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The release of urine, or micturition, serves a fundamental physi-
ological function and, in many species, is critical for social com-
munication. In mice, the pattern of urine release is modulated by
external and internal factors and transmitted to the spinal cord
via the pontine micturition center (PMC). Here, we exploited a
behavioral paradigm in which mice, depending on strain, social
experience, and sensory context, either vigorously cover an arena
with small urine spots or deposit urine in a few isolated large
spots. We refer to these micturition modes as, respectively, high
and low territory-covering micturition (TCM) and find that the
presence of a urine stimulus robustly induces high TCM in socially
isolated mice. Comparison of the brain networks activated by so-
cial isolation and by urine stimuli to those upstream of the PMC
identified the lateral hypothalamic area as a potential modulator
of micturition modes. Indeed, chemogenetic manipulations of the
lateral hypothalamus can switch micturition behavior between
high and low TCM, overriding the influence of social experience
and sensory context. Our results suggest that both inhibitory and
excitatory signals arising from a network upstream of the PMC are
integrated to determine context- and social-experience-dependent
micturition patterns.
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The control of urine output, or micturition, is necessary for the
survival of animals. Mice, like many mammals, innately mod-

ulate micturition in response to internal and environmental cues
and alter the spatiotemporal patterns of urine output depending
on their strain, sex, and position in the social hierarchy. For ex-
ample, male mice that detect competitors or potential mates (1)
assiduously deposit urine throughout the environment, a process
often referred to “territorial marking” or “scent marking.” Social
experience further modulates the extent and pattern of such urine
marking by adult males. For example, “dominant” mice vigorously
urinate with small and dispersed urine spots whereas “subordi-
nate” males limit urination to large, individual spots, often located
in the corners of the territory (2, 3). Therefore, urine release re-
flects the integration and processing of many signals and factors,
including external stimuli, enteroception, and past social experi-
ence. However, unlike many other highly regulated motor outputs,
micturition is carried out by the coordinated activity of only three
muscles—contraction of the bladder wall detrusor muscle and
relaxation of the internal and external urethral sphincters (4).
The brainstem pontine micturition center (PMC), also epon-

ymously referred to as Barrington’s nucleus, is the brain output
nucleus that controls the bladder and, therefore, processes and
relays information that regulates micturition (3–10). Recent
studies have begun to shed light on how different cell types in the
PMC work together to coordinate bladder output. Activation of
glutamatergic neurons in and around the PMC quickly and ro-
bustly triggers micturition (9). Within this population, neurons
marked by expression of corticotropin-releasing hormone (Crh,
also known as corticotropin-releasing factor) bilaterally inner-
vate the sacral spinal cord where polysynaptic pathways that
innervate the bladder wall arise (3). Activation of these PMC

Crh-expression neurons triggers or facilitates urine output (3, 6,
7, 9). Estrogen receptor 1 (Esr1)-expressing glutamatergic neu-
rons also innervate the distal cord and, when activated, relax the
urinary sphincter and rapidly trigger robust urine output (7).
Interestingly, each of these neuron populations may control

different aspects of micturition behavior. The sphincter is di-
rectly controlled by Esr1-expressing and potentially other gluta-
matergic neurons (9), but not by the Crh-expressing population
(7), suggesting that activity in the former but not the latter may
be necessary to initiate voluntary micturition. On the other hand,
loss- and gain-of-function manipulations of PMC Crh-expressing
neurons alter patterns of bladder contractility and urine output,
suggesting that these neurons may control micturition patterns
rather than individual micturition events (6, 9). Neurons in the
PMC, including Crh-expressing and sphincter-controlling neu-
rons, receive inputs from distributed circuits across the brain that
presumably carry pro- and antimicturition information that may
be further processed in the PMC before relay to the spinal cord
(3, 9, 10).
To examine the pathways that modulate micturition in re-

sponse to social experience and external stimuli, we adapted a
behavioral paradigm to modulate micturition patterns of male
mice. We found that the propensity of each mouse to cover the
territory with urine—referred to here as “territory covering
micturition” or TCM—depends on its strain, social experience,
and olfactory context. Socially housed male C57BL/6J mice do
not display robust TCM, but this behavior can be induced by
social isolation. Brain-wide mapping of inputs to Crh-expressing
PMC neurons suggested that the connectivity upstream of these
neurons is largely unaffected by social isolation. In contrast,
analysis of Fos protein revealed differences in activity in many
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brain areas in socially isolated vs. group-housed mice and in a
few areas in urine- vs. saline-exposed mice. Comparing the Fos
patterns of males that exhibit high and low TCM, we identified
brain areas that may carry diverse TCM-regulating signals.
Chemogenetic manipulations of the lateral hypothalamus (HY),
one of the modulated areas upstream of the PMC, bidirectionally
alters TCM. These findings provide insights into the circuits
governing micturition and motivate next steps to fully trace the
neural pathway that mediates the sensorimotor transformation
underlying an innate behavior.

Results
Social Isolation Reveals Extensive Territory-Covering Micturition. To
assess micturition behavior in male mice, we placed group-
housed (GH) C57BL/6J males in cages with either a urine stim-
ulus or a saline control (Fig. 1). In both contexts, most C57BL/6J
males either did not deposit urine or did so in several large spots
near the corner of the cage (Fig. 1A). This pattern of urination is
associated with subordinate males and with females (2). A few
male mice (6 out of 36 mice) covered the territory when exposed
to urine but not when exposed to saline (GH-urine: 89 ± 22 marks;
GH-saline: 39 ± 16 marks; n = 36 and 18 mice; P = 0.3 Mann–
Whitney U test, Fig. 1B).
We hypothesized that variability in individual experience and

the changes it induces in each animal (e.g., stress and hormonal
factors) may hinder the ability to induce robust TCM in urine-
exposed males. To examine TCM behavior in the absence of
varying social experience, we socially isolated C57BL/6J males
after weaning. Once the animals reached adulthood (after postnatal
day 84) (Fig. 1A), we monitored TCM as above in the presence of
saline or urine. In contrast to GH animals, the majority of socially

isolated (SI) males produced extensive TCM in the presence of
urine but not saline (SI-urine: 266 ± 21 marks; SI-saline: 48 ± 8
marks; n = 25 and 23 mice; P < 0.0001 Mann–Whitney U test;
Fig. 1B). We observed the same patterns and urine stimulus-
dependent changes in the BALB/c strain, but not in 129s and
CD1 strains (SI Appendix, Fig. S1). Thus, social isolation reveals
robust context-dependent TCM in C57BL/6J and BALB/c males.
To understand whether the spatial distribution of urine de-

position is different when mice display weak or robust TCM, we
calculated the cumulative distribution function (CDF) of the
distances (range 0 to 15 cm) of urine marks from the center of
the arena (defined as 0 cm and where the urine or saline stimulus
was deposited) (Fig. 1C). Whereas GH and SI mice exposed to
saline deposit urine far from the center of the cage (50% of CDF
for GH-urine, GH-saline, and SI-saline was at 11.6 ± 0.05, 12.2 ±
0.05, 11.9 ± 0.03 cm, respectively) the SI mice exposed to urine
placed urine closer to the center (50% CDF: SI-urine 9.8 ± 0.01
cm, P = 0.004 for SI-urine vs. SI-saline, P = 0.1 for GH-urine vs.
SI-saline, test by bootstrap analysis). Thus, the micturition pat-
tern induced by urine stimulus in SI mice arises from both an
increase in the number of urine spots and increase in the amount
of urine deposited near the center of the cage.
Taken together, these results demonstrate that social isolation

in C57BL/6J mice reveals the capacity for robust TCM. There-
fore, this behavior paradigm may be used to isolate how sensory
environment modulates the bladder output in TCM, avoiding
variable behavior resulting from social interactions.

