IPSCs in AGIuNT transfected cells (Fig. 5 F and H), incubation with 500 nM SNX-482,
an RTCC blocker, successfully occluded the decrease (Fig. 5 G and H). This suggests a pathway
wherein NMDAR-driven sodium influx regulates SOM-IPSCs through RTCC.

We again used CV analysis on the SOM-IPSCs in AGIuN1 cells, and found that this
decrease also represents a change in quantal content, rather than quantal size (Fig. 6A). We also
found no change in the PPR between the AGIuN1 and control cells at any interval tested (Fig.
6B). Together, this suggests that similar to the decrease in PV-IPSCs in ANav cells, the decrease

in SOM-IPSCs in AGIuNT cells represents an all-or-none loss in functional synaptic connections.

Discussion

Here, we show that the output of pyramidal neurons (action potential firing) regulates
PV-IPSCs, while the input of pyramidal neurons (glutamatergic signaling via NMDARSs)
regulates SOM-IPSCs. This matches the known distribution of these inhibitory synapses: the
majority of PV+ interneurons largely target the soma, peri-somatic dendrites, and axon initial
segment of pyramidal neurons, while SOM+ interneurons target the more distal dendrites, which

receive excitatory input (Bezaire and Soltesz, 2013). It has recently been estimated that
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approximately 20% of spines contain inhibitory synapses (Villa et al., 2016). An intriguing
possibility is that those SOM synapses co-localizing with excitatory synapses on spines are
regulated by NMDARs.

We show that PV-IPSCs are regulated by action potential firing in a cell-autonomous
manner. This agrees with what is known about the homeostatic regulation of IPSCs by neuronal
firing in the neocortex, where it has been shown that pharmacological inactivation of firing with
tetrodotoxin selectively reduces connection probability of unitary PV-IPSCs, while unitary
SOM-IPSCs remain unchanged (Bartley et al., 2008), and in vivo, cell-autonomous alterations of
firing rate in pyramidal neurons affects PV but not SOM-IPSCs onto those cells (Xue et al.,
2014). We found that elimination of sodium channels does not reduce SOM-IPSCs (Fig. 2C),
which suggests that local NMDAR-mediated spikes rather than back-propagating action
potentials regulate these synapses. As main class of SOM+ interneurons are O-LM cells (Bezaire
and Soltesz, 2013), they should target the distal dendrites in stratum lacunosum moleculare
where it is likely that back-propagating action potentials play a relatively minor role in dendritic
depolarization, compared to local excitatory synapses.

We have found that chronic removal of NMDARs leads to selective decreases in SOM-
IPSC strength. Gu et al. (2016) showed that loss of NMDARSs leads to a decrease in mIPSC
frequency (Gu et al., 2016). Expressing a calcium impermeable NMDAR failed to rescue this
effect, contrary to the mechanism reported here. One possible reason for this could be a lower
level of RTCC expression in that study, which used dissociated hippocampal cultures at 6DIV
from embryonic mice, compared to the present study, which uses organotypic slices at 17DIV
from P6-8 mice. Indeed, dissociated hippocampal cultures from embryonic mice show far lower

RTCC transcript levels compared to adult hippocampi (Schlick et al., 2010). The fact that in our
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study, calcium entry through NMDAR is not sufficient to maintain the relative decrease in SOM-
IPSCs following NMDAR removal (Fig. 5G) suggests that RTCC are uniquely positioned to
initiate the downstream mechanisms needed to regulate SOM-IPSCs, potentially through calcium
microdomains.

LTCC signaling has been shown to be required for multiple forms of excitatory synapse
homeostasis, through CaMKK, CaMKIV, and transcriptional activation (Goold and Nicoll, 2010;
Ibata et al., 2008; Levy et al., 2015). Potentially, PV-IPSCs are regulated by LTCC by similar
transcriptional pathways. RTCC and LTCC also play a role in short-term plasticity of IPSCs in
the visual cortex (Kurotani et al., 2008), by altering post-synaptic GABAaR expression through
regulation of endocytosis and exocytosis. This suggests another possible downstream mechanism
for the plasticity described here, though perhaps unlikely as the decreases in IPSCs here
represent changes in quantal content.

We have found that both the decrease in PV-IPSCs in ANav cells and the decrease in
SOM-IPSCs in AGIuNT1 cells represent changes in quantal content, rather than quantal size. This
agrees with previous studies finding that eliminating AMPAR and NMDAR from pyramidal
neurons causes mostly a decrease in mIPSC frequency rather than amplitude (Lu et al., 2013),
and that eliminating NMDAR from pyramidal neurons causes only a decrease in mIPSC
frequency but not amplitude (Gu et al., 2016). The decreases in PV-IPSCs and SOM-IPSCs
described here may represent a decrease in the number of pre-synaptic release sites. Many
studies have found roles for different mediators of retrograde signaling to inhibitory synapses,
including BDNF (Peng et al., 2010), nitric oxide (Nugent et al., 2007) and endocannabinoids

(Alger and Pitler, 1995). While endoccanabinoids are not likely to play a role, as CB1 receptors
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are exclusively expressed on CCK+ cells, it is unclear whether other forms of retrograde
signaling might play a role in the mechanisms described here.

