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ABSTRACT

Major Depressive Disorder (MDD) is a highly phenotypically diverse and disabling
psychiatric disorder that affects up to 17% of the U.S. population at least once in their lives
(Kessler et al., 2003). Studies of human patients and animal models suggest that imbalances
between neurotransmission by the main inhibitory and excitatory neurotransmitters, GABA and
glutamate, respectively play a key role in MDD. Somatostatin-positive (SST+) neurons are one of
the three major subtypes of GABAergic inhibitory neurons of the brain. A recent study in our lab
investigated the emotion-related behavior of SSTCre:γ2f/f mice with γ2f/f control mice. These
mice feature a conditional γ2 subunit deletion in only SST cells. SST GABAergic interneurons
have been implicated in mood disorders, making them a cell population of interest. The γ2
subunit plays a critical role in postsynaptic accumulation of GABAARs, and deletion of this
subunit directly causes functionally impaired GABAergic inhibition. Electrophysiological
analyses of SST+ cells of layers 2 and 3 of the anterior cingulate cortex and CA1 of the ventral
hippocampus have shown these cells to be constitutively hyperexcitable when compared to γ2f/+
controls.
The aim of this experiment was to establish an immunohistochemical technique that
allows monitoring of the activity of neurons globally while also elucidating which brain regions
and cell populations show increased SST+ cell activity.
I investigated the activity of SST+ cells of the medial prefrontal cortex (mPFC) and CA1
stratum oriens (S. oriens) using immunofluorescent staining for the c-Fos protein, which is
established to reliably detect stress-induced neuronal activity in rodents. After inducing the
expression of c-Fos through an acute stressor, the mice are perfused with fixative, their brains
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sectioned and stained and subjected to confocal imaging, and then the images of these sections
quantified. I found that in S. oriens of SSTCre:γ2f/f mice there was a strong statistical trend
indicating an increased percentage of Fos-expressing SST+ cells in this region following an acute
stressor. This finding indicates the successful optimization of a protocol for identifying SST+
cells that are activated following a stressor and can be applied to other brain regions and SST+
cell populations of interest.
.
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Chapter 1
Introduction
GABAergic Deficit Hypothesis of MDD
Deficits in GABAergic transmission have been correlated with MDD in humans and are
causative for depressive-like phenotypes in rodent models. Humans diagnosed with MDD were
observed to have alterations to their GABAAR subunit composition as well as lowered GABA
concentrations in cerebrospinal fluid (CSF) (Sanacora et al., 1999; Sanacora et al., 2004;
Sanacora et al., 2006). Evidence has implicated GABAergic transmission as critical for ventral
hippocampus response to stress in addition to modulating the HPA-axis mediated stress response
(Cullinan et al. 1993; Maggio & Segal 2009). This implicates GABAergic transmission deficits
as a causative agent in anxiety disorders, which have been found to have large comorbidity with
mood disorders (Kauffman & Charney 2000). Other investigations were able to identify deficits
in GABAergic transmission as a possible causative agent in MDD (Luscher et al., 2011).
However, evidence that GABAergic transmission deficits exist in anxiety as well as personality
disorders suggest a more complex and integrated role of GABAergic transmission (Reynolds et
al., 2004). In contrast, GABAAR gene expression alteration in depressed and non-depressed
suicide victims indicates that these alterations are depression specific (Sequeira et al. 2009;
Merali et al., 2004). These studies have implicated GABAergic transmission alterations in mood
disorders, but it was not until studies of mice lacking the γ2 subunit of the GABAAR that
GABAergic transmission deficits became known as causal to mood disorders (Luscher et al.,
2011).
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Our lab created a transgenic mouse model with haploinsufficiency of the γ2 (γ2+/-)
subunit of GABAARs that exhibits partly drug resistant depressive-like symptoms and cognitive
deficits that are reminiscent of treatment MDD. The γ2 subunit was deleted, because its
association with the postsynaptic scaffold protein gephyrin has been found to be necessary and
sufficient for GABAAR localization to the postsynaptic membrane sites (Essrich et al., 1998;
Schweizer et al., 2003). In addition, γ2-containing GABAARs make up 90% of all GABAARs,
making it the most abundant GABAAR subunit in all of the CNS (Gunther et al., 1995) Without
the ability to reach the postsynaptic membrane, γ2-deficient GABAARs are inherently useless,
resulting in modest but significant defects in inhibitory synaptic transmission even when only
one allele of this gene is deleted (Crestani et a 1999; Ren et al 2016). We found that this effect
lead to an inability to maintain a healthy excitation:inhibition (E:I) balance and resulted in a
behavioral model of depressive disorders in mice. The necessity for a normal synaptic E:I
balance is supported by the finding that lowered glutamate levels accompany lowered GABA
levels in MDD patients (Niciu et al. 2014), suggesting that there are homeostatic self-tuning
mechanisms that compensate for defects in inhibitory transmission and help maintain synaptic
E:I balance.
Mice heterozygous for γ2 subunit were found to have reduced benzodiazepine binding
sites and anxiogenic- and depressive-like phenotypes, correlating molecular deficits with
behavioral deficits (Crestani et al., 1999; Earnheart et al., 2007; Shen et al., 2010). In the forced
swim test (FST), γ2+/- mice became immobile faster and spent more total time immobile than
wild type controls, and in the novelty-suppressed feeding test (NSFT), γ2+/- mice had an
increased latency to feed following food deprivation than did wild type controls (Fuchs &
Jefferson et al., 2017). Furthermore, treatment of γ2+/- mice with the tricyclic and selective

