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NEUROSCIENCE

Thalamo-hippocampal pathway determines aggression

and self-harm

Jane Jung1’2, In-Jee You1’2, Sora Shin"*3*

Aggression and self-harm are maladaptive coping strategies that often occur in individuals with a history of early
life trauma (ELT), yet their underlying neural mechanisms remain unclear. Here, we identify L-type calcium channel
(LTCC)-expressing thalamic nucleus reuniens (RE) as a critical component regulating both behaviors. ELT-induced
excessive LTCC activity in vesicular glutamate transporter 2 (vGlut2) RE neurons and its corresponding effects on
persistent neuronal activation contribute to increasing susceptibility to aggression and self-harm. Activation of
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vGlut2 RE neurons projecting to ventral hippocampus (vCA1), but not medial prefrontal cortex, promotes these
behaviors in control mice. Furthermore, we found that RE neurons modulate two distinct subsets of vCA1 neu-
rons, with one projecting to the hypothalamus to drive aggression and another to the basal amygdala to mediate
self-harm. Our findings uncover how LTCC functions in the RE-to-vCA1 neural pathway increase the risk of ag-
gression and self-harm, highlighting potential therapeutic targets for mitigating destructive behaviors following

early adversity.

INTRODUCTION

Aggression encompasses actions intended to cause harm or damage
to others, while self-harm refers to the deliberate infliction of physi-
cal injury on oneself. These behaviors are adopted as maladaptive
coping strategies in response to emotional distress, particularly in
individuals with a history of early life trauma (ELT) characterized by
a disruption of early social bonding with primary caregivers (1-3).
Notably, there is a positive correlation between aggression and self-
harm, with individuals who have received clinical care for self-inflicted
injuries being five times more likely to be convicted of excessive ag-
gression and violence than those who with no history of self-harm
(4-7). It remains unknown, however, whether aggression and self-
harm arise from pathophysiology in a shared neural circuit and, if
so, how the function of that circuit is affected by adverse experi-
ences, such as ELT.

L-type calcium channels (LTCCs) belong to the calcium voltage-
gated channel subunit alphal (Cacnal) gene family, with Cacnalc
(Cay1.2) and Cacnald (Cayl.3) being the main subtypes expressed
in the brain (8). These channels have been associated with ELT and
implicated in several psychiatric symptoms (9-11). For example, ex-
cessive LTCC activity impairs how social information is interpreted
and elevates the risk of aggression (12-14). LTCCs are also impli-
cated in self-harm; not only does pharmacological LTCC inhibition
reduce self-harm rates in patients with psychiatric disorder (15, 16),
but systemic administration of the LTCC agonist (+) Bay K 8644
(Bay K) also induces self-biting and self-injury behaviors in mice
(17). These lines of evidence indicate that LTCCs serve as key molecu-
lar targets capable of integrating and transmitting aggression- or
self-harm-relevant signals, yet it is still unknown how the circuit-
specific LTCC functions contribute to these maladaptive behaviors
following ELT.

The nucleus reuniens (RE) of the midline thalamus serves as a
critical hub within an extensive network that connects hippocampal
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and cortical structures. As an important convergent point, RE inte-
grates diverse inputs from multiple cortical and subcortical regions,
playing a key role in regulating cognitive and emotional functions as
well as pain sensation (18-20). Recent studies have shown the neces-
sity of reciprocal connectivity between the medial prefrontal cortex
(mPFC) and RE for social information processing (21). In addition,
selective increases in 5-hydroxytryptamine neurotransmitter sys-
tem in the RE have been implicated in early life stress—induced no-
ciceptive hypersensitivity (20). However, it is still unknown how the
RE activity contributes to heightened vulnerability to aggression or
self-harm following ELT and whether specific molecular changes
within the RE circuitry are responsible for these effects.

