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Significance

In this study, by introducing a new 
Cre mice line for ERβ+ cells, we 
described the function of MeApd-
ERβ+ neurons and characteristics 
of their neuronal activity during 
preference tests. Using fiber 
photometry and DREADD 
techniques we have found that 
MeApd-ERβ+ neurons have a 
specific role in receptivity-based 
(receptive female vs. nonreceptive 
female) preference but not in 
sex-based (receptive female vs. 
intact male) preference in male 
mice. We have also described this 
specific role of MeApd-ERβ+ 
neurons is achieved by regulating 
the neuronal activity of 
downstream BNSTp neurons 
during receptivity-based, but not 
sex-based, preference tests. Our 
findings contribute to a better 
understating of the function of 
estrogen receptor-expressing 
neurons in the neuronal network 
for the male-typical reproductive 
behaviors.
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The processing of information regarding the sex and reproductive state of conspecific 
individuals is critical for successful reproduction and survival in males. Generally, male 
mice exhibit a preference toward the odor of sexually receptive (RF) over nonreceptive 
females (XF) or gonadally intact males (IM). Previous studies suggested the involve-
ment of estrogen receptor beta (ERβ) expressed in the medial amygdala (MeA) in male 
preference toward RF. To further delineate the role played by ERβ in the MeA in the 
neuronal network regulating male preference, we developed a new ERβ-iCre mouse 
line using the CRISPR-Cas9 system. Fiber photometry Ca2+ imaging revealed that 
ERβ-expressing neurons in the postero-dorsal part of the MeA (MeApd-ERβ+ neurons) 
were more active during social investigation toward RF compared to copresented XF 
or IM mice in a preference test. Chemogenetic inhibition of MeApd-ERβ+ neuronal 
activity abolished a preference to RF in “RF vs. XF,” but not “RF vs. IM,” tests. Analysis 
with cre-dependent retrograde tracing viral vectors identified the principal part of the 
bed nucleus of stria terminalis (BNSTp) as a primary projection site of MeApd-ERβ+ 
neurons. Fiber photometry recording in the BNSTp during a preference test revealed 
that chemogenetic inhibition of MeApd-ERβ+ neurons abolished differential neuronal 
activity of BNSTp cells as well as a preference to RF against XF but not against IM mice. 
Collectively, these findings demonstrate for the first time that MeApd-ERβ+ neuronal 
activity is required for expression of receptivity-based preference (i.e., RF vs. XF) but 
not sex-based preference (i.e., RF vs. IM) in male mice.

social behavior | sexual preference | estrogen receptors | medial amygdala | fiber photometry

The processing of information regarding the sex and reproductive state of conspecific 
individuals is essential for successful reproduction and survival in male rodents. Male rats 
and mice primarily rely on olfactory cues to discriminate and identify the right individual 
for the efficient expression of sexual behavior. Generally, males exhibit a preference toward 
the odor of receptive females (RF) over non-RF (XF) or males. During a preference test 
with a pair of “stimulus” animals, they spend more time investigating females than males 
and females in estrus more than those in nonestrus states (1–4). The action of gonadal 
steroid hormones is critical in preference toward sexually receptive females, as evidenced 
by the disruption caused by castration (1, 3, 5, 6).

Information regarding sex and reproductive status is initially processed in the main and 
accessory olfactory bulbs under the influence of gonadal steroids (7–11). This information 
is then processed in the amygdala to express preferences. Lesions of the amygdala in male 
rodents alter their preference for females over males (12–15). Among the different sub-
regions of the amygdala, the medial amygdala (MeA) plays a central role in processing 
olfactory information that leads to the adaptive expression of reproductive behaviors  
(9, 16–18). Neurons in the MeA, particularly those in the posteroventral and posterodorsal 
(MeApd) subdivisions, project to various brain areas, such as the bed nucleus of the stria 
terminalis (BNST) and the ventromedial nucleus of the hypothalamus, which are involved 
in the expression of sexual and aggressive behaviors (19–21). Moreover, distinct neuronal 
subpopulations within the MeA that respond specifically to certain olfactory cues, such 
as males, females, and pups, have been reported (22, 23).

It is well established that testosterone regulates the expression of male-typical social behav-
ior by acting not only on androgen receptors but also on estrogen receptors (ER), namely 
ERα and ERβ, after being converted to estradiol in the brain. In the MeA, both ERα and 
ERβ, and aromatase, which converts testosterone to estradiol, are widely expressed (24–31). 
Previous studies with RNAi-mediated brain site-specific knockdown in adult male mice 
revealed that neither type of ER in the MeA is required for the expression of sexual or 
aggressive behaviors (4, 32). However, the presence of ERβ in the MeA was necessary for 
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male mice to show a preference for RFs. Importantly, the disruption 
of behavioral phenotype induced by ERβ silencing in the MeA was 
only observed when male mice were tested for preference between 
the RF and XF mouse but not when they were tested for preference 
between an RF mouse and a gonadally intact male (IM) mouse (4). 
Collectively, these studies indicate that the ERβ-expressing neurons 
in the MeA regulate “receptivity-based preference” (i.e., RF over 
XF) but not “sex-based preference” (i.e., RF over IM) in male mice. 
However, the exact mechanism, particularly whether and how neu-
ronal activity of ERβ-expressing neurons in the MeA is involved in 
this regulation, remains unknown to date.