3

serotonin reuptake inhibitor (SSRI) antidepressants desipramine and fluoxetine was able to
reverse these behaviors to those of wild type controls (Fuchs & Jefferson et al., 2017). In a
separate experiment, it was found that cells with homozygous γ2-/- deletion had lower frequency
and amplitude of IPSCs compared to wild type controls, confirming that this mutation directly
causes lowered levels of inhibitory transmission in cells with the deletion (Fuchs & Jefferson et
al., 2017). Taken together, these findings illustrate a causal link between deficits in inhibitory
transmission and anxiogenic- and depressive-like brain states in mice.

Somatostatin-positive Interneurons and Depression
Somatostatin-positive (SST+) cells constitute 20-25% of all interneurons in the cortex and
they are known to mainly target the distal dendrites of pyramidal cells, thereby gating the
excitatory input from glutamatergic afferent to these cells (Gonchar et al., 2007; Violett et al.,
2008). SST+ GABAergic interneurons provide feed-forward inhibition in the hippocampus and
neocortex, and their enhanced function has been shown to mimic the effect of anxiolytic and
antidepressant drugs (Engin et al., 2008; Wang et al., 1987). An important population of SST+
interneurons resides in the S. oriens of the hippocampus and targets parvalbumin interneurons
and the apical dendrites of pyramidal cells in the S. lacunosum moleculare (Pfeffer et al., 2013).
These interneurons gate glutamatergic input from the entorhinal complex to pyramidal cells, so
the activity of these cells is uniquely sensitive to alterations to their reception of GABAergic
signals (Leao et al., 2012). Their gating behavior also results in the scaling of their activity with
that of their network, most notably in the modulation of the theta frequency, which is a
characteristic shown to be enhanced by anxiolytic and antidepressant drugs (Buzsaki at al., 2000;
Fanselow et al., 2008). These findings suggest that SST+ interneuron activity would be
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implicated in mood disorders. Indeed, the expression of the SST protein in postmortem brains of
human patients has been found to be reduced, a phenomenon replicated in stress-based mouse
models of MDD (Tripp et al. 2011; Lin & Sibelle 2013).
Our lab investigated the association between SST+ neurons and psychiatric disorders in a
series of molecular and behavioral assays that verified that increased SST+ neuron activity yields
the molecular and behavioral end points elicited by anxiolytic drugs (Fuchs and Jefferson et al.,
2017). A transgenic mouse line was developed that featured a selective deletion of both copies of
the gene for the γ2 subunit of GABAARs in SST+ cells through a Cre-lox system. This system
allows selective deletion of genes in a specific population of cells via copying the promoter for a
gene uniquely expressed in the population and inserting the Cre recombinase gene immediately
downstream of this promoter. Cre recombinase is a viral protein that normally performs
recombination of viral genes into the host genome by taking two forward facing loxP sequences
and inverting the downstream site so that the former 3’ end of the downstream loxP site is
juxtaposed to the 3’ end of the upstream loxP site. When a gene is placed between two forward
facing loxP sites, the gene is effectively deleted from the genome.
Our lab’s model features a γ2 gene flanked by loxP sites, or “floxed”, and the SST
promoter-controlled Cre gene is inserted into the genome. The result is a mouse with all SST+
cells having deleted both copies γ2 gene and all other cells having repressed Cre expression and
the loxP sites flanking the gene of interest remaining null as Cre is not present. The mice with
these characteristics were coined SSTCre:γ2f/f mice for their selective SST+ cell Cre expression
and the floxing of both copies (f/f) of the γ2 gene. Because of the deletion of the γ2 subunit,
GABAARs are unable to localize to synaptic membranes, and GABAergic transmission to these
cells will effectively fall on deaf ears.
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The SSTCre:γ2f/f mouse was designed to test the hypothesis that increasing GABAergic
transmission would elicit an antidepressant-like phenotype when compared to γ2+/- controls. γ2+/mice are heterozygous for a deletion of the γ2 subunit; homozygous mice do not survive past
post-natal week 2 (Earnheart et al., 2007). This genotype is not dependent on the Cre-lox system.
In γ2+/- mice, all neurons have the deletion, so inhibitory transmission is globally handicapped.
As the mice with the heterozygous deletion exhibited depressive-like phenotypes, it was
hypothesized that creating mice with the heightened GABAergic transmission should produce an
antidepressant-like phenotype. Because SST+ interneurons are so crucial to maintenance of
network activity in cell populations that are specifically vulnerable to stress in addition to having
concentration deficits in MDD patients (Tripp et al., 2011), they were chosen as the interneuron
subtype to make hyperexcitable. Our lab first confirmed the molecular function of the
SSTCre:γ2f/f mice and subsequently examined the behavioral phenotypes of these mice.
SSTCre:γ2f/f mice were observed to have hyper excitable SST+ cells that corroborated the
molecular design of the experiment, and behavioral assays of these mice showed anxiolytic
phenotypes. SSTCre:γ2f/f mice, or mutants, were compared to SSTCre:γ2f/+ heterozygous mice,
or controls, which only had one copy of the γ2 gene floxed and another without loxP sites.
Mutant mice were found to have significantly lower sIPSC and mIPSC frequencies and
amplitudes than controls. Moreover, application of bicuculline, a GABAAR antagonist, caused
input resistance of control mice to be increased to the levels seen in mutant mice, demonstrating
that the SSTCre:γ2f/f genotype produces SST+ cells with inhibitory synaptic inputs equal to cells
who have GABAARs pharmacologically blocked. Importantly, heightened sIPSC frequency in
principal cells complemented the heightened excitability of their presynaptic SST+ cells when
compared to SSTCre:γ2f/+, γ2f/+, and γ2+/+ controls. This provided the proof-of-concept finding
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that heightened SST+ interneuron activity results in increased inhibitory transmission to the cells
on which their axons synapse. Biochemical changes in SSTCre:γ2f/f mice were consistent with
those found in rodents treated with antidepressant drugs. Specifically, we observed reduced
phosphorylation of T56 of eEF2. This phenomenon is consistent with increased translation
elongation of eEF2-target mRNAs which was observed in mice treated with 5-HT2C antagonists
or ketamine (Opal et al., 2014; Autry et al., 2011; Ren et al., 2016).
Results of behavioral tests sensitive to anxiolytic and antidepressant drug treatment
indicated anxiolytic- and antidepressant-like phenotypes in SSTCre:γ2f/f mice compared to
controls. SSTCre:γ2f/f mice were observed to have a higher percentage of open arm entries and
percentage of total time on open arms in the elevated plus maze (EPM), and female SSTCre:γ2f/f
mice had a significantly lower latency to feed in the novelty suppressed feeding test (NSFT),
consistent with an anxiolytic phenotype. Assays for antidepressant-like phenotypes included the
forced swim test (FST) and learned helplessness test (LHT). In the FST, SSTCre:γ2f/f mice had
higher latency to first immobility and lower total time immobile, and in the LHT male mice
showed a lower number of escape failures. The results from these two assays indicate
significantly lowered anhedonic behavior, which is the hallmark of antidepressant drugs.
Thus, behavioral, molecular, and electrophysiological assays all uphold the hypothesis
that increased net inhibitory transmission across neural networks is able to produce anxiolyticand antidepressant-like effects. In my experiment, I further investigate the role of SST+ cells with
a heightened E:I ratio through a novel immunohistochemistry method that is able to mark stressactivated neurons and SST+ cells and measure their colocalization. This provides insight into the
brain regions and circuits in which hyper active SST+ cells reside and thus insight into the brain
regions and circuits in which heightened network inhibitory transmission results in anxiolytic
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and/or antidepressant-like effects. Of equal importance is the establishing of a method for
identifying neuron-level activity changes that can be applied to future investigations of SST+
cells and their role in the maintenance of network inhibition following acute stressors.