Alternatively, the changes here may represent an all-or-none post-synaptic loss of
GABAA\R, as the removal of post-synaptic proteins at excitatory synapses has been shown to
cause all-or-none losses of glutamatergic receptors in an LTCC-dependent process (Levy et al.,
2015). However, it is unknown whether there are specific post-synaptic proteins capable of
altering PV vs. SOM-IPSCs inhibitory synapses in an all-or-none manner. While it would be
difficult in our laboratory to determine which pre-synaptic mechanisms might be playing a role
in the forms of plasticity described here, in the next chapter we set out to test whether several
post-synaptically expressed proteins known to play a role in inhibitory transmission exert

specific effects on PV vs. SOM-IPSCs.
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Figure 1. Validation of ANav experimental construct.

(A) Sample traces showing control (black) and ANav transfected cell (green) with current pulses to elicit
a single (left) and multiple (right) action potentials in the control cell. Transfected cell fired no action
potentials, as in 20 of 32 cells. (B) Sample traces from neurons expressing ANav (green traces), or
neighboring control neurons (black traces), showing a show typical transfected cell with residual action
potentials (see arrows), as in 12 of 32 cells. (C-E) Summary plots show mean + s.e.m on residual action
potentials, showing increased rise time (C), decreased action potential height (D), and decreased
maximum slope (E) as compared to control cell action potentials (n = 12 transfected cells, n = 23 control
cells) ***P < 0.001.
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Figure 2. PV-IPSCs are regulated by action potential firing through LTCC signaling. (A) Model
showing mouse breeding scheme, experimental timelines, and patch-clamp configuration (B) Scatterplots
show amplitudes of optically-evoked IPSCs recorded from pairs of ANav and control cells at
approximately 17DIV in PV:ChR2 mice. (C) Same as in (B) but with SOM:ChR2 mice. (D) Same as in
(B) but slices were incubated in 20 uM nifedipine from time of transfection to recording. (E) Summary
plot showing IPSCs as a log of the ratio between transfected and control neurons, mean + s.e.m. (PV-
IPSCs, P <0.001, n =27; SOM-IPSCs, P > 0.05 n =27, PV-IPSCs + nifedipine, P > .05, n = 20). Black
sample traces are control, colored traces are transfected cells. Scale bars represent 200 pA and 40 ms
*#xp < 0.001.
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Figure 3. The decrease in PV-IPSCs following Nav removal represents a decrease in the number of
PV+ synapses.

(A) Coefficient of variation analysis of simultaneously recorded pairs of control/ANav neurons. CV™
graphed against ratio of mean amplitude within each pair. Results along the horizontal y = 1 line are
consistent with change in quantal size (q), results along gray dashed identity (45°) line are consistent with
change in quantal content (N % P;). Analysis of PV-IPSCs suggests decrease is due to reduction in quantal
content. Small solid and dashed lines indicate linear regression line and 95% confidence intervals,
respectively. (B) Paired-pulse ratios (PPR) of PV-IPSCs (IPSC,/IPSC,) recorded as a function of the
interstimulus interval in ms. Summary plot shows mean PPR + s.e.m for each interval, in ANav and
control cells. To the right are representative traces of PV-IPSCs for both control (black) and ANav (red)
cells, overlaid to show all intervals tested (50, 100, 200, 400, and 800 ms). Scale bars represent 100 pA
and 150 ms. At no interval was there a statistically significant difference between the PPR in ANav and
control cells. n = 9 transfected cells, n = 9 control cells.
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Figure 4. Effects of AGluN1 and GluN1 N616R on NMDAR currents.

(A) Paired data showing effects of GluN1 gRNA #1 and GluN1 gRNA #2 on NMDAR currents (gRNA
#1,n=13; gRNA #2, n = 18. (B) Summary plot showing NMDAR currents as a percent of control mean
+ s.e.m. (C) Plot showing trend of further reductions of NMDAR currents with more days transfected. (D)
Summary plot showing NMDAR currents remaining after transfection with intronic targeting GluN1
gRNA #3 (mean + s.e.m., n = 10) (E) Paired data showing the effect of co-expressing AGIuN1 (gRNA
#3) with GluN1 N616R on NMDAR currents recorded at -70 mV (P < 0.001, n = 11). Black sample
traces are control, colored traces are transfected cells. Scale bars represent 50 pA and 50 ms.
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Figure 5. Ablation of NMDA receptors selectively reduces SOM-IPSCs through RTCC signaling.
(A) Scatterplots show amplitudes of IPSCs recorded from pairs of AGluN1 and control cells at
approximately 17 DIV in PV:ChR2 mice. (B) Same as in (A) but with SOM:ChR2 mice. (C) Same as in
(B) but incubating slices in 200 uM D-APV. (D) Same as in (B) but incubating slices in 100 uM MK-
801. (E) Same as in (B) but expressing both AGluN1 and GluN1 N616R. (F) Same as in (B) but
incubating slices in 20 uM nifedipine from time of transfection to recording. (G) Same as in (B) but
incubating slices in 500nM SNX-482 from time of transfection to recording. (H) Summary plot showing
IPSCs as a logy of the ratio in transfected and control neurons, mean + s.e.m. (PV-IPSCs P > 0.05, n =
21; SOM-IPSCs, P < 0.001, n = 22; SOM-IPSCs + APV P > 0.05, n = 19; SOM-IPSCs + MK-801 P >
0.05, n =20; SOM-IPSCs + GluN1 616R P > 0.05, n = 15; SOM-IPSCs + nifedipine P < 0.01, n = 20;
SOM-IPSCs + SNX-482, P > 0.05, n = 18). Black sample traces are control, colored traces are transfected
cells. Scale bars represent 200 pA and 40 ms ***P < 0.001.
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Figure 6. The decrease in SOM-IPSCs following NMDAR removal represents a decrease in the
number of SOM+ synapses.