To investigate this mechanism, we first generated a transgenic 
mouse line by inserting improved cyclization recombinase (iCre) 
just before the stop codon of the endogenous ERβ gene (Esr2). 
This allowed us to target ERβ-expressing cells using adeno-associated 
virus (AAV)-mediated gene delivery. Using this ERβ-iCre mouse 
line, we then recorded the neuronal activity of ERβ-positive neu-
rons during preference tests in the MeApd, the primary region 
where ERβ-positive neurons are localized (33). Afterward, we 
examined whether the manipulation of MeApd-ERβ+ neuronal 
activity, using optogenetic and chemogenetic methods, would alter 
the preference of male mice. Furthermore, we evaluated the effect 
of chemogenetic inhibition of MeApd-ERβ+ neurons on both 

receptivity and sex-based preferences and the neuronal activity of 
the BNST, a primary downstream brain region of the MeA.

Results

Study 1: Fiber Photometry Recording of MeApd-ERβ+ Neuronal 
Activity during Preference Tests. In this study, we aimed to 
examine the neuronal activity of MeApd-ERβ+ neurons during a 
10-min preference test in freely behaving male mice. To achieve 
this, we used newly generated ERβ-iCre male mice that were 
injected with a Cre-dependent genetically encoded Ca2+ sensor, 
GCaMP7f, in the MeApd and subjected to fiber photometry 
recordings (Fig. 1 A and B) during the preference tests (Fig. 1C)

During receptivity-based preference tests with RF vs. XF stimuli, 
male mice showed a preference toward RF as well as higher neu-
ronal activity of MeApd-ERβ+ neurons during the RF investigation 
(Movie S1). Male mice spent a significantly longer time (n = 7, 
t(6) = 5.428, P < 0.01**; Fig. 1D) and had a longer duration of 
sniffing (n = 7, t(6) = 6.37, P < 0.001***; Fig. 1E), in the contact 
area with RF mice than with XF mice, suggesting a preference for 
RF mice. Additionally, fiber photometry recordings showed that 
MeApd-ERβ+ GCaMP7f signals were significantly higher during 
RF sniffing than XF sniffing (Fig. 1F, see also SI Appendix, Fig. S1 
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Fig. 1. Fiber photometry recordings from MeApd-ERβ+ neurons during the sexual preference test. (A) A schematic diagram showing the AAV injection and fiber 
implantation in the MeApd. (B) A schematic diagram of the fiber-photometry system (465 nm LED emission light, filter 525 nm). (C) Representative photograph (Left) 
and schematic diagram of the preference test setup (Right). (D) Duration of time spent in each contact area (seconds) during RF (red) vs. XF (orange) preference 
tests (Mean ± SEM, n = 7, **P < 0.01). (E) Sniffing duration toward each stimulus (seconds) during RF (red) vs. XF (orange) preference tests (Mean ± SEM, n = 7, 
***P < 0.001). (F) The mean GCaMP7f signals (zFn) during sniffing toward RF (red: 150 events) and XF (orange: 134 events) stimulus mice. The data were derived 
from seven male mice and shown for 10 s (2 s before to 8 s after) around the onset of each sniffing event. (G) Mean AUC during 8 s of sniffing behavior, delivered 
from the positive area of normalized GCaMP7f signals (0 < zFn) in RF (red) vs. XF (orange) preference tests (Mean ± SEM, n = 7, ****P < 0.0001). (H) Duration of 
time spent in each contact area (seconds) during RF (red) vs. IM (blue) preference tests (Mean ± SEM, n = 7). (I) Sniffing duration toward each stimulus (seconds) 
during RF (red) vs. IM (blue) preference tests (Mean ± SEM, n = 7, *P < 0.05). (J) The mean GCaMP7f signals (zFn) during sniffing toward RF (red: 150 events) and 
IM (blue: 170 events) stimulus mice. The data were derived from seven male mice and shown for 10 s (2 s before to 8 s after) around the onset of each sniffing 
event. (K) Mean AUC during 8 s of sniffing behavior, delivered from the positive area of normalized GCaMP7f signals (0 < zFn) in RF (red) vs. IM (blue) preference 
tests (Mean ± SEM, *P < 0.05). AAV, adeno-associated virus; LED, light-emitting diode; MeA, medial amygdala; MeApd, MeA-posterodorsal; ER, estrogen receptor; 
RF, receptive female; XF, nonreceptive female; IM, intact male; SEM, standard error of the mean.
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B, D, and E), confirming the correlation between higher neuronal 
activity and preference toward RF. Further statistical analysis of 
area under the curve (AUC) during sniffing also demonstrated a 
higher MeApd-ERβ+ neuronal activity during sniffing of RF than 
XF (n = 7, t(6) = 12.57, P < 0.0001****; Fig. 1G).

Similarly, during sex-based preference tests with RF vs. IM 
stimuli, male mice showed a preference for RF and higher 
MeApd-ERβ+ neuronal activity during RF investigation, com-
pared to IM. Male mice seemed to spend a longer time (n = 7, 
t(6) = 1.874 ns; Fig. 1H) and showed a longer duration of 
sniffing (n = 7, t(6) = 3.591; P < 0.05*; Fig. 1I), suggesting a 
preference toward RF mice. Analysis of fiber photometry record-
ings showed that MeApd-ERβ+ GCaMP7f signals during RF 
sniffing were significantly higher than those during IM sniffing 
(Fig. 1J, see also SI Appendix, Fig. S1 C, F, and G). Further 
statistical analysis showed that the AUC was higher during sniff-
ing toward the RF than the IM (n = 7, t(6) = 3.247; P < 0.05*; 
Fig. 1K).