Quantitative Comparison of Brain-Wide Inputs to Crh+ PMC Neurons.
Approximately 50% of neurons in the PMC are glutamatergic
Crh-expressing (Crh+) neurons and activation of these cells is
sufficient to induce bladder contraction and urine release in anes-
thetized and awake mice (3, 6, 7, 9). As social isolation can alter
many aspects of brain circuitry (11) we hypothesized that the dif-
ferences in TCM behavior in GH and SI males might result from
changes in the projections to Crh+ PMC neurons. We used whole-
brain mapping of neurons labeled with retrograde transsynaptic
rabies virus (RV) to quantitatively compare the distribution of cells
putatively presynaptic to Crh+ PMC neurons in GH and SI C57BL/
6J male mice (Fig. 2A). We performed similar analysis in C57BL/6J
group-housed female mice to investigate potentially sexually di-
vergent presynaptic areas that might contribute to this male-specific
behavior (12, 13).
To quantify the distributions of putative presynaptic connec-

tivity to Crh+ PMC neurons, we utilized transsynaptic rabies trac-
ing from genetically identified cell types with automated image
acquisition and analysis (14–16). RV that expresses cell-filling
fluorophores, such as GFP, highlights the full neuronal morphol-
ogy including axons and dendrites (Fig. 2B). Although this, in
theory, can provide more information about the GFP-expressing
neuron, in practice the neuropil fluorescence complicates analysis.
To allow simple, automated identification of RV-labeled cell
bodies, we generated a rabies virus expressing nuclear-localized
GFP (RV-H2b-EGFP) (17). Tight nuclear localization of RV-
H2b-EGFP facilitates precise counting of rabies-infected neurons
(17), permitting an unbiased whole-brain estimate of putative in-
puts to Crh+ PMC neurons across different housing conditions
and sexes (Fig. 2C).
Cre-dependent adeno-associated viruses (AAVs) encoding

avian leukosis and sarcoma virus subgroup A receptor (TVA)-
mCherrry and rabies glycoprotein (RVG) were injected into the
PMC of Crhires-Cre mice to render Crh+ neurons sensitive to
infection with EnvA pseudotyped RV and to complement the
G-deleted RV to move transsynaptically following infection (18,
19). After 2 wk, we injected RV-H2b-EGFP into the same co-
ordinates (Fig. 2A). As control experiments for the cell-type
specificity of RV infection and transsynaptic movement, injection
of EnvA pseudotyped RV without prior AAV-DIO (double-floxed
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Fig. 1. Social isolation reveals an innate form of context-dependent TCM.
(A, Left) Housing schematics for group-housed (GH) and socially isolated (SI)
mice. (Right) Representative micturition patterns revealed 1 h after GH or SI
animals were placed in a test chamber with saline (blue circle) or a nonself
urine (yellow circle) stimulus. (B) Number of urine marks deposited in 1 h for
each experimental condition (U, urine exposed; S, saline exposed; n = 36
mice for GH urine, n = 18 mice for GH saline, n = 25 mice for SI urine, n = 23
mice for SI saline. ****P < 0.0001; ns, not significant; two-tailed Mann–
Whitney U test; not adjusted for multiple comparisons). (C) Cumulative
probability distribution of distances of urine-marked pixels from the stimu-
lus center for the four contexts with mean (solid lines) and SEM (shaded
areas). **P < 0.01; ns, not significant; simulation by bootstrap analysis).
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inverse orientation)-TVA injection showed no rabies infection,
whereas omitting AAV-DIO-RG resulted in robust starter cell
labeling but no transsynaptic labeling of putative inputs (SI Ap-
pendix, Fig. S2 A and B).
The distribution of H2b-EGFP-labeled neurons in the three-

dimensional (3D) brain volume was subsequently imaged through
serial two-photon tomography (14), reconstructed, and aligned to
the Allen Brain Atlas (ABA). The fraction of total RV-H2b-
EGFP cells was calculated in each ABA-defined region to quan-
tify the distribution of RV+-labeled inputs (SI Appendix, Table
S2). In the three groups (n = 6 GH males, n = 4 SI males, n = 6
GH females), the largest fraction of input cells originated in the
periaqueductal gray (Fig. 2D; peri-aqueductal gray [PAG], 24.2 ±
0.6% of total inputs), followed by midbrain reticular nucleus
(MRN, 9.8 ± 0.6% of total inputs).
We utilized the quantitative whole-brain rabies mapping dataset

to identify components of the micturition network. Querying the
Allen Brain Atlas Injection Map, we observed, consistent with
previous analyses (20), that Crh+ PMC neurons send projections
to the ventrolateral part of PAG where putative inputs to Crh+

PMC reside (SI Appendix, Fig. S2C).
Hypothalamic inputs accounted for 18% of total forebrain

inputs to Crh+ PMC neurons (SI Appendix, Fig. S2D), with the
lateral hypothalamus area (LHA) and zona incerta (ZI) pro-
viding ∼50% of these (Fig. 2E; LHA: 31.5 ± 0.5% and ZI: 17.4 ±
1.1% of hypothalamic inputs). By comparison, the medial pre-
optic (MPO) area, a hypothalamic nucleus that modulates mic-
turition (3), accounted for ∼0.8% of total forebrain inputs and
∼5% of hypothalamic inputs.
Other areas identified as putatively presynaptic to PMC Crh+

neurons were the motor cortex (MO), which conveys top-down
urination initiation signals to the PMC (10), and the medial
prefrontal cortex (mPFC, infralimbic area + prelimbic area
[ILA+PL]), a region involved in the regulation of social domi-
nance (21, 22). MO had the highest number of RV-labeled
neurons in regions of isocortex (3.1 ± 0.2% of total RV+ cells,
sixth overall). Within isocortex, MO was the largest source of
putative PMC input, providing 35%, while the mPFC provided
considerably less (Fig. 2G; <1% of total inputs; 5.5 ± 0.5% of
isocortex inputs) (SI Appendix, Table S2). Additionally, extensive
labeling of non-Crh neurons was observed within the PMC,
which, considering the no-TVA and no-RVG controls described
above, suggests the existence of intra-PMC connectivity (SI Ap-
pendix, Fig. S2E).
Subsets of identified putative inputs were tested for functional

connectivity through in vitro electrophysiology. We injected Cre-
independent ChR2 into candidate upstream regions of Crhires-
Cre;Rosa26lsl-tdTomato animals in which Crh-expressing neurons
are marked by tdTomato red fluorescence. Using whole-cell
voltage-clamp recordings, we analyzed light-evoked postsynap-
tic currents in Crh+ PMC neurons (23). We observed a clear
monosynaptic glutamatergic current from mPFC (<1% of in-
puts), highlighting the sensitivity of the RV-based transsynaptic
tracing (SI Appendix, Fig. S2 F–I; 35/60 Crh+ neurons were
connected). Previous functional (3, 9, 10) and anatomical anal-
yses (8) have demonstrated input to PMC Crh+ neurons from
many of the RV-labeled brain areas, including MO, MPO, LHA,