Fos Expression and Neuronal Activity
Fos is the protein product of the c-fos gene, which is a protoconcogene located on human
chromosome 14 (citation). Studies of the c-fos gene have focused mainly on its protooncogenic properties
as well as its use as a marker for neuronal activation (Dragunow et al., 1989; Cruz et al., 2013). The c-fos
promoter incorporates several elements, including the cis inducible element (SIE) serum response element
(SRE), and cAMP response element (CRE) (Hayes et al., 1987; Gilman et al., 1986; Sheng et al., 1990).
These elements are the targets of signals of diverse sources, including those from IL-2 and IL-6, cAMP,
and EGF (Valjent et al., 2003). The use of Fos as a marker for neuronal activation is based on the
mechanism of its depolarization and Ca2+ influx dependent expression. This activation begins with the
NMDA receptor (NMDAR) –mediated Ca2+ entry into the cytoplasm following glutamatergic
transmission from the presynaptic neuron. Ca2+ entry activates calmodulin, which can associate with
RasGRF. The calmodulin-RasGRF complex activates Ras, which activates Raf-1, which activates MEK.
MEK activates ERK, whose kinase activity is responsible for formation of the transcription preinitiation
complex.
The transcription preinitiation complex involves association of the SRE-binding proteins Elk-1
and SRF with CREB via CBP. In order for this association to occur, each needs to be phosphorylated.
ERK accomplishes this through direct phosphorylation of Elk-1 and CBP and through activation of the
RSK2 kinase (Valjent et al., 2003). RSK2 is responsible for CREB and SRF phosphorylation, which
completely primes the complex for association and initiation of transcription. Thus, there is a signaling
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cascade directly coupling excitatory synaptic signals to assembly of the transcription preinitiation
complex on the CRE- and SRE-containing c-fos promoter.
Previous studies have utilized the c-fos promoter to couple synaptic activity to a different cellular
marker, but the present study will directly use the Fos protein as a means of identifying stress-activated
cells. A two-hour period between the forced swim acute stressor and perfusion was chosen as it is the
optimal time point for Fos expression following an acute stressor (Viau & Sawchenko, 2002).
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Chapter 2

Materials and Methods

2.1 Animals
All animal procedures and experiments were approved by the Pennsylvania State University
Institutional Animal Care and Use Committee (IACUC, #46483), and adhered to the guidelines and
policies set forth by the National Institutes of Health (NIH).
A total of 12 mice were subjected to the forced swim stressor and sacrificed via perfusion. Mice
were of a C57BL/6J (BL6) genetic background. Of the 12 total mice, there were four groups consisting of
combination of genotype and sex. Three mice each were female γ2f/+, male γ2f/+, female SSTCre:γ2f/f,

and male SSTCre:γ2f/f. All mice were maintained on a 12-hour light-dark cycle and had ad
libitum access to food pellets and water.

