ABSTRACT
FARTHING, AMY LYNN. Characterization of Parvalbumin Interneurons and Validation of PVIRES-Cre Recombination in the Basolateral Amygdala. (Under the direction of Drs. Elizabeth
Lucas and Emilie Rissman).
The basolateral amygdala (BLA) plays an essential role in processing emotionally-salient stimuli
and governing behavioral outputs. The BLA is composed of 80% glutamatergic projection neurons
and 20% GABAergic interneurons. Parvalbumin (PV) interneurons constitute roughly half of the
GABAergic population and are preferentially surrounded by extracellular matrix glycoproteins,
perineuronal nets (PNNs). Previous studies have documented the density of BLA PV cells
surrounded by PNNs in male and female rodents; however, to date, there has been no report of
density changes across the female rodent estrous cycle, a 4-5 day window of time characterized by
rapid fluctuations in ovarian hormone concentrations. Herein using mice, I determined the density
and proportion of PV cells surrounded by PNNs by conducting immunofluorescence on BLA
sections from gonadal-intact males, females in diestrus 1 (the low ovarian hormone state), and
females in proestrus (the high ovarian hormone state). Quantifications were assessed in the PVIRES-Cre mouse line crossed to Ai9+/+ reporter mice to confer tdTomato expression in PV
interneurons. In addition to analyzing the PV/PNN population, I also assessed Cre recombination
efficiency and specificity in the BLA, as no studies have independently assessed these factors in
males and females. I observed the density of BLA PV/PNN-expressing cells did not depend on sex
or estrous cycle stage and BLA PV-IRES-Cre recombination efficiency and specificity is
equivalent in males and females. Therefore, my findings suggest that future studies can reliably
use PV-IRES-Cre dependent recombination tools within the BLA of mice to examine potential sex
differences that may exist for GABAergic signaling.
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CHAPTER 1
Abstract
The basolateral amygdala (BLA) plays an essential role in processing emotionally-salient stimuli
and governing behavioral outputs. The BLA is composed of 80% glutamatergic projection neurons
and 20% GABAergic interneurons. Parvalbumin (PV) interneurons constitute roughly half of the
GABAergic population and are preferentially surrounded by extracellular matrix glycoproteins,
perineuronal nets (PNNs). Previous studies have documented the density of BLA PV cells
surrounded by PNNs in male and female rodents; however, to date, there has been no report of
density changes across the female rodent estrous cycle, a 4–5 day window of time characterized
by rapid fluctuations in ovarian hormone concentrations. Herein using mice, I determined the
density and proportion of PV cells surrounded by PNNs by conducting immunofluorescence on
BLA sections from gonadal-intact males, females in diestrus 1 (the low ovarian hormone state),
and females in proestrus (the high ovarian hormone state). Quantifications were assessed in the
PV-IRES-Cre mouse line crossed to Ai9+/+ reporter mice to confer tdTomato expression in PV
interneurons. In addition to analyzing the PV/PNN population, I also assessed Cre recombination
efficiency and specificity in the BLA, as no studies have independently assessed these factors in
males and females. I observed the density of BLA PV/PNN-expressing cells did not depend on sex
or estrous cycle stage and BLA PV-IRES-Cre recombination efficiency and specificity is
equivalent in males and females. Therefore, my findings suggest that future studies can reliably
use PV-IRES-Cre dependent recombination tools within the BLA of mice to examine potential sex
differences that may exist for GABAergic signaling.
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Introduction
Generally known as the “sensory gateway to the emotions,” the amygdala is an evolutionally
conserved brain region involved in assigning negative or positive valance to emotionally-salient
stimuli (Aggleton and Mishkin, 1986). The amygdala is composed of more than a dozen nuclei,
each of which have distinct cellular populations and connections (Johnston, 1923). One
particularly important nucleus is the basolateral amygdala (BLA), which is divided into the lateral
and basal regions and controlled by cortical and thalamic neurons that project to the BLA to convey
sensory information (Johnston, 1923; LeDoux et al., 1990; McDonald, 1998). Projections from the
BLA to the central amygdala, bed nucleus of the stria terminalis, and ventral striatum then activate
the hypothalamus and brainstem to induce emotionally-driven behavioral outputs (McDonald,
1991).
The BLA is primarily composed of two major cell classes: long-range, glutamatergic
projection neurons and non-principal neurons, most of which are locally projecting, GABAergic
interneurons (McDonald, 1984; McDonald, 1992). Projection neurons constitute approximately
80% of BLA neurons while non-principal neurons make up 20% (McDonald, 1992; Sah et al.
2003). Neurons comprising the non-principal population are heterogenous and are often
characterized by expression of calcium-binding proteins (parvalbumin (PV), calbindin, or
calretinin) and neuropeptides (somatostatin, cholecystokinin, or vasoactive intestinal peptide)
(McDonald, 2020). Out of these cellular subpopulations, PV-expressing interneurons constitute
the majority, making up 41% of the total GABAergic population in rodents (McDonald and
Mascagni, 2001; Mascagni and McDonald, 2003).
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PV interneurons are involved regulating the critical excitatory to inhibitory balance in the
BLA, as their fast-firing action potential generation tightly regulates the activity of projection
neurons through feedforward and feedback inhibition (Ferguson and Gao 2018; Lucas and Clem,
2018). Maturation of PV interneurons corresponds to closure of critical periods in many brain
regions, including the BLA, and has been linked to expression of perineuronal nets (PNNs)
(Gogolla et al., 2009; Baker et al., 2017; Carulli and Verhaagen, 2021). PNNs, which primarily
surround PV interneurons, are extracellular matrix glycoproteins that form around proximal
dendrites, cell bodies, and axon initial segments of neurons in a lattice-like matter (Sorg et al.,
2016). PNNs have a robust role in regulating PV interneuron plasticity through a variety of
mechanisms including AMPA receptor trafficking, maintenance of ion-buffering, and restriction
of synaptic connections (Härtig et al., 1999; Deepa et al., 2002; Frischknecht et al., 2009;
Morawski et al., 2015).
Moreover, previous studies have found PV interneurons express the ovarian hormone
receptor, estrogen receptor β (ERβ), in many brain regions including the BLA (Blurton-Jones and
Tuszynski, 2002; Kritzer, 2002; Sárvári et al., 2010; Mo et al., 2015; Clemens et al., 2019). ERβ
is a nuclear receptor that is activated by exogenous and endogenous estrogens, including 17βestradiol, the primary circulating estrogen during the female estrous cycle (Freeman, 1994; Kuiper