Study 2: Responses of MeApd-ERβ+ Neurons to Individually 
Presented Social Stimuli. In study 1, we showed that MeApd-ERβ+ 

neurons in male mice were more active during the sniffing of RF 
mice compared to the sniffing of copresented XF or IM mice. 
Based on these results, we could assume that these neurons 
specifically respond to RFs or simply respond to preferred animals. 
To further understand the function of MeApd-ERβ+ neurons, we 
examined how these neurons respond to stimuli (RF, XF, and IM) 
presented individually.

During preference tests for RF vs. Empty, male mice tended 
to show longer duration of time spent and sniffing in the contact 
area of RF compared to an empty cylinder (n = 5, t(4) = 2.009, 
P = 0.115; for Fig. 2A; n = 5, t(4) = 2.664 ns; for Fig. 2B). 
GCaMP7f signal patterns were different between the RF and 
empty cylinders (Fig. 2C, see also SI Appendix, Fig. S2 A–C), and 
AUC values were much higher during sniffing of the RF than 
those of an empty cylinder (n = 5, t(4) = 3.511, P < 0.05*, 
Fig. 2D).

In XF vs. Empty preference tests, male mice spent more time 
in the contact area of the XF than the empty cylinder (n = 5; t = 
3.480; P < 0.05* for Fig. 2E; n = 5; t(4) = 1.308; P = 0.2611 for 
Fig. 2F). In parallel with behavioral events, activity patterns 
(Fig. 2G, see also SI Appendix, Fig. S2 D–F) and AUC values (n 
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Fig. 2. Fiber photometry recordings from MeApd-ERβ+ neurons in response to individually presented social stimuli. (A) Duration of time spent in each contact 
area (seconds) during RF (red) vs. Empty (gray) preference tests (Mean ± SEM, n = 5). (B) Sniffing duration toward each cylinder (seconds) during RF (red) vs. 
Empty (gray) preference tests (Mean ± SEM, n = 5). (C) The mean GCaMP7f signals (zFn) during sniffing toward RF (red: 117 events) and Empty (gray: 121 events) 
cylinders. The data were derived from five male mice and shown for 10 s (2 s before to 8 s after) around the onset of each sniffing event. (D) Mean AUC during 
8 s of sniffing behavior, delivered from the positive area of normalized GCaMP7f signals (0 < zFn) in RF (red) vs. Empty (gray) preference tests (Mean ± SEM,  
n = 5, *P < 0.05). (E) Duration of time spent in each contact area (seconds) during XF (orange) vs. Empty (gray) preference tests (Mean ± SEM, n = 5, *P < 0.05). 
(F) Sniffing duration toward each cylinder (seconds) during XF (red) vs. Empty (gray) preference tests (Mean ± SEM, n = 5). (G) The mean GCaMP7f signals (zFn) 
during sniffing toward XF (orange: 131 events) and Empty (gray: 124 events) cylinders. The data were derived from five male mice and shown for 10 s (2 s before 
to 8 s after) around the onset of each sniffing event. (H) Mean AUC during 8 s of sniffing behavior, delivered from the positive area of normalized GCaMP7f 
signals (0 < zFn) in XF (orange) vs. Empty (gray) preference tests (Mean ± SEM, n = 5, *P < 0.05). (I) Duration of time spent in each contact area (seconds) during 
IM (blue) vs. Empty (gray) preference tests (Mean ± SEM, Student’s t-test n = 5, ***P < 0.001). (J) Sniffing duration toward each cylinder (seconds) during IM (blue) 
vs. Empty (gray) preference tests (Mean ± SEM, n = 5, *P < 0.05). (K) The mean GCaMP7f signals (zFn) during sniffing toward IM (blue: 130 events) and Empty 
(gray: 114 events) cylinders. The data were derived from five male mice and shown for 10 s (2 s before to 8 s after) around the onset of each sniffing event. (L) 
Mean AUC during 8 s of sniffing behavior, delivered from the positive area of normalized GCaMP7f signals (0 < zFn) in IM (blue) vs. Empty (gray) preference tests 
(Mean ± SEM, n = 5, **P < 0.01). MeA, medial amygdala; MeApd, MeA-posterodorsal; ER, estrogen receptor; RF, receptive female; XF, nonreceptive female; IM, 
intact male; SEM, standard error of the mean.
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= 5; t(4) = 4.420; P < 0.05*; Fig. 2H) were higher during sniffing 
of the RF cylinder.

Similarly, in preference tests for IM vs. Empty, male mice spent 
more time in the contact area of the IM and showed a longer 
duration of sniffing (n = 5, t(4) = 8.642; P < 0.001*** for Fig. 2I; 
n = 5, t(4) = 4.589; P < 0.05* for Fig. 2J), accompanied by higher 
activity patterns (Fig. 2K, see also SI Appendix, Fig. S2 G–I) and 
AUC values during sniffing toward the IM compared to an empty 
cylinder (Fig. 2L, n = 5, t(4) = 4.897; P < 0.01**).

Study 3: DREADD Inhibit MeApd-ERβ+ Neurons, Disrupting the 
Expression of RF vs. XF but not RF vs. IM Preference. To gain a 
deeper understanding of the role of MeApd-ERβ+ neurons in the 
expression of preference, we conducted a study to chemogenetically 
inhibit these neurons and examine the effects on sniffing behavior 
during preference tests. For this purpose, we injected a Cre-
dependent inhibitory DREADD-expressing virus or control 
virus bilaterally into the MeApd of ERβ-iCre mice, followed by 
clozapine-N-oxide (CNO) injection to chemogenetically inhibit 
the MeApd-ERβ+ neuronal activity (Fig. 3 A and B). We then 

examined the effects on preference during the RF vs. XF and RF 
vs. IM tests (Fig. 3C).