In this study, we investigated the role of LTCC-expressing RE cir-
cuitry in driving aggression and self-harm potentially via modula-
tion of pain sensitivity. We found that RE serves as the critical site
where treatment with the LTCC agonist Bay K induces aggression
and self-biting/self-injury behaviors in mice. Notably, LTCC activity
in vesicular glutamate transporter 2 (vGlut2) RE neurons was sig-
nificantly up-regulated in mice exposed to ELT, which exhibited
heightened baseline aggression and increased susceptibility to Bay
K-induced self-harm. RE-specific Cacnalc deletion in ELT mice
mitigated these maladaptive behavioral features. Microendoscopic
calcium imaging of in vivo neuronal activity revealed that ELT ex-
posure rendered vGlut2 RE neurons persistently active in response
to social stimuli or submaximal doses of Bay K administration,
thereby contributing to enhanced aggression and self-harming be-
haviors. Activity of the ventral hippocampus (vCA1)-projecting
vGlut2 RE (vGlut2 RE=>»vCAL1) neurons was necessary for the ex-
pression of these behaviors. This circuit activity was also required
for the induction of exaggerated pain-like states, which potentially
contributed to the emergence of heightened aggression and self-
harm in ELT mice. We further identified that RE neurons mediate
aggression and self-harm by modulating two distinct subsets of vCA1
neurons: one that projects to the hypothalamus (Hypoth) to promote
aggression and another that projects to the basal amygdala (BA) to
mediate self-harm associated with pain. Together, these discoveries
provide a previously unknown framework for understanding the shared
neural mechanisms underlying both aggression and self-harm, which
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highlights LTCC-expressing RE neurons as an important compo- 8 weeks old) in an escalating-dose paradigm. Low doses of Bay K
nent for integrating internal and external signals and functionally  [0.01 to 0.1 mg/kg, subcutaneously (sc)] induced excessive aggression
directing the vCA1 circuit to increase the risk of maladaptive re-  in male but not female mice, as evidenced by a shorter latency to first
sponses, such as aggression and self-harm. attack, as well as increased attack duration and frequency during a
10-min resident-intruder (RI) assay (Fig. 1, A to D). These aggression-
enhancing effects of low-dose Bay K (0.1 mg/kg, sc) occurred without

RESULTS affecting baseline locomotion but were accompanied by increased
LTCC activation induces aggression and self-harm, both sensitivity to mechanical and thermal stimuli as measured by von Frey
accompanied by pain and hot plate tests (Fig. 1, E and E and fig. S1, A to C).

To investigate the effects of pharmacological activation of LTCCs on To further determine whether the observed mechanical hyper-

