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Social behaviors, including reproductive behaviors, often display sexual dimorphism. Lordosis, the measure of female sexual
receptivity, is one of the most apparent sexually dimorphic reproductive behaviors. Lordosis is regulated by estrogen and pro-
gesterone (P4) acting within a hypothalamic-limbic circuit, consisting of the arcuate, medial preoptic, and ventromedial
nuclei of the hypothalamus. Social cues are integrated into the circuit through the amygdala. The posterodorsal part of the
medial amygdala (MeApd) is involved in sexually dimorphic social and reproductive behaviors, and sends projections to
hypothalamic neuroendocrine regions. GABA from the MeApd appears to facilitate social behaviors, while glutamate may
play the opposite role. To test these hypotheses, adult female vesicular GABA transporter (VGAT)-Cre and vesicular gluta-
mate transporter 2 (VGluT2)-Cre mice were transfected with halorhodopsin (eNpHR)-expressing or channelrhodopsin-express-
ing adeno-associated viruses (AAVs), respectively, in the MeApd. The lordosis quotient (LQ) was measured following either
photoinhibition of VGAT or photoexcitation of VGluT2 neurons, and brains were assessed for c-Fos immunohistochemistry
(IHC). Photoinhibition of VGAT neurons in the MeApd decreased LQ, and decreased c-Fos expression within VGAT neurons,
within the MeApd as a whole, and within the ventrolateral part of the ventromedial nucleus (VMHvl). Photoexcitation of
VGluT2 neurons did not affect LQ, but did increase time spent self-grooming, and increased c-Fos expression within VGluT2
neurons in the MeApd. Neither condition altered c-Fos expression in the medial preoptic nucleus (MPN) or the arcuate nu-
cleus (ARH). These data support a role for MeApd GABA in the facilitation of lordosis. Glutamate from the MeApd does not
appear to be directly involved in the lordosis circuit, but appears to direct behavior away from social interactions.

Significance Statement

Lordosis, the measure of female sexual receptivity, is a sexually dimorphic behavior regulated within a hypothalamic-limbic
circuit. Social cues are integrated through the amygdala, and the posterodorsal part of the medial amygdala (MeApd) is
involved in sexually dimorphic social and reproductive behaviors. Photoinhibition of GABAergic neurons in the MeApd
inhibited lordosis, while photoactivation of glutamate neurons had no effect on lordosis, but increased self-grooming. These
data support a role for MeApd GABA in the facilitation of social behaviors and MeApd glutamate projections in anti-social
interactions.

Introduction
Social behaviors are innate, adaptive, and necessary for the sur-
vival of the individual and the species. These behaviors are wide-
ranging, including aggression, predator/prey responses, parent-
ing, mating, and more (Choi et al., 2005; Stanley and Adolphs,
2013; Hong et al., 2014; Chen et al., 2019). Often, social behav-
iors display evident sexual dimorphism (Dulac and Kimchi,
2007; Li and Dulac, 2018; Chen et al., 2019), and this is true in
reproductive behavior. Reproductive behavior is perhaps one of
the most important social behaviors in the animal kingdom
(Swanson, 2000). Therefore, the development and display of
these behaviors is crucial for the reproductive fitness of a species,
which has resulted in reproductive behaviors that are highly ster-
eotypical and readily reproducible.
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One of the most obvious sexually dimorphic reproductive
social behaviors is lordosis. This measure of female sexual recep-
tivity behavior is reflexive, and dependent on the coordination of
internal and external cues. Lordosis manifests as an arching of
the spine, elevation of the head, hindquarters, and tail to allow
for intromission by the male (Beach, 1948; Pfaff et al., 1994).
Lordosis is closely regulated by sex hormones to ensure that the
display of the behavior occurs during the time in the cycle that
maximizes reproductive success (Micevych and Ulibarri, 1992;
Micevych et al., 2007). Lordosis is both an innate motivated
behavior (Swanson, 2000) and a social behavior (Pfaff et al.,
2008), and many neural circuits participate in its manifestation
(Micevych and Meisel, 2017).

The hypothalamic-limbic component is involved in the core
expression of the behavior (Fig. 1; Micevych and Meisel, 2017).
Although the entire circuit is sensitive to estradiol, the behavior
requires sequential events in the arcuate nucleus (ARH),
medial preoptic nucleus (MPN), and ventrolateral part of
the ventromedial nucleus (VMHvl) of the hypothalamus,
initiated by the activation of the estrogen receptor (ER)a in
the ARH, before projections descend to the periaqueductal
gray, hindbrain, and finally spinal motoneurons innervating mus-
culature to produce the behavior (Pfaff, 1979). While the hypo-
thalamic component largely regulates the hormonal aspect, the
limbic component, including the amygdala, integrates social
information.

Within the amygdala, the posterodorsal part of the medial
amygdala (MeApd) is involved in a large number of social behav-
iors, many of which are sexually dimorphic, reflecting the well-
documented sexual dimorphism of the region (Pfaff and Keiner,
1973; Hines et al., 1992; Canteras et al., 1995; Cooke et al., 1999;
Cooke and Woolley, 2005). The MeApd is particularly associated
with hypothalamic neuroendocrine regions, including those
mediating reproductive behavior (Canteras et al., 1995).

The MeApd contains a high concentration of ERa (Pfaff and
Keiner, 1973; Simerly et al., 1990), and GABA and glutamate
neurons (Choi et al., 2005; Hong et al., 2014). GABA and gluta-
mate modulate sexually dimorphic reproductive behaviors (Choi
et al., 2005; Hong et al., 2014; Chen et al., 2019). Projections
from here innervate the VMHvl (Canteras et al., 1995; Choi et
al., 2005; Usunoff et al., 2009; Pardo-Bellver et al., 2012). MeApd
GABA neurons contain vesicular GABA transporter (VGAT;
McIntire et al., 1997). Glutamatergic neurons in the MeApd con-
tain vesicular glutamate transporter 2 (VGluT2; Fremeau et al.,
2001). In the MeApd, GABA appears to promote social behav-
iors, whereas glutamatergic neurons do not. While this circuit is
largely the same in both sexes (Chen et al., 2019), differences
begin to emerge at the cellular and molecular level, particularly
within MeApd GABAergic neurons (Hong et al., 2014; Chen et
al., 2019; Dalpian et al., 2019).

We hypothesized that both glutamatergic and GABAergic neu-
rons in the MeApd modulate female reproductive behavior; GABA
promotes lordosis while glutamate inhibits the behavior. To test
these hypotheses, in the MeApd, halorhodopsin (eNpHR)-express-
ing adeno-associated viruses (AAVs) were inserted into VGAT-Cre
neurons, and channelrhodopsin-expressing AAVs were inserted in
VGluT2-Cre neurons. The effect of optogenetic photoinhibition or
photoexcitation, respectively, on the expression of lordosis in sexu-
ally receptive, hormone-primed female mice was examined.

Materials and Methods
Animals
Adult [postnatal day (P)60] female VGAT-Cre (originally JAX #028862;
Vong et al., 2011; The Jackson Laboratory) and VGluT2-Cre (originally
JAX #28 863; Vong et al., 2011; The Jackson Laboratory) mice from our
colony, and adult (P60) male C57BL/6J (The Jackson Laboratory, JAX
#000664) were used for all experiments. Mice were group-housed two to
a cage, on a 12/12 h light/dark cycle. Standard lab chow and water were
provided ad libitum. All female mice were ovariectomized (ovx) and
implanted with fiber optic cannulae (see below, Surgeries). Mice were
randomly assigned to one of two groups per experiment:

Experiment 1
VGAT-Cre mice were assigned to either (1.1) eNpHR-AAV1 hormone
replacement 1 MeApd cannulae or (1.2) control AAV 1 hormone
replacement1MeApd cannulae.

Experiment 2
VGluT2-Cre mice were assigned to either (2.1) channelrhodopsin
(ChR2)-AAV1 hormone replacement1MeApd cannulae or (2.2) con-
trol AAV1 hormone replacement1MeApd cannulae.

See Table 1 for groups. All animal procedures were performed in ac-
cordance with the regulations of the University of California, Los
Angeles Chancellor’s Animal Research Committee.

Surgeries
Adult (P60) female mice were anesthetized under isoflurane and trans-
fected with an AAV.