et al., 1996). The rodent estrous cycle is divided into four stages, proestrus, estrus, diestrus 1, and
diestrus 2, and is tightly regulated by the light-dark cycle (Freeman, 1994; Ajayi and Akhigbe,
2020). Rodents on a 12 hr light/dark cycle experience maximum levels of 17𝛽-estradiol during the
late morning to early afternoon and progesterone during the evening of proestrus, the pre-ovulatory
phase (Butcher et al., 1974; Smith et al., 1975; Freeman, 1994). Low stable levels of 17𝛽-estradiol
and progesterone are secreted during estrus, the period of sexual receptivity and ovulation (Butcher
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et al., 1974; Smith et al., 1975; Freeman, 1994). Diestrus 1 is characterized by a gradual rise in
progesterone and low concentration of 17𝛽-estradiol while diestrus 2 is linked to a rapid decline
in progesterone and progressive rise in 17𝛽-estradiol (Butcher et al., 1974; Smith et al., 1975;
Freeman, 1994)
Since female mammals experience cyclic changes in concentrations of 17β-estradiol and
other ovarian hormones, it suggests PV interneurons are modulated differently across the
reproductive cycle. Few studies have examined the female rodent estrous cycle on PV interneurons
(Blume et al., 2017; Clemens et al., 2019). Indeed, Clemens et al. (2019) found the firing rate of
layer V barrel cortical PV interneurons from rats was regulated by the estrous cycle in an ERβdependent mechanism wherein PV interneurons had increased ongoing firing rates during
proestrus and estrus compared to diestrus 1 and 2 (Clemens et al., 2019). Furthermore, in vivo and
in vitro application estradiol after ovariectomy replicated the increased firing rate while application
of PHTPP, an ERβ antagonist, prevented the effect (Clemens et al., 2019). Similarly, Blume et al.
(2017) determined BLA PV interneurons are regulated differently between males and females and
across the female rodent estrous cycle. The frequency of spontaneous inhibitory post-synaptic
currents onto putative PV cells from rats was higher in females compared to males and in diestrus
1 females compared to those in proestrus (Blume et al., 2017). Additionally, the amount of BLA
PV-expressing cells in was higher in males compared to females and higher in diestrus than
proestrus females (Blume et al., 2017).
Despite evidence of sex and estrous cycle dependent differences, to date no studies reported
differences in the density of BLA PV cells expressing PNNs across the estrous cycle. My first aim
was to characterize the subpopulation of PV cells expressing PNNs in the BLA from males and
females in diestrus 1 and proestrus. I quantified these differences using a Cre-dependent transgenic
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mouse line in which PV interneurons were selectively labeled by the fluorescent protein, tdTomato
(Hippenmeyer et al., 2005; Madisen et al., 2010). In addition to analyzing the PV/PNN population,
I also assessed Cre recombination efficiency and specificity by examining the density of BLA PV
cells expressing tdTomato and vice versa. Currently, no studies have independently assessed Cre
recombination efficiency and specificity in PV-IRES-Cre male and female mice. This is an
important aspect to consider if future studies want to use this mouse line to examine sex differences
based on Cre-dependent experimental manipulations.
Materials and Methods
Animals.
All experiments were approved by the Institutional Animal Care and Use Committee at North
Carolina State University (#20-520-B). The following mouse lines were ordered from Jackson
Laboratories (Bar Harbor, ME), maintained on a C57Bl/6J background, and crossed to selectively
induce Cre-dependent expression of tdTomato in PV cells: PV-IRES Cre+/+ (Stock #017320) and
Rosa-CAG-LSL-tdTomato-WPRE (Ai9+/+; Stock #007909). Mice were housed by sex with 2-4
per cage in a temperature and humidity-controlled vivarium with a 12 hr light/dark cycle (lights
on/off at 8 am/8 pm). Food (5001 rodent laboratory chow; Purina, St. Louis, MO) and water were
provided ad libitum throughout all experiments. All experiments were conducted on littermatched, gonadally-intact male and female PV-IRES-Cre+/-;Ai9+/- mice between 60-80 days of age
(see Fig. 1 for experimental pipeline).
Estrous Cycle Monitoring.
Estrous cycle stage was determined by categorization of vaginal cytology as previously described
(Allen et al., 1924). Briefly, cells were collected daily from each animal between 9 and 10 am via
a vaginal lavage with 50 μL of 0.9% normal saline (Cat. #L97753; Fisher Scientific, Waltham,
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MA) using a pipette. Vaginal cytology was visualized with hematoxylin (Cat. #NC9220898; Fisher
Scientific) and eosin-y (Cat. #50420842; Fisher Scientific) staining. Estrous cycle stage was
categorized as follows: diestrus with presence of leukocytes, proestrus with dividing nucleated
epithelial cells, or estrus with cornified cells (Cora et al., 2015). Females were monitored daily
until they had at least two complete, consecutive cycles and euthanized in either diestrus 1 (low
ovarian hormone state) or proestrus (high ovarian hormone state). Females were excluded if they
had an irregular cycle (n = 4), characterized by being stuck in the same stage for 5 or more days.
Males underwent mock lavage, consisting of restraint and gently rubbing a pipette tip on the
scrotum for 5-10 sec, to account for the additional handling received by females.
Perfusion and Tissue Sectioning.
All mice were anesthetized with an intraperitoneal injection of 2.5% Avertin (500 mg/kg; Fischer
Scientific) prior to transcardial perfusion with 0.1M phosphate buffered saline (PBS) and 4%
paraformaldehyde (PFA) made with PBS. All perfusions took place between 3 to 4 pm. Following
perfusion, brains were removed and postfixed overnight in 4% PFA, washed 3 times in PBS, and
stored in PBS with 0.2% sodium azide (NaN3) at 4ºC until all experimental brains were harvested.
Brains were sectioned with a vibratome (VT1000S; Leica Biosystems, Deer Park, IL) on the
coronal plane at 50 𝜇m and stored in a solution of glycerol (Cat. #G334; Fischer Scientific) with
0.2% NaN3 at -20ºC. Poorly perfused or sectioned brains were excluded from analysis (n = 4; 1
male and 3 females in diestrus 1).
Immunofluorescence.
Immunofluorescence staining was conducted on floating sections containing anterior, medial, and
posterior BLA as previously described (Lucas et al., 2016) (n = 7 males, 4 females in diestrus 1,
and 7 females in proestrus). After washes in PBS, slices were blocked with 10% normal donkey
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serum (Cat. #017-000-121; Jackson ImmunoResearch, West Grove, PA) for 1 hr at room
temperature prior to overnight incubation in a primary cocktail with 0.1% Triton-X (Cat. #BP151500; Fischer Scientific) PBS with 5% normal donkey serum at 4⁰C. Primary antibodies included