aggression and self-harm, we administered Bay K to adult mice (6 to  sensitivity represents pain state, we used high-speed videography
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Fig. 1. LTCC activation in the RE induces aggression and self-harming behaviors. (A to D) Bay K administration (0.01 or 0.1 mg/kg, sc) increased aggressive behaviors
in males [(A) to (C)] (n =10, 7, and 8 mice), but not females (D) (n = 6, 5, and 6 mice), with a shortened attack latency, prolonged attack duration, and an increased number
of attack bouts. (E and F) Bay K (4 mg/kg, sc) impaired locomotion (n =4, 5, and 5 mice). (G) Example photographs of facial grimaces in mice treated with either vehicle or
Bay K (8 mg/kg, sc). (H) MGS scores following Bay K injections with or without pretreatment of CAR or GBP (n =7, 6, 10, 10, 5, and 6 mice). (I) Example photographs of self-
biting behaviors in Bay K (8 mg/kg, sc)-injected mice. (J) Self-biting behavior following Bay K injections with or without pretreatment of CAR or GBP (n =13, 6, 13, 8, and
7 mice). (K) Schematic for microinfusion of Bay K (25 ug per side) into the local brain regions. (L) Microinjection of Bay K into the RE increased self-biting behaviors (n = 6,
7,7,8,7,7,and 9 mice for mPFC, NAc, LS, VMH, vCA1, DR, and RE, respectively). (M) Location of cannula tips in the RE. Scale bars, 1 mm (top) and 500 pm (bottom). (N to
P) Dose-dependent increase in aggression following Bay K microinjection into the RE (n =10, 7, 7, 6, and 7 mice), demonstrated by a shortened attack latency, increased
attack duration, and bout number. Statistical analyses with significance: one-way analysis of variance (ANOVA) [(A) to (C), (F), (H), (J)], and [(N) to (P)] and two-way
repeated-measures (RM) ANOVA (E); *P < 0.05; **P < 0.01; **#P < 0.001; tP < 0.05; 1P < 0.01; t11P < 0.001. n.s., not significant. Data are presented as means + SEM.
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(2000 frames/s) to capture subsecond paw withdrawal movements
in responses to mid-force von Frey filament (0.4 g) stimulation (22-
24). Using Social LEAP Estimates Animal Poses (SLEAP) pose esti-
mation and pain assessment at withdrawal speeds (PAWS) analysis
(25), we extracted behavioral features indicative of pain, including
affective coping responses such as paw shaking and paw guarding.
Bay K treatment (0.1 mg/kg, sc) significantly increased paw guard-
ing compared to vehicle-treated mice, while paw shaking remained
unchanged (fig. S1, D and E). These results suggest that low-dose Bay
K partly increases the affective motivational aspect of pain, render-
ing mice more sensitive to physical stimuli. Given that the heightened
pain state can change the way individuals interact with the environ-
ment and negatively affect social information processing (26, 27),
low-dose Bay K (0.1 mg/kg, sc) likely contributes to the emergence
of aggression, as a defensive reaction to prevent further discomfort.

At a dose of 4 mg/kg (sc), Bay K administration disrupted general
movement (Fig. 1, E and F), while the highest dose we tested (8 mg/kg,
sc) triggered significant motor abnormalities, including abnormal
postures and reduced rearing (fig. S1, F and G). These mice also emit-
ted human-audible distress calls (i.e., squeaks) (fig. SIH), indicating
that they were in an aversive state, likely experiencing pain (28, 29).

To validate the presence of pain in mice treated with high-dose
Bay K (8 mg/kg, sc), we used the PainFace software platform to score
facial grimaces, a reliable indicator of spontaneous pain (30, 31). The
mouse grimace scale (MGS) in C57BL/6 mice consists of four facial
action units (FAUs): orbital tightening (closed eyes), ear position,
nose bulge, and whisker change (30). We found that the mean MGS
score of Bay K-treated mice increased significantly and remained
elevated throughout the 30-min test session, with a dose-dependent
manner (Fig. 1, G and H, and fig. S1I). To further determine wheth-
er this grimacing behavior reflected pain, we assessed the effects of
two commonly used analgesics in veterinary or human medicine,
such as carprofen (CAR) or gabapentin (GBP) (32-34), on Bay K-
induced MGS scores. Pretreatment with either CAR or GBP delayed
or prevented the increases of MGS scores following Bay K (8 mg/kg,
sc), confirming the presence of ongoing pain in these mice (Fig. 1H
and fig. S1I). In addition, we quantified the percentage of video
frames falling into low (0 to 2), medium (3 to 4), and high (5 to 8)
MGS score categories. While most of frames from the vehicle group
(90.6%) fell into the low grimace category, 44.1 and 25.8% of frames
from Bay K (8 mg/kg, sc)-injected mice fell into the medium and
high grimace categories, respectively. Notably, GBP pretreatment
markedly reduced these proportions to 31.3% (medium) and 12.2%
(high), confirming that Bay K-induced MGS reflects pain-based re-
sponses (fig. S1J).