In the RF vs. XF preference test, we found that CNO injection 
did not affect total moving distance (SI Appendix, Fig. S3A) but 
clearly reduced the ratio of time spent in the RF contact area 
(Fig. 3 D and E; drug × virus F (2,54) = 7.196; P < 0.01**; mCherry 
vs hM4Di for CNO, P < 0.0001****; Fig. 3E; see SI Appendix, 
Fig. S3B for actual values) and sniffing duration toward the RF 
cylinder (drug × virus F(2,36) = 7.244, P < 0.01**, mCherry vs 
hM4Di for CNO, P < 0.0001***, Fig. 3F, See SI Appendix, 
Fig. S3C for actual values), indicating the abolishment of prefer-
ence. In contrast to the effects seen in the RF vs. XF test, inhibition 
of MeApd-ERβ+ neuronal activity did not affect any behavioral 
measures in the RF vs. IM test (Fig. 3 H and I and SI Appendix, 
Fig. S3 D–F and Tables S3 and S4).

Study 4: Role of MeApd-ERβ+ in the Neuronal Network Involved in 
Receptivity-Based Preference. In study 1, MeApd-ERβ+ neurons 
showed increased activity during sniffing toward the RF cylinder 
in both the RF vs. XF and RF vs. IM preference tests. However, in 
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Fig. 3. DREADD inhibition of MeApd-ERβ+ neurons disrupts receptivity-based, but not sex-based, preference in male mice. (A) A schematic diagram of bilateral 
AAV injection in the MeApd. (B) Representative image showing expression of hM4Di-mCherry in MeApd-ERβ+ neurons (scale = 500 µm). (C) A schematic diagram 
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test days (4- to 5-d interval), with either saline (days 1 and 3) or CNO (day 2; 1 mg/kg) injections. (D) A schematic diagram of the receptivity-based (RF vs. XF) 
preference test and a representative heat map of body position in each test performed on three test days (4- to 5-d interval). The data were obtained from a 
hM4Di-injected animal. (E) Mean percentage (%) of time spent in the contact area of the RF cylinder during RF vs. XF preference tests for the hM4Di (red) and 
mCherry control (blue) groups. Values were obtained by dividing the RF duration by the total duration of time spent in the contact area of the RF and XF cylinders 
(Mean ± SEM, n = 11 for hM4Di and n = 9 for mCherry control, ****P < 0.0001, mCherry vs. hM4Di for the CNO condition). (F) Mean percentage (%) of time 
sniffing toward the RF cylinder during RF vs. XF tests for the hM4Di (red) and mCherry control (blue) groups. Values were obtained by dividing the RF sniffing 
duration by the total duration of sniffing toward RF and XF cylinders (Mean ± SEM, n = 11 for hM4Di and n = 9 for mCherry control, ****P < 0.0001 mCherry vs. 
hM4Di for the CNO condition). (G). A schematic diagram of the sex-based (RF vs. IM) preference test and a representative heat map of body position in each test 
performed on three test days (4- to 5-d interval). The data were obtained from a hM4Di-injected animal. (H) Mean percentage (%) of time spent in the contact 
area of the RF cylinder during RF vs. IM tests for the hM4Di (red) and mCherry control (blue) groups. Values were obtained by dividing the RF duration by the 
total duration of time spent in the contact area of RF and IM cylinders (Mean ± SEM, n = 11 for hM4Di and n = 9 for mCherry control). (I) Mean percentage (%) 
of time sniffing toward the RF cylinder during RF vs. IM tests for the hM4Di (red) and mCherry control (blue) groups. Values were obtained by dividing the RF 
sniffing duration by the total duration of sniffing toward RF and IMXF cylinders (Mean ± SEM, n = 11 for hM4Di and n = 9 for mCherry control). DREADD, designer 
receptors exclusively activated by designer drugs; AAV, adeno-associated virus; CNO, clozapine-N-oxide; MeA, medial amygdala; MeApd, MeA-posterodorsal; 
ER, estrogen receptor; RF, receptive female; XF, nonreceptive female; IM, intact male; SEM, standard error of the mean.
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study 3, chemogenetic inhibition of MeApd-ERβ+ neuronal activity 
affected the expression of preference toward RF only against XF 
but not against IM. Based on these findings, we hypothesized that 
the neuronal networks activated during receptivity and sex-based 
preference tests may be different. To test this hypothesis, we first 
identified the projection patterns of MeApd-ERβ+ neurons by 
injecting a Cre-dependent anterograde viral tracer. We found that 
MeApd-ERβ+ neurons projected robustly to the BNST, particularly 
the principal region (BNSTp) (SI Appendix, Fig. S4 A–C)