rabbit anti-PV (1:1000, Cat. #PV-27; Swant, Burgdorf, Switzerland) and mouse anti-glutamic acid
decarboxylase 67 (1:500, Cat. #MAB5406, clone 1G10.2; Millipore, Burlington, MA; GAD67)
(Table 1). Biotinylated Wisteria floribunda lectin (1:100, Cat. #B-1355-2; Vector Labs,
Burlingame, CA; WFL) was used to stain chondroitin sulfate proteoglycans, the primary scaffold
of PNNs (Table 1). Following washes in PBS, slices were incubated in a secondary cocktail with
0.1% Triton-X PBS with 5% donkey serum for 2 hr at room temperature. Fluorescence-conjugated
secondary antibodies included donkey raised anti-mouse Alexa Fluor 647 (1:500, Cat. #711-605152; Jackson ImmunoResearch) and anti-rabbit DyLight 405 (1:200, Cat. #715-475-150; Jackson
ImmunoResearch) (Table 1). Streptavidin conjugated Alexa Fluor 488 (1:100, Cat. #016-540-084;
Jackson ImmunoResearch) labeled biotinylated Wisteria floribunda lectin expressing PNNs
(Table 1). Slices were washed in PBS, mounted onto slides, and coversliped with Prolong Antifade
Gold (Cat. # P36930; Fischer Scientific).
Antibody and Lectin Characterization.
The polyclonal PV antibody was raised in rabbit against recombinant rat PV. Filice et al.
(2017) confirmed via Western blot the presence of a single band at ~12 kDa, the molecular weight
of PV in brain extracts from wild-type (WT) mice that was absent in PV-knockout (KO) mice. The
specificity was further validated via immunofluorescence, where the antibody labeled PV neurons
in WT but not PV-KO mice (Filice et al., 2017). The monoclonal GAD67 antibody was raised in
mouse against recombinant his-tag-containing human GAD67 protein. According to the
manufacturer, the antibody detects a single band at 67 kDa, corresponding to the GAD67 isoform
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rather than the GAD65 isoform, on Western blots from rats, mice, and humans. The staining
pattern we observed was similar to GAD67 immunostaining in the amygdala by Morena et al.
(2019) and McDonald and Mott (2021). Biotinylated WFL binds to chondroitin sulfate
proteoglycans terminating in N-acetyl-D-galactosamine with a preference for 𝛽 glycosidic linkage
(Kurokawa et al. 1976). Specificity of WFL has been validated via enzymatic digestion of the
proteoglycans, which prevents immunolabeling (Galtrey and Fawcett, 2007; Pantazopoulos et al.,
2010; Pantazopoulos et a., 2020). We further validated WFL staining by omitting WFL or
streptavidin conjugated Alexa Fluor 488, which resulted in no signal.
Microscopy and Image Quantification.
Images were taken of the left and right hemisphere from an anterior (bregma −0.82 to −1.34),
medial (bregma −1.46 to −1.94), and posterior (bregma −2.06 to −2.46) section containing the
BLA; a total of 6 images were captured per animal. Only one animal, a female in diestrus 1, lacked
a medial right BLA section and had 5 sections, rather than 6. Images were taken using an Olympus
FV3000 confocal laser scanning microscope equipped with an Olympus UPlan Super Apochromat
20X/0.75 objective. Fluorophore absorption and emission settings included the following: 405 nm
and 410-450 nm for GAD67, 561 nm and 570-670 nm for tdTomato, 488 nm and 500-540 nm for
PNNs, and 640 nm and 650-750 nm for PV. The laser power, voltage, gain and offset were held
constant throughout imaging. Laser power was set so <20% pixels/cell were saturated. Images
were acquired with a multi-alkali coated photomultiplier and Fluoview 3000 acquisition software.
Stitched z-plane stacks were taken of the top 20 𝜇m for each BLA section using a step-size of 2
𝜇m and scan size of 1024x1024. Z-plane maximum intensity projections were collected from each
stitched image and used for quantification. Images were uploaded into ImageJ (version 1.53; NIH,
Bethesda, MD) using the Bioformats plugin. Regions of interest were manually drawn around each
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BLA and the area was recorded. Manual quantification of single, double, triple, and quadruplelabeled cells was performed blinded using the Cell Counter plugin. Quantification of PNNs
exhibiting glia morphology were excluded from analysis.
Statistical Analysis.
All statistical analyses were conducted with GraphPad Prism IX (La Jolla, CA, USA). Briefly, the
area and cell counts for each BLA were averaged to obtain an overall average per animal. The
number single, double, tripled, and quadruple-labeled cells was divided by the area (mm2) to
calculate the density. To further evaluate the cellular populations, I determined the proportion of
cells co-expressing double, triple, or quadruple-labeled markers. Proportions were calculated as
the (cell count of double, triple, or quadruple-labeled cells / cell count of single-labeled
cells)*100). An unpaired two-tailed t-test was performed on the overall averages to assess
statistical differences between males vs females and diestrus 1 vs proestrus females. If data
violated assumptions of normality or homogeneity of variance, a non-parametric Mann Whitney
U or Welch’s t-test was performed. A p-value of <0.05 was considered significant. All data are
presented as mean ± standard error of the mean (SEM).
Results
Characterization of PV Expressing Cells in the BLA.
Using immunofluorescence, I observed robust staining of PV, GAD67, and PNN-expressing cells
in the BLA (Fig. 2A-B). There were no differences (p > 0.05) in the density (cell count/mm2) of
cellular populations expressing PV, PV/GAD67, PNNs, PV/PNNs, Non-PV/PNNs, or
PV/GAD67/PNNs in the BLA between sexes or between stages of the estrous cycle in females
(Table 2). Due to these results, I combined densities for males and females (Fig. 2C). Specifically,
I found 88.11% of PV cells expressed GAD67, 35.70% were surrounded by PNNs, and 31.90%
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expressed GAD67 and were surrounded by PNNs (Fig. 3A). When stratifying the ratio of PV cells
that expressed GAD67 and/or PNNs by sex and estrous cycle stage, no differences were found (p
> 0.05) (Table 3).
In addition to evaluating the PV subpopulation expressing PNNs, I also assessed the PNN
subpopulation expressing PV. Evaluation of PNN-expressing cells revealed 50.75% of PNNs
surround non-PV expressing cells, leaving 49.25% surrounding PV cells (Fig. 3B). A total of
43.90% of PNNs surrounded PV cells that also expressed GAD67 (Fig. 3B). While there were no
sex or estrous cycle effects on the proportion of PNNs surrounding non-PV and PV expressing
cells (p > 0.05), there was a difference between males and females in the percentage of PNNs that
surrounded PV cells that also expressed GAD67 (t16 = 2.146, p = 0.0475) (Table 3). The ratio of
PNNs surrounding PV/GAD67 cells was lower in females (41.18 ± 2.13%) compared to males
(48.17 ± 2.32%); there was no effect of estrous cycle on this parameter (p > 0.05) (Table 3).
Validation of PV-IRES-Cre Recombination.
I saw robust labeling of tdTomato-expressing cells in the BLA, indicating these cells underwent
Cre recombination (Fig. 2A-B). The density (cell count/mm2) of cellular populations expressing
tdTomato,