(A) Coefficient of variation analysis of simultaneously recorded pairs of control/AGluN1 neurons. CV™
graphed against ratio of mean amplitude within each pair. Results along the horizontal y = 1 line are
consistent with change in quantal size (q), results along gray dashed identity (45°) line are consistent with
change in quantal content (N X P,). Analysis of SOM-IPSCs suggests decrease is due to reduction in
quantal content. Small solid and dashed lines indicate linear regression line and 95% confidence intervals,
respectively. (B) Paired-pulse ratios (PPR) of SOM-IPSCs (IPSC,/IPSC,) recorded as a function of the
interstimulus interval in ms. Summary plot shows mean PPR + s.e.m for each interval, in AGluN1 and
control cells. To the right are representative traces of SOM-IPSCs for both control (black) and A GluN1
(blue) cells, overlaid to show all intervals tested (50, 100, 200, 400, and 800 ms). Scale bars represent 100
pA and 150 ms. At no interval was there a statistically significant difference between the PPR in AGIluN1
and control cells. n = 8 transfected cells, n = 8 control cells.
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CHAPTER 4

Post-synaptic protein specialization at Parvalbumin vs. Somatostatin

Inhibitory Synapses

Introduction

Recent studies have examined the composition of the inhibitory post-synaptic density in a
high-throughput, non-biased manner (Kang et al., 2014; Uezu et al., 2016). However, from these
studies it is impossible to determine whether this composition varies depending on the type of
pre-synaptic inhibitory neuron forming the synapse. Indeed, it is unclear to what extent
inhibitory synapses have different “types.” Comparatively, there is a wealth of knowledge at the
cellular and systems level which points to distinct inhibitory neuron subtypes displaying different
physiological and morphological characteristics (Klausberger and Somogyi, 2008), and
performing different roles at the behavioral level (Kepecs and Fishell, 2014).

While there is some evidence that neuroligin-2 is expressed at PV+ synapses (Gibson et
al., 2009), and that dystrophin is expressed at CCK+ synapses (Friih et al., 2016), there is no
evidence for a protein specifically expressed at inhibitory synapses contacting dendrites. Here,
we tested whether several postsynaptic proteins expressed at inhibitory synapses showed specific
effects on either synapses formed by either PV+ or SOM+ inhibitory neurons.

Results
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Gephyrin, Collybistin, and Neuroligin-2 regulate both PV and SOM-IPSCs

To determine whether the canonical inhibitory post-synaptic proteins showed selective
effects for PV vs. SOM-IPSCs, we used several validated (see Chapter 2, “Experimental
constructs,” Fig. 1) RNA-interference tools to test how reducing levels of gephyrin, collybistin,
NLGN2 and NLGN3 impact PV and SOM-IPSCs. Transfecting pyramidal neurons with either a
micro-RNA (miR) targeting gephyrin (Fig. 2 A, B and C), or a short hairpin RNA against
collybistin (Fig. 2 D, E and F), both led to similar reductions in PV-IPSCs and SOM-IPSCs. We
then tested NLGN2 and NLGN3, the two isoforms of neuroligins found at inhibitory synapses
(Budreck and Scheiffele, 2007; Varoqueaux et al., 2004). We transfected pyramidal neurons with
a miR targeting NLGN2, and found that both PV-IPSCs (Fig. 3 A and I) and SOM-IPSCs (Fig. 3

B and I) were dramatically decreased.

Neuroligin-3 selectively regulates SOM-IPSCs but not PV-IPSCs.

We then transfected pyramidal neurons with a miR targeting NLGN3. While transfecting
pyramidal neurons with the NLGN3miR did not significantly affect PV-IPSCs (Fig. 3 C and 1),
SOM-IPSCs were decreased (Fig. 3 D and I). To verify the specificity of NLGN3 for SOM-
IPSCs, we overexpressed NLGN3 in combination with NLGN2miR. This should prevent the
dimerization of the overexpressed NLGN3 with endogenous NLGN2 (Budreck and Scheiffele,
2007; Shipman et al., 2011), and allow us to only look at the effects of NLGN3 homomers. We
found that PV-IPSCs were reduced to a similar extent as the NLGN2miR on its own, suggesting
that NLGN3 is not capable of enhancing these synapses (Fig. 3 E and I). However,
overexpressing NLGN3 with NLGN2miR dramatically enhanced SOM-IPSCs (Fig. 3 F and I).