Figure 1. Hypothalamic-limbic lordosis circuit. Estradiol acts initially on neuropeptide Y
(NPY) neurons in the ARH, which project to and activate POMC/b -endorphin (b -End) neu-
rons. POMC/b -End neurons project to neurons containing m-opioid receptor (MOR) in the
MPN. The release of b -End onto MOR, a GPCR, activates and internalizes these receptors.
This activation temporarily inhibits lordosis. Neurons from the MPN reach the VMHvl, the
final integrative site in the hypothalamus. Inputs from posterodorsal part of the medial
amygdala (MeApd) are GABAergic projection neurons, and also reach the VMHvl to integrate
social information with the hormonal input and innervate the MPN. Glutamatergic neurons
innervate the MPN and VMHvl as well. 3V, third ventricle; ME, median eminence; OC, optic
chiasm. Adapted from Johnson et al. (2020).

Table 1. Groups included in both experiments, VGAT (experiment 1) and
VGluT2 (experiment 2), including virus, hormone treatment, and n/group

Group AAV Hormone treatment n

1.1 eNpHR EB 1 P4 5
1.2 eYFP EB 1 P4 5
2.1 Channelrhodopsin EB 1 P4 7
2.2 tdTomato EB 1 P4 5

EB, estrogen benzoate; P4, progesterone.
All hormones dissolved in safflower oil.
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VGAT-Cre mice were transfected with an AAV expressing eNpHR
(pAAV-double floxed-eNpHR-EYFP-WPRE-pA, Karl Deisseroth, Addgene
plasmid #20949) or the control virus (pAAV-Ef1a-DIO EYFP, Karl
Deisseroth, Addgene plasmid #27056). VGluT2-Cre mice were transfected
with an AAV expressing ChR2 (AAV1.CAGGS. Flex.ChR2-tdTomato.
WPRE.SV40; Addgene plasmid #18 917-AAV1) or the control virus
(AAV1.CAG.Flex.tdTomato.WPRE.bGH; Addgene plasmid #28306-
AAV1). In all mice, AAVs were delivered bilaterally into the MeApd
(from bregma; AP: –1.50, ML: 62.00, DV: –5.15) with a 5-ml Hamilton
syringe (Hamilton Company, #7634-01) equipped with a 32-G remov-
able needle (Hamilton Company, #7803-04), via World Precision
Instruments Ultra-MicroPump (World Precision Instruments, UMP3-
3), at a rate of 60 nl/min for a total volume of 100 nl per side. AAVs
were allowed three weeks to incubate to allow for full expression before
behavioral testing. Following injections, custom-made ferrule fiber can-
nulae (200-mm core diameter, 240-mm outer diameter, Doric Lenses)
were implanted bilaterally immediately above the MeApd (from bregma;
AP: �1.50, ML: 62.00, DV: –5.05) and fixed on the skull with dental
cement (Parkell, Metabond). Two weeks before behavioral testing, mice
were bilaterally ovx, to allow sufficient time for the loss of endogenous
hormones.

Hormone replacement
All mice received subcutaneous injections of 17b -estradiol benzoate
(EB) and progesterone (P4) dissolved in safflower oil, 2 h before lights
out, over a 3-d period to mimic the estrous cycle. On days 1 and 2, mice
received 20-mg EB, and on day 3, 500-mg P4.

Behavioral optogenetic testing
For both experiments, each mouse was evaluated in a lordosis pre-test
before optogenetic activation. Lordosis behavior was tested 2 h after
lights off on the third day of hormone injections. See Johnson et al.
(2020) for full testing procedures. Briefly, a single round of behavioral
testing consisted of two interactions with a male mouse, each interaction
lasting for 10 mounts by the male. Data from three sets of experimental
behavioral tests were collected and averaged per test per animal.
;15min before behavior testing, sexually experienced adult male mice
were placed in individual Plexiglas testing arenas. Immediately before
placing the female in the arena with the male, the optogenetic patch cord
(Doric Lenses) was attached to the implanted fiber optic cannula and
remained attached for the duration of the behavior test. For each behav-
ior test, the female was subject to a pre-test to determine sexual receptiv-
ity, measured by the lordosis quotient (LQ; the number of times a female
displays lordosis/10 mounts by a male� 100). Mice that displayed LQ,
50 were considered unreceptive and testing was terminated for the day.
Each test began when the female was placed in the cage and lasted until
the male mounted the female 10 times. Following the pre-test, the female
was removed from the arena and the laser was switched on for 2min
before being placed back in the arena with the male. Each mouse
received both a pre-test and the optogenetic test once every 4 d, follow-
ing the hormone replacement schedule in the previous section.

For experiment 1, photoinhibition of eNpHR (589nm, continuous
illumination, 5 s, 5–10 mW/mm�2) was applied for the duration of sec-
ond interaction with the male. For experiment 2, photostimulation of
ChR2 (473nm, 20Hz, 20-ms pulses,1–3 mW/mm�2) was applied for the
duration of second interaction with the male. Behavior tests were
recorded using a Yi Action Camera (XiaoYi Technology Co, LTD) and
scored by observers blinded to the experimental condition. Following
the final behavior test, mice were perfused 60min after removal from
the arena. For each animal, the results of the three pre-tests were aver-
aged to a single LQ score, as were the results of the three optogenetic
tests.

Perfusion, brain removal, and sectioning
At the conclusion of behavioral testing, mice were transcardially per-
fused with cold 0.9% saline, followed by cold 4% paraformaldehyde
(PFA) in Sorenson’s buffer (pH 7.4) 60min after removal from the test-
ing arena. Brains were removed and postfixed in the same PFA solution
for 24 h, then switched to 30% (w/v) sucrose in phosphate buffer for 2 d

before being flash frozen in hexanes cooled on dry ice. Brains were sec-
tioned 25mm coronally using a Leica cryostat (Leica Biosystems,
CM1950) and stored in a cryoprotectant solution at –20°C until used for
immunohistochemistry (IHC).

IHC
Tissue was processed for IHC as previously described (Johnson et al.,
2020). Tissue sections containing the regions of interest (ROIs) were
processed with GFP (experiment 1) or RFP (experiment 2), to augment
fluorescent expression of the viral eYFP or tdTomato, respectively, and
verify AAV expression in Cre-positive neurons. c-Fos IHC was used as
proxy for neuronal activity. Sections were first washed in tris-buffered
saline (TBS; pH 7.4) on a rotating table for 30min at room temperature
(RT) before being transferred to a blocking solution of 2% normal goat
serum (NGS; Equitech-Bio, #SG30-0500) and 0.03% Triton X-100
(Sigma-Aldrich, #X100-100ML) in TBS for 1 h at RT. Sections were
incubated in 2% NGS solution with the addition of rabbit anti-c-Fos and
either mouse anti-GFP or guinea pig anti-RFP (Table 2) on a rotating ta-
ble at 4°C for 48 h. Following incubation in the primary antibody solu-
tion, sections were again washed in TBS (3� 10min), and then placed in
a solution containing the appropriate secondary antibody for each of the
primary antibodies (Table 3). Sections were rinsed a final time in TBS
and mounted onto SuperFrost slides (Fisher Scientific, #12-550-15).
Once dry, slides were applied with mounting medium containing DAPI
(DAPI Fluoromount-G, Southern Biotech, #0100–20) before being cov-
erslipped and sealed with nail polish. Slides were stored in the dark at 4°
C until imaging. See Tables 2, 3 for dilution and commercial source of
antibodies used.

Imaging
Images were obtained with a Zeiss LSM710 (Zen Blue Edition software,
Zeiss) using the 405, 488, 561, and 594 laser lines, with appropriate emis-
sion filters to prevent optical bleed through. Sections containing the
MeApd in both experiments were imaged with a 20� objective (Plan-
APOCHROMAT 20�/0.8) for both 2D images, to confirm eNpHR or
channelrhodopsin expression, and 3D images. In the Z-plane, the entire
depth of the tissue was imaged. For experiment 2, the posteroventral
region of the MeA (MeApv) was imaged as described as well. Sections
containing the ARH and VMHvl were also imaged at 20�, in 2D only.
Sections containing the MPN were imaged using a Leica Aperio VERSA
Slide Scanner equipped with LAS X Life Science software suite (Leica
Biosystems), using a 20� objective (HC PL APO 20�/0.8), resulting in a
final optical magnification of 200�.