2.2 Forced Swim Stressor
All 12 mice were subjected to the forced swim stressor for induction of the fos gene. The
day prior the stressor, mice were singly housed to limit miscellaneous Fos induction the day of
the stressor. Mice were placed in a glass beaker filled with 3L of 37oC water for 5 minutes.
Following this mice were dried using a paper towel and returned to their cage. After each forced
swim stressor all hair and feces were removed. Mice were sacrificed via perfusion 2 hours after
the end of the forced swim stressor.
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2.3 Perfusion
All 12 mice were sacrificed via cardiovascular perfusion 2 hours after the conclusion of
the forced swim stressor. Anaesthetic in the form of 30mL/kg of 1.25% by weight of aqueous
2,2,2-tribromoethanol (avertin) solution. Anaesthetization was confirmed by checking for motor
response by squeezing the foot. A medial to lateral incision was made and then extended
rostrally until reaching the rib cage. The diaphragm was cut completely from the ventral and
lateral portions of the rib cage, and the rib cage was cut from the caudal end of the lateral sides
of the rib cage to the rostral limit of the thoracic cavity. The skin flap formed by these incisions
was pinned back and a nick made in the right atrium. To the caudal side of the left ventricle a
needle was inserted toward the left atrium. Ice-cold phosphate-buffered saline was perfused
cardiovascularly for 3 min. followed by 5 min. perfusion with ice-cold 4% PFA. The mouse was
perfused with 4% PFA for 5 min. To account for the 30 sec required for fluid to reach the end of
the needle from its source, the pump was switched to 4% PFA at 2.5 min. After 4% PFA
perfusion, the mouse was decapitated and flesh on the head was peeled back from the incision to
reveal the skull. After cutting the occipital bone to allow entry of scissors into the cranial cavity,
a cut was made along the rostro-caudal midline of the skull until the nasal bridge was reached.
The tips of the scissors were placed into the eye sockets of the mouse and the scissors closed to
cut the nasal bridge. The skull was then peeled back using tweezers and the brain removed using
a spatula. The perfused brains were post-fixed with 4% PFA for 6 hours at 4oC and then
transferred to PBS and stored at 4oC until sectioned.

2.4 Sectioning
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Fixed mouse brains were cut into 40 μm sections on a Compresstome VT-300-OZ from
Precisionary Intruments. Following transfer from 4% PFA to PBS, mouse brains were cut
coronally across the cerebellum to form a flat surface. The brain was then glued onto the
Compresstome VT-300-OZ mount on the flat, caudal surface of the brain using one drop of
Loctite 404 Instant Adhesive. The metal sleeve was then fitted around the brain and mount and
slid back on the mount so that the rostral tip of the olfactory bulb was even with the tip of the
sleeve. Melted 4% agarose was poured into the sleeve around the brain until the agarose was
level with the end of the sleeve. When agarose was cooled, the mount was inserted into the
Compresstome and sectioning was initiated. Sections were collected in groups of 5 sections for
sections +1.56 mm from bregma for the mPFC and -3.16 mm from bregma for ventral
hippocampus. All sections were stored in PBS containing 0.1% w/v sodium azide until staining
to prevent bacterial growth.

2.5 Immunohistochemistry
3 sections from each region for each mouse were stained. First sections were
permeabilized in PBS with Triton-100X (1% w/v) on a shaker set to medium agitation for 45
min. at room temperature (25oC). Sections were then blocked in PBS with Triton-100X (0.1%
w/v) and normal donkey serum (NDS, 2.5% w/v) for 1 hour at room temperature. Sections were
then incubated overnight at 4oC in primary antibody solution containing PBS with 1:500 rabbit α
Fos (SYSY, cat. # 226003), 1:500 rat α SST (Millipore, cat. # MaB354), NDS (2.5% w/v), and
Triton-100X (0.1% w/v).
Following incubation with primary antibody sections were washed 3x10 min. in PBS
with Triton-100X (0.1% w/v). Washed sections were incubated for 1 hour at room temperature in
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secondary antibody solution containing PBS with 1:500 Alexa488 α rabbit (raised in donkey),
1:500 Cy3 α rat (raised in donkey), NDS (5% w/v), and Triton-100X (0.1% w/v). Next, sections
were washed 3x10 min. at room temperature in PBS with Triton-100X (0.1% w/v). Washed and
stained sections were mounted onto VWR frosted microslides (25x75x1mm) using Thermo
Fischer Shandon ImmumountTM Adhesive and stored at 4oC until imaging.