These grimacing mice also exhibited self-biting behavior, charac-
terized by gnawing on parts of their own bodies (e.g., fore/hind
paws) (Fig. 1, I and J, and fig. S1K). Unlike surface-level licking ob-
served during self-grooming, this self-biting behavior resulted in
visible skin injuries within the 40-min test session (fig. S1, L to O).
Even when provided with alternative chewable objects such as wood
blocks or nylon items, mice consistently directed their biting toward
themselves (fig. S1, P and Q). Similarly, these mice continued to en-
gage in self-biting behaviors in the presence of appetitive stimuli,
including a social target or high-fat diet, showing little to no interest
in interacting with or consuming them (fig. S1, R to T), suggesting
that Bay K-induced biting behavior is selectively self-directed.
Notably, pretreatment with either CAR or GBP, which alleviates
spontaneous pain (Fig. 1H), significantly suppressed the self-biting
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behavior (Fig. 1]). This supports the idea that Bay K-treated mice
may engage in self-harm in a maladaptive attempt to counteract their
experience of pain. Together, these results demonstrate two distinct
behavioral outcomes following Bay K administration: Low doses (0.01
to 0.1 mg/kg, sc) primarily enhance aggression, while high doses (4 to
8 mg/kg, sc) elicit self-harming behaviors—both behaviors are ac-
companied by indicators of pain.

Activation of LTCCs in the RE induces aggression

and self-harm

Both aggression and self-harm are likely triggered via the integra-
tion of sensory and affective aspects of pain that are associated with
negative emotional states, such as fear, anxiety, or impulsivity (35-
38). Among the brain regions implicated in this process, the RE is a
crucial node that integrates cognitive and affective information and
regulates associated behaviors via extensive connection to hippo-
campal and cortical structures (21, 39-41). Moreover, among the
various brain regions that express LTCCs, the RE expresses relatively
higher amounts of Ca,1.2 and Ca,1.3 than other aggression-related
regions such as the lateral septum (LS) (42, 43) and ventromedial
hypothalamus (VMH) (44, 45) (fig. S2A).

We first asked whether LTCC activation in the RE could directly
induce self-harm. Local infusion of Bay K into the RE (25 pg per
side) robustly induced self-biting behaviors in mice, comparable to
those triggered by a systemic Bay K administration. In contrast,
similar local infusions into other regions, including the mPFC, nu-
cleus accumbens (NAc), LS, VMH, vCAl, and dorsal raphe (DR),
did not induce these behaviors (Fig. 1, K to M, and fig. S2, B to H).
This suggests that the RE is a key site for mediating Bay K-induced
self-harming behaviors.

Given that aggression occurred at lower doses of systemic Bay K
than those required to induce self-harm (Fig. 1, A to C), we next in-
vestigated whether an intracranial infusion of low-dose Bay K (0.25
or 2.5 pg per side) into the RE could promote aggression. We found
that Bay K-infused mice exhibited a dose-dependent increase in ag-
gressive behaviors during RI tests, as indicated by a reduced latency
to first attack and increased attack duration/frequency. Notably, this
enhanced aggression was not observed when the same doses of Bay
K were infused into previously identified aggression-related brain
regions, such as the LS or VMH (Fig. 1, N to P), indicating that the RE
is specialized for mediating LTCC activation-induced aggression.

Increased aggression is often associated with anxiety, which can
make individuals more sensitive to potential social threats (46, 47).
We therefore asked whether the aggressive phenotype we observed
in Bay K-treated mice was accompanied by increased anxiety in a
novel environment. At the aggression-enhancing dose (2.5 pug per
side), Bay K-infused mice displayed enhanced anxiety-like behav-
ior, spending significantly more time in the periphery zone and less
time in the center zone of an open-field arena, without any associ-
ated changes in locomotor activity (fig. S3, A to E). This suggests
that LTCC activation in the RE disrupts emotional regulation and
increases anxiety, which may, in turn, provoke aggressive outbursts
in social contexts. Collectively, these data support the hypothesis
that RE is a critical neural substrate in which LTCC activation in-
creases susceptibility to both aggression and self-harm.