tdTomato/PV,

tdTomato/GAD67,

tdTomato/PV/GAD67,

tdTomato/PNNs,

tdTomato/PV/PNNs, and tdTomato/PV/GAD67/PNNs in the BLA showed no sex or estrous cycle
dependent differences (p > 0.05) (Table 2). Due to these results, I combined densities for males
and females (Fig. 2C).
To assess PV-IRES-Cre recombination specificity, I examined the proportion of
tdTomato cells that expressed PV. I found 91.58% of tdTomato cells expressed PV, 84.13%
expressed GAD67, and 80.13% co-expressed PV and GAD67 (Fig. 4A). When I broke these data
down by sex and estrous cycle, I found no effect on the proportion of tdTomato cells that expressed
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PV (p > 0.05) (Table 4). There were sex differences in ratio of tdTomato cells that expressed
GAD67 and co-expressed PV and GAD67 (Table 4). The ratio of tdTomato cells that express
GAD67 (t16 = 2.145, p = 0.0477) and PV/GAD67 (t16 = 2.195, p = 0.0433) was less in females
(81.89 ± 1.79; 77.44 ± 2.27%) compared to males (87.65 ± 1.84; 84.36 ± 1.65%) (Table 4). There
was no effect of estrous cycle on these variables (p > 0.05) (Table 4).
To determine PV-IRES-Cre recombination efficiency, I analyzed the ratio of PV cells
expressing tdTomato. Analysis of the PV population showed only 42.96% of PV cells expressed
tdTomato and 37.48% expressed tdTomato and GAD67 (Fig. 4B). Similar to the percentage of PV
cells that expressed GAD67 and/or PNNs, there were no sex or estrous cycle effects on the ratio
that expressed tdTomato or tdTomato and GAD67 (p > 0.05) (Table 4).
Although not directly related to recombination specificity and efficiency rate, I further
examined the proportion of tdTomato and PV cells co-expressing PNNs with additional markers
(Fig. 4A-B). Specifically, 48.39% of tdTomato cells were surrounded by PNNs, 46.34% coexpressed PV and PNNs, and 41.30% expressed PV, GAD67, and PNNs (Fig. 4A). Examination
of the PV population revealed 21.80% of PV cells expressed tdTomato and PNNs while 19.36%
co-expressed tdTomato, GAD67, and PNNs (Fig. 4B). I similarly determined the ratio of PNNs
co-expressing tdTomato and PV. I found 31.70% of PNNs surrounded tdTomato cells, 30.33%
surrounded PV cells that also expressed tdTomato, and 26.88% were found around cells expressing
PV, tdTomato, and GAD67 (Fig. 4C). There were no sex or estrous cycle effects on any of the
parameters mentioned above (p > 0.05) (Table 4).
Discussion
This is the first study to examine estrous cycle differences on the density of BLA PV cells
ensheathed by PNNs and to assess Cre recombination efficiency and specificity in PV-IRES-Cre