We then tested whether overexpression of NLGN3 alone can enhance PV-IPSCs. This
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manipulation still failed to enhance, and in fact led to a decrease in, PV-IPSCs (Fig. 3 G and I).
As expected, NLGN3 overexpression profoundly enhanced SOM-IPSCs (Fig. 3 H and I).
Together, these results show that while both PV-IPSCs and SOM-IPSCs depend on gephyrin,
collybistin, and NLGN2, SOM-IPSCs are selectively and profoundly regulated by NLGN3.

It occurred to us that the increase of SOM-IPSCs following overexpression of NLGN3
might be due to an indirect effect of NLGN3 on NMDARSs, as NLGN3 is known to localize to
both inhibitory and excitatory synapses (Budreck and Scheiffele, 2007), and we have seen that
NMDARs can regulate SOM-IPSCs (Chapter 3). However, NMDAR-mediated currents were not
enhanced in NLGN3 + NLGN2miR cells (Fig. 4). Therefore, the effect of NLGN3 on SOM-

IPSCs likely represents a direct effect at inhibitory synapses.

Discussion

These results provide evidence that synapses formed by PV and SOM-positive inhibitory
neurons can be regulated in distinct ways (summarized with the results from Chapter 3 in Fig. 5).
In the result which demonstrates this most clearly and dramatically, we show that while
knocking down NLGN2 reduces both SOM and PV IPSCs to a similar extent (SOM: 29%, PV:
31%), overexpressing NLGN3 does nothing to enhance PV-IPSCs (they remain at 31%), while
SOM-IPSCs are enhanced to 1124% of the control cell (Figure 3). This suggests that there are
indeed different molecular compositions between synapses formed by PV+ and SOM+ cells.

We found that PV and SOM-IPSCs share a requirement for gephyrin, collybistin, and
NLGN?2. The fact that NLGN?2 is required for SOM-IPSCs was surprising, given the fact that
PV-unitary IPSCs but not SOM-unitary IPSCs are decreased in the NLGN2 KO mouse (Gibson

et al., 2009). In that study, GIN (GFP-expressing Inhibitory Neurons) mice were used to identify
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SOM neurons, and SOM-unitary IPSC recordings were made from layer 2/3 of the
somatosensory cortex. It is therefore possible that there is a difference in the SOM cells being
activated, or that cells have a differential dependence on NLGN2 depending on the brain region.
Indeed, it has been demonstrated that NLGN3 exerts different effects on IPSCs depending on the
cell-type and brain region being recorded from (Foldy et al., 2013; Rothwell et al., 2014;
Tabuchi et al., 2007). It is possible that NLGN2 also performs different roles depending on the
type of pyramidal neuron being studied.

We find that reduction of NLGN3 selectively reduces SOM-IPSCs, and that
overexpression of NLGN3 leads to a profound enhancement of SOM-IPSCs and a decrease of
PV-IPSCs. It is possible that this decrease in PV-IPSCs is due to the fact that there is a limited
amount of GABA4 receptors (GABAAR) in the pyramidal neuron, which are incapable of
supporting the enhancement of SOM-IPSCs while maintaining normal levels of PV-IPSCs. Or,
NLGN3 could be actively suppressing PV-IPSCs. In NLGN3 KO mice, PV-IPSCs onto
hippocampal pyramidal neurons are unchanged, while CCK-IPSCs are increased (Foldy et al.,
2013). Together, this suggests that NLGN3 can have opposite effects on dendritic vs. somatic
inhibition.

These results point to a model in which synapses formed by PV+ interneurons depend on
gephyrin, collybistin, and NLGN2, while synapses formed by SOM+ interneurons depend on
these proteins, as well as NLGN3. As overexpression of NLGN3 on a NLGN2 miR background
was sufficient to enhance SOM-IPSCs, and reduction of NLGN3 reduced SOM-IPSCs, it
suggests that NLGN3 homomers exist at synapses formed by SOM+ interneurons. However, the
fact that using the NLGN2 miR reduced SOM-IPSCs to a dramatic extent (Fig. 3B), suggests

that these NLGN3 homomers are not able to compensate for loss of NLGN2. This suggests that
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while NLGN3 is capable of dramatically altering SOM-IPSCs, it may not be at SOM+ synapses
in great abundance under baseline conditions.