Data analysis
Images were optimized by adjusting the brightness uniformly across all
pixels. Images were analyzed using Imaris software (Imaris 9.2.1,
Bitplane, Oxford Instruments Group) and ImageJ (Schneider et al.,

Table 2. Primary antibodies used in IHC, including commercial source and dilu-
tion of antibody

Primary antibody Commercial source Dilution

Mouse anti-GFP IgG2A Invitrogen, A11120 1:500
Guinea pig anti-RFP Synaptic Systems, 390004 1:10,000
Rabbit anti-c-Fos Cell Signaling Technology, #2250 1:500

Table 3. Corresponding secondary antibodies used for IHC, including commer-
cial source and dilution of antibody

Secondary antibody Commercial source Dilution

Alexa Fluor 488 goat anti-mouse
IgG2a (g2a)

Invitrogen, A21131 1:2000

Alexa Fluor 594 goat anti-guinea
pig IgG (H1 L)

Invitrogen, A11076 1:2000

Alexa Fluor 594-conjugated goat
anti-rabbit IgG (H1 L)

Jackson ImmunoResearch,
111-585-144

1:2000
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2012). Colocalization of c-Fos with VGAT-Cre neurons (experiment 1)
or with VGluT2-Cre neurons (experiment 2) was analyzed using the
Colocalization and Surfaces modules in Imaris software. An ROI was
drawn around the MeApd, using the Allen Brain Atlas Coronal
Reference Atlas (Lein et al., 2007). The total number of cells in the
MeApd expressing eYFP/GFP-immunoreactivity (-ir; experiment 1) or
tdTomato/RFP-ir (experiment 2) only, c-Fos-ir only, and those express-
ing both labels were quantified. This was repeated in the MeApv in
experiment 2. In Imaris, the volume of the ROI was quantified in mm3 as
well, to ensure that the number of cells counted between groups could
be reliably analyzed. For images in both experiments, c-Fos expression
in ARH, VMHvl, and the medial part of the MPN (MPNm) was quanti-
fied using ImageJ, again using the Allen Brain Atlas Coronal Reference
Atlas to delineate ROIs. The number of cells in each region expressing c-
Fos-ir was analyzed using the Cell Counter plugin, and the area of the
ROI was measured in mm2.

Statistics
Statistics for behavioral and imaging data were analyzed using a
Student’s t test, Welch’s t test, or two-way ANOVA followed by Tukey’s
multiple comparisons tests, as appropriate. All statistics were analyzed
using GraphPad Prism version 9.0.2 for Windows (GraphPad Software).
Significance for all analyses was set at p� 0.05, and all values are
expressed as mean 6 SEM. Effect sizes were determined by Cohen’s d
test.

Results
AAV expression and fiber optic cannula placement
eNpHR visualization was augmented using a primary antibody
against GFP conjugated with Alexa Fluor 488 to verify the
expression in VGAT-Cre cell bodies the MeApd, and channelr-
hodopsin (ChR2) was augmented using a primary antibody
against RFP followed by Alexa Fluor 594 secondary antibody.
Labeled GABAergic cell bodies were found spanning the entire
dorsal-ventral extent of the region, in agreement with Bian
(2013), while glutamatergic cell bodies were confined to the most
medial portion of the same region (Fig. 2). Overall, significantly
more VGAT-ir neurons (87.20 6 7.17) than VGluT2-ir neurons

(42.00 6 11.22; p=0.009; Student’s t test)
were visualized (Fig. 2). Fibers originating
from MeApd VGAT neurons were found
to innervate hypothalamic regions
involved in reproduction, including the
MPN and VMHvl (Fig. 3). Innervation
from VGluT2 neurons was found in
the MPN, but was qualitatively less
apparent. Glutamatergic fibers were
observed in the VMHvl, as well as other
regions of the nucleus. No labeled fibers
were visualized in the ARH of either set
of animals (Fig. 3).

Optogenetic inhibition of VGAT
neurons in the MeApd attenuated
sexual receptivity
A two-way ANOVA, followed by Tukey’s
multiple comparisons post hoc test, was
conducted to analyze the effects of viral
expression and photoinhibition on LQ
(Fig. 4). Analysis indicated a significant
interaction (F(1,16) = 10.25, p=0.006;
effect size 0.89), as well as a main effect of
viral treatment (F(1,16) = 21.89, p=0.0003;
effect size 0.45) and photoinhibition
(F(1,16) = 4.911, p= 0.04; effect size 0.45).

No differences in mean LQ scores
were observed between the two groups

during the pre-test (group 1.1, 68.00 6 5.83; group 1.2, 80.00 6
5.48; p= 0.73), nor in mean LQ score between group 1.1 pre-test
(68.006 5.83) and group 1.2 photoinhibition test (88.006 5.83;
p= 0.34). Mice that expressed the control virus showed no differ-
ence in mean LQ score between the pre-test (LQ=80.006 5.47)
and photoinhibition (LQ=88.006 5.83; p= 0.90).

In VGAT-Cre mice expressing eNpHR, photoinhibition sig-
nificantly reduced mean LQ (24.00 6 12.88) as compared with
the pre-test (68.006 5.83; p=0.009). These mice also exhibited a
photoinhibition-induced reduction in mean LQ compared with
photoinhibition of the control group (88.00 6 5.83; p=0.0003).
Finally, photoinhibition of group 1.1 also significantly reduced

Figure 2. VGAT and VGluT2 expression in the MeApd. Cells expressing either VGAT (green,
A) or VGluT2 (magenta, B) were found medially in the MeApd. DAPI counterstain is indicated
in blue, the MeApd is outlined in white in each image. C, More neurons expressed VGAT
(87.20 6 7.17, green bar) compared with VGluT2 (42.00 6 11.22, magenta bar;
p= 0.009). Values expressed as mean 6 SEM; **p, 0.01. OT, optic tract. Scale bar: 100
mm.

Figure 3. Innervation of reproductively relevant hypothalamic nuclei. Both GABAergic (green, A–C) and glutamatergic
(magenta, D–F) fibers originating from the MeApd innervate the MPN (A, D) and the VMHvl (B, E). The ARH is largely devoid
of either GABAergic (C) or glutamatergic (F) innervation from the MeApd. GABAergic innervation to the MPN and VMH is
fairly equal between subdivisions of the nuclei (A, B). Glutamate appears to innervate to the VMHvl to a lesser extent than
the rest of the nucleus (E). DAPI counterstain in blue, neuroanatomical nuclei outlined in white. 3V, third ventricle; m, medial
MPN; ME, median eminence; vl, ventromedial VMH. Scale bars: 100 mm.
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the mean LQ (24.00 6 12.88) as compared with the pre-test of
mice in group 1.2 (88.006 5.83; p=0.001).

Optogenetic inhibition of VGAT neurons in the MeApd
decreased c-Fos expression in the MeApd and VMHvl
Expression of c-Fos in the MeApd, and colocalization with
VGAT-Cre neurons, was evaluated following photoinhibi-
tion. To ensure that the quantification of cells was compara-
ble between the groups, the mean volume of the ROIs
containing the MeApd was analyzed. There was no statistical
difference in the size of the ROI between the two groups
(p = 0.2). Furthermore, no difference was observed in the
total number of Cre-positive cells quantified in the MeApd
between groups (Student’s t test, group 1, 76.6 6 5.2; group
2, 87.26 7.2; p = 0.3; data not shown).

In VGAT-Cre mice that received eNpHR, photoinhibition sig-
nificantly decreased the total number of cells expressing c-Fos-ir
within the MeApd (27.4 6 3.7) when compared with those mice
that received the control virus (51.8 6 6.4; p=0.01) determined by
a Student’s t test (Fig. 5). Furthermore, the number of cells express-
ing colocalization of VGAT-ir and c-Fos-ir was significantly
reduced in mice that received eNpHR (4.4 6 1.5) compared with
those that received control virus fol-
lowing photoinhibition (12.0 61.6;
p = 0.008; Student’s t test; Fig. 5).

c-Fos-ir expression was analyzed in the
VMHvl, as well. Again, the mean area of
the VMHvl was compared between
groups, and no difference was found
(p=0.9 Student’s t test). Photoinhibition
of eNpHR significantly reduced the num-
ber of cells expressing c-Fos-ir in the
VMHvl (1.0 6 0.4) compared with the
control virus (8.4 6 2.1; p=0.02), deter-
mined by a two-tailed Welch’s t test (t(4.36)
= 3.46, p=0.01; Fig. 6). The number of
cells expressing c-Fos-ir did not differ
between groups in the ARH (group 1, 21.0
6 6.9; group 2, 33.2 6 2.7; p=0.1) or the
MPNm (group 1, 54.6 6 11.8; group 2,
59.0612.7; p=0.8).