2.6 Imaging
Sections were imaged on a Zeiss LSM 5 Pascal Confocal Microscope. Images were taken
at 200x in the subregions outlined in Figure 1A. Three images were taken for each section. The
detector gain and offset were set to 672 and -1.215 for the Fos channel and 745 and -0.157 for
the SST channel and adjusted minimally for staining variation between mice. Experimenter was
blinded to sex and genotype during imaging. If SST staining was unsuccessful for a mouse, it
was discarded. Therefore, sample numbers varied slightly between groups.

2.7 Quantification
Images were quantified using FIJI by ImageJ. Experimenter was blinded to sex and
genotype during quantification. Images were loaded onto the software and the split channels
action chosen from the image tab on the toolbar. Each red channel (SST) image was thresholded
to show only pixels with the top 3% of intensity, and each green channel (Fos) image was
thresholded to show only pixels with the top 1% of intensity. For images that did not allow these
settings due to overexposure the threshold was set as close to these values as possible. Following
this images were stacked by choosing the images to stack action under the images tab stack
images option. The analyze particles function was used to detect positive staining with positive
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staining requiring groups of 50 pixels. For Fos images whose intensities were not able to be
thresholded at the standard percentiles due to being too high, the particle prerequisite of 50 pixels
was heightened to 150 pixels to account for the higher number of pixels present in these sections.
SST images that did not meet this threshold were quantified manually due to the low number of
SST+ cells per image. Each channel was checked manually to ensure that no chatter marks from
sectioning or other non-specific targets were marked as positive signal. Colocalization was
determined using the cell counter plugin and manually marking cells that were SST+ and Fos+.
Averages of Fos+; SST+; SST+, Fos+; SST-, Fos+; and SST+, Fos- were calculated for each
section (technical replicate). Averages for these counts in each region for each mouse were
calculated to find the value for each biological replicate.

2.8 Statistics
All data are presented as the mean +/- S.E.M. All collected data were analyzed and
graphed using GraphPad Prism 7 softward (produced by GraphPad Software Inc., La Jolla,
California, USA). For comparison of the four genotype and sex groups (female γ2f/+, male γ2f/+,
female SSTCre:γ2f/f, and male SSTCre:γ2f/f) with the Mann-Whitney U test for significance was
used. For comparison of the two pooled genotype groups, normality of data was confirmed
before using an unpaired two-tailed t test. Differences in data were considered significant if
P<0.05, and they were interpreted as trends if P<0.1.
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Chapter 3
Results
Christian Morris genotyped all mice except four γ2f/+ mice that were generously provided
by Sarah Jefferson. Christian Morris also perfused all mice, post-fixated all brains, sectioned all
brains, stained all sections, imaged all sections, quantified all images, statistically analyzed all
reported data, and graphed all results.

3.1 Experimental Design
The protocol used in this experiment was based on pre-existing protocol used in our lab
for mouse perfusions and immunohistochemistry in brain sections and optimized for Fos
expression and SST staining. Immunohistochemical quantification is rooted in the assumption
that staining is consistent between all samples. Consistency can be undermined by differing
fixation quality, improper duration of post-fixation, inconsistent concentration of antibodies
between section groups, and subjective quantification of images. Use of traditional lab protocol
for perfusion, post-fixation, and immunohistochemistry yielded poor SST staining that appeared
to primarily stain non-specifically in nuclei.
To solve this, several different perfusion flow rates, post-fixation durations, and antibody
concentrations were tested for their ability to produce successful SST staining. Perfusion rate of
8 mL/min. was raised to 12 mL/min., and post-fixation time was changed from overnight to 6
hours (Figure 1A). In addition, the immunohistochemistry was attempted using antibodies raised
in goat as well as donkey before it was decided that donkey was the better species for our
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purposes. Fos expression also needed to be controlled due to the nature of Fos expression to be
time dependent (Dragunow et al., 1989). Mice that were stressed and perfused in the same day
needed to be staggered so that each mouse had two hours between the end of the stressor to
perfusion. Contamination of sections with bacteria was postulated as an issue in initial stainings
and was remedied by the addition of 0.1% w/v azide to PBS solutions used to store brains or
sections for more than 1 day.
After making these changes, I was able to successfully stain for Fos and SST, which
enabled quantification and statistical comparison of their expression. Images were taken in the
outlined subregions shown in Figure 1B. For each section three images were taken, and both
prefrontal cortex and hippocampal sections were stained in groups of three. This made nine
technical replicates for each brain region of each biological replicate. To be quantified, images
needed to be thresholded for pixel intensity so that no background staining or overexposed
images were included in quantification. This was done by thresholding the Fos channel to show
only the top 1% of pixels in terms of intensity were shown and all others were changed to black.
The same was done for the SST channel, except this threshold was set to 3%. SST was able to
have a higher percent threshold, because SST+ cells are not as numerous as Fos+ cells (Figure 3).
SST staining is also not as strong as Fos staining, so a lower threshold was necessary.
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A.

B.
2 hr.
Fos
induction

6 hr.
postfixation

C.

i.

ii.

D.

i.

iii.

iii.

v.

vi.
ii.

iv.

vi.