ELT increases susceptibility to aggression and self-harm
LTCC:s are known to be involved in physiological and molecular ad-
aptations to ELT, a significant risk factor for the development of
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various psychiatric disorders (9, 10). To investigate the impact of
ELT on aggression and self-harm, we used an ELT paradigm in which
mouse pups were individually isolated from their dam and litter-
mates for 23 hours at postnatal day 3 (P3) (48). Consistent with previ-
ous studies highlighting the hallmarks of early life stress (49, 50),
adult mice exposed to ELT exhibited heightened sensitivity in corti-
costerone levels—the end-product of the hypothalamic-pituitary-
adrenal axis—following acute restraint stress (fig. S4, A and B). In
addition, these mice displayed increased anxiety-like behaviors on
the next day, spending more time in safe zones, such as the closed
arms of the elevated plus maze and the peripheral area of the open
field test (OFT) (fig. $4, C to E). Together, these findings confirm that
ELT induces long-term physiological changes, including heightened
hormonal and behavioral stress responses that last into adulthood.

We next sought to determine how ELT affects aggression and
self-harm. In the RI test, ELT male mice exhibited escalated aggres-
sion, initiating their first attack more rapidly and engaging in pro-
longed attacks with a greater number of bouts compared to controls
(Fig. 2, A to E). To determine whether ELT also exacerbates self-
harming behaviors, we administered a submaximal dose of Bay K
(4 mg/kg, sc), which typically induces only minor self-biting in con-
trol mice (Fig. 1J). ELT mice, however, exhibited intense self-biting/
self-injury behaviors, resulting in severe wounds on accessible body
parts, including the fore/hind paws, chest, and shoulders (Fig. 2, Fto ).
These findings indicate that ELT enhances susceptibility to maladap-
tive behavioral responses, amplifying both aggression and self-harm.

To determine whether the RE is preferentially involved in the ex-
acerbated self-harming behaviors in ELT mice, we quantified the
expression of c-fos, a neural activity marker, following administra-
tion of a submaximal dose of Bay K (4 mg/kg, sc). In control mice,
Bay K-induced c-fos expression was observed in the RE, while we
found a much larger induction of c-fos in the RE of ELT mice under
the same conditions (Fig. 2, K and L). These results support the idea
that ELT sensitizes RE neuronal responsiveness to Bay K, thereby
increasing susceptibility to self-harm at a submaximal dose.

This led us to hypothesize that ELT increases endogenous LTCC
activity in the RE, driving enhanced neuronal responses and associ-
ated behavioral consequences. Quantitative real-time polymerase
chain reaction (qPCR) results revealed a significant increase in
Cacnalc and Cacnald mRNA levels in the RE of ELT mice compared
to controls, whereas the expression of the calcium-binding pro-
teins Calbl and Calb2 remained unchanged regardless of ELT his-
tory (fig. S5A). Elevated Cacnalc mRNA expression was also detected
in the mPFC, albeit to a lesser extent than for the RE, while no sub-
stantial changes were observed in other brain areas, such as the NAc,
LS, VMH, vCA1l, or DR (fig. S5B). Given that LTCC-expressing RE
neurons are glutamatergic (fig. S5, C and D), we sought to further
confirm whether the vGlut2 RE neurons of ELT mice show a similar
up-regulation of LTCCs for genes actively being translated into pro-
teins. To test this, we used viral translating ribosome affinity purifica-
tion (VIRAP) (51). After injecting AAV-Flip-Excision (FLEX)-EGFP
fused to ribosomal protein L10a (EGFPL10a) into the RE of vGlut2-
Cre mice, we performed an anti-enhanced green fluorescent pro-
tein (EGFP) immunoprecipitation to purify translating mRNA from
EGFPL10a-expressing vGlut2 RE neurons (Fig. 2M). Upon qPCR
analysis of the resulting vIRAP RNA, we found significant increases
in both Cacnalc and Cacnald expression following ELT, but no
changes were observed for Calbl, Calb2, N-terminal EF-hand
calcium binding protein 1 (Necabl), or troponin T1, slow skeletal

Jungetal, Sci. Adv. 11, eady5540 (2025) 5 November 2025

(TnntI) expression (Fig. 2N). This result suggests that the selective
up-regulation of LTCCs in vGlut2 RE neurons is a critical molecular
signature of ELT mice.