To examine the effects of chemogenetic inhibition of MeApd-ERβ+ 
on the neuronal activity of BNSTp neurons, we bilaterally injected 
a Cre-dependent inhibitory DREADD-expressing virus to target 
MeApd-ERβ+ neurons and unilaterally injected a nonspecific 
GCaMP7f-expressing viral vector in the BNSTp to record BNSTp 
neuronal activity (Fig. 4 A–C). Mice were tested four times, as shown 
in SI Appendix, Fig. S5A. In RF vs. XF tests, preference for RF was 
disrupted in CNO-injected tests (SI Appendix, Fig. S5 D and E), as 
expected from study 3. BNSTp neurons demonstrated higher neu-
ronal activity toward RF during RF vs. XF preference tests with saline 
injection (i.e., without inhibition of MeApd-ERβ+ neurons; Fig. 4D, 

see also SI Appendix, Fig. S5 C, F, and G). This was similar to neu-
ronal activity of MeApd-ERβ+ neurons shown in study 1. When we 
inhibited MeApd-ERβ+ neurons with CNO injection, neuronal 
activity of downstream BNSTp neurons was not different between 
RF and XF sniffing events (Fig. 4 E and F; drug × stimulus F(1,20) = 
14.94; P < 0.01**, RF vs XF for saline P < 0.001***, for CNO ns 
for Fig. 4F) in parallel with behavioral effects described above 
(SI Appendix, Fig. S5 D and E).

In contrast, inhibition of MeApd-ERβ+ neurons did not affect 
preference in RF vs. IM tests, as expected based on the findings 
in study 3. The mice spent a longer time in the RF contact area 
than in the IM contact area under both saline and CNO injection 
conditions (SI Appendix, Fig. S5 I and J). In parallel, DREADD 
inhibition of MeApd-ERβ+ neurons did not affect BNSTp 
GCaMP7f signals. In both the saline and CNO conditions, 
changes in BNSTp GCaMP7f signals (Fig. 4 G and H, respec-
tively, see also SI Appendix, Fig. S5 H, K, and L) and AUC values 
(stimulus F(1,20) = 20.66; P < 0.01**, RF > IM; drug × stimulus 
F(1,20) = 0.5456 ns, Fig. 4I) were different between RF and IM 
sniffing events.
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Fig. 4. DREADD inhibition of MeApd-ERβ+ neurons affect BNSTp neuronal activity. (A) A schematic diagram of the experimental paradigm, in which BNSTp 
neuronal activity was nonspecifically recorded using a fiber photometry imaging system while MeApd-ERβ+ neurons were inhibited. (B) A schematic diagram of 
the AAV injection methods. A nonspecific GCaMP7f-expressing virus was injected unilaterally in the BNST, and a Cre-dependent hM4Di-expressing virus was 
injected bilaterally in the MeApd. (C) Representative image of the BNSTp-expressing GCaMP7f (green), projecting fibers from hM4Di-expressing MeApd-ERβ+ 
neurons (red), and DAPI (blue) in the MeApd (Scale bar, 500 μm). The white dotted line indicates an inserted fiber track. (D) The mean GCaMP7f signals (zFn) 
during sniffing toward RF (red: 180 events) and XF (orange: 149 events) stimulus mice in saline-injected control sessions. The data were derived from six male 
mice and shown for 10 s (2 s before to 8 s after) around the onset of each sniffing event. (E) The mean GCaMP7f signals (zFn) during sniffing toward RF (red: 
151 events) and XF (orange: 154 events) stimulus mice in CNO-injected sessions. The data were derived from six male mice and shown for 10 s (2 s before to 8 
s after) around the onset of each sniffing event. (F) Mean AUC during 8 s of sniffing behavior, delivered from the positive area of normalized GCaMP7f signals 
(0 < zFn) in RF (red) vs. XF (orange) preference tests with saline and CNO injections (Mean ± SEM, n = 6, ***P < 0.001, RF vs. XF). (G) The mean GCaMP7f signals 
(zFn) during sniffing toward RF (red: 165 events) and IM (blue: 174 events) stimulus mice in saline-injected control sessions. The data were derived from six male 
mice and shown for 10 s (2 s before to 8 s after) around the onset of each sniffing event. (H) The mean GCaMP7f signals (zFn) during sniffing toward RF (red: 
156 events) and IM (blue: 142 events) stimulus mice in CNO-injected sessions. The data were derived from six male mice and shown for 10 s (2 s before to 8 s 
after) around the onset of each sniffing event. (I) Mean AUC during 8 s of sniffing behavior, delivered from the positive area of normalized GCaMP7f signals (0 
< zFn) in RF (red) vs. XF (orange) preference tests with saline and CNO injections (Mean ± SEM, n = 6, Main effect of stimulus, ***P < 0.001, RF vs. IM). DREADD, 
designer receptors exclusively activated by designer drugs; AAV, adeno-associated virus; CNO, clozapine-N-oxide; DAPI, 4′,6-diamidino-2-phenylindole; BNST, 
bed nucleus of the stria terminalis; BNSTp, BNST-principal; MeA, medial amygdala; MeApd, MeA-posterodorsal; ER, estrogen receptor; RF, receptive female; XF, 
nonreceptive female; IM, intact male; SEM, standard error of the mean.
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Discussion

In this study, we investigated the possible neuronal mechanisms 
underlying sexual preference in male mice, with a focus on the 
neuronal activity of MeApd-ERβ+ cells. In our previous gene 
silencing study using RNAi methods, we demonstrated that gene 
expression of ERβ in the MeA is necessary for the preference of 
male mice toward RF over XF, but not over IM mice (4). In this 
study, we show that not only gene expression of ERβ but also 
neuronal excitation of ERβ-expressing cells, specifically in the 
MeApd, is critical for receptivity-based (RF vs. XF) preference but 
not sex-based (RF vs. IM) preference. Although previous studies 
in mice and rats have suggested that testosterone is necessary for 
males to prefer RF over XF and IM stimuli (1, 3, 6), the exact 
mechanism of action has not been determined. Our findings pro-
vide essential evidence for understanding the ERβ-mediated 
gonadal steroid action and its expressing neurons regulating male 
sexual preference.