Fos
SST

Figure 1: Experimental Design. (A) Diagram of time course of stressor administration, perfusion, and end of postfixation (transfer to PBS). (B) Coronal mouse brain section images from Paxinos Mouse Brain Atlas at +1.54 and 3.16 mm to bregma, respectively, that were used to select sections for staining. Red boxes indicate area of the slice
(mPFC and S. oriens of CA1 vHipp, respectively) in which the images were taken. (C) Representative 400x images
of Fos/SST stainings using different post-fixation durations. (i) 0 hour post-fix. Note nuclear SST staining. (ii) 3
hour post-fix. (iii) 6 hour post-fix. Note cytoplasmic SST staining. Scale bar in Ciii is 50 μm. (D) Representative
200x image processing for quantification. (i) Fos staining pre-threshold. (ii) Fos staining post-threshold. All green
pixels shown have top 1% intensity value for that image. Particles constituting a cell (>50 pixels) have a light blue
outline. (iii) SST staining pre-threshold. (iv) SST staining post-threshold. All red pixels shown have top 3%
intensity value for that image. Particles constituting a cell (>50 pixels) have a light blue outline. (v) Merged image
pre-threshold. (vi) Merged image post-threshold. Only pixel groups meeting intensity and size requirements (those
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outlined in blue in Dii and Div) are shown. Image shows 1 cell with SST +, Fos+ colocalization denoted by white
arrow. Scale bar in Dvi is 50 μm.

3.2 Representative Images of Immunohistochemistry
The four groups of two different genotypes and both sexes were successfully stained in
19 out of 24 slides or 57 out of 72 sections. The sections from two mice, one male and one
female from the mutant groups, had unsuccessful SST staining. One slide containing
hippocampal sections of a control male was found to have its brain sections liquefied. During
sectioning some of the brains, the Compresstome blade malfunctioned and failed to oscillate
momentarily and caused pronounced chatter marks. Chatter marks form elevated rows on
sections that occasionally meet intensity and size requirements for being counted as a positive
cell. When this occurred, this positive reading was manually omitted. Nonetheless, at least three
satisfactory mPFC and hippocampal sections were obtained from each mouse. All sections were
stained in one round to prevent differing antibody concentrations between rounds from
interfering with staining quality.
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Figure 2: Representative Images of Fos and SST Staining. Columns A-D are male γ2f/+, female γ2f/+, male
SSTCre:γ2f/f, and female SSTCre γ2f/f, respectively. Rows 1-3 are from mPFC. Rows 4-6 are from CA1 of
hippocampus. Rows 1 and 4 are Fos staining. Rows 2 and 5 are SST staining. Rows 3 and 6 are merged images. The
area within the blue bars in row 6 denotes the region within these images that was considered S. oriens. The scale
bar in D6 is is 50 μm. Nuclear Fos staining and cytoplasmic SST staining illustrate successful staining for both cell
markers.

3.3 Colocalization of SST and Fos in mPFC and vHipp
After all technical replicate images were acquired for each biological replicate, biological
replicate groups were compared against genotype and sex. Images were quantified by
thresholding the original image so that only pixels with the top 1% of Fos and 3% of SST signal
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intensities were counted, and cells were defined as being 50 pixels or larger. For images that
would not allow this high of a threshold, pixel size of positive cells was heightened to 100 pixels
to account for the larger number of pixels left after thresholding the image. For images that
would not allow this low of a threshold, pixel size of positive cells was lowered to 30 pixels to
account for the lower number of pixels left after thresholding the image. After thresholding and
scanning for positive cells in both channels within an image, thresholded images were stacked to
manually check for colocalization. In this experiment, colocalization was defined as either
overlapping or directly juxtaposed Fos and SST signals. Single positive and double positive
staining cell counts with SEM bars are shown in Figure 3.
No sex or genotype difference in Fos or SST expression was found in any brain region.
After combining sexes, no statistically significant effect was identified; the only statistical trend
observed was in the increased ratio of SST+, Fos+ cells to total SST+ cells in S. oriens of
SSTCre:γ2f/f mice compared to γ2f/+ controls (Figure 3D).
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Figure 3: Quantification of the density of Fos+; SST+; SST+, Fos+; and SST+, Fos+/SST+ in the mPFC and S.
oriens of vHippocampus of SSTCre:γ2f/f vs. γ2f/+ mice. For A and B, subject pools were n=3 for γ2f/+ male mPFC,
n=3 for γ2f/+ female mPFC, n=2 for SSTCre:γ2f/f male mPFC, n=2 for SSTCre:γ2f/f female mPFC, n=2 for γ2f/+ male
S. oriens, n=3 for γ2f/+ female S. oriens, n=2 for SSTCre:γ2f/f male S. oriens, and n=2 for SSTCre:γ2f/f female S.
oriens. For C and D, n=5 for γ2f/+ mPFC, n=5 for SSTCre:γ2f/f mPFC, n=6 for γ2f/+ S. oriens, and n=4 for
SSTCre:γ2f/f S. oriens. (A) No significant effect in Fos+ (i); SST+ (ii); SST+, Fos+ (iii); or SST+, Fos+/SST+ (iv) in
mPFC. (B) No significant effect in Fos+ (i); SST+ (ii); SST+, Fos+ (iii); or SST+, Fos+/SST+ (iv) in S. oriens. (C No
significant effect in Fos+ (i); SST+ (ii); SST+, Fos+ (iii); or SST+, Fos+/SST+ (iv) in mPFC after combining sexes.
(D) No significant effect in Fos+ (i); SST+ (ii); or SST+, Fos+ (iii). For SST+ Fos+ doubly positive cells normalized to
the density of SST+ cells there was a trend of higher Fos+ SST+ cell density in S. oriens in SSTCre:γ2f/f vs. γ2f/+ mice
(t=2.202, df=7, P=0.0586, two-tailed unpaired t test). See Tables 1 and 2 for summary of statistical tests of all data.
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Chapter 4