The results in Fig. 4 show that NMDAR-mediated currents are not increased in cells in
which NLGN3 is overexpressed on a NLGN2 miR background. This is an important control to
ensure that NLGN3 is acting to directly enhance inhibitory synapses, as it is known that the
overexpression of NLGN3 can affect excitatory currents in other conditions (Shipman et al.,
2011). Another line of reasoning that support the role of NLGN3 affecting SOM+ synapses
directly is that knockdown of NLGN3 with the miR decreases SOM-IPSCs, but we and others
have found that elimination of NLGN3 does not decrease AMPAR or NMDAR mediated
currents, either using a NL3 miR in adult CA1 pyramidal neurons (Shipman et al., 2011), or in
single cell conditional deletion in dissociated hippocampal neurons (Chanda et al., 2017).

Together, these results show that it is possible to use optogenetic technology in
combination with cell-autonomous manipulations to determine which post-synaptic inhibitory

proteins exert effects at synapses formed by different subclasses of inhibitory neurons.
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Figure 1. Quantification of collybistin shRNA efficiency.

Graph shows mean + s.e.m. of collybistin mRNA remaining following treatment of dissociated
hippocampal neurons with a virus expressing collybistin ShRNA as assessed by real-time quantitative
PCR, normalized to control GFP transduction (n = 2 technical replicates).
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Figure 2. Reduction of gephyrin and collybistin affect both PV and SOM-IPSCs.

(A) Scatterplots show amplitudes of IPSCs recorded from pairs of gephyrin miR transfected and control
cells at approximately 18 DIV (transfected ~2.5 weeks) in PV:ChR2 mice. (B) Same as in (A) but with
SOM:ChR2 mice. (C) Summary plot showing IPSCs as a log;o of the ratio in gephyrin miR transfected
and control neurons, mean + s.e.m. (PV-IPSCs P <0.01, n=16; SOM-IPSCs, P <0.01, n = 18). (D)
Same as in (A) but transfecting with collybistin shRNA. (E) Same as in (D) but with SOM:ChR2 mice.
(F) Summary plot showing IPSCs as a log;, of the ratio in transfected and control neurons, mean + s.e.m.
(PV-IPSCs P < 0.001, n = 16; SOM-IPSCs, P < 0.001, n = 17). Black sample traces are control, colored
traces are transfected cells. Scale bars represent 200 pA and 40 ms. **P < 0.01 ***P < 0.001.
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Figure 3. NLGN2 reduction affects both PV and SOM-IPSCs, while NLGN3. manipulations
preferentially affect SOM-IPSCs.

(A) Scatterplots show amplitudes of IPSCs recorded from pairs of NLGN2miR transfected and control
cells at approximately 18DIV in PV:ChR2 mice. (B) Same as in (A) but in SOM:ChR2 mice. (C) Same as
in (A) but transfecting with NLGN3miR. (D) Same as in (C) but in SOM:ChR2 mice. (E) Same as in (A)
but expressing both NLGN2miR and overexpressing NLGN3. (F) Same as in E but in SOM:ChR2 mice.
(G) Same as in (E) but only overexpressing NLGN3. (H) Same as in (G) but in SOM:ChR2 mice. (I)
Summary plot showing IPSCs as a logj, of the ratio in transfected and control neurons, mean + s.e.m.
(NLGN2miR: PV-IPSCs P <0.001, n = 16, SOM-IPSCs, P < 0.001, n = 18; NLGN3miR: PV-IPSCs P >
0.05,n =15, SOM-IPSCs, P <0.05,n =15; NLGN2miR + NLGN3 o/e: PV-IPSCs P <0.001,n =17,
SOM-IPSCs P < 0.001, n=17; NLGN3 o/e: PV-IPSCs P < 0.05,n =15, SOM-IPSCs P <0.001,n=11).
Black sample traces are control, colored traces are transfected cells. Scale bars represent 200 pA and 40
ms. *P < 0.05 ***P <0.001
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Figure 4. The expression of NLGN3 on a NLGN2 miR background does not enhance NMDAR-
mediated currents.

Scatterplot shows amplitudes of electrically-evoked NMDAR-mediated current recorded from pairs of
NLGN2miR + NLGN3 o/e transfected and control cells at approximately 18 DIV (transfected ~2.5
weeks) in PV:ChR2 mice, in the presence of bicuculin and picrotoxin, amplitude taken at 150 ms after
stimulation (indicated by solid black line in sample trace) to eliminate contribution from AMPAR-
mediated currents. Summary plot showing IPSCs as a log; of the ratio between transfected and control
neurons, mean + s.e.m. (P > 0.05, n = 11) Black sample traces are control, green traces are transfected
cells. Scale bars represent 50 pA and 50 ms.
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Figure 5. Model summarizing differences between PV+ and SOM+ synapses.