We next reasoned that ELT-induced up-regulation of LTCC ac-
tivity in the RE is necessary for driving both aggression and self-
harm. To test this, we administered a local infusion of the LTCC
antagonist nicardipine (1 or 5 pg per side) into the RE—a treatment
that had no effect on general locomotor activity (fig. S5, E and F)—
and then subjected the mice to either an RI test or a submaximal
dose of Bay K. Unlike vehicle-treated ELT mice, nicardipine-treated
ELT mice exhibited reduced aggression, characterized by delayed
first attack initiation and reduced total attack duration/frequency
(fig. S5, G to I). Furthermore, the same drug treatment mitigated the
exacerbated self-biting behavior observed in ELT mice following a
submaximal dose of Bay K (fig. S5, ] and K). Collectively, these data
suggest that enhanced LTCC activity in the RE is required for medi-
ating the heightened aggression and self-harm associated with ELT.

Of the two subtypes of LTCCs expressed in the brain, the exces-
sive activity of Cacnalc (Cay1.2) has been implicated in the hor-
monal and behavioral stress responses associated with the increased
risk of psychiatric disorders (9, 52). We therefore reasoned that
selective down-regulation of Cacnalc in the RE may rescue height-
ened aggression and self-harm observed in ELT mice. Using
Cacnald™% mice, we confirmed that injection of AAV5-Cre into
the RE of controls results in an 80% reduction of Cacnalc expres-
sion without affecting Cacnald expression (Fig. 20). Fluorescent
in situ hybridization (FISH) results further revealed that the dele-
tion of Cacnalc predominantly occurred in vGlut2 RE neurons
(Fig. 2P). During RI tests, we found that RE-specific Cacnalc dele-
tion normalized the hyperaggressive behaviors of ELT mice, delay-
ing first attack onset and reducing total attack duration/frequency
(Fig. 2, Q to S). Furthermore, these ELT mice with RE-specific
Cacnalc deletion showed reduced self-biting behaviors following a
submaximal dose of Bay K injection (Fig. 2T). These data demon-
strate that Ca,1.2 in the RE is necessary for the increased suscepti-
bility to aggression and self-harm following ELT.