Optogenetic excitation of VGluT2
neurons in the MeApd had no effect
on the display of sexual receptivity
A two-way ANOVA, followed by Tukey’s
multiple comparisons post hoc test, was
also performed to analyze viral expression
and photoexcitation on LQ (Fig. 7).
Analysis indicated no differences between
any condition: interaction (F(1,20) = 0.445,
p=0.51), main effect of viral treatment
(F(1,20) = 0.936, p=0.35), or photoexcita-
tion (F(1,20) = 0.001, p=0.97).

Optogenetic excitation of VGluT2
neurons in theMeApd decreased c-Fos
expression in VGluT2 neurons in the
MeApd
The expression of c-Fos, colocalization
with VGluT2-Cre neurons, and volume
of theMeApd were evaluated. No differ-
ences were found in volume between

Figure 4. Photoinhibition of eNpHR-expressing VGAT neurons attenuates lordosis.
Photoinhibition of eNpHR (light yellow bars) significantly reduced LQ as compared with the
initial pre-test condition (p= 0.009), as well as the pre-test (p= 0.001) and photoinhibition
condition (p= 0.0003) in mice that received the control virus (dark yellow bars). Two-way
ANOVA followed by Tukey’s multiple comparisons post hoc test indicated a significant interac-
tion (F(1,16) = 10.25, p= 0.006), and a main effect of viral treatment (F(1,16) = 21.89,
p= 0.0003) and photoinhibition (F(1,16) = 4.911, p= 0.04). Values expressed as mean 6
SEM; **p, 0.01,1p, 0.001,11p, 0.0005.

Figure 5. Photoinhibition of eNpHR-expressing VGAT neurons decreases overall c-Fos-ir and c-Fos colocalization with VGAT
neurons in the MeApd. Photomicrographs in the top row show the expression of VGAT (A), c-Fos (B), and the merge of these
two (Coloc., C) in mice that received eNpHR. The bottom row shows the expression of VGAT (D), c-Fos (E), and merge of the
two (Coloc., F) in mice that received the control virus. VGAT-ir depicted in green, c-Fos-ir in magenta, DAPI counterstain in
blue. Colocalization appears in yellow. Arrows indicate colocalization of immunoreactivity within specific cells in the MeApd. G,
Graph indicates that the total number of cells expressing c-Fos-ir was significantly attenuated in response to photoinhibition in
mice that received eNpHR (27.4 6 3.7; light yellow bars) compared with those mice that received the control virus (51.8 6
6.4; dark yellow bars; p= 0.01). H, Graph shows that colocalization of c-Fos and VGAT was also significantly attenuated in the
MeApd in mice that received eNpHR (4.4 6 1.5) as compared with those mice that received the control virus (12.0 61.6;
p= 0.008). Values expressed as mean6 SEM; **p, 0.01. Scale bar: 25 mm.
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mice that received either virus, nor in the statistical difference in
the number of neurons expressing the Cre-dependent fluoro-
phore (Student’s t test; data not shown). Similarly, no difference
was detected in the total number of cells expressing c-Fos-ir
between the control group (68.6 6 8.07) and the group that
received ChR2 (85.7 6 18.9; p=0.49, Student’s t test; Fig. 8).
However, control mice expressed significantly less colocalized
cells (0.20 6 0.20) as compared with mice with ChR2 (6.14 6
2.32) as determined by the Welch’s t test, which accounts for sig-
nificantly different variance between the groups (t(6.08) = 2.55,
p=0.04; Fig. 8).

As the MeApv is immediately adjacent to the MeApd and
contains glutamatergic neurons that project to the VMHvl (Choi
et al., 2005), c-Fos expression was analyzed in this region to
ensure only MeApd VGluT2 neuronal activation occurred.
There was no difference in number of VGluT2-labeled neurons
(p=0.12), overall c-Fos expression (p=0.21), or colocalization in
the MeApv between the two groups (p=0.65; Student’s t test;
data not shown). Furthermore, histologic examination of can-
nula placement determined that the source of photoexcitation
was not close enough to the MeApv to result in activity. Finally,
optogenetic photoexcitation of VGluT2 neurons in the MeApd
did not alter c-Fos expression in the MPN, VMHvl, or ARH
compared with the control group (Student’s t test; data not
shown).

All mice exhibited a progressive
increase in LQ score with repeated
sexual experience during the pre-test
condition
In response to repeated sexual experi-
ence, mice and rats exhibit a progressive
increase in LQ (Rajendren and Moss,
1993; McCarthy et al., 2017). To ensure
that photomanipulation did not alter
this pattern during subsequent pre-tests,
we analyzed the LQs with one-way
between-subjects ANOVAs to deter-
mine whether LQ score had the
expected progression in each group
(VGAT experiment: group 1, group 2;
VGluT2 experiment: group 1, group 2).
Two-way ANOVAs were used to test
whether photomanipulation caused a

difference in progressive LQ expression between groups 1 and 2,
for each experiment.

VGAT-cre mice infected with either eNpHR (Fig. 9A) or
eYFP (Fig. 9B) each showed a progression in LQ scores during
the pre-test condition. Mice that received the control AAV had
the following LQ scores: trial 1, 0.006 0.00; trial 2, 65.006 5.00;
trial 3, 90.00 6 10.00; trial 4, 66.67 6 8.82. A one-way ANOVA
indicated a significant effect of sexual experience on LQ scores
(F(3,9) = 75.25; p, 0.0001). A post hoc multiple comparisons test
indicated that trial 1 was significantly lower than trials 2
(p, 0.0001), 3 (p, 0.0001), and 4 (p, 0.0001). There were no
difference in LQ scores between trials 2, 3, and 4.

Mice that received eNpHR-AAV exhibited the following LQ
scores: trial 1, 0.00 6 0.00; trial 2, 80.00 6 8.17; trial 3, 83.33 6
8.82; trial 4, 62.50 6 12.50. A one-way ANOVA indicated a sig-
nificant effect of sexual experience on LQ scores (F(3,17) = 32.10;
p, 0.0001). A post hoc multiple comparisons test indicated that
trial 1 was significantly lower than trials 2 (p, 0.0001), 3
(p, 0.0001), and 4 (p=0.0001). LQ scores were not statistically
different between trials 2, 3, and 4.

To determine whether there were differences in LQ progression
between groups (Fig. 9C), a two-way ANOVA was used, and indi-
cated that there was no significant interaction (F(3,28) = 0.75; p=0.53)
or main effect of AAV (F(1,28) = 0.04; p=0.84). A main effect of trial
was revealed (F(3,28) = 71.54; p, 0.0001). A post hoc multiple com-
parisons test indicated that in mice receiving eNpHR, trials 2–4 were
significantly greater than their own trial 1, as well as trial 1 of mice
that received the control virus. Inmice that received the control virus,
trials 2–4 were significantly greater than their own trial 1, and trial 1
of eNpHR mice (all ps, 0.0001). As before, there were no differen-
ces between trials 2, 3, and 4 between the groups (Fig. 9C).

VGluT2-cre mice infected with either channelrhodopsin (Fig.
10A) or tdTomato (Fig. 10B) each also showed a progression in LQ
scores during the pre-test condition. Mice that received the control
AAV displayed the following LQ scores: trial 1, 4.00 6 4.00; trial 2,
80.006 7.07; trial 3, 85.006 5.00; trial 4, 85.006 5.00. A significant
effect of sexual experience on LQ scores was noted (F(3,11) = 60.24;
p, 0.0001 one-way ANOVA). A post hoc multiple comparisons
test indicated that trial 1 was significantly lower than trials 2
(p, 0.0001), 3 (p, 0.0001), and 4 (p, 0.0001), and there were no
differences in LQ scores between trials 2, 3, and 4.

Mice that received ChR2-AAV displayed the following LQ
scores: trial 1, 3.33 6 2.11; trial 2, 66.67 6 12.02; trial 3, 78.00 6
6.63; trial 4, 72.50 6 13.15. As before, a significant effect of sexual
experience on LQ scores was noted (F(3,14) = 23.42; p, 0.0001,

Figure 6. Photoinhibition of eNpHR-expressing VGAT neurons in the MeApd decreases c-Fos expression in the VMHvl. The
number of cells expressing c-Fos-ir in the VMHvl was significantly reduced following photoinhibition of eNpHR (1.0 6 0.4; A)
as compared with the control virus (8.46 2.1; p= 0.02; B). c-Fos-ir, magenta; DAPI, blue. Neuroanatomical outlines in white.
C, In graph, light yellow bars represent mice that received eNpHR, dark yellow bars represent mice that received the control vi-
rus. Values expressed as mean6 SEM; *p, 0.05. Scale bar: 100 mm.