PV-IPSCs are regulated by sodium channel (Nav) mediated action potentials, a process dependent on L-
type calcium channels (LTCC). SOM-IPSCs are regulated by NMDARs, a process dependent on R-type
calcium channels (RTCC). PV-IPSCs require neuroligin-2 (NLGN2), while SOM-IPSCs require both
NLGN?2 and neuroligin-3 (NLGN3). Not pictured are NLGN2/2 or NLGN3/3 homomers, which are also
likely present at synapses formed by SOM-expressing inhibitory neurons.
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CHAPTER S

General Conclusions

I have shown evidence for a model in which pyramidal neurons can selectively regulate
two sets of inhibitory synapses. In Chapter 3, I show that by manipulating different excitatory
channels, pyramidal neurons can selectively adjust their PV+ vs. SOM+ input, in a process
dependent on different types of voltage-gated calcium channels. In Chapter 4, I found that while
several post-synaptic components are shared between PV+ and SOM+ synapses, NLGN3 is
capable of selectively and robustly regulating SOM+ synapses. This suggests that there are other
proteins specific to SOM+ synapses, which are binding to NLGN3 (discussed further below),
and provides evidence that there are indeed molecular differences between synapses formed by
different categories of interneurons. Here, I will first discuss the potential caveats in using PV
and SOM-Cre mouse lines, then discuss the implications and potential future directions of the

results described.

The use of PV and SOM-Cre mouse lines: potential caveats

As discussed in the introduction, PV and SOM-Cre lines label heterogeneous populations
(Jiang et al., 2015; Somogyi and Klausberger, 2005). This could be seen as a potential caveat to
the interpretation of the results presented here, as it is unclear which of the PV+ or SOM+
subclasses are responsible for the effects shown. However, I propose that the use of these cell-

lines is an important first step in studying the molecular mechanisms of GABAergic homeostasis
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for three main reasons. (1) PV-expressing cells have already been shown to play a role in action
potential-dependent homeostasis (Bartley et al., 2008; Xue et al., 2014). (2) Several reports have
demonstrated different functions of PV vs. SOM-expressing interneurons in behavioral
paradigms (Funk et al., 2017; Kepecs and Fishell, 2014; Miao et al., 2017; Pinto and Dan, 2015),
suggesting that diverging roles for these classes of interneurons might also be found at the
cellular level. (3) Despite internal heterogeneity, the majority of PV+ cells are somatic and peri-
somatic targeting and the majority of SOM+ cells are dendritic targeting (as discussed more
thoroughly in the introduction).

Therefore, if there are different “rules” governing the function of inhibitory synapses
depending on the subcellular compartment they target, it should be possible to use PV-Cre and
SOM-Cre mice to distinguish them. Given this, we chose to use PV and SOM-Cre mouse lines to
further untangle the interneuron subclass specific roles in GABAergic homeostasis, which has
traditionally been studied by examining miniature IPSCs (mIPSCs) alone. Now that it does seem
that PV+ vs. SOM+ synapses are regulated by different processes, it would be interesting to use

the heterogeneity of these lines as an advantage, as discussed in the next section.

Is the “signal” spatial proximity, or intrinsic to the inhibitory synapse?

The results in Chapter 3 point to a model in which there could be different pathways
capable of regulating somatic (PV+) vs. dendritic targeting (SOM+) inhibitory neurons. PV-
IPSCs are regulated by action potential firing through LTCC, while SOM-IPSCs are regulated by
NMDARs through RTCC. It could be that the factor determining which type of synapse is
regulated is the proximity of a particular synapse to an excitatory signal (either the action

potential initiation site and LTCC for PV-IPSCs, or NMDAR-mediated currents and RTCC for
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SOM-IPSCs.) However, another possibility is that there are intrinsic differences between the
inhibitory synapses, which govern whether or not they can be regulated by an excitatory signal
(either the post-synaptic components or the pre-synaptic terminals). For example, if one could
force SOM+ synapses to form at the soma, could they be regulated by action potential firing?
While this experiment would be technically unfeasible, as it is unknown which molecular
mechanisms underlying targeting patterns, one would be able to use another approach.

One class of PV+ interneurons that targets the dendrites is bistratified neurons. One could
perform paired recordings to determine if the unitary PV-IPSCs recorded from ANav pyramidal
neurons were decreased as compared to unitary PV-IPSCs on untransfected cells. If they were
down, it would suggest that there is something intrinsic about the molecular composition of PV+
synapses that makes them susceptible to action potential firing, regardless of which compartment
on the cell they target.

It would also be interesting to further parse whether there are particular subcategories of
SOM-+ cells which are regulated by NMDAR-mediated current. The obvious candidate to begin
with would be O-LM neurons, as they represent the largest class of SOM+ cells, and it is

possible that it is O-LM alone which are regulated by NMDAR.

Could NLGN3 be downstream of NMDAR dependent SOM-IPSC plasticity?