12
male and female mice. Overall, my results indicate there are no estrous cycles differences in the
density of BLA PV cells surrounded by PNNs or sex differences in PV-IRES-Cre recombination
efficiency and specificity. I decided to focus on BLA PV cells for multiple reasons. PV-expressing
cells are the primary cell type surrounded by PNNs, and PNNs have a role in mediating firing
properties of PV cells (Härtig et al., 1992; Dityatev et al., 2007; Balmer, 2016; Favuzzi et al.,
2017). It has also been documented that PV cells express ERβ, one of the main estrogen receptors
(Blurton-Jones and Tuszynski, 2002; Kritzer, 2002; Sárvári et al., 2010; Mo et al., 2015).
Expression of ERβ provides a mechanism for BLA PV cells to be regulated by ovarian hormones
and across the estrous cycle. Alterations in PV cortical inhibition has been found to change across
the estrous cycle and is dependent on ERβ (Clemens et al., 2019). Based on results from Clemens
et al. (2019), it suggests BLA PV cells may be modulated in a similar mechanism. Therefore,
characterization of BLA PV cells across the estrous cycle is needed if we want to determine how
fluctuations in ovarian hormones influence PV cellular properties.
I first confirmed that most BLA PV cells were GABAergic by staining for GAD67, the
primary enzyme responsible for converting glutamate to GABA (Soghomonian and Martin, 1998).
My results corroborate findings from previous studies (McDonald and Mascagni, 2001; Mascagni
and McDonald, 2003). The overwhelming majority of BLA PV cells expressed GAD67, and, thus,
are GABAergic (Fig. 5).
In terms of the subpopulation of PV cells surrounded by PNNs, I found approximately 35%
of PV cells were ensheathed by PNNs, suggesting that 65% of PV cells are not surrounded by
PNNs (Fig. 5). Although Morikawa et al. (2017) only quantified the percentage of PV cells
enwrapped by PNNs in the basal nucleus, they found a large population of PV neurons in the
medial and caudal portions of the basal nucleus are not surrounded by PNNs, supporting my
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finding that most PV cells in the BLA are not ensheathed by PNNs. Additionally, my data suggest
the density of PV/PNNs cells is not influenced by sex or estrous cycle stage. Several studies
examining PV/PNN expression have included males and females, but have failed to comment on
whether sex differences existed (Chu et al., 2018; Drzewiecki et al., 2020; Richardson et al., 2021).
Only a few studies have examined differences in BLA PV/PNN expression between males and
females. For example, Gildawie et al. (2020) found no main effect of sex on the density of BLA
PV, PNNs, non-PV PNNs, or PV/PNNs in adult male and female mice that underwent maternal
separation from 2-20 days of age. Although Zhang et al. (2021) did not examine the BLA or the
density of PV cells, they found no effect of sex or gonadal hormones on the density of PNNs in
various hypothalamic nuclei, including the paraventricular hypothalamic nucleus, lateral
hypothalamus, or ventromedial hypothalamic nucleus. Similarly, Griffiths et al. (2019) found no
sex difference in the mean count of adult PV, PNN, and PV/PNN cells in the CA1 region of the
hippocampus or the neocortex. Ciccarelli et al. (2020) is one of the few studies to discover a sex
difference in the staining of adult PNNs in the posterodorsal medial amygdala, ventral
premammillary nucleus, and medial tuberal nucleus; the staining of PNNs was higher in males
compared to females. They suggested PNN-expression sexual dimorphism was linked to brain
regions involved in reproduction, rather than the adjacent defensive network (Ciccarelli et al.,
2020). However, I believe this explanation warrants further investigation as Zhang et al. (2021)
found no effect of sex in nuclei known to be involved in reproduction. Overall, my results are in
concordance with the literature, suggesting the density of adult BLA PV/PNNs is not influenced
by biological sex.
Relatively little data exists on the effect of estrous cycle on PV/PNN expression. Uriarte et
al. (2020) saw no PNNs in the medial preoptic area (mPOA) of naturally cycling female rats in
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diestrus, proestrus, or estrus. However, the lack of PNNs in the mPOA seems to be specific to the
brain region, as Seeger et al. (1994) also did not detect PNNs in the mPOA of male and virgin
female rats. Recently, Blake et al. (2022, Prepint) examined the effects of early-life adversity on
PV/PNN expression in adult female mice across the estrous cycle. They found the density of PNNs
and PV/PNNs in the ventral dentate gyrus (vDG) was higher during estrous than diestrus in control
mice; however, this finding did not apply to the ventral CA1 region (Blake et al., 2022, Preprint).
Additionally, they did not find an effect of estrous cycle on PV cell density in the vDG or vCA1,
which is similar to what Torres-Reveron et al. (2009) found (Blake et al., 2002, Preprint). These
results suggest estrous cycle differences in PV/PNN density is dependent upon the brain region.
Based upon my results, I can conclude fluctuations in ovarian hormones do not influence the
density of PV/PNNs in the BLA.
When examining BLA PV-IRES-Cre recombination efficiency and specificity, I found a
low recombination efficiency, but high specificity in both males and females. I assessed
recombination by crossing PV-IRES-Cre mice, in which Cre recombinase expression is driven by
the PV promoter, to Rosa-CAG-LSL-tdTomato-WPRE mice, in which tdTomato expression is