Discussion

The purpose of this experiment was to elucidate the brain regions implicated in the
anxiolytic- and antidepressant-like phenotype found in SSTCre:γ2f/f mice when compared to γ2f/+
controls. At the beginning of the study, it was hypothesized that the heightened activity of SST+
cells would result in heightened expression of Fos and thus the ratio of SST+, Fos+ to all SST+
cells would be higher across all brain regions in SSTCre:γ2f/f mice when compared to γ2f/+
controls.
The results of my experiment provide moderate evidence that the original hypothesis is
true in S. oriens of the CA3 subregion of vHipp and is completely inconclusive for mPFC. The
low number of biological replicates for all sex- and genotype-segregated statistical tests limited
the interpretability of the results as this made the data non-normal and required the use of a
Mann-Whitney test for significance rather than a two-tailed t test. When sexes were combined to
check for any genotype effect, the mPFC showed no significant differences in any metric (Table
1). Statistical comparison of sex/genotype groups of S. oriens data did not yield statistically
significant genotype effects either (Table 1). Statistical analysis of genotype effect, tests for
significance of genotype effect after combining sex groups, were more informative than
sex/genotype group comparisons, and no significant trends were found for any staining metric,
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with the exception of an increase in SST+, Fos+ to total SST+ ratio in SSTCre:γ2f/f S. oriens
compared to that of γ2f/+ controls (Table 2).

mPFC

Male γ2f/+

Female γ2f/+

Male SSTCre:γf/f

Female
SSTCre:γf/f

S.oriens

Male γ2f/+

Female γ2f/+

Male
SSTCre:γf/f

Female
SSTCre:γf/f

Fos+

0.999

Fos+

0.800

SST+

0.700

SST+

0.999

+,+

0.400

+,+

0.400

+,+/+

0.700

+,+/+

0.400

Fos+

0.800

Fos+

0.800

SST+

0.999

SST+

0.400

+,+

0.800

+,+

0.200

+,+/+

0.400

+,+/+

0.200

Fos+

0.667

Fos+

0.333

SST+

0.999

SST+

0.667

+,+

0.333

+/+

0.333

+,+/+

0.333

+,+/+

0.333

Fos+

-0.800

Fos+

0.667

SST+

0.800

SST+

0.667

+,+

0.800

+,+

0.333

+,+/+

0.800

+,+/+

0.333

Table 1: Statistical Test Information Bank for mPFC and S. oriens Data. The Mann-Whitney U (MW) Test
results for each possible genotype/sex/brain region combination is contained in a 2x4 table within a cell of the entire
table. The upper right half of the table contains mPFC analysis, and the lower left half of the table is S. oriens
analysis. The right column of each cell is the P value of the MW test for that combination and staining metric.
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M=male, F=female, γ = γ2f/+, S= SSTCre:γf/f Fos+=Fos positive cell comparison, SST+=SST positive cell
comparison, +,+= SST+, Fos+ double positive cell comparison, +,+/+=SST+, Fos+ to SST+, Fos- cell ratio
comparison.

S. oriens,
mPFC, SSTCre:γ

f/f

SSTCre:γf/f
Fos+

0.668

Fos+

0.910

SST+

0.592

SST+

0.561

+,+

0.845

+,+

0.486

+,+/+

0.566

+,+/+

0.059#

γ2

f/+

Table 2: Statistical Test Result Bank for Sex-combined Genotype Comparison Data. The two-tailed unpaired t
test results for each possible genotype/brain region is contained in a 2x4 table within a cell of the entire table. The
right column of each cell is the P value of the t test for that combination and staining metric. Fos+=Fos positive cell
comparison, SST+=SST positive cell comparison, +,+= SST+, Fos+ double positive cell comparison, +,+/+=SST+,
Fos+ to SST+ total cell percentage comparison.