Figure 7. Photoexcitation of ChR2-expressing VGluT2 neurons did not affect lordosis
behavior. No differences in LQ were detected in any condition, determined by a two-way
ANOVA followed by Tukey’s multiple comparisons post hoc test. Photoexcitation of ChR2-
expressing VGluT2 neurons (light blue bars) in the MeApd did not result in differences
between any condition, including no interaction (F(1,20) = 0.445, p= 0.51), main effect of vi-
ral treatment (F(1,20) = 0.936, p= 0.35), or photoexcitation (F(1,20) = 0.001, p= 0.97). Mice
that received the control virus are represented with dark blue bars.
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one-way ANOVA). Trial 1 was sig-
nificantly lower than trials 2 (p=
0.0005), 3 (p, 0.0001), and 4 (p,
0.0001; post hoc multiple compari-
sons test). LQ scores plateaued and
were statistically similar between trials 2,
3, and 4.

As in the VGAT experiment, two-way
ANOVA analysis indicated neither a sig-
nificant interaction (F(3,25) = 0.35;
p=0.79) or a main effect of AAV (F(1,25) =
2.50; p=0.13) on LQ progression (Fig.
10C). Similarly, there was a main effect of
trial (F(3,25) = 64.03; p, 0.0001). Also sim-
ilar to the VGAT experiment, a post hoc
multiple comparisons test indicated that
in mice that received ChR2, trials 2–4
were significantly greater than their own
trial 1, as well as trial 1 of mice that
received the control virus. In mice that
received the control virus, trials 2–4 were
significantly greater than their own trial 1,
and trial 1 of mice that received ChR2 (all
ps , 0.0001). As with the VGAT experi-
ment, there were no differences between
trials 2, 3, and 4 between the groups (Fig.
10C).

Optogenetic photoexcitation of
VGluT2 neurons in the MeApd
increased self-grooming
Photoexcitation of VGluT2 neurons in
the MeApd increases self-grooming in
males (Hong et al., 2014). In the present
study, a two-way ANOVA, followed by
Tukey’s multiple comparisons post hoc
test, compared the effects of viral ex-
pression and photoexcitation on self-
grooming behavior in females (Fig. 11).
No significant interaction (F(1,80) = 2.33,
p=0.13) was noted, but significant effects
of viral treatment (F(1,80) = 8.54, p=0.005)
and photoexcitation (F(1,80) = 5.02, p=
0.02) were apparent.

In VGluT2-Cre mice that received
ChR2, photoexcitation significantly in-
creased the total time that mice spent
self-grooming (38.62 6 7.20 s) com-
pared with the pre-test condition (15.10
6 3.67 s; p=0.006), as well as to both the
pre-test (6.54 6 2.12 s; p=0.003) and
photoexcitation test (10.92 6 3.80 s;
p=0.01) of the control group.

During the pre-tests, total time spent
self-grooming between the ChR2 mice
(15.106 3.67 s) and control mice (6.546
2.12 s;) was not statistically different (p=
0.76). Similarly, no difference was found
between ChR2 mice pre-test (15.10 6
3.67) and the photoexcitation test of con-
trol mice (10.92 6 3.80; p=0.96). Finally,
control mice showed no difference in
total time spent grooming between the

Figure 8. Photoexcitation of ChR2-expressing VGluT2 neurons did not alter overall c-Fos-ir but did reduce colocalization
with VGluT2 neurons. Photomicrographs in the top row are of the expression of VGluT2 (A), c-Fos (B), and the colocalization of
the two (Coloc., C) in the MeApd in mice that received ChR2. The bottom row shows the expression of VGluT2 (D), c-Fos (E),
and colocalization (Coloc., F) in the MeApd of mice that received the control virus. VGluT2-ir is depicted in magenta, c-Fos-ir in
green, DAPI counterstain in blue. Arrows indicate colocalization of immunoreactivity within specific cells in the MeApd. G,
Graph shows that there was no difference in total c-Fos expression between mice that received ChR2 (85.76 18.9; light blue
bars) and those that received the control virus (68.6 6 8.07, p= 0.49; dark blue bars). However, photoexcitation of ChR2
(graph H) resulted in an increase of c-Fos expression within VGluT2 neurons (6.146 2.32) as compared with the control mice
(0.206 0.20; p= 0.04). Values expressed as mean6 SEM; *p, 0.05. Scale bar: 25 mm.

Figure 9. All VGAT-Cre mice displayed a progressive increase in LQ. Mice transfected with eNpHR (A) or the control virus (B)
display a progressive increase in LQ score from the first sexual experience. A between-subjects one-way ANOVA indicated a sig-
nificant effect of sexual experience on the LQ scores of mice that received eNpHR (F(3,17) = 32.10; p, 0.0001). The LQ score of
trial 1 was significantly lower than trials 2–4. There were no differences in LQ scores between trials 2–4. Similarly, repeated
sexual experience resulted in an increase in LQ scores displayed by mice that received the control virus (F(3,9) = 75.25;
p, 0.0001). Again, trial 1 was significantly lower than trials 2–4, while there were no difference in LQ scores between trials
2, 3, and 4. C, A two-way ANOVA indicated that trials 2–4 were not different between the groups. Trial 1 of the eNpHR group
was significantly less than trial 2, 3, or 4 of both the eNpHR group and the control group (yellow a). Trial 1 of the control group
was significantly less than trial 2, 3, or 4 of both the control group and the eNpHR group (black a). There was no difference
between the first trial of either group. Yellow indicates eNpHR group, black indicates control AAV group. Data presented as
mean6 SEM; ap, 0.0001, bp= 0.0001.
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pre-test (6.54 6 2.12 s) and photoexcitation test (10.92 6 3.80
s; p = 0.97).

More cells showed c-Fos colocalization with VGAT- than with
VGluT2-neurons in theMeApd of sexually receptive mice
Mice that received either control virus remained sexually receptive
(Figs. 4, 7). In the MeApd, a similar number of c-Fos-ir cells were
visualized in the VGAT (51.80 6 6.35) and VGluT2 control
groups (68.60 6 8.07; p=0.14; Student’s t test; Fig. 12). However,
in these sexually receptive mice, significantly more cells had c-Fos
colocalized with VGAT neurons (12.00 6 1.61) compared with
VGluT2 neurons (0.20 6 0.20, p=0.002), determined by a
Welch’s t test (t(4.33) = 1.94, p=0.001). The number of cells c-Fos-
ir did not differ statistically between the two sets of control mice
in the MPN (p=0.95), VMHvl (p=0.07), or ARC (p=0.20; data
not shown, Student’s t test).

Discussion
The major finding of these experiments is that photoinhibition
of GABA neurons in the female mouse MeApd significantly atte-
nuated lordosis behavior compared with control mice (Fig. 4),
indicating that activity in GABAergic neurons in the MeApd was
involved in the display of lordosis behavior. However, photoexci-
tation of MeApd glutamatergic neurons in mice did not affect
the expression of lordosis (Fig. 7), but did increase the time the
mice spent self-grooming (Fig. 11), suggesting that glutamatergic
activity in the region directs behavior away from social interac-
tions. These results are congruent with the role of the amygdala
as a gate-keeper for many social functions including reproduc-
tion. Of particular importance in reproduction is the MeApd,
with its populations of GABAergic and glutamatergic neurons
(Fig. 2; Choi et al., 2005; Bian et al., 2008; Hong et al., 2014;
Chen et al., 2019).

Of these two, GABAergic neurons predominate, and send
projections to downstream regions involved in diverse aspects of
reproductive behavior (Choi et al., 2005). Many of these behav-
iors are sexually dimorphic, and GABA plays a role in the expres-
sion of these behaviors (McCarthy et al., 1990; Luine et al., 1999;
Hong et al., 2014; Chen et al., 2019), while glutamate from the
MeApd appears to inhibit social behaviors, including reproductive
behaviors (Hong et al., 2014; Chen et al., 2019). Furthermore, a mo-
lecular study investigating sex differences in GABAergic and gluta-
matergic neurons in the MeApd found that while there are a
significant number of molecular differences within GABAergic neu-
rons between the sexes, the differences within glutamatergic neu-
rons are minimal (Chen et al., 2019). Therefore, we hypothesized
that GABAergic neurons in the MeApd play a role in facilitating
lordosis, while glutamatergic neurons are involved in the inhibition
of the behavior.