gated by a lox-stop-lox cassette. In doing so, PV-expressing cells were selectively labeled by
tdTomato. To examine Cre recombination efficiency, I determined the ratio of PV cells that
expressed tdTomato. I found that approximately 43% of PV cells expressed tdTomato, suggesting
that 57% of PV cells did not undergo recombination (Fig. 5). Similarly, to assess Cre
recombination specificity, I examined the proportion of tdTomato that expressed PV and found a
91% specificity rate; however, roughly 80% of tdTomato cells expressed GAD67 and co-expressed
PV and GAD67 (Fig. 5). My values for PV-IRES-Cre recombination efficiency and specificity are
similar to what previous studies have reported. Lucas et al. (2016) found 30% of BLA PV neurons
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exhibited recombination while 90% of recombined cells were GABAergic PV cells in peripubertal
males. Nigro et al. (2021) similarly reported a 44% efficiency and 95% specificity rate in the
perirhinal cortex.
Although the Nigro et al. (2021) assessed recombination in males and females, they did
not stratify their data by sex. While most of the recombined subpopulations did not differ by sex
or estrous cycle, I did find a sex difference in the percentage of tdTomato cells expressing GAD67
and PV/GAD67, where the ratios were lower in females compared to males. Additionally, the ratio
of PNNs surrounding PV cells expressing GAD67 was also lower in females than males. While
the PNN statistic does not involve the recombined population, it is interesting that the PV/GAD67
subpopulation of tdTomato cells and PNNs is lower in females compared to males. The mechanism
driving the decreased density in females is unknown. It is possible that Cre recombination may be
decreasing GAD67 density in females only in specific cellular populations. Cre recombination is
known to alter physiological properties of cells from inducing non-targeted recombination to
decreasing cell growth and causing DNA damage (Matthaei, 2007; Harno, et al., 2013). SchmidtSupprian and Rajewsky (2007) explains Cre recombinase may affect expression of genes at or near
the site of recombination. Though this does not apply to current findings since genes encoding PV
and GAD67 are on different chromosomes. Whether the effects found are biologically significant
remains; slight differences in tissue processing or imaging between males and females may have
impacted quantification. Taking a closer examination of GAD67-expressing cells or staining with
another GABAergic marker, such as GABA, can revel if the sex differences truly exist. Overall,
my study is the first to determine PV-IRES-Cre recombination independently in both males and
females. My finding that recombination is essentially equivalent between sexes is noteworthy. It
suggests future studies can reliably use PV-IRES-Cre mice to study sex differences dependent on
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Cre recombination in the BLA. Therefore, any sex differences observed is not due to disparities in
recombination.
While all my results are based on the density of cellular subpopulations within the BLA,
there are other aspects to consider, such as intensity and somatic size. Cellular intensity correlates
to relative levels of protein expression whereas somatic size can reveal insight into a cell’s
physiological properties (Savage et al., 2007; Shihan et al., 2021). As stated above, Blume et al.
(2017) found an increase in the amount of BLA PV-expressing cells in males compared to females
and in diestrus compared to proestrus females from rats. I did not replicate the results determined
by Blume et al. (2017). They suggested the sex and cycle dependent differences in BLA PV density
may reflect alternations in PV activity, rather than generation of new neurons (Blume et al., 2017).
PV expression is known to change based on activity and experience (Patz et al., 2004; Donato et
al., 2013; Dehorter et al., 2015; Santiago et al., 2018). High PV expression is known to increase
calcium buffering capacity and influences GABA release from these cells (Guadagno et al. 2021).
In support of this, Donato et al. (2013) found PV intensity is positively correlated to GAD67
intensity, suggesting higher PV expression is associated with increased expression of GAD67.
Moreover, PV cells surrounded by PNNs exhibit higher PV expression and larger cell bodies
compared to PV cells not ensheathed by PNNs (Enwright et al., 2016; McDonald et al., 2018).
Differences in PV activity may therefore explain the discrepancy between my findings and those
found by Blume et al. (2017).
Despite the lack of sex or estrous cycle differences in cellular density, it is still unknown
whether the intensity and cell body size of BLA PV cells surrounded by PNNs is influenced by
the rodent estrous cycle. Further examination of the PV cellular population in the BLA is warranted
for many reasons. These cells are regulated differently between sexes and across the estrous cycle
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(Blume et al., 2017). Additionally, alternations in PV cells and dysregulation of GABAergic
function in the BLA have been implicated in affective disorders, including anxiety and major
depressive disorder, which have a higher prevalence in women than men (Altemus et al., 2014;
Sharp 2017; Perlman et al., 2021).
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Table 1. Antibodies, lectins, and dilutions used in this study.
Target