The results from Chapter 3 show that SOM-IPSCs are selectively regulated by NMDAR-
mediated current through RTCCs. In Chapter 4, I found that NLGN3 removal selectively
decreases SOM-IPSCs. Could it be that the mechanism through which NMDAR-mediated
current regulates SOM-IPSCs is by decreasing NLGN3? While this is certainly a possibility, we

there is not yet enough evidence to draw this conclusion.
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We have shown that the decrease in SOM-IPSCs in AGIuN1 cells represents a loss of
functional synaptic connections. This could either be due to a decrease in the number of pre-
synaptic release sites, or an all-or-none loss of post-synaptic GABAsR-containing clusters. As
discussed in Chapter 3, elimination of the post-synaptic scaffolding MAGUK protein family has
been shown to cause an all-or-none loss of excitatory synapses, though an LTCC-dependent
process termed “consolidation” (Levy et al., 2015). It is therefore theoretically possible that
NLGN3 is capable of triggering a similar consolidation of inhibitory synapses, through an
RTCC-dependent process. Ideally, one would perform coefficient of variation analysis on SOM-
IPSCs from NLGN3 miR cells and determine whether the decrease in currents represents a
change in quantal content, similar to the one seen in AGIuN1 cells. However, coefficient of
variation analysis depends upon the using many (ideally over 50), stable (i.e., no signs of “drift”
or overall changes in mean peak amplitude from start to finish) traces from each recording
session, and there were unfortunately not enough experiments in which I collected the sufficient
number of stable traces from the NLGN3 miR and control cells to perform this analysis.

One piece of evidence that NLGN3 is capable of triggering an all-or-none loss of
synapses is from the NLGN3 KO mouse. When recording from medium spiny neurons
expressing the D1 dopamine receptor, the authors found a decrease in mIPSC frequency but not
amplitude (Rothwell et al., 2014). This indicates that the loss of NLGN3 may be decreasing
inhibitory synapses in an all-or-none manner. Clearly, more work is needed to determine
whether the decrease in SOM-IPSCs in AGIuN1 cells represents a pre-or post-synaptic change,

and then whether NLGN3 may be involved.

Comparison to other forms of NMDAR-dependent inhibitory plasticity
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In Chapter 3, I show that SOM-IPSCs are regulated by NMDAR-mediated current in an
RTCC-dependent manner. This is not the first study which has found that IPSCs are capable of
being regulated by NMDAR-mediated currents. Several reports have previously shown that acute
application of NMDA leads to a rapid increase in IPSCs (Marsden et al., 2010, 2007; Petrini et
al., 2014), a process termed “inhibitory long term potentiation” (iLTP) due to the rapid increase
in IPSCs which recalls excitatory LTP. While these studies did not differentiate between
different types of inhibitory input, the results here would suggest that iLTP is mediated by
SOM+ synapses. If this were the case, it would mean that there are multiple time scales through
which NMDARs can regulate SOM-IPSCs.

In these studies, it was shown that iLTP was dependent on activation of Ca**/calmodulin-
dependent protein kinase II (CaMKII) (Marsden et al., 2010) and gephyrin recruitment (Petrini et
al., 2014). It is possible that CaMKII is downstream of the RTCC regulation of SOM-IPSCs
presented here, although one study has shown that RTCC activity is not required for basal levels
of CaMKII activation, as measured by levels of phospho-T286 (Pasek et al., 2015). An
alternative possibility is therefore that the mechanisms governing iLTP differ from those induced

by the long-term effects of elimination of NMDAR-mediated current demonstrated here.

The composition of PV+ vs. SOM+ synapses

The experiments in Chapter 4 suggest that many of the components of the iPSD are
shared between PV+ and SOM+ synapses. Gephyrin, collybistin, and NLGN?2 are necessary to
maintain normal levels of both PV and SOM-IPSCs. As discussed in Chapter 4, these results are
at odds with a result showing that NLGN2 is not present at SOM+ synapses, potentially due to

differences in the techniques used to identify SOM+ neurons and/or brain regions studied. The
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results here point towards a model in which gephyrin, collybistin, and NLGN2 all contribute to
support inhibitory synapses, though it is unclear whether these proteins are all present at the
same group of synapses or whether they can function independently. In the future, it would be
interesting to eliminate gephyrin, collybistin, and NLGN2 simultaneously to attempt to
completely eliminate all PV and SOM-IPSCs, and determine whether there are some inhibitory

synapses capable of forming in the absence of all of these proteins.

The role of NLGN3 at SOM+ synapses

NLGN3 was found to be capable of selectively regulating SOM but not PV-IPSCs
(Chapter 4). This leads to the obvious question of what NLGN3 is binding to at these synapses.
Extracellularly, NLGN proteins bind to neurexins (NRXN). So if SOM+ interneurons expressed
a distinctive NRXN compared to PV+ interneurons, this would be a good candidate to test. Futai
et al. (Futai et al., 2013) compared mRNA expression of aNRX1,2,3 and fNRX1,2,3 in both
CA3 pyramidal neurons as well as SOM+, CCK+, and PV+ interneurons. However, the authors
only reported significant increases of aNRXN1 and BNRXNI in pyramidal neurons compared to
all interneurons (Futai et al., 2013). It appears that there are slightly higher levels of aNRXNI in
SOM+ and CCK+ neurons, compared to PV+ inhibitory neurons, making aNRXN1 the a good
candidate to test further with higher numbers of cells (less than 10 cells per group were used in
this study). NLGN3 has also been shown to induce clustering of gephyrin in COS cells when co-
cultured with neurons overexpressing BNRXN1 (either with or without an insertion at splice site
4) (Budreck and Scheiffele, 2007), providing another possibility for a binding partner.