We found that in both VGAT-Cre and VGluT2-Cre mice,
neurons expressing the injected AAV were found in the medial
aspect of the MeApd. VGAT neurons extended the entire dorsal-
ventral length along the border of the optic tract, while VGluT2
neurons were more circumscribed in the same region (Fig. 2).
This is in agreement with previous findings that also demon-
strated that the majority of the MeApd neurons projecting to

Figure 10. VGluT2-Cre mice displayed a progressive increase in LQ. Mice transfected with ChR2 (A) or the control virus (B) display a progressive increase in LQ score from the first sexual ex-
perience. A between-subjects one-way ANOVA indicated a significant effect of sexual experience on the LQ scores of mice that received ChR2 (F(3,14) = 23.42; p, 0.0001). As seen with the
VGAT experiment, the LQ score displayed in trial 1 was significantly lower than trials 2–4. There were no differences in LQ scores between trials 2, 3, and 4. Again, repeated sexual experience
resulted in an increase in LQ scores in mice that received the control virus (F(3,11) = 60.24; p, 0.0001). Trial 1 was significantly lower than trials 2–4, while there were no difference in LQ
scores between trials 2, 3, and 4. C, A two-way ANOVA indicated that trials 2–4 were not different between the groups. Mice that received ChR2 displayed significantly lower LQ scores in trial
1 than in trial 2, 3, or 4 of both the ChR2 group and the control group (blue a). Trial 1 of the control group was significantly less than trial 2, 3, or 4 of both the control group and the ChR2
group (black a). There was no difference between the first trial of either group. Blue indicates ChR2 group, black indicates control AAV group. Data presented as mean6 SEM; ap, 0.0001,
cp= 0.0005.

Figure 11. Photoexcitation of ChR2-expressing VGluT2 neurons promotes self-grooming.
Photoexcitation of ChR2-expressing VGluT2 (light blue bars) neurons significantly increased
the total time in seconds that mice spent self-grooming (38.62 6 7.20) as compared with
the pre-test condition (15.10 6 3.67; p= 0.006), as well as to both the pre-test (6.54 6
2.12; p= 0.003) and photoexcitation test (10.92 6 3.80; p= 0.01) of the control group
(dark blue bars). A two-way ANOVA followed by Tukey’s multiple comparisons post hoc test
indicated no significant interaction (F(1,80) = 2.33, p= 0.13), but a main effect of viral treat-
ment (F(1,80) = 8.54, p= 0.005) and photoexcitation (F(1,80) = 5.02, p= 0.02). Values
expressed as mean6 SEM; *p, 0.05, **p, 0.01.
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other reproductively relevant regions
in the hypothalamus, including the
VMHvl, are GABAergic as rather than
glutamatergic (Choi et al., 2005; Bian et
al., 2008; Hong et al., 2014; Chen et al.,
2019). This GABAergic population
expresses the transcription factor Lhx6,
and appears to be activated specifically
by reproductive cues. Glutamatergic
neurons in the MeApd do not express
Lhx6 (Choi et al., 2005).

Similarly, we observed the expected
pattern of eYFP-labeled fibers in the
hypothalamus; innervating the MPNm
and the VMHvl, but avoiding the
VMHdm (Fig. 3). In agreement with
previous studies, the eYFP GABA fibers
largely avoided the ARH (Canteras et
al., 1995; Choi et al., 2005; Bian et al.,
2008). The pattern of tdTomato-labeled
fibers in VGluT2-Cre mice largely mir-
rored that of the eYFP-labeled projec-
tions seen in the VGAT-Cre mice,
although innervation of the VMHvl was
qualitatively lighter (Fig. 3). Gluta-
matergic neurons in the MeApd do not
significantly innervate the VMHvl, but
MeApv glutamate fibers do (Choi et al.,
2005). We expect that the sparse inner-
vation of the VMHvl may reflect AAV
expression from neurons along the bor-
der of the two regions.

Optogenetic photoinhibition of
MeApd GABAergic neurons signifi-
cantly attenuated the expression of lor-
dosis in sexually receptive female mice
(Fig. 4). The contribution of the MeA in
lordosis is in line with previous studies
showing that lesioning the MeA
decreases LQ (Rajendren and Moss, 1993; DiBenedictis et al.,
2012). These lesions also abolished the progressive increase in LQ
that normally occurs in response to repeated sexual experience
(Rajendren and Moss, 1993), and this finding has been replicated
using designer receptors activated exclusively by designer drugs
(DREADDs) to silence MeA neurons, inhibiting lordosis
(McCarthy et al., 2017). Following several trials of DREADD-
induced neuronal silencing, mice given saline rather than cloza-
pine-N-oxide, the ligand for DREADDs, exhibited an LQ indistin-
guishable from that of the control group (McCarthy et al., 2017),
indicating that MeA neurons are involved in the acute expression
of lordosis. In the present study, we observed a similar phenom-
enon: there was no difference in pre-test LQs (given to all mice)
between the groups as testing progressed. This indicates that neither
the acute inhibition of GABA neurons (Fig. 9) nor the excitation of
glutamatergic neurons (Fig. 10) affected long-term expression of
lordosis. The present study demonstrated that GABAergic
MeApd neurons, specifically, are crucial for the expression of
lordosis, and refines our understanding of the cell types in the
MeA involved in this particular neurocircuit. While an inter-
esting confirmatory study would be to stimulate lordosis in a
mouse primed with a subthreshold dose of estradiol, these
experiments are not as easily done in mice as rats, which have
more linear and reproducible response to estradiol priming.

In our study, photoinhibition of GABAergic neurons in the
MeApd significantly decreased c-Fos expression in the region, as
well as within GABAergic neurons (Fig. 5). Given that c-Fos
expression is a marker of neuronal activity (Bullitt, 1990), this
decrease indicates that: (1) photoinhibition in this region did in-
hibit neuronal activity, and (2) this inhibition of activity, includ-
ing within GABAergic neurons, occurred concurrently with an
inhibition of behavior.

Photoinhibition of GABAergic neurons in the MeApd
decreased c-Fos expression in the VMHvl (Fig. 6). The VMHvl is
required for lordosis behavior. While the VMHvl ERa neurons
are largely glutamatergic (Hashikawa et al., 2017), the majority of
these neurons do not express c-Fos in response to mating (Calizo
and Flanagan-Cato, 2003). GABAergic neurons in the VMHvl
are interneurons (Jang et al., 2001), and GABA in the VMHvl
facilitates reproductive behavior (McCarthy et al., 1990; Luine et
al., 1999). It seems plausible then that the decrease in c-Fos
expression in the VMHvl after MeApd VGAT photoinhibition
reflects a decrease in GABAergic interneuron activity.

Photoexcitation of ChR2-expressing VGluT2 neurons did not
significantly affect lordosis (Fig. 7), but did increase self-groom-
ing behavior (Fig. 11). A MeApd glutamate-facilitated increase
in self-grooming is consistent with previous findings (Hong et
al., 2014). The present study confirms behaviorally that the acti-
vation of MeApd glutamate neurons in females also suppressed

Figure 12. Activation of VGAT and VGluT2 neurons in the MeApd during sexual receptivity. Images in the top row show
VGAT (green, A), c-Fos (magenta, B), and the colocalization of the two (C) in the MeApd. Images in the bottom row show
VGluT2 (magenta, D), c-Fos (green, E), and colocalization (F). In sexually receptive control mice, c-Fos expression in the MeApd
was not different between control VGAT-Cre mice (51.806 6.35; B) and control VGluT2-Cre mice (68.606 8.07; D). In these
control mice, c-Fos colocalization was significantly greater in VGAT-Cre mice (12.006 1.61; G) than in VGluT2-Cre mice (0.20
6 0.20, p= 0.002; H). DAPI counterstain in blue. Arrows indicate colocalization of immunoreactivity within cells in the
MeApd. Yellow bars represent VGAT-Cre, blue bars represent VGluT2-Cre. Values expressed as mean 6 SEM; ***p, 0.005.
Scale bar: 25 mm.
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social behaviors and increased self-grooming. Self-grooming has
been used as a mouse model for autism spectrum disorders
(ASD), and these anti-social behaviors are correlated with ac-
tivity in glutamate neurons in the amygdala (Etherton et al.,
2009; Blundell et al., 2010; Silverman et al., 2010). On the
other hand, activity of amygdala GABA neurons suppresses
anti-social behavior, and has lent evidence to the “excitation/
inhibition imbalance hypothesis” in ASD (Rubenstein and
Merzenich, 2003).