Host

Immunogen/Label

Clonality

Isotype

Dilution

Company
(Cat. #)

RRID

Primary antibody
PV

Rabbit

Recombinant
rat PV

Poly

Antiserum

1:1000

Swant
(PV27)

AB_2631173

GAD67

Mouse

Recombinant
GAD67 protein

Mono

IgG2a

1:500

Millipore
(MAB5406)

AB_2278725

1:100

Vector Labs
(B-1355-2)

Primary lectin
WFL

N-Acetylgalactosamine

Secondary antibody
Rabbit

Donkey

Alexa Fluor 647

Poly

IgG

1:500

Jackson
(711-605-152)

AB_2492288

Mouse

Donkey

DyLight 405

Poly

IgG

1:200

Jackson
(715-475-150)

AB_2340839

1:100

Jackson
(016-540-084)

Secondary lectin
Biotin

Streptavidin conjugated
Alexa Fluor 488

Abbreviations: parvalbumin (PV), glutamic acid decarboxylase 67 (GAD67), Wisteria floribunda lectin (WFL).
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Table 2. Density (cell count/mm2) of single, double, triple, and quadruple-labeled cells in the
basolateral amygdala from males (n = 7), females (n = 11), females in diestrus 1 (n = 4), and
females in proestrus (n = 7), shown as mean ± SEM.
Cellular Population

Males

Females

Diestrus 1

Proestrus

tdTomato

61.00 ± 8.33

62.77 ± 4.43

58.13 ± 6.98

65.42 ± 5.86

PV

131.15 ± 5.64

131.27 ± 3.78

128.99 ± 4.94

132.58 ± 5.45

tdTomato/PV

56.70 ± 7.24

56.28 ± 3.55

51.44 ± 4.72

59.05 ± 4.80

tdTomato/GAD67

53.39 ± 7.53

51.47 ± 3.99

47.58 ± 6.32

53.69 ± 5.30

PV/GAD67

118.77 ± 6.20

114.34 ± 4.25

112.76 ± 2.77

115.25 ± 6.68

tdTomato/PV/GAD67

51.08 ± 6.87

48.39 ± 3.52

44.89 ± 4.95

50.39 ± 4.85

PNNs

90.89 ± 2.60

95.04 ± 2.57

92.62 ± 3.63

96.42 ± 3.55

tdTomato/PNNs

29.93 ± 2.27

28.84 ± 1.83

29.57 ± 1.65

28.42 ± 2.81

PV/PNNs

47.24 ± 2.85

44.71 ± 2.05

45.42 ± 2.51

44.31 ± 3.02

Non-PV/PNNs

43.66 ± 3.97

50.33 ± 2.94

47.20 ± 4.96

52.11 ± 3.76

tdTomato/PV/PNNs

29.00 ± 2.22

27.49 ± 1.93

27.33 ± 1.85

27.59 ± 2.96

PV/GAD67/PNNs

43.05 ± 1.97

39.61 ± 2.20

40.11 ± 1.74

39.33 ± 3.43

tdTomato/PV/GAD67/PNNs

26.54 ± 1.98

24.02 ± 2.07

23.99 ± 1.62

24.04 ± 3.24

Abbreviations: parvalbumin (PV), glutamic acid decarboxylase 67 (GAD67), perineuronal nets (PNNs).
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Table 3. Percentage of PV cells that express GAD67, PNNs, and GAD67/PNNs, and the
percentage of PNNs that surround non-PV cells, PV cells, and PV cells expressing GAD67 in the
basolateral amygdala from males (n = 7), females (n = 11), females in diestrus 1 (n = 4), and
females in proestrus (n = 7), shown as mean ± SEM. The %PNNs that surround PV/GAD67 cells

%PNNs

%PV

was lower in females compared to males; two-tailed, unpaired t-test (t16 = 2.146, *p < 0.05).
Males

Females

Diestrus 1

Proestrus

GAD67

90.19 ± 1.85

86.79 ± 1.56

87.54 ± 2.17

86.36 ± 2.23

PNNs

37.90 ± 2.91

34.31 ± 1.46

35.82 ± 1.31

33.44 ± 2.17

GAD67/PNNs

34.38 ± 2.05

30.32 ± 1.59

31.40 ± 0.75

29.70 ± 2.51

Non-PV

47.04 ± 3.36

53.11 ± 2.17

50.91 ± 3.63

54.37 ± 2.79

PV

52.96 ± 3.36

46.89 ± 2.17

49.09 ± 3.63

45.63 ± 2.79

PV/GAD67

48.17 ± 2.32

41.18 ± 2.13*

42.95 ± 2.57

40.17 ± 3.09

Abbreviations: parvalbumin (PV), glutamic acid decarboxylase 67 (GAD67), perineuronal nets (PNNs).
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Table 4. Proportion of tdTomato cells, PV cells, and PNNs that express double, triple, and
quadruple-labeled markers in the basolateral amygdala from males (n = 7), females (n = 11),
females in diestrus 1 (n = 4), and females in proestrus (n = 7), shown as mean ± SEM. The
%tdTomato cells that express GAD67 (t16 = 2.145, *p < 0.05) and PV cells that express GAD67

%PNNs

%PV

%tdTomato

(t16 = 2.195, *p < 0.05) was lower in females compared to males; two-tailed, unpaired t-test.
Males