A

B C

C D

F

Fig. 2. Stable brain-wide connectivity of the circuitry upstream of the PMC
across housing conditions and sex. (A) Schematic of the experimental work
flow for rabies-based monosynaptic retrograde transsynaptic tracing of in-
puts to Crh+ PMC neurons. Cre-dependent AAVs were injected to express
TVA and optimized G glycoprotein (oG) selectively in Crh+ PMC neurons.
Following a subsequent RV injection, the brains were imaged with serial
two-photon tomography, reconstructed in 3D, and registered to a reference
atlas for automated analyses. (B) Representative coronal sections of cell-
filling RV-EGFP labeled cells (Left) and nuclear localized RV-H2b-EGFP la-
beled cell (Right Inset) with enlarged image of one RV-labeled cell. (Scale
bar, 10 μm.) in the LHA (mtt, mammillothalamic tract; fx, fornix). These
images are stitched from multiple fields of view (see Materials and Meth-
ods). (C) Output of the cell-detection algorithm from the same RV-H2b-EGFP
hypothalamic section as in B. Each dot represents a detected cell. (D) Top 10
putative input regions to Crh+ PMC neurons, presented as the distribution of
labeled neurons in GH-male, SI-male, and GH-females (n = 6 mice for GH-
male, n = 4 mice for SI-male, n = 6 mice for GH-female). Differences among
the groups were not statistically significant (P > 0.05 for all regions, Wil-
coxon signed rank test, adjusted for multiple comparisons with the Benja-
mini, Kreiger, and Yekutieli false discovery rate approach [FDR = 0.05]).
(PAG, periaqueductal gray; MRN, midbrain reticular nucleus; LHA, lateral
hypothalamic area; SCm, superior colliculus, motor related; RAmb, midbrain
raphé nuclei; MO, somatomotor areas; ZI, zona incerta; PPN, pedunculo-
pontine nucleus; PH, posterior hypothalamic nucleus; BST, bed nuclei of the

stria terminalis). (E) The distribution of labeled cells across the top five hy-
pothalamic subregions shown as the fraction of all labeled cells within the
hypothalamus. (DMH, dorsomedial nucleus of the hypothalamus; PH, pos-
terior hypothalamic nucleus). (F) The distribution of labeled cells across the
top 10 cortical subregions (Left) and medial prefrontal cortex (Right) shown
as fraction of all labeled cells within the isocortex. (MO, somatomotor areas;
SS, somatosensory areas; ACA, anterior cingulate area; ORB, orbital area;
RSP, retrosplenial area; ILA, infralimbic area; VIS, visual areas; AUD, auditory
areas; AI, agranular insular area; PL, prelimbic area).
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and PAG, supporting the specificity of the transsynaptic labeling
by RV.
To test the hypothesis that circuit wiring differences contribute

to the differences in TCM behavior, we compared the distribu-
tion of putative inputs to PMC Crh+ neurons in GH males, SI
males, and GH females. The brain-wide distributions of RV+

neurons were similar across all three conditions (P > 0.05, Wil-
coxon signed rank test, adjusted for multiple comparisons with
the Benjamini, Kreiger, and Yekutieli false discovery rate ap-
proach (FDR = 0.05); Fig. 2 D–F), suggesting that, despite the
behavioral divergence, GH and SI males as well as GH females
largely share a similar structural network upstream of the PMC.

Identification of Upstream Networks That Are Differentially
Regulated in Each Micturition Mode. Although retrograde trans-
synaptic rabies has been proposed to depend on both anatomy
(i.e., the existence of a synapse) and functional properties (i.e.,
the strength of the synapse) (24), there are likely changes in
synaptic properties of neurons that project to the PMC that are
not revealed by the distribution of RV labeling. In addition,
changes in the intrinsic properties of PMC neurons could be
induced by housing conditions. Nevertheless, current-clamp re-
cordings revealed only a moderate increase in the number of
action potentials evoked by current injections in SI males (SI
Appendix, Fig. S3 B and C), suggesting small changes in intrinsic
excitability of these cells. However, the frequencies of both
spontaneous inhibitory postsynaptic currents (sIPSCs) and spon-
taneous excitatory postsynaptic currents (sEPSCs) are higher in SI
males, especially the sIPSCs (SI Appendix, Fig. S3E). This is
consistent with enhanced probability of release from inhibitory
inputs to Crh+ neurons or increased spontaneous activity of local
inhibitory neurons in the PMC brain slice, and, together with the
rabies tracing data, suggest functional changes upstream of the
PMC in SI animals without large-scale rewiring.
To identify brain regions with potentially differential activity

that might contribute to the modulation of micturition behavior,
we examined whole-brain patterns of Fos protein expression
following different experiences. As we had identified two fea-
tures that regulate the degree of TCM—social experience and
exposure to urine—we examined each of these separately.
First, group-housed and socially isolated C57BL/6J males were

exposed to urine in a behavioral arena as in Fig. 1 for 1 h. In this
experiment, both sets of animals were exposed to the same sensory
environment and only the previous social experience of mouse
differed. One hour after the end of urine exposure, the animals
were killed and perfused and the brains cleared using iDisco+
(25). Subsequently, endogenous Fos protein was immunolabeled
and visualized using fluorophore-conjugated secondary antibody.
Both far-red (Fos) and green (autofluorescence) fluorescence
were detected via light-sheet imaging, followed by automated image-
based identification of Fos protein-expressing cells and registration
through the ClearMap pipeline (Fig. 3 A and B; full dataset in SI
Appendix, Table S3).
SI animals showed higher brain-wide Fos+ cell counts (Fig.

3 C and D; GH gray: 329,846 ± 7,393; SI gray: 465,235 ± 14,750,
P < 0.0001; Mann–Whitney U test). Notably, the greater Fos+

count in socially isolated animals was due to increases in the
isocortex (Fig. 3D; GH-isocortex: 73,041 ± 4,649; SI-isocortex:
193,785 ± 8,839, P < 0.0001; Mann–Whitney U test). Almost all
subregions of the isocortex (Fig. 3E) had significantly increased
numbers of cells expressing Fos, with the exception of a subset of
motor cortex associated with licking behaviors (anterolateral
motor cortex, Fig. 3C) (26). In contrast, “subcortical” regions
(pons, midbrain, thalamus in the ABA) had decreased numbers
of Fos+ cells in SI mice compared to in GH mice (Fig. 3 D–F, SI
Appendix, Fig. S5; GH-subcortex: 100,854 ± 3,739; SI-subcortex:
66,172 ± 1,592, P < 0.00001; Mann–Whitney U test). Thus, our
data suggest that changes in activity across the brain, as opposed

to in a single brain region, underlie the differences in behaviors
of socially isolated and group-housed mice.
Second, we compared the whole-brain Fos expression patterns