We found that photoexcitation of VGluT2 neurons did not
change the total number of neurons expressing c-Fos in the
MeApd, but did increase the colocalization of c-Fos with
VGluT2 as compared with control mice (Fig. 8). The lack of
difference in overall MeApd c-Fos expression may be because
of significantly less VGluT2 neurons in the region overall (Fig.
2). Alternatively, this may suggest that activated VGluT2 neu-
rons interact with other, here uncharacterized, neuronal pop-
ulations within the MeApd to orchestrate behavioral output.
Additionally, photoexcitation of VGluT2 neurons did not al-
ter c-Fos expression in the VMHvl compared with control
mice, a result not unexpected given the neuroanatomical pro-
jection patterns of the MeApd glutaminergic neurons (Choi et
al., 2005).

Finally, we compared c-Fos expression between GABAergic
and glutamatergic neurons in control mice. We found signifi-
cantly more VGAT than VGluT2 neurons in the MeApd (Fig. 2).
Moreover, sexually receptive female mice display significantly
more c-Fos expression in VGAT than in VGluT2 neurons (Fig.
12). Again, this finding supports a role for GABAergic activity in
social behaviors, and lends further evidence that MeApd gluta-
matergic activity is not involved in promoting these behaviors.

We applied photoinhibition or photoexcitation to appropri-
ately transfected cell bodies in the MeApd, a region with many
known downstream targets (Canteras et al., 1995; Choi et al.,
2005; Pardo-Bellver et al., 2012). The change in cell body activity
in the MeApd may have affected regions not explicitly addressed
in this study, i.e., the bed nuclei of the stria terminalis, the ventral
premammillary nucleus, etc., which will have in turn affected
behavior. Future experiments will include optogenetic manipula-
tion of MeApd terminals in the above-mentioned regions, as well
as the VMHvl. However, given that lordosis behavior decreased
following photoinhibition of GABAergic neurons, suggests that
the MeApd does act as a gate-keeper for this behavior-integrating
sensory and hormonal cues from upstream, and orchestrating acti-
vation downstream regions through specific neurons.

References
Beach FA (1948) Hormones and behavior. New York: Paul B Hoeber.
Bian X (2013) Physiological and morphological characterization of

GABAergic neurons in the medial amygdala. Brain Res 1509:8–19.
Bian X, Yanagawa Y, Chen WR, Luo M (2008) Cortical-like functional orga-

nization of the pheromone-processing circuits in the medial amygdala. J
Neurophysiol 99:77–86.

Blundell J, Blaiss CA, Etherton MR, Espinosa F, Tabuchi K, Walz C, Bolliger
MF, Südhof TC, Powell CM (2010) Neuroligin-1 deletion results in
impaired spatial memory and increased repetitive behavior. J Neurosci
30:2115–2129.

Bullitt E (1990) Expression of c-fos-like protein as a marker for neuronal ac-
tivity following noxious stimulation in the rat. J Comp Neurol 296:517–
530.

Calizo LH, Flanagan-Cato LM (2003) Hormonal-neural integration in the
female rat ventromedial hypothalamus: triple labeling for estrogen recep-
tor-alpha, retrograde tract tracing from the periaqueductal gray, and mat-
ing-induced Fos expression. Endocrinology 144:5430–5440.

Canteras N, Simerly R, Swanson L (1995) Organization of projections from
the medial nucleus of the amygdala: a PHAL study in the rat. J Comp
Neurol 360:213–245.

Chen PB, Hu RK, Wu YE, Pan L, Huang S, Micevych PE, Hong W (2019)
Sexually dimorphic control of parenting behavior by the medial amyg-
dala. Cell 176:1206–1221.e18.

Choi GB, Dong HW, Murphy AJ, Valenzuela DM, Yancopoulos GD,
Swanson LW, Anderson DJ (2005) Lhx6 delineates a pathway mediating
innate reproductive behaviors from the amygdala to the hypothalamus.
Neuron 46:647–660.

Cooke BM, Woolley CS (2005) Sexually dimorphic synaptic organization of
the medial amygdala. J Neurosci 25:10759–10767.

Cooke BM, Tabibnia G, Breedlove SM (1999) A brain sexual dimorphism
controlled by adult circulating androgens. Proc Natl Acad Sci USA
96:7538–7540.

Dalpian F, Rasia-Filho AA, Calcagnotto ME (2019) Sexual dimorphism,
estrous cycle and laterality determine the intrinsic and synaptic proper-
ties of medial amygdala neurons in rat. J Cell Sci 132:jcs227793.

DiBenedictis BT, Ingraham KL, Baum MJ, Cherry JA (2012) Disruption of
urinary odor preference and lordosis behavior in female mice given
lesions of the medial amygdala. Physiol Behav 105:554–559.

Dulac C, Kimchi T (2007) Neural mechanisms underlying sex-specific behav-
iors in vertebrates. Curr Opin Neurobiol 17:675–683.

Etherton MR, Blaiss CA, Powell CM, Südhof TC (2009) Mouse neurexin-
1alpha deletion causes correlated electrophysiological and behavioral
changes consistent with cognitive impairments. Proc Natl Acad Sci USA
106:17998–18003.

Fremeau RT Jr, Troyer MD, Pahner I, Nygaard GO, Tran CH, Reimer RJ,
Bellocchio EE, Fortin D, Storm-Mathisen J, Edwards RH (2001) The
expression of vesicular glutamate transporters defines two classes of exci-
tatory synapse. Neuron 31:247–260.

Hashikawa K, Hashikawa Y, Tremblay R, Zhang J, Feng JE, Sabol A, Piper
WT, Lee H, Rudy B, Lin D (2017) Esr11 cells in the ventromedial hypo-
thalamus control female aggression. Nat Neurosci 20:1580–1590.

Hines M, Allen LS, Gorski RA (1992) Sex differences in subregions of the
medial nucleus of the amygdala and the bed nucleus of the stria termina-
lis of the rat. Brain Res 579:321–326.

Hong W, Kim D-W, Anderson DJ (2014) Antagonistic control of social ver-
sus repetitive self-grooming behaviors by separable amygdala neuronal
subsets. Cell 158:1348–1361.

Jang IS, Rhee JS, Watanabe T, Akaike N, Akaike N (2001) Histaminergic
modulation of GABAergic transmission in rat ventromedial hypothala-
mic neurones. J Physiol 534:791–803.

Johnson C, Hong W, PE M (2020) Optogenetic activation of b -endorphin
terminals in the medial preoptic nucleus regulates sexual receptivity.
eNeuro 7:ENEURO.0315-19.2019.

Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, Boe AF,
Boguski MS, Brockway KS, Byrnes EJ, Chen L, Chen L, Chen TM, Chin
MC, Chong J, Crook BE, Czaplinska A, Dang CN, Datta S, Dee NR, et al.
(2007) Genome-wide atlas of gene expression in the adult mouse brain.
Nature 445:168–176.

Li Y, Dulac C (2018) Neural coding of sex-specific social information in the
mouse brain. Curr Opin Neurobiol 53:120–130.

Luine VN, Wu V, Hoffman CS, Renner KJ (1999) GABAergic regulation of
lordosis: influence of gonadal hormones on turnover of GABA and inter-
action of GABA with 5-HT. Neuroendocrinology 69:438–445.

McCarthy EA, Maqsudlu A, Bass M, Georghiou S, Cherry JA, Baum MJ
(2017) DREADD-induced silencing of the medial amygdala reduces the
preference for male pheromones and the expression of lordosis in estrous
female mice. Eur J Neurosci 46:2035–2046.

McCarthy MM, Malik KF, Feder HH (1990) Increased GABAergic transmis-
sion in medial hypothalamus facilitates lordosis but has the opposite
effect in preoptic area. Brain Res 507:40–44.

McIntire SL, Reimer RJ, Schuske K, Edwards RH, Jorgensen EM (1997)
Identification and characterization of the vesicular GABA transporter.
Nature 389:870–876.

Micevych PE, Ulibarri C (1992) Development of the limbic-hypothalamic
cholecystokinin circuit: a model of sexual differentiation. Dev Neurosci
14:11–34.