Females

Diestrus 1

Proestrus

PV

93.80 ± 1.31

90.17 ± 1.85

89.58 ± 4.05

90.51 ± 2.07

GAD67

87.65 ± 1.84

81.89 ± 1.79*

81.47 ± 1.33

82.13 ± 2.80

PV/GAD67

84.36 ± 1.65

77.44 ± 2.27*

77.56 ± 1.85

77.37 ± 3.53

PNNs

52.26 ± 5.23

45.93 ± 2.29

51.61 ± 3.97

42.69 ± 2.11

PV/PNNs

50.84 ± 5.51

43.48 ± 2.45

48.11 ± 5.14

40.84 ± 2.22

PV/GAD67/PNNs

46.41 ± 4.36

38.04 ± 2.45

42.00 ± 3.52

35.78 ± 3.14

tdTomato

43.30 ± 4.14

42.74 ± 2.46

40.51 ± 4.02

44.02 ± 3.24

tdTomato/GAD67

38.93 ± 3.90

36.56 ± 2.40

35.23 ± 4.18

37.32 ± 3.15

tdTomato/PNNs

23.21 ± 1.76

20.90 ± 1.43

21.90 ± 1.51

20.32 ± 2.15

tdTomato/GAD67/PNNs

21.23 ± 1.37

18.17 ± 1.51

18.99 ± 1.21

17.70 ± 2.34

tdTomato

33.56 ± 2.49

30.52 ± 1.86

32.33 ± 1.42

29.49 ± 2.82

tdTomato/PV

32.55 ± 2.42

28.91 ± 1.99

29.84 ± 2.13

28.38 ± 2.99

tdTomato/PV/GAD67

29.76 ± 2.03

25.05 ± 1.95

25.79 ± 1.33

24.63 ± 3.07

Abbreviations: parvalbumin (PV), glutamic acid decarboxylase 67 (GAD67), perineuronal nets (PNNs).

30

Figure 1. Experimental pipeline. Female PV-IRES-Cre+/-;Ai9+/- mice underwent daily estrous
cycle tracking via vaginal lavages for a minimum of 2 complete, consecutive cycles until they hit
either diestrus 1 or proestrus. Male PV-IRES-Cre+/-;Ai9+/- mice underwent daily mock lavages to
account for the additional handling females received. Males (n = 7), diestrus females (n = 4), and
proestrus females (n = 7) were perfused between 60-80 days of age. Immunofluorescence was
conducted on 50 𝜇m coronal sections by staining for parvalbumin (PV), glutamic acid
decarboxylase 67 (GAD67), and perineuronal nets (PNNs). Using a confocal microscope, images
were collected from the left and right hemisphere of an anterior, medial, and posterior section
containing the basolateral amygdala (BLA).

31
Figure 2. Representative confocal microscopy images and density of cellular populations in the
basolateral amygdala (BLA) of PV-IRES-Cre+/-;Ai9+/- mice. (A-B) Representative confocal
microscopy images of tdTomato-expressing cells (red) and immunofluorescence staining of PV
(magenta), GAD67 (blue), and PNNs (green) in the BLA (large, dashed outline). Boxed portions
(small, dashed outline) of the BLA in (A) are enlarged images in (B). Arrow heads in (B) signify
triple-labeled cells. Scale bars: (A) 150 𝜇m; (B) 50 𝜇m. (C) The density (cell count/mm2) of single,
double, triple, and quadruple-labeled cells in the BLA from males (n = 7; black dots) and females
(n = 11; red dots) combined, shown as mean ± SEM. Abbreviations: parvalbumin (PV), glutamic
acid decarboxylase 67 (GAD67), perineuronal nets (PNNs).
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Figure 3. Proportion of PV cells and PNNs expressing double and triple-labeled markers. (A)
Percentage of PV cells that express GAD67, PNNs, and GAD67/PNNs, and (B) the percentage of
PNNs that surround non-PV, PV, and PV/GAD67 cells in the basolateral amygdala from males (n
= 7; black dots) and females (n = 11; red dots) combined, shown as mean ± SEM. Abbreviations:
parvalbumin (PV), glutamic acid decarboxylase 67 (GAD67), perineuronal nets (PNNs).
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Figure 4. Proportion of tdTomato cells, PV cells, and PNNs expressing double, triple, and
quadruple-labeled markers. (A) Percentage of tdTomato cells that express PV, GAD67,
PV/GAD67, PNNs, PV/PNNs, and PV/GAD67/PNNs; (B) the percentage of PV cells that express
tdTomato, tdTomato/GAD67, tdTomato/PNNs, and tdTomato/GAD67/PNNs; and (C) percentage
of PNNs that surround tdTomato, tdTomato/PV, and tdTomato/PV/GAD67 cells in the basolateral
amygdala from males (n = 7; black dots) and females (n = 11; red dots) combined, shown as mean
±

SEM. Abbreviations: parvalbumin (PV), glutamic acid decarboxylase 67 (GAD67),

perineuronal nets (PNNs).
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Figure 5. Summary of results depicting the relative percentages of PNNs (green), PV (purple), and
tdTomato (red) co-expressing additional makers in the basolateral amygdala of males and females
combined. Approximately 50% of PNNs surround PV cells that express GAD67 while the other
50% surround non-PV-expressing cells. Roughly 30% of PNNs surround cells co-expressing
tdTomato, PV, and GAD67. Nearly 30% of PV cells are surrounded by PNNs. While 90% of PV
cells express GAD67, approximately 30% of PV cells co-express GAD67 and PNNs or tdTomato
cells. Only 40% of PV cells undergo Cre recombination and, thus, express tdTomato, indicating a
low Cre recombination efficiency. Roughly 20% of PV cells co-express tdTomato, GAD67, and
PNNs. About 80% of tdTomato cells express PV that also express GAD67, owning to high
specificity of the PV-IRES-Cre mouse line. Nearly 40% of tdTomato cells co-express PV, GAD67,
and PNNs. Abbreviations: parvalbumin (PV), glutamic acid decarboxylase 67 (GAD67),
perineuronal nets (PNNs).