of SI males exposed to urine vs. saline (Fig. 4A; n = 4 mice each,
SI Appendix, Fig. S6A). As expected, SI males exposed to urine
marked the territory more robustly than SI males exposed to
saline (SI Appendix, Fig. S6B). The distributions of endogenous
Fos protein induced by these different contexts were compared
using region of interest (ROI)- and voxel-based statistical tests,
corrected for multiple comparisons with a false discovery rate of
0.05. Voxel-based analysis revealed significant activation in the
PMC of the urine-exposed mice, confirming previous findings (3)
(Fig. 4B). We also observed correlated changes in Fos expression
in related structures, suggesting experience-specific activity pat-
terns (SI Appendix, Fig. S6C).
Region-based analysis showed fewer Fos-expressing cells in

the hypothalamus in animals exposed to urine (Fig. 4C; HY; q <
0.001, FDR = 0.05). Many areas in the hypothalamus were dif-
ferentially regulated, including regions previously implicated in
socially motivated behaviors such as lateral preoptic (LPO) and
MPO areas (Fig. 4D and SI Appendix, Fig. S7). LHA, a major
hypothalamic input to the PMC (Fig. 2E), had significantly fewer
Fos-labeled cells in urine-exposed groups (q < 10−11). No dif-
ferences were observed in ventromedial hypothalamus (VMH)
(SI Appendix, Table S4), an area previously implicated in male
aggression (27). Outside the hypothalamus, midbrain motor re-
gions, including subregions of the superior colliculus motor (SCm)
and PAG, were selectively activated in urine-exposed groups.
Voxel-based analysis yielded nearly identical results, with spatial
patterns restricted to specific subhypothalamic nuclei (Fig. 4E).
To identify networks presynaptic to the PMC that are poten-

tially capable of modulating TCM directly, we computationally
combined the rabies-tracing anatomical data with the Fos iDisco
immunostaining data. A side-by-side comparison of Fos voxel
maps and the distribution of rabies-transduced cells revealed a
striking spatial overlap (Fig. 4 E and F). To obtain whole-brain
comparison of structure and function of the presynaptic mictu-
rition network, we generated voxelated maps of rabies inputs on
the same coronal atlas based on ABA (SI Appendix, Fig. S7).
Notably, Fos activation was seen in a region that borders anterior
hypothalamic nucleus (AHN)/bed nuclei of stria terminalis
(BST) that is not well defined by the ABA; however, once ref-
erenced to the spatial input map labeled by rabies, the spatial
pattern match is clear (anterior posterior = −0.2 mm in Fig. 4E
and slice 111 in SI Appendix, Fig. S7). This region likely corre-
sponds to one identified in Valentino et al. (8) (their figure 4H).
To investigate coordinated network changes, we applied

principal component analysis (PCA) on the Fos+ cell counts in
urine and saline groups (28, 29). The coordinates of each mouse
in the principal component space defined by the first two principal
components (PCs) revealed that the urine- and saline-exposed
groups segregated along PC1 (Fig. 4G). Examining the PC load-
ings across all brain areas allowed us to visualize the brain-wide
Fos expression pattern that separates the two groups (Fig. 4H). In
general, the first PC was generated by negative weightings of cell
counts in hypothalamus and positive ones in thalamus and mid-
brain. This indicates that the main differences between urine- and
saline-exposed mice are explained by increase in Fos labeling in
thalamus and midbrain and decreases in hypothalamus.

Identification of Networks Upstream of the PMC Underlying
Context-Dependent TCM. Our data indicated that the LHA is a
major hypothalamic input to the PMC and that Fos levels in this
structure are low in mice that show robust TCM. In situ hy-
bridization revealed that the rabies-labeled neurons in the LHA
largely but not uniformly express genes encoding for glutamate
decarboxylases (including both Gad1 and Gad2, 66%, n = 337
cells from three mice, Fig. 5 A–C), suggesting that the LHA
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sends mixed GABAergic and glutamatergic input to Crh+ PMC
neurons. These results are consistent with previous identification
of both glutamatergic and GABAergic LHA neurons projecting
generally to the PMC (9). Based on these findings, we hypoth-
esized that activity in the LHA may modulate the urine-induced
switch in micturition behavior in SI males. If the LHA primarily
inhibits the PMC (as suggested by the predominance of rabies-
labeled GABAergic neurons) and TCM (as suggested by higher
LHA Fos levels in low TCM contexts), then 1) suppression of the
LHA should elicit TCM in a saline-exposed SI mice, and 2)
activation LHA should inhibit TCM in a urine-exposed SI mice.
Previous studies have shown that increasing activity of Crh+,

Esr1+, motor-cortex targeted, or nonspecific glutamatergic neu-
rons in the PMC has promicturition effects, causing either urine
release in awake or anesthetized animals, increasing bladder
pressure, or dilating the sphincter (3, 6, 7, 9, 10). Similarly, in-
creasing activity of glutamatergic inputs to the PMC promotes
micturition (9, 10) whereas withdrawal of input and ablation or
silencing of PMC glutamatergic neurons has converse effects (7, 9,
10). Therefore, activating glutamatergic or GABAergic inputs to
the PMC and finding, respectively, pro- and antimicturition effects

would be a fully expected result that is firmly established in the
literature. Therefore, such experiments were not repeated here.
Instead, in order to test whether the LHA is part of the circuit

that determines micturition modes, we generally manipulated
LHA activity, including both glutamatergic and GABAergic
neurons, and examined the effects on TCM. We used the che-
mogenetic tools hM4Di and hM3Dq (30, 31), which are, re-
spectively, engineered G〈q- and G〈i-coupled receptors that are
activated by clozapine derived from peripherally administered
clozapine-N-oxide (CNO) to either increase or reduce the ac-
tivity of receptor-expressing neurons (AAV-hM4Di-mCherry or
AAV-hM3Dq-mCherry, Fig. 5D). Activating hM4Di may also
decrease the probability of action potential-evoked neurotrans-
mitter release from expressing neurons (32). Each chemogenetic
actuator or mCherry control virus was expressed in the LHA
using Cre-independent AAVs and the effects of saline vs. CNO
were compared on alternate days in both cohorts of mice. This
study design controlled for nonspecific effects of CNO (com-
parison of CNO effects in designer receptor exclusively activated
by designer drugs [DREADD]- vs. mCherry-expressing mice)
as well as of hM4Di and hM3Dq expression (comparisons of
effects of saline vs. CNO in DREADD-expressing mice and of
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males in gray matter, isocortex, and subcortex (n = 11 GH group, n = 8 SI group; Mann–Whitney U test; ****P < 0.0001). (E) Quantification of Fos cell counts of
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saline in DREADD- vs. mCherry-expressing mice). We did not
examine potential changes in stress, endocrine function, loco-
motion, or other behaviors and aspects of physiology beyond
micturition.
To test the prediction that inactivation of the LHA would

elicit TCM in a saline-exposure context, we placed SI male mice
in clean cages lined with filter paper and a saline stimulus. As no
urine stimulus was present, control SI mice were expected to