Unfortunately, other isoforms of NRXN were not tested in this study.

64



Intracellularly, NLGN3 contains binding domains for both gephyrin and a PDZ-binding
domain (Nguyen et al., 2016). As knocking down gephyrin leads to a decrease in both PV and
SOM-IPSCs (Chapter 2), it is unclear how this protein would control SOM+ synapse specific
effects. It is also not known which PDZ-domain containing proteins would function at inhibitory
synapses.

A study in the retina in the NLGN3 KO mouse showed fewer GABAAR 02 containing
puncta than wild-type retina tissues, while gephyrin, GABAAR al, y2, and PSD-95 puncta
remained unaltered. However, it is unlikely GABAAR 02 is exclusively localized to SOM+
synapses, as it has also been shown to localize to the axon initial segment (Panzanelli et al.,
2011) as well as certain synapses at the soma (Nyiri et al., 2001). Nevertheless, Panzanelli et al.
also found a high cluster density of puncta containing GABAAR a2, NLGN2, and gephyrin in
stratum lacunosum moleculare, which persisted in the GABAAR a2 KO (Panzanelli et al., 2011).
This suggests that these three proteins, along with another capable of stabilizing inhibitory

synapses in the absence of GABAAR 02, may be supporting SOM+ synapses.

Possibility of different secretory pathways for PV and SOM synapses

While the focus of the work shown here was to examine proteins known to regulate the
surface trafficking of GABAAR, an intriguing alternative possibility is pyramidal neurons may
be differentially regulating sets of synapses through secretory pathway. Several proteins have
been identified in regulating GABA sR-containing vesicles as they are trafficked through each
step of the secretory pathway, including from endoplasmic reticulum to the Golgi network, from
the Golgi network to the plasma membrane, as well as recycling, endosomal transport pathways

(Luscher et al., 2011).
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Of particular interest is GABAAR associated protein (GABARAP). First pulled down in a
yeast two-hyrbid screen using the GABAAR y2 subunit as bait (Wang et al., 1999), GABARAP
is thought to interact with both GABAAR and N-ethylmaleimide sensitive factor, a protein
critical for vesicle fusion, and enriched in the frans-Golgi network (Luscher et al., 2011).
Relevant to the work presented here, while acute NMDA application normally causes an increase
in surface expression of GABAAR [2/3 subunits, knock-down of GABARAP prevents this from
occurring (Marsden et al., 2007). Therefore, if it is specifically the SOM-IPSCs which are
regulated by NMDA application, GABARAP may be a good candidate for a protein which is
involved in delivering vesicles containing GABAAR from the Golgi network to SOM+ synapses.
There is also evidence that chronic activity blockade with TTX causes an increase in GABAAR
ubiquitination (Saliba et al., 2007), suggesting that the proteasomal degradation pathway may

also be involved in the homeostatic pathways described here.

The End Game: Just keep splitting?

In 2016, we (Nguyen et al., 2016) published a study investigating the role of NLGN3 at
inhibitory synapses, recording IPSCs induced with a bipolar electrode placed in CA1.
Transfecting neurons with NLGN3 miR caused no significant change in IPSCs, and
overexpression of NLGN3 caused no increase of IPSCs when performed on a NLGN2 miR
background. As NLGN3 expressed without the NLGN2 miR did cause an increase in IPSCs, we
interpreted these results to mean that NLGN3 could only affect inhibitory synapses when it’s
able to heterodimerize with NLGN2.

In light of the results presented in Chapter 4, we now must revise our interpretation of

this data. While it appeared that the NLGN3 miR had no effect on inhibitory synapses, it appears
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that the effects might have been masked by the use of electrically-induced IPSCs, as we now
know that SOM-IPSCs are decreased, and PV-IPSCs are slightly (though not significantly)
increased. And while it appeared that overexpressing NLGN3 on a NLGN2 miR background had
no effect on IPSCs, it is now clear that the dramatic enhancement of SOM-IPSCs, combined with
a severe reduction of PV-IPSCs would also give the appearance of there being no significant
effects on electrically-induced IPSCs. Another lab has since published the finding that reduction
of NLGN3 has no effect on electrically-induced IPSCs onto pyramidal neurons in the
hippocampus (Chanda et al., 2017). The authors of that study conclude that NLGN3 “has no
significant essential effect” at inhibitory synapses.

The results presented here suggest that any study using electrically-induced IPSCs to
conclude that a manipulation has no effect on inhibitory synapses cannot rule out the possibility
that the same manipulation might be exerting dramatic but opposing effects on interneuron
subtype specific synapses.

Many might argue that using PV and SOM-Cere lines is still activating too heterogeneous
a population to make any conclusions. For the goal of systematically categorizing the possible
sub-type specific effects every synaptic protein or plasticity pathway, it is indeed imperative that
we find efficient ways of genetically targeting each of the ~20 subtypes of inhibitory neurons.
However, perhaps it is possible to use the tools already at our disposal to determine some
candidate principles underlying the regulation of inhibitory transmission onto subcellular

compartments of principal neurons.
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