Micevych PE, Meisel RL (2017) Integrating neural circuits controlling female
sexual behavior. Front Syst Neurosci 11:42.

Johnson et al. · MeApd GABAMediates Lordosis J. Neurosci., October 20, 2021 • 41(42):8790–8800 • 8799

http://dx.doi.org/10.1016/j.brainres.2013.03.012
http://dx.doi.org/10.1152/jn.00902.2007
https://www.ncbi.nlm.nih.gov/pubmed/17977926
http://dx.doi.org/10.1523/JNEUROSCI.4517-09.2010
https://www.ncbi.nlm.nih.gov/pubmed/20147539
http://dx.doi.org/10.1002/cne.902960402
https://www.ncbi.nlm.nih.gov/pubmed/2113539
http://dx.doi.org/10.1210/en.2003-0331
https://www.ncbi.nlm.nih.gov/pubmed/12960097
http://dx.doi.org/10.1002/cne.903600203
https://www.ncbi.nlm.nih.gov/pubmed/8522644
http://dx.doi.org/10.1016/j.cell.2019.01.024
https://www.ncbi.nlm.nih.gov/pubmed/30773317
http://dx.doi.org/10.1016/j.neuron.2005.04.011
https://www.ncbi.nlm.nih.gov/pubmed/15944132
http://dx.doi.org/10.1523/JNEUROSCI.2919-05.2005
https://www.ncbi.nlm.nih.gov/pubmed/16291949
http://dx.doi.org/10.1073/pnas.96.13.7538
https://www.ncbi.nlm.nih.gov/pubmed/10377450
http://dx.doi.org/10.1242/jcs.227793
http://dx.doi.org/10.1016/j.physbeh.2011.09.014
https://www.ncbi.nlm.nih.gov/pubmed/21945865
http://dx.doi.org/10.1016/j.conb.2008.01.009
https://www.ncbi.nlm.nih.gov/pubmed/18343651
http://dx.doi.org/10.1073/pnas.0910297106
https://www.ncbi.nlm.nih.gov/pubmed/19822762
http://dx.doi.org/10.1016/S0896-6273(01)00344-0
https://www.ncbi.nlm.nih.gov/pubmed/11502256
http://dx.doi.org/10.1038/nn.4644
https://www.ncbi.nlm.nih.gov/pubmed/28920934
http://dx.doi.org/10.1016/0006-8993(92)90068-k
https://www.ncbi.nlm.nih.gov/pubmed/1352729
http://dx.doi.org/10.1016/j.cell.2014.07.049
https://www.ncbi.nlm.nih.gov/pubmed/25215491
http://dx.doi.org/10.1111/j.1469-7793.2001.00791.x
https://www.ncbi.nlm.nih.gov/pubmed/11483709
http://dx.doi.org/10.1038/nature05453
https://www.ncbi.nlm.nih.gov/pubmed/17151600
http://dx.doi.org/10.1016/j.conb.2018.07.005
https://www.ncbi.nlm.nih.gov/pubmed/30059820
http://dx.doi.org/10.1159/000054447
https://www.ncbi.nlm.nih.gov/pubmed/10364696
http://dx.doi.org/10.1111/ejn.13636
https://www.ncbi.nlm.nih.gov/pubmed/28677202
http://dx.doi.org/10.1016/0006-8993(90)90519-h
https://www.ncbi.nlm.nih.gov/pubmed/2302578
http://dx.doi.org/10.1038/39908
https://www.ncbi.nlm.nih.gov/pubmed/9349821
http://dx.doi.org/10.1159/000111643
https://www.ncbi.nlm.nih.gov/pubmed/1600878
http://dx.doi.org/10.3389/fnsys.2017.00042
https://www.ncbi.nlm.nih.gov/pubmed/28642689


Micevych PE, Chaban V, Ogi J, Dewing P, Lu JK, Sinchak K (2007) Estradiol
stimulates progesterone synthesis in hypothalamic astrocyte cultures.
Endocrinology 148:782–789.

Pardo-Bellver C, Cádiz-Moretti B, Novejarque A, Martínez-García F, Lanuza
E (2012) Differential efferent projections of the anterior, posteroventral,
and posterodorsal subdivisions of the medial amygdala in mice. Front
Neuroanat 6:33.

Pfaff DW (1979) Estrogens and brain function. Berlin: Springer.
Pfaff D, Keiner M (1973) Atlas of estradiol-concentrating neurons in the cen-

tral nervous system of the female rat. J Comp Neurol 151:121–158.
Pfaff DW, Schwartz-Giblin S, McCarthy M, Kow LM (1994) Cellular and

molecular mechanisms of female reproductive behaviors. In: The physiol-
ogy of reproduction (Knobil E, Neill JD, eds), pp 107–220. New York:
Raven Press, Ltd.

Pfaff DW, Kow LM, Loose MD, Flanagan-Cato LM (2008) Reverse engineer-
ing the lordosis behavior circuit. Horm Behav 54:347–354.

Rajendren G, Moss RL (1993) The role of the medial nucleus of amygdala in
the mating-induced enhancement of lordosis in female rats: the interac-
tion with luteinizing hormone-releasing hormone neuronal system. Brain
Res 617:81–86.

Rubenstein J, Merzenich MM (2003) Model of autism: increased ratio of ex-
citation/inhibition in key neural systems. Genes Brain Behav 2:255–267.

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25
years of image analysis. Nat Methods 9:671–675.

Silverman JL, Yang M, Lord C, Crawley JN (2010) Behavioural phenotyping
assays for mouse models of autism. Nat Rev Neurosci 11:490–502.

Simerly RB, Chang C, Muramatsu M, Swanson LW (1990) Distribution of
androgen and estrogen receptor mRNA-containing cells in the rat brain:
an in situ hybridization study. J Comp Neurol 294:76–95.

Stanley DA, Adolphs R (2013) Toward a neural basis for social behavior.
Neuron 80:816–826.

Swanson LW (2000) Cerebral hemisphere regulation of motivated behavior.
Brain Res 886:113–164.

Usunoff KG, Schmitt O, Itzev DE, Haas SJ-P, Lazarov NE, Rolfs A, Wree A
(2009) Efferent projections of the anterior and posterodorsal regions of
the medial nucleus of the amygdala in the mouse. Cells Tissues Organs
190:256–285.

Vong L, Ye C, Yang Z, Choi B, Chua S Jr, Lowell BB (2011) Leptin action on
GABAergic neurons prevents obesity and reduces inhibitory tone to
POMC neurons. Neuron 71:142–154.

8800 • J. Neurosci., October 20, 2021 • 41(42):8790–8800 Johnson et al. · MeApd GABAMediates Lordosis

http://dx.doi.org/10.1210/en.2006-0774
https://www.ncbi.nlm.nih.gov/pubmed/17095591
http://dx.doi.org/10.3389/fnana.2012.00033
https://www.ncbi.nlm.nih.gov/pubmed/22933993
http://dx.doi.org/10.1002/cne.901510204
https://www.ncbi.nlm.nih.gov/pubmed/4744471
http://dx.doi.org/10.1016/j.yhbeh.2008.03.012
https://www.ncbi.nlm.nih.gov/pubmed/18539279
http://dx.doi.org/10.1016/0006-8993(93)90616-u
https://www.ncbi.nlm.nih.gov/pubmed/8374748
http://dx.doi.org/10.1034/j.1601-183x.2003.00037.x
https://www.ncbi.nlm.nih.gov/pubmed/14606691
http://dx.doi.org/10.1038/nmeth.2089
https://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1038/nrn2851
https://www.ncbi.nlm.nih.gov/pubmed/20559336
http://dx.doi.org/10.1002/cne.902940107
https://www.ncbi.nlm.nih.gov/pubmed/2324335
http://dx.doi.org/10.1016/j.neuron.2013.10.038
https://www.ncbi.nlm.nih.gov/pubmed/24183030
http://dx.doi.org/10.1016/s0006-8993(00)02905-x
https://www.ncbi.nlm.nih.gov/pubmed/11119693
http://dx.doi.org/10.1159/000209233
https://www.ncbi.nlm.nih.gov/pubmed/19287129
http://dx.doi.org/10.1016/j.neuron.2011.05.028
https://www.ncbi.nlm.nih.gov/pubmed/21745644

	Posterodorsal Medial Amygdala Regulation of Female Social Behavior: GABA versus Glutamate Projections
	Introduction
	Materials and Methods
	Results
	Discussion