vGlut2 RE neurons are hyperactive in ELT mice during
aggression and self-harm

Given the critical role of LTCCs in regulating neuronal activity
(53, 54), we hypothesized that ELT mice may exhibit dysregulated
vGlut2 RE neuronal activity in social contexts. To test this, we per-
formed real-time imaging of the genetically encoded calcium indi-
cator GCaMP6f through an intracranial gradient index (GRIN) lens,
acquiring single cell-resolution in vivo Ca** imaging data before
and after exposure to nonsocial (i.e., a fake mouse) or social (i.e., a
conspecific stranger) stimuli (Fig. 3, A to C). In control mice, in vivo
vGlut2 RE neuronal activity peaked at the first social contact with a
stranger mouse (i.e., nose-to-nose interaction). This was followed
by a rapid suppression of GCaMP6 fluorescence that remained be-
low baseline during normal social activities (i.e., sniffing, following,
and mounting) (Fig. 3E and fig. S6, A and B). However, we did not
observe any significant changes in vGlut2 RE activity in response to
interactions with a fake mouse (Fig. 3D). These findings suggest that
the initial vGlut2 RE neuronal activity peak is specifically engaged
in the first stage of social information processing, while subsequent
suppression of vGlut2 RE neurons may help prevent excessive en-
gagement with social stimuli, allowing mice to maintain naturalistic
social interactions.
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Fig. 2. Elevated aggression and self-harm in ELT mice with excessive LTCC activity in the RE. (A) Schematic of the ELT procedure and Rl test. (B to D) ELT male mice
exhibited increased aggression (n = 10 and 10 mice), with a shortened attack latency and enhanced attack duration and number. (E) Raster plots of attack bouts from
three control or ELT mice. (F) Schematic of setup for monitoring Bay K (4 mg/kg, sc)-induced self-biting behavior. (G to I) ELT mice showed exacerbated self-biting and
more severe wounds (n = 8 and 7 mice). (J) Diagram summarizing locations of wounds induced by self-biting behaviors (highlighted in red). (K) Images of the RE showing
c-fos staining. Scale bars, 50 pm. (L) Quantification of c-fos—positive cells in the RE (n = 7, 6, 7, and 6 mice). (M) Schematic of AAV-FLEX-EGFPL10a injection into the RE of
vGlut2-Cre mice and VTRAP method. (N) gPCR analysis of immunoprecipitated mRNAs from (M) (n = 5 and 6 replicates). (0) Schematics of AAV5-Cre injection into the RE
of Cacna1c™* or Cacna1c™/™ mice. gPCR analysis of Cacnalc and Cacnald mRNA expression (n = 5 and 4 mice). (P) Images of FISH for vGlut2 and Cacnalc in the RE,
replicated independently in three mice. Scale bars, 10 pm. (Q to S) Cre-induced Cacnalc deletion in the RE-reduced aggression in ELT mice (n = 6, 6, and 10 mice), with
enhanced attack latency and reduced duration and number. (T) Self-biting behaviors after a submaximal Bay K injection (n = 6, 8, and 17 mice). Statistical analyses with
significance: two-tailed unpaired t test [(B) to (D), (H), (), (N), and (O)], two-way RM ANOVA (G), two-way ANOVA (L), one-way ANOVA [(Q) to (T)]; *P < 0.05; **P < 0.01;
##%P < 0.001; TP < 0.05; T1P < 0.01; 111P < 0.001. Data are presented as means + SEM.
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Fig. 3. Dysregulated vGlut2 RE neuronal activity of ELT mice in response to social stimulus. (A) Schematic and image of AAV-DIO-GCaMP6f expression and GRIN lens
implantation in the RE. Scale bar, 200 pm. (B) Sample image of GCaMP6&f-expressing vGlut2 RE neurons and the color-coded regions of interest. Scale bars, 200 pm.
(C€) Schematic illustrating the experimental setup for recording vGlut2 RE in vivo neuronal activity in response to a fake mouse (nonsocial) or an unfamiliar intruder
(social). (D and E) Raster plots (top) and peristimulus time histograms (bottom) showing vGlut2 RE neuronal activity of control mice upon first contact with a fake mouse
(D) or an intruder (E). In the raster plots, each row represents an individual cell, and each tick denotes a single Ca®" transient event. Blue and red arrowheads mark the time
of first contact with a fake mouse and the intruder mouse, respectively. (F) Same as (E), but for ELT mice. (G to I) Representative Ca’t activity traces from vGlut2 RE neurons
following first contact with a fake mouse or an intruder. Dark- and light-blue-shaded areas indicate physical interaction bouts with a fake mouse or an intruder, while
orange-shaded areas indicate attack bouts. (J) Time course of Ca®* transients per minute, measured during baseline and after first contact with a fake mouse (n = 142 cells)
orintruder (n = 147 and 167 cells). (K) Differential vGlut2 RE neuronal responses 5 min after the first contact, from the cells shown in (J). (L) Pie charts categorizing vGlut2
RE neuronal responses (activation, null, and inhibition) after first contact with either a nonsocial or social stimulus. Statistical analyses with significance: two-way RM
ANOVA [(J) and (K)]; *P < 0.05; **P < 0.01; ***P < 0.001; t1P < 0.01; t1t1P < 0.001. Data are presented as means + SEM.