deposit few urine marks in this condition (Fig. 1 A and B). Thirty
minutes before the behavioral analysis, the animals were intra-
peritoneally (IP) injected with either CNO (5 mg/kg) or vehicle
(Fig. 5E). Mice expressing hM4Di in lateral hypothalamus dis-
played increased TCM following CNO injection compared to after
saline injection (Fig. 5 G and H; n = 5 hM4Di mice, hM4Di ve-
hicle: 56 ± 33 marks, hM4Di CNO: 173 ± 16 marks, P = 0.043;
Mann–Whitney U test). mCherry-expressing control animals
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Fig. 4. Brain circuits upstream of PMC are differentially activated during different micturition behaviors. (A) Schematic of the whole-brain Fos analysis
workflow: SI males were exposed to either urine or saline, which resulted in divergent TCM. One hour after the behavior, animals were perfused, the brains
were cleared, immunolabeled for Fos, imaged, and analyzed (n = 4 each for the urine and the saline conditions). (B) Maps of voxel-based statistics reveal
increased numbers of Fos+ neurons in the PMC in urine-exposed animals. Green indicate statistically significant (q < 0.05, FDR = 0.05) voxels with higher Fos
counts in animals exposed to saline, and red indicates higher Fos counts in animals exposed to urine. (C) Fos induction in multiple brain regions from saline-
and urine-exposed animals (*q < 0.05, ***q < 0.0001, FDR = 0.05). (HPF, hippocampal formation; CTXsp, cortical subplate; STR, striatum; PAL, pallidum; HY,
hypothalamus; MB-sen, midbrain, sensory related; MB, midbrain, P, pons; MY, medulla; -sen, sensory related; -mot, motor related; -sta, behavioral-state
related). (D) The five hypothalamic regions with the largest differences in Fos induction across saline- and urine-exposed animals, sorted by q values (all
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showed similar TCM on CNO- and saline-injection days (n = 4
mCherry mice; mCherry vehicle: 26 ± 4 marks, mCherry CNO:
12 ± 2 marks, P = 0.93; Mann–Whitney U test).
To test the second prediction that activation of the LHA should

inhibit TCM in a urine-exposure context, we placed a separate
cohort of animals in clean cages lined with filter paper with urine
stimulus. In this condition, control SI mice are expected to ro-
bustly cover the arena with urine (Fig. 1 A and B). Thirty minutes

before the behavioral analysis, the animals were IP injected with
either CNO (5 mg/kg) or vehicle. mCherry-expressing control
animals displayed robust TCM on both saline- and CNO-
injected days (Fig. 5 G and H; n = 5 mCherry mice; mCherry
vehicle: 231 ± 28 marks, mCherry CNO: 429 ± 13 marks, P = 0.86;
Mann–Whitney U test). In contrast, mice expressing hM3Dq in
the LHA decreased TCM in CNO-injected days, despite the urine
stimuli (Fig. 5 G and H; n = 6 hM3Dq mice; hM3Dq vehicle:
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Fig. 5. Modal switching of micturition patterns via chemogenetic manipulation of the lateral hypothalamic area. (A) Experimental design to interrogate
neurotransmitter content of Crh+ PMC-projecting LHA neurons. Cell-type specific rabies tracing (described in detail in Fig. 2) was performed, sections in-
cluding LHA were cryosectioned, and cells were classified as GAD+ (Gad 1 and Gad 2)/RV (Rabies virus nucleoprotein)+ or GAD-/RV+ through in situ hybrid-
ization (ISH). (B) Representative ISH image containing LHA. Arrowheads indicate RV-N+ cells in the RV-N+ (Left) and GAD1/2 (Right) fluorescent ISH channels.
(C) In situ hybridization of GAD and RV in LHA reveals that a majority of cells in LHA retrogradely labeled from Crh+ PMC started cells express GABA synthetic
enzymes (n = 3 mouse, 337 LHA cells). (D and E) Experimental design. (D) AAVs encoding inhibitory DREADD hM4Di or excitatory DREADD hM3Dq were
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compared to in vehicle trials in hM4Di-transduced animals (n = 6 hM4Di animals, n = 4 mCherry controls, two-tailed Mann–Whitney U test, **P < 0.01, ns, not
significant) exposed to saline. (Right) Fewer urine marks deposited in CNO trials compared to in vehicle trials in hM3Dq-transduced animals (n = 6 hM3Dq
animals, n = 5 mCherry controls, two-tailed Mann–Whitney U test, **P < 0.01, ns, not significant) exposed to urine.
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259 ± 54 marks, hM3Dq CNO: 37 ± 7 marks, P = 0.002;
Mann–Whitney U test).
Unfortunately, the pandemic shut down limited the number of

mice that could be tested experimentally such that a replication
cohort could not analyzed. Therefore, we compared the data on
hand using bootstrap and receiver operator characteristics (ROC)
analysis (Materials and Methods). The distributions of urine mark
numbers for CNO- vs. vehicle-treated DREADD-expressing mice
and those of CNO-treated DREADD-expressing mice vs. “all
control” mice are distinct with either no or minimal overlap in
their 95% confidence intervals group (SI Appendix, Fig. S8). This
translates into near maximal area under the curve (AUC ∼1, in-
dicating near perfect discriminability) when comparing the effects
of CNO in DREADD-expressing mice to control mice by ROC.
Furthermore, the data from vehicle-treated hM4D- or hM3D-
expressing mice are statistically indistinguishable from those
from the full control group (SI Appendix, Fig. S8). These analyses
(which treat each data point as independent and thus reduce
statistical power by ignoring the paired nature of data acquisition),
show that the differences between datasets are significant and not
dependent on outlier data points, and that the distributions can be
readily distinguished by an independent observer. Thus, these
results show that activation of LHA can prevent the robust mic-
turition behavior induced in socially isolated males by urine,
whereas its suppression can mimic this behavior in socially isolated
males in the absence of urine stimulus.

Discussion
Animals select specific motor actions based on sensory infor-
mation about their current environment, memories of past ex-
periences, and internal states. Most nonreflex behaviors that are
influenced by these factors are complex. This complicates di-
rectly linking neural activity to specific muscle action and ob-
fuscates the flow and transformation of information from sensory
organs to motor effectors. Studying the neural circuits underlying
micturition is attractive for understanding action selection be-
cause: 1) the behavior is simple (the bladder has two modes—
retention and voiding); 2) the selected action is easily observed
(urine release is readily tracked in behaving and anesthetized
mice); 3) the motor action is expressed with only three muscles
whose activities are coordinated; and 4) the behavior is con-
trolled by a sole effector nucleus, the PMC, onto which pathways
that carry relevant information must converge.

Social-Experience-Dependent Micturition in the Laboratory. Rodent
social-experience-dependent changes in micturition were first
studied in outbred wild strains (2). Many follow-up studies have
examined micturition in a variety of inbred/outbred strains (3, 6,
7, 9, 10, 33–36). Our results suggest that differences in strains
and housing conditions likely contribute to variable results across
studies. Group-housed males live in a complex social structure—
individual mice continuously interact with cage mates, competing
for resources (water/chow) and establishing a tiered social hier-
archy. Each social interaction is capable of inducing transcrip-
tional (37), electrophysiological (22, 38), and neuroendocrine
(39–42) changes in the brain. Social experience and standing in
these social structures affects TCM (2, 3).
We hypothesize that the lack of robust TCM in group-housed

C57BL6 mice is due to the complexities of continuous social
interaction. Therefore, social isolation may provide a path to by-
pass the challenges of experimentally monitoring and controlling
social dominance. Here we exploited social isolation to restrict
analysis to neural circuits that contribute to the sensorimotor
transformation (i.e., urine stimulus to urine output) underlying
TCM. Analysis of socially isolated mice may be similarly useful to
identify pathways by which enteroceptive signals such as the filling
state of the bladder converge on and are processed by the PMC.