The lack of statistical difference between SST+ cell counts in both mPFC and S. oriens
demonstrates that acute stressors and SSTCre:γ2f/f mutation do not have an effect on the size of
SST+ cell populations in these regions. This data suggests that the hyperactivity of SST+ cells is
not lethal and that their heightened activity and not their disappearance is the cause of anxiolyticand antidepressant- phenotypes observed in these mice, which was also observed in Western
blots in the experiment by Fuchs and Jefferson et al. (2017). Fos expression alone is
uninterpretable in my experiment as there is no way to ascertain the relative amount of cells that
are expressing Fos, but the lack of statistical difference between genotypes’ Fos expression
indicates consistency in image capture and absence of bias, a confirmation of blinded
quantification.
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Interestingly, there was a strong trend of increased ratio of Fos expressing SST+ cells to
all SST+ in S. oriens but not in mPFC. Ablation of SST+ interneurons of the frontal cortex has
been shown to reduce anxiety-like behavior (Soumier & Sibelle, 2014), which would have
supported a high ratio of SST+, Fos+ cells in mPFC of SSTCre:γ2f/f mice, but no such effect was
found. However, it has also been observed that selective acute activation of excitatory mPFC
cells evokes anxiolytic responses (Sthitapranjya et al., 2018), suggesting that the inhibitory
transmission of dendrite-targeting SST+ interneurons may have anxiogenic effects. Moreover,
lesions of ventral versus dorsal mPFC elicit distinct activity and biochemical responses in the
mPFC-targetted paraventricular nucleus of the hypothalamus (PVH) (Radley et al., 2006), which
demonstrates that subregions of the mPFC are heterogeneous in their function and may have
different stress-evoked activity. This would mean that measuring Fos expression after an acute
stressor in the mPFC as a whole may cause grouping of selectively activated and inactivated
subregions and therefore occlude any increase in SST+, Fos+ to SST+ ratio for this brain region.
In addition, the designated area (Figure 1B) in which images were taken in mPFC was much
larger than that of S. oriens. The lack of genotype effect in my experiment may be caused by a
dilution of the effect due to sampling too functionally diverse of a region, which is based on the
finding that there are two distinct subpopulations of SST+ interneurons in mPFC (Kvitsiani et al.,
2013), further supporting this rationale.
The trend of SST+ cells of S. oriens to increase Fos expression following a stressor is
indicative of the opposite case of what I just postulated for mPFC: this SST+ interneuron
community represents a specialized and uniform population that experiences heightened
excitatory input following stress. A stressor is needed to induce quantifiable amounts of Fos (S
Jefferson, personal communication), so any Fos expression found in my experiment can be
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assumed to be the result of the forced swim stressor. As such, the increased ratio of SST+, Fos+ to
all SST+ cells in S. oriens is directly indicative of this specific interneuron subpopulation being
utilized, potentially implicating it as part of the cellular level mechanism anxiolytic- and
antidepressant-like behavior. Previous investigation of Fos induction across brain regions have
specifically implicated the hippocampus as having the largest increase in c-fos mRNA following
a 20 minute forced swim stressor (Melia et al., 1994). This increase was also seen in other brain
regions such as the cortex, hypothalamus, and brain stem, but the increase in hippocampal c-fos
mRNA dwarfed all others. In addition, it has been found that reversible inactivation of the
ventral hippocampus results in disruption of context-specific fear memory retrieval (Calfa et al.,
2007). In terms of neuronal activation and SST+ cells of vHipp S. oriens, this indicates that the
function of this brain region is critical for neural processing of aversive stimuli and is supported
by the selective activation of SST+ cells in this brain region.
The finding that CA1 S. oriens SST+ interneurons are key in maintenance of acute stressinduced activity but not those of mPFC implicates maintenance of the hippocampal-to-PFC (HPFC) pathway. The H-PFC pathway is a projection of excitatory glutamatergic neurons from
CA1 hippocampus to mainly medial prefrontal cortex, but to lateral and other subregions as well
(Barbas & Blatt, 1995). This pathway has also been identified as being particularly vulnerable to
stress (McEwen et al., 2007), further corroborating the idea that SST+ interneurons of CA1 S.
oriens are implicated in maintenance of this pathway. In addition, the hippocampal volume of
MDD patients has been found to be reduced, reaffirming the idea of hippocampal-mPFC
vulnerability to stress (Campbell et al., 2004). Glutamatergic projections from CA1 hippocampus
to mPFC are known to innervate glutamatergic principle cells as well as GABAergic
interneurons that results in feed-forward inhibition of principle cells activated by these
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projections. It then follows that GABAergic interneuron activity of the mPFC would be scaled to
glutamatergic cell activity in the hippocampus.
Taken together with anxiety and depression behavior data from Fuchs and Jefferson et
al., my data shows that SST+ interneurons of CA1 experience substantially increased
depolarization, and inferentially activity, that results in anxiety- and anhedonia-resistant
behavioral phenotypes. This effect is possibly via protection of the stress-vulnerable H-PFC.
This would explain why S. oriens SST+ cells but not those of the mPFC experience increased
activity following an acute stressor and suggest that cognitive processing of a stressor by the
mPFC is modulated by CA1 network activity.
It is entirely possible, however, that the lack of genotype effect in the mPFC is a product
of mPFC being uninvolved in the behavioral phenotype or simply a group size that’s too small.
To investigate these possibilities and further characterize SST+ cell activity within the mPFC and
CA1 of the ventral hippocampus, group sizes should be enlarged, and a third marker for neuronal
nuclei, NeuN, should be added. It goes without saying that increased group size increases the
reliability of statistical tests, and the addition of NeuN would allow characterization of the
neuronal network around SST+ cells in terms of how its activity compares to that of SST+
interneurons. Alternatively, addition of CaMKII antibody would allow analysis of the activity of
principle cells in S. pyrimidale and further elucidate the mechanism of network activity
maintenance by SST+ cells. If all three additions were made, the interaction of CA1 pyramidal
cells, CA1 SST+ interneurons, mPFC principle cells, and mPFC SST+ interneurons could be
characterized, and allow insight into the E:I balance maintenance mechanisms behind anxiolytic
and antidepressant-like phenotypes in SSTCre:γ2f/f mice.
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