MeApd-ERβ+ Neurons were Activated in Response to the Sniffing 
of RFs. In the fiber-photometry recordings, we found the activity of 
MeApd-ERβ+ neurons increased during RF investigation in both RF 
vs. XF and RF vs. IM preference tests, in parallel with their overall 
higher sniffing behavior toward RF (study 1, Fig. 1 and SI Appendix, 
Fig. S1), suggesting that the neuronal activity of MeApd-ERβ+ may 
be related to the behavioral preference of males toward RF. However, 
when stimulus mice were presented individually, we detected similar 
patterns of MeApd-ERβ+ activity during sniffing of all three types 
of stimuli, i.e., RF, XF, and IM (study 2, Fig. 2 and SI Appendix, 
Fig. S2). These findings suggest that MeApd-ERβ+ neurons can 
be similarly excited by the sniffing of RF, XF, and IM but become 
distinctively more active during the sniffing of RFs presented as a 
pair with XF or IM. Previous studies have reported the existence 
of distinctive neuronal subpopulations in the MeA that respond 
to a specific type of stimulus, such as males, females, or pups  
(22, 23), but each type of stimulus was presented individually under 
neuronal recordings of these populations. In contrast, our study 
revealed that MeApd-ERβ+ neurons respond differently depending 
on how the stimuli are presented. We conclude that the neuronal 
activity of MeApd-ERβ+ neurons is not specific to a particular type 
of stimulus but underlies a preference for a specific stimulus (i.e., 
RF) over others (i.e., XF or IM).

Differential neuronal responses of MeApd-ERβ+ nuerons 
toward stimuli presented as a pair may be regulated by upstream 
brain sites, such as the vomeronasal organ Main and Accessory 
olfactory bulb (33, 34). Although we could not specify the exact 
brain site(s) in this study, it is also possible that BNST may also 
be involved, since it is known that there is a reciprocal anatomical 
connection between the MeApd and BNSTp (35). Our data on 
the effects of DREADD inhibition of MeApd-ERβ+ neuronal 
activity on BNSTp activity and preference behavior also suggest 
this possibility, as discussed below.

It is also possible that MeApd-ERβ+ neurons are responsible for 
suppressing other social information, such as IM and XF, when 
they are processing specific odor information, such as RF. 
Activation of MeApd-ERβ+ neurons in turn promotes expression 
of preference toward RF. Our optogenetic studies support this 
notion (SI Appendix, Fig. S6). By optogenetically stimulating the 
MeApd-ERβ+ neurons when males started sniffing the XF mouse 
in RF vs. XF preference tests, we could successfully switch their 
preference from RF to the originally less preferred XF. These find-
ings suggest that when MeApd-ERβ+ neurons are activated, either 
naturally or artificially, toward a specific stimulus, preference for 
that stimulus is promoted (SI Appendix, Fig. S6L).

As for cytochemical characteristics of MeApd-ERβ+ neurons, 
we have previously shown that ERβ-positive cells are localized in 
a small cluster in the MeA, especially in the posterior part of the 
MeApd, compared to widely distributed ERα (36). It is also shown 
that ERβ is expressed in only 10% of ERα-positive neuron in the 
MeApd. Also, previous studies have reported that there are high 
levels of aromatase expressing neurons in the MeA, which are 
implicated for the regulation of intersexual (i.e., male vs. female) 
preference (23) and aggressive behavior in males (37). Although 
it is not known about the coexpression of ERβ and aromatase at 
the cellular level, it is necessary to investigate in future studies the 
functional significance of MeApd-ERβ+ neurons in comparison 
to those of ERα and aromatase in the MeApd.

Finally, it should also be noted that although overall zFn neu-
ronal activity was higher during RF sniffing events than XF or IM 
sniffing events, MeApd-ERβ+ neurons were not necessarily excited 
during all RF sniffing events Therefore, we further analyzed the 
probability of MeApd-ERβ+ neurons being activated in the RF 
contact area in comparison to that in the XF or IM contact area 
using the kernel density estimation (KDE) methods (SI Appendix, 
SI Methods). We found that the probability of excitation was con-
sistently higher in the RF contact area (SI Appendix, Fig. S1 D–G).

Inhibition of MeA ERβ+ Neuronal Activity Abolished Receptivity-
Based Preference (RF vs. XF) but not Sex-Based Preference (RF 
vs. IM) in Male Mice. Although our findings revealed that MeApd-
ERβ+ neurons were significantly more active during the sniffing of 
RFs in both RF vs. XF and RF vs. IM preference tests, the effects 
of chemogenetic silencing of MeApd-ERβ+ neuronal activity on 
the preference behavior of male mice differed between the two tests 
(study 3, Fig. 3 and SI Appendix, Fig. S3). The preferential sniffing 
toward RF over XF was completely abolished by CNO injection in 
the hM4Di-injected group. On the other hand, males continued 
to exhibit more sniffing toward RF over IM even when MeApd-
ERβ+ neurons were not activated. These findings suggest that while 
MeApd-ERβ+ neurons are active during the investigation of RF 
mice in both preference tests, actual activation is only necessary 
for receptivity-based preference but not for sex-based preference.