Combined Structure–Function Elucidation of TCM-Controlling Brain
Centers. The combined analysis of circuit architecture with trans-
synaptic labeling and of behavior-specific brain activation identi-
fied functionally relevant networks controlling micturition.
Structural analysis alone failed to find circuit differences that can
explain varying behavior as the distribution of putative presynaptic
inputs to Crh+ PMC neurons in GH males, SI males, and
females—groups with divergent TCM—differed only minimally.
Previously, a nearly identical approach uncovered connectivity
differences of hypothalamic circuitry in males and females (43)
and across subregions of small thalamic nuclei (17), suggesting
that we were not limited by the method of analyses. Although we
cannot account for unknown differences that are beyond the
resolution of our methods—such as induction of synaptic plasticity
or morphological changes—it is evident that the three groups
share largely comparable structural connectivity of the upstream
PMC micturition network.
Instead, we discovered changes in activity patterns, as reported

by Fos protein levels, between TCM conditions in many brain
areas. These findings are consistent with studies in head-restrained
mice that revealed distributed representations of behavioral vari-
ables (44–46) that are gated by behavioral states (47). In contrast,
comparisons of the whole-brain Fos induction patterns between
different sensory and behavioral contexts within an environmental
condition (e.g., urine- vs. saline-exposed SI males) revealed rela-
tively few affected brain areas. Combined with analysis of brain-
wide rabies-tracing data, our work identified brain areas that po-
tentially carry significant task-specific information to guide con-
text- and state-dependent TCM via the PMC. Chemogenetic
manipulation of one of these areas, the LHA, confirmed its con-
tribution to determining micturition modes in SI male mice. Fu-
ture work will examine the contribution of the LHA and its
subcircuits to micturition control in GH male and female mice.
The large-scale changes resulting from chronic social isolation

are consistent with the brain-wide up-regulation of Tac2 induced
by acute social isolation in adult mice (11). Our data and this
previous study illustrate the need to investigate circuits throughout
the brain rather than focusing on individual candidate areas. New
technologies to record single-neuronal-level activity throughout
the large brain volumes (48, 49) together with extensive connec-
tivity atlases (e.g., Allen Brain Connectivity Mapping) will shed
light on how coordinated activity dynamics control context-
dependent TCM.

The PMC as Integrating Multiple Micturition-Controlling Signals. Our
findings support the hypothesis that the PMC functions as an
integration center of pro- and antimicturition signals that arrive
from different sources, including the LHA. Our and published data
suggest that the projection from the LHC to the PMC has complex
effects, beyond simply promoting and inhibiting, on micturition.
Verstegen et al. (9) described that LHA inputs to the PMC are a
mixture of glutamatergic and GABAergic and demonstrated that
selective activation of glutamatergic inputs stimulates micturition.
We confirmed the mixed nature of the LHA to PMC inputs but
found that the majority express inhibitory markers. Furthermore,
the results of combined chemogenetic modulation of glutamatergic
and GABAergic LHA populations suggest that, in SI animals, the
LHA provides a net inhibitory input to the PMC that suppresses
micturition. We propose that the relative activation of inhibitory
and excitatory inputs from the LHA to the PMC dynamically
regulates micturition modes expressed in different behavioral
states.
Our study did not determine if the activity of the direct pro-

jection from the LHA to the PMC is responsible for the behavioral
effects shown in Fig. 5H. However, the only known outputs from
the brain to the bladder-control circuits in the spinal cord are via
the PMC, and previous studies (3, 6, 7, 9, 50) have shown that
increasing the activity of Esr1+, Crh+, motor-cortex targeted, or
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nonspecific glutamatergic PMC neurons increases bladder pres-
sure, relaxes the sphincter, or induces micturition. Therefore, it is
reasonable to infer that increasing excitation to these promictur-
ition neurons is also promicturition. We speculate that a brain
area that projects directly to the PMC, whose activity is modulated
in different micturition contexts, and that has been shown by
chemogenetics and optogenetics to affect micturition does so via
its projections to the PMC. However, manipulations of the LHA
may have additional circuits as well as indirect effects due po-
tential changes in nonmicturition aspects of physiology that also
contribute to the perturbation of micturition.
We previously reported that silencing of the MPO area, one of

the upstream micturition networks of the PMC, masks social-
rank-dependent TCM (3). Future studies are needed to under-
stand how activity in the LHA is coordinated with that of the
MPO area and other micturition-regulating structures, such as
motor cortex and PAG. As PAG receives ascending sacral af-
ferent inputs (4, 51) as well as projections from hypothalamus
and dorsal pons (20), a the ventrolateral PAG–PMC loop may be
a key circuit controlling voluntary micturition.
Interestingly, the spatial patterns of TCM induced by the

MPO area and LHA manipulations are quite different: inhibi-
tion of the LHA led mice to extensively cover the territory with
small urine spots whereas inhibition of MPO caused mice to
produce large circular urine spots (3). This is consistent with the
proposal that the different elements of the network presynaptic
to the PMC encode different information and differentially im-
pact patterns of activity in the PMC. This hypothesis is further
supported by findings that motor cortex input to the PMC is
critically involved in “micturition initiation” (10).

PMC as a Switch. The activity of motor cortex input to the PMC
increases its activity only during the initiation of each micturition
bout, whereas the PMC sustains increased activity throughout
the micturition event (50). This suggests that PMC internal dy-
namics and connectivity may contribute to a switch between void-
ing and retention modes. Indeed, manipulations of Crh+ PMC
neurons indicate that these are not simple promicturition cells but
instead regulate the frequency and duration of micturition events
or bladder contractions (6, 7, 9). These results are consistent with a
potential role of Crh+ neurons in modulating TCM modes which
are characterized by stimulus-induced changes in the frequency
and pattern of urine output.
Intranuclear connectivity of the PMC, whose existence is sug-

gested by the rabies-tracing studies presented here, may contribute
to integrating and linking different inputs to the control of mic-
turition and micturition patterns. For example, recurrent con-
nectivity between the glutamatergic cell types that modulate the
sphincter and the bladder may coordinate prolonged contraction
of the bladder wall and rapid relaxation of the urinary sphincter,
whereas activity of local interneurons may modulate the switch
between different micturition modes seen in different contexts.
Elucidating these potential function of intra-PMC and PMC-to-
PMC transhemispheric projections requires further studies.

Materials and Methods
Further information and requests for reagents may be directed to Bernardo
Sabatini (bsabatini@hms.harvard.edu).

Mice.Weused the followingmouse lines in the study: wild-type C57BL/6J (The
Jackson Laboratory 000664); wild-type BALB/c (The Jackson Laboratory
000651); wild-type 129s (The Jackson Laboratory 002448); wild-type CD1
(Charles River 022); knockin mice with an internal ribosome entry site (ires)-
linked Cre recombinase gene downstream of the Crh locus (Crhires-Cre, The Jackson
Laboratory 012704) (52, 53); and Cre-dependent tdTomato (ROSAlsl-tdTomato, The
Jackson Laboratory 007914) reporter mice (52). All mice used in this study were
between 2 and 5 mo of age. Animals were kept on a 12:12 light/dark cycle or a
reversed cycle under standard housing conditions. All behavioral experiments
were conducted during the dark cycle. All experimental manipulations were

performed in accordance with protocols approved by the Harvard Standing
Committee on Animal Care, following guidelines described in the NIHGuide for
the Care and Use of Laboratory Animals (54). All mice brain coordinates in this
study are given with respect to Bregma; anterior–posterior (A/P), medial–lateral
(M/L), and dorsal–ventral (D/V).