Our results are consistent with a previous study on site-specific 
ERβ silencing in the brain. The knockdown of ERβ gene expres-
sion in the MeA abolished receptivity-based preference but not 
sex-based preference (4). Therefore, not only the expression of 
ERβ but the actual neuronal activation of MeApd-ERβ+ neurons 
is necessary for receptivity-based preference in male mice. ERβ 
knockdown may cause a decrease in neuronal activity among 
MeApd-ERβ+ neurons, partly through rapid nongenomic action 
via ERβ. Several reports have demonstrated that membrane-bound 
ERβ can modulate neuronal activity directly under the existence 
of 17β-estradiol, independent of their genomic action (38–40).

BNSTp, as a Primary Projection Site of MeApd-ERβ+ Neurons, 
was Activated during the Sniffing of RFs in Both Receptivity and 
Sex-Based Preference Tests. The lack of effects of chemogenetic 
inhibition of MeApd-ERβ+ neuronal activity on sex-based 
preference (Fig. 3 H and I) led us to hypothesize that differences 
in mechanisms between receptivity and sex-based preferences 
may be at the downstream projection sites of MeApd-ERβ+ 
neurons. To test this hypothesis, we used mice generated by 
mating ERβ-iCre and ERβ-red fluorescent protein (RFP) mice 
and found that the majority of MeApd-ERβ+ neurons project to 
the BNSTp (SI Appendix, Fig. S4 A–C), which is also known to 
receive direct input from the accessory olfactory bulb (34, 41, 42). 
The distinct projection pattern of MeApd-ERβ+ neurons led us 
to further investigate the role of the neuronal circuit consisting 
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of MeApd-ERβ+ and BNSTp in regulating receptivity and sex-
based preferences. Our fiber photometry recordings within the 
BNSTp revealed higher neuronal activity during RF investigation 
and a higher probability of being active around the RF cylinder 
in both RF vs. XF and RF vs. IM preference tests (study 4, 
Fig. 4, SI Appendix, Fig. S5). This is consistent with our previous 
findings in fiber photometry recordings of MeApd-ERβ+ neurons 
(study 1, Fig. 1). Moreover, previous studies have reported that 
neurons in the BNSTp form a network for male social behavior 
that responds to a specific type of stimulus presented individually  
(7, 8, 18, 43, 44). To this extent, our findings provide the first clear 
demonstration of a differential neuronal response of the BNSTp 
during the investigation of RF copresented with XF or IM mice.

Differential Role of the MeApd-ERβ+ and BNSTp Neuronal 
Circuits in Receptivity and Sex-Based Preferences of Male Mice. 
We aimed to determine the role of functional connectivity between 
MeApd-ERβ+ neurons and BNSTp in the receptivity and sex-based 
preferences of male mice by inhibiting the MeApd-ERβ+ neurons 
during the BNSTp recordings (study 4, Fig. 4 and SI Appendix, 
Fig.  S5). As expected, silencing of MeApd-ERβ+ neurons 
abolished preference for RF during the RF vs. XF preference test 
(SI  Appendix, Fig.  S5 D and E). In parallel, BNSTp neuronal 
activity was influenced by the silencing of MeApd-ERβ+ neurons, 
with no significant difference in the levels of neuronal activity or the 
probability of activation around the presented stimulus between RF 
and XF (Fig. 4 D–F and SI Appendix, Fig. S5 F and G). However, in 
RF vs. IM preference tests, silencing of the MeApd-ERβ+ neurons 
did not affect differential BNSTp neuronal excitation during RF 
and IM sniffing, as well as preferential behavior toward RF over 
IM (Fig. 4 G–I and SI Appendix, Fig. S5 I–L).

In spite of previous studies demonstrating that ERβ is expressed 
in inhibitory neurons in the MeA (45, 46), silencing of MeApd-ERβ+ 
neurons did not up-regulate BNSTp neuronal activity. This may 
be due to the fact that the majority of BNSTp neurons are also 
inhibitory (47). Therefore, it is possible that DREADD inhibition 
of MeApd-ERβ+ neurons suppress neuronal activity in the BNSTp 
via inhibitory interneurons. Supporting this notion, our supple-
mental experiment showed that optogenetic activation of 
MeApd-ERβ+ neurons indeed excited downstream BNSTp neurons 
in ChR2-expressing but not control EYFP-expressing animals, as 
revealed by the induction of cFos (SI Appendix, Fig. S4 G and H).

In summary, our study, for the first time, demonstrated that 
MeApd-ERβ+ neuronal activity is essential in the regulation of 
receptivity-based but not sex-based preference in male mice 
(Fig. 5, Summary Schematics). This functional specificity of 
MeApd-ERβ+ neurons is exerted by influencing the neuronal activ-
ity of downstream BNSTp. In conclusion, our findings contribute 
to a better understanding of the mechanisms of action of gonadal 
steroids on the neuronal network that regulates the expression of 
male-type reproductive behaviors. Specifically, we show that 
MeApd-ERβ+ neuronal activity is required for the expression of 
receptivity-based, but not sex-based, preference.

Materials and Methods

Animals. We generated ERβ-iCre mice using the CRISPR-Cas9 system, as pre-
viously described (see SI Appendix, SI Methods, Fig. S7, and Table S1 for details) 
(48). Briefly, a p2A-iCre rGpA sequence was inserted on the 5′ side of the stop 
codon of the C57BL/6 N mouse Esr2 gene (SI Appendix, Fig. S7A). The resulting 
mice were screened for successful knock-in of Esr2-iCre and confirmed for the 
absence of unintentional random integration of Cas9 expression and donor DNA 
vectors and unintentional mutations in the Esr2 gene.