Virus Preparation. Recombinant AAVs of serotype 1, 5, and 9 encoding a
downstream gene under the control of a CMV–chicken β–actin (CBA), Ef1a, or
hSyn promoter was used throughout the study. Details of the viruses in-
cluding specific promoters and serotypes are mentioned individually in
Materials and Methods. All of the AAVs were used at the concentration of
1012 genome copies/mL and purchased from commercial vector cores (Uni-
versity of North Carolina, University of Pennsylvania, and AddGene). EnvA
pseudotyped rabies viruses (RV-EGFP, RV-H2b-EGFP) were generated in-
house as previously described (17, 55).

Stereotaxic Intracranial Injections and Fiber Optic Implantation. All surgery was
performed in asceptic conditions. Mice were anesthetized with 2 to 3%
isoflurane and placed in a stereotactic frame (David Kopf Instruments). Skulls
were exposed and small holes were drilled into the skull. Viruses were in-
jected (100 to 200 nL total volume) at a rate of 100 nL min−1 via glass pipettes
with tip size of ∼40 μm. Mice were given pre- and postoperative oral car-
profen (MediGel CPF, 5 mg/kg/day) as an analgesic, and monitored daily for
at least 4 d postsurgery. All coordinates that were used in this study were
relative to Bregma (in millimeters) and were as follows: for mPFC: 2.1 A/P,
0.35 M/L, 2.0 D/V; for LHA: −1.5 A/P, 1.1 M/L, 5.2 D/V; for PMC: −5.3 A/P,
0.68 M/L, 3.5 D/V.

Social Isolation. Postnatal day (p) 15 to 20 (p15 to 20) wild-type mice of four
different strains were purchased from The Jackson Laboratory and Charles
River. At postnatal day 21, the mice were separated from the mothers and
housed in groups of two to three (pair housed or group housed), or in sin-
gles (singly housed). The mice were housed in fully ventilated cages, and the
handling was minimized. Individual cages were changed every 2 wk.

TCM Behavior. Adult (older than 70 d old) male mice were separated into
individual fresh cages lined with filter paper (28 × 11 cm, Whatman 05-714-5)
with an olfactory stimulus (50 μL male urine or saline, randomly assigned)
added to the center. Male urine was freshly collected and pooled from urine
of 16 to 20 group-housed BALB/c males (for C57BL6/J, 129s, and CD1 be-
havior) or C57BL/6J males (for BALB/c males). After 1 h in the arena, mice
were removed, the distribution of urine spots on the paper was examined
with fluorescence imaging as previously described (3). To quantify spatial
distribution of urine marks throughout the cage, the urine mark image was
thresholded and converted into a mask, which was used to calculate the
distance distribution of all urine-covered pixels to the stimulus center. Sta-
tistical significance was judged by simulation—for each housing condition
(GH or SI) all of the spatial CDF was put into one list and randomly assigned
to two groups. P value was calculated by how often one observed the dif-
ferences out of 1,000 reruns. All behavior experiments were done in at least
two replicates.

Whole-Brain Rabies Tracing. TVA, a receptor of an avian virus envelope protein
(EnvA), and RG were introduced specifically in Crh+ PMC neurons through
two AAVs encoding Cre-dependent genes (AAV9-CBA-DIO-TVA-mCherry
and AAV9-CBA-DIO-optimized G) injected unilaterally (100 nL of 1:1 mix-
ture). After 2 wk of expression, 200 nL of RG-deleted (ΔRG) rabies virus
pseudotyped with EnvA (RV-EGFP or RV-H2b-EGFP) was injected intracrani-
ally. RV-injected animals were perfused transcardially with ice-cold
phosphate-buffered saline (PBS) followed by 4% PFA, 7 d after RV injec-
tion. After a 24-h postfix in 4% PFA, brains were kept in 0.7% glycine so-
lution for 48 h. The brain was stored in PBS before embedding in 4%
agarose in 0.05 M phosphate buffer (PB), cross-linked in 0.2% sodium bor-
ohydrate solution, and imaged with a high-speed multiphoton microscope
with integrated vibratome sectioning (x-y resolution of 1 μm; z-step of
50 μm; TissueCyte 1000, TissueVision) as described before (14). The raw im-
age files were corrected for illumination, stitched two-dimensionally (2D),
and aligned in 3D. EGFP-positive neurons automatically detected by a con-
volutional network trained to recognize cytoplasmic neuronal cell body la-
beling (56) were visually validated, reconstructed in 3D, and their spatial
information was registered by affine followed by B-spline transformation
using the software Elastix (57) to a 3D reference brain based on the Allen
Brain Atlas (58, 59). The number of total input neurons in the brain was
normalized by the total number of RV-positive neurons. Parts of pons (P),
hindbrain (H), and main olfactory bulb (MOB) were damaged or missing
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during the dissection and excluded from the analysis. Rabies experiments
were done in three replicates. Samples with mechanical damage or mis-
targeted virus were excluded.

Electrophysiology. Acute slice electrophysiology experiments were done as
previously described (60, 61). The 300-μm slices were cut in ice-cold solution
containing (in millimoles) 25 NaHCO3, 25 glucose, 1.25 NaH2PO4, 7 MgCl2,
2.5 KCl, 0.5 CaCl2, 11.6 ascorbic acid, 3.1 pyruvic acid, and 110 choline
chloride. Slices were transferred for 10 min to a holding chamber containing
choline-based solution consisting of (in millimoles): 110 choline chloride, 25
NaHCO3, 2.5 KCl, 7 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4, 25 glucose, 11.6 ascorbic
acid, and 3.1 pyruvic acid before transferring to a second room temperature
chamber with artificial cerebrospinal fluid (ACSF) for at least 30 min. Re-
cordings were performed at 32 °C in carbogen-bubbled ACSF using Cs-based
internals for voltage-clamp measurements [in millimoles: 135 CsMeSO3, 10
Hepes, 1 ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
(EGTA), 3.3 QX-314 (Cl− salt), 4 Mg-adenosine triphosphate (ATP), 0.3 Na-
guanosine triphosphate (GTP), 8 Na2-phosphocreatine, pH 7.3 adjusted with
CsOH; 295 mOsm·kg−1] and K-based internals for current-clamp measure-
ments (in millimoles: 135 KMeSO3, 3 KCl, 10 Hepes, 1 EGTA, 0.1 CaCl2, 4 Mg-
ATP, 0.3 Na-GTP, 8 Na2-phosphocreatine, pH 7.3 adjusted with KOH; 295
mOsm·kg−1). For optogenetics experiments, a 100-nL mixture of AAV5-
Ef1a-DIO-ChR2 and AAV1-hSyn-Cre was coinjected in the mPFC. Five-
millisecond duration light pulses from a 473-nm laser 5 to 10 mW/mm2

measured at the sample plane were used.

Electrophysiology Analysis. All analysis regarding electrophysiological prop-
erties were performed using custom-written MATLAB script. In short, action
potentials were identified from peaks crossing 0 mV. Action potential
threshold was determined from the voltage at the time corresponding to
the peak of the second derivative of the voltage and maximum rate of
change of the voltage (dV/dT) was measured from the peak of the first
derivative. For ChR2-evoked EPSC analysis, resting membrane potential was
measured as the median of potentials during periods of the sweep that had
no current injection, and the peak postsynaptic current was measured
manually. For spontaneous EPSC/IPSC analysis, candidate EPSC/IPSC ampli-
tude was identified by the findpeaks function in MATLAB and manually
verified by an experimenter.

Whole-Brain Fos Staining and Imaging. Single-housed adult C57BL/6J males
and pair-housed adult C57BL/6J males (older than 70 d old) were sepa-
rated into individual fresh cages lined with filter paper (28 × 11 cm,
Whatman 05-714-5) with an olfactory stimulus (50 μL male urine or saline,
randomly assigned) added to the center. After 1 h in the arena, mice were
returned to the home cage. One hour later, the mice were deeply anes-
thetized with isoflurane and transcardially perfused with ice-cold saline
followed by 4% PFA. After 24-h postfix in 4% PFA, brains were kept in
0.05 M PB solution.

Within 3 wk of perfusion, the left hemispheres of the brain samples were
cut and immunolabeled for Fos and subsequently cleared using iDisco+
protocol (Certerra) (25). In short, the samples were pretreated with
methanol, permeabilized with solution containing dimethyl sulfoxide,
blocked in donkey serum, and passively immunolabeled for Fos (9F6 rabbit
mAb 2200, Cell Signaling Technology) and Alexa Fluorophore conjugated
647 secondary antibodies. Then, the samples were cleared with a combi-
nation of methanol and dichloromethane as previously described (25).
Experiments were done in two replicates, and samples with mechanical
damage were excluded.

Whole-Brain Fos Analysis. Cleared samples were imaged in sagittal orientation
(right lateral side up) on a light-sheet fluorescence microscope (Ultramicro-
scope II, LaVision Biotec) equipped with a sCMOS camera (Andor Neo) and a
4×/0.5 objective lens (MVPLAPO 4×) equipped with a 6-mm working distance
dipping cap. The samples were scanned with a step size of 3 μm using the
continuous light-sheet scanning method with the included contrast blending
algorithm for the 640-nm and 595-nm channels (20 acquisitions per plane),
and without horizontal scanning for the 480-nm channel.

The activated Fos+ neurons were automatically computationally identified
and visualized in 3D. The datasets were warped in 3D by affine and B-spline
transformation to an average reference mouse brain generated from
40 8-wk-old C57BL/6 brains, as described previously (19, 62).

Statistical comparisons between different groups are run based on
both ROIs and evenly spaced voxels. Voxels are overlapping 3D spheres with
100-μm diameter each and spaced 20 μm apart from each other. The cell
counts at a given location, Y, are assumed to follow a negative binomial

distribution whose mean is linearly related to one or more experimental
conditions, X: E[Y]=α+βX. For example, when testing an experimental group
vs. a control group, the X is a single column showing the categorical classi-
fication of mouse sample to group identification, i.e., 0 for the control group
and 1 for the experimental group (63, 64). We found the maximum likeli-
hood coefficients α and β through iterative reweighted least squares,
obtaining estimates for sample SDs in the process, from which we obtained
the significance of the β-coefficient. A significant β means the group status is
related to the cell count intensity at the specified location. The P values give
us the probability of obtaining a β-coefficient as extreme as the one ob-
served by chance, assuming this null hypothesis is true. To account for
multiple comparisons across all voxel/ROI locations, we thresholded the P
values and reported false discovery rates with the Benjamini–Hochberg
procedure (FDR = 0.05).

In Situ Hybridization. For fluorescent in situ hybridization, animals were
anesthetizedwith isoflurane before decapitation, and the brainswere rapidly
removed and frozen. A total of 20 μm PMC coronal sections of freezing media
embedded brains (Tissue-Tek O.C.T.) were prepared on cryostat (Leica,
CM1950), and mounted on SuperFrost Plus glass slides (VWR) at 60-μm inter-
vals. Multiplexed fluorescent in situ hybridization was performed using the
ACDBio RNAScope reagents and protocols as previously described (3). Single-
plane images of the PMC were acquired via confocal microscope (Leica SP8).

Chemogenetic Manipulation. hM3Dq (excitatory DREADD) or hM4Di (inhibi-
tory DREADD) were non-Cre dependently introduced in bilateral LHA and
nearby regions (AAV5-Ef1a-DO-hM3Dq, or AAV9-Ef1a-DIO-hM4Di mixed
with AAV1-hSyn-Cre, 150 nL per side) of BALB/c wild-type single-housed
mice. For the control mice, AAV encoding mCherry was injected instead
(AAV5-hSyn-mCherry). All behavioral experiments were conducted between
3 and 5 wk postinjection. All mice were habituated for IP injections for 2 d.
Then the mice were subjected to behavioral testing: 30 min before the be-
havior, the mice was injected IP with CNO (5 mg/kg) or volume-matched
saline in the home cage. Then the mice were transferred to individual
cages with either male urine (hM3Dq) or saline (hM4Di) in the center of the
paper for 1 h. Behavioral experiments were done in two replicates. The filter
paper was imaged and analyzed as described above.

For statistical analysis of these data, we performed boot strapping by
creating 10,000 distributions generated by sampling with replacement from
the data obtained from hM4D (n = 6 mice) or hM3D (n = 6 mice), or all of the
control data pooled from vehicle-and CNO-treated mice expressing mCherry
in the LHA. We compared the overlap and the 95% confidence intervals of
the boot strapped distributions. We also performed ROC analysis by plotting
true positive rate (TPR) vs. false positive rate (FPR) parametrized by a hy-
pothetical threshold of number of urine spots that separates data from CNO-
treated animals from the associated control dataset.

After behavioral experiments, animals were perfused transcardially with
ice-cold PBS followed by 4% PFA. After an overnight fix in 4% PFA, brains
were equilibrated in 30% sucrose for at least 48 h. Brain samples were then
sliced in 50 μm using a frozen microtome (Leica) and every other section was
mounted on Superfrost Plus (Fisher Scientific) slides. Slides were coverslipped
with Prolong Antifade mounting media containing DAPI (Molecular Probes)
and imaged with an Olympus VS120 slide-scanning microscope using a 10×
objective. Injection sites were manually confirmed based on the DREADD-
mCherry expression.

Quantification and Statistical Analysis. Data points are stated and plotted as
mean values ± SEM. P values are represented by symbols using the following
code: * for 0.01 < P < 0.05, ** for 0.001 < P < 0.01, *** for 0.0001 < P <
0.001, and **** for P < 0.0001. Exact P values and statistical tests are stated
in the figure legends. No a priori power analyses were done.

Data Availability. All study data are included in the article and supporting
information. The code used to generate the distributions, perform ROC, and
plot results for SI Appendix, Fig. S8 are available in Github at https://github.
com/bernardosabatini/Hyun_et_al_2020.
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