Male ERβ-iCre-positive mice with a C57BL/6 N background, aged between 10 
and 14 wk at the beginning of each study, were used as experimental animals. 

Male and female ERβ-iCre-negative mice, aged between 10 and 14 wk, were 
used as stimulus animals for preference behavioral tests. All mice were housed 
under a 12-h light–dark cycle, with lights turned off at noon, and were provided 
with food and water available ad libitum. All experiments were approved by the 
Animal Care and Use Committee and the Recombinant DNA Use Committee of 
the University of Tsukuba and were conducted following the NIH guidelines. All 
efforts were made to minimize the number of animals used and their suffer-
ing. All experimental animals were stereotaxically injected with various types 
of viruses under inhalation anesthesia with 1–3% isoflurane (Pfizer). The viruses 
used in this study are listed in SI Appendix, Table S2. Viral titers were >2 * 1012 
genomic copies/mL.

Preference Test. The preference test apparatus and paradigms were designed 
based on previous studies conducted in our laboratory (4, 49). In brief, each 
experimental mouse was placed in a white plastic open field measuring 33 cm 
× 28 cm under red or dim light (10 lx) for 10 min. Animals used as stimuli were 
individually placed in a transparent acrylic quarter cylinder (7 cm base radius) 
with 13 small holes (Φ7 mm) on the rounded side. Time spent in the contact area, 
which was defined as entering the body center of test mice inside the quarter-
circle line drowned at 8 cm away from the surface of each cylinder, and cumulative 
duration of sniffing behavior, defined as nose touches at the perforated parts 
of the cylinders, were recorded. More detailed information on all experimental 
procedures is available in SI Appendix, Supplemental Methods.

Fiber Photometry Recording during Preference Tests. ERβ-iCre-positive 
mice were stereotaxically injected with either 600 nL of AAV9-hSyn-DIO-GCaMP7f 
at MeApd for studies 1 and 2, or nonspecific AAV9-hSyn-GCaMP7f at the BNSTp 
for study 4. After a week, a NA.039, Φ230-μm glass optic fiber (RWD Life Science) 
was inserted 200 μm above the injection site. Fiber photometry recordings were 
taken during the preference tests under red light using a DORIC fiber photometry 
system (DORIC Lenses). A 465-nm light-emitting diode was used for the excitation 
of GCaMP7f, and a 525-nm emission light was filtered for recording. All fiber 
positions are shown in Figs. S8–S11.

All fiber photometry recordings were analyzed based on mouse sniffing behavior. 
We extracted 10 s of the fiber photometry signals from each sniffing event, starting 
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Fig. 5. Schematic summary of MeApd-ERβ+ neuron function. (A) A schematic 
diagram illustrating the function of MeApd-ERβ+ neurons during receptivity-
based (RF vs. XF) preference tests. Sniffing toward RF induces excitation of 
MeApd-ERβ+ neurons, which further promotes the approach and sniffing 
toward RF. The neuronal activity of MeApd-ERβ+ neurons, in turn, affects 
downstream BNSTp neuronal activity during a receptivity-based preference 
test, fully promoting receptivity-based preference. (B) A schematic diagram 
illustrating the function of MeApd-ERβ+ neurons during sex-based (RF vs. IM) 
preference tests. Although MeApd-ERβ+ neurons respond more to RF in the RF 
vs. IM preference test, MeApd-ERβ+ neuronal activity, per se, is not necessary 
for the expression of preference for RF over IM. Differential responses of 
BNSTp neurons during sniffing of RF and IM are maintained without input 
signals from MeApd-ERβ+ neurons. BNST, bed nucleus of the stria terminalis; 
BNSTp, BNST-principal; MeA, medial amygdala; MeApd, MeA-posterodorsal; 
ER, estrogen receptor; RF, receptive female; XF, nonreceptive female; IM, intact 
male.
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from 2 s before to 8 s after the onset of each sniffing behavior. These data were 
converted to dF/F0 (dF = 8 s from sniffing onset; F0 = mean signals from 2 s before 
sniffing onset) and normalized to the Z-score. We determined the highest signals 
within the 8-s window as peak signals, and the mean peak signal was derived for 
each stimulus. The processed fiber photometry data were analyzed and aligned 
with animal behavioral annotations derived from Behavioral Observation Research 
Interactive Software (BORIS) (50) and DeepLabCut (51) data using Python (ver. 3.8.1).

Chemogenetic Manipulation of MeApd-ERβ+ Neurons. ERβ-iCre-positive 
mice were stereotaxically injected with either 300 μL of AAV2-hSyn-DIO-hM4Di-
mCherry or AAV2-hSyn-DIO-mCherry control virus at the MeApd. This was followed 
by two separate studies, one involving simple behavioral analysis (study 3) and the 
other involving combined analysis with fiber photometry recording in the BNSTp 
(study 4). On the test day, animals were intraperitoneally injected with either saline 
or CNO (Sigma-Aldrich) at a dose of 1 mg/kg body weight, 15 min before the test.

Statistical Analysis. Statistical analyses were performed using GraphPad 
Prism 9. Data were analyzed by either Student’s paired t test (two-tailed) or 

two-way ANOVA (Bonferroni’s multiple comparison for post hoc analysis). 
Differences were considered significant at P < 0.05*, P < 0.01**, P < 0.001***, 
P < 0.0001****.

All the detailed statistical results are shown in SI Appendix, Tables S3 and S4.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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