In contrast to this fine regulation, vGlut2 RE neurons of ELT
mice exhibited a blunted response to initial social contact and sus-
tained activation during subsequent social activities, including at-
tack bouts (Fig. 3, F to K, and fig. S6, C to E). Notably, a larger
proportion of vGlut2 RE neurons in ELT mice (34.13%) remained
active after the first social contact, compared to control mice exposed
to either social (13.61%) or nonsocial (21.83%) stimuli (Fig. 3L).
These findings substantiate the idea that a typical “sharp peak-and-
suppression” pattern of social stimulus-induced vGlut2 RE activity
is disrupted in ELT mice. Instead, we found that ELT mice exhibited
a blunt peak-and-no suppression activity pattern characterized by

persistent vGlut2 RE neuronal activation during altered social reac-
tions, such as aggression.

We next asked how well in vivo vGlut2 RE neuronal activity cor-
relates with the occurrence of self-biting behaviors after Bay K ad-
ministration. Since LTCC activation stimulates Ca*" influx (55), we
first assessed how the different doses of Bay K influence baseline
in vivo Ca** dynamics of vGlut2 RE neurons. We observed a dose-
dependent increase in the average number of Ca®" transients per
minute in the vGlut2 RE neurons after systemic Bay K treatments
(Fig. 4, A and B), confirming that Bay K-induced LTCC activation
effectively enhances vGlut2 RE neuronal activity.
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Fig. 4. Persistent vGlut2 RE neuronal activation of ELT mice after Bay K administration. (A) Schematic illustrating the recording of vGlut2 RE in vivo neuronal activity
after Bay K treatments. (B) Time course of Ca* transients per minute, measured after vehicle or Bay K administration (n = 122, 116, and 126 cells). (C) Schematic illustrating
in vivo Ca®* imaging of mice treated with Bay K (4 mg/kg, sc). (D) Time course of Ca®* transients per minute, measured at 5, 15, and 25 min postinjection (n = 169 and 201
cells). (E and F) Raster plots and peristimulus time histograms showing vGlut2 RE neuronal activity of control (E) and ELT (F) vGlut2-Cre mice after administration of sub-
maximal Bay K. The rows and ticks in the raster plots represent individual cells and single Ca** transient events, respectively. (G) Examples of individual traces of vGlut2 RE
neuronal activity from two ELT mice during self-biting after Bay K injections (4 mg/kg, sc). Dark blue shaded areas indicate self-biting bouts. (H) Example field of view
showing vGlut2 RE neurons from ELT mice, color-coded by response type: attack-responsive (orange), self-biting-responsive (blue), and both behaviors (light green).
(1) Pie charts summarizing the proportions of ELT vGlut2 RE neurons (n = 111 cells) that responded to attack only, self-biting only, both behaviors, or neither. (J) Repre-
sentative traces of individual vGlut2 RE neurons from ELT mice following attack or self-biting bouts: a neuron responsive to attack but not self-biting (top); one responsive
to self-biting but not attack (middle); one responsive to both behaviors (bottom). Statistical analyses with significance: two-way RM ANOVA [(B) and (D)]; *P < 0.05;
##P < 0.01; ##*P < 0.001; P < 0.05; 11P < 0.01; t11P < 0.001. Data are presented as means + SEM.
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Given that ELT mice showed more self-biting behaviors than
controls in response to a submaximal dose of Bay K (Fig. 2, F to ]),
we next examined how ELT alters in vivo vGlut2 RE neuronal activ-
ity under this condition (Fig. 4C). ELT vGlut2 RE neurons showed
more Ca’* transients per minute with sustained responsiveness
compared to controls (Fig. 4, D to F). This change was particularly
pronounced at 25 to 30 min post-Bay K injection, which is aligned
with the timing of the increase in self-biting behaviors of ELT mice
(Fig. 2G). In addition, 46.93% of vGlut2 RE neurons in ELT mice
produced Ca*" transients at the onset of self-biting bouts (Fig. 4G
and fig. S6F), suggesting that these neurons are primarily recruited
during Bay K-induced self-harm.

We next compared how vGlut2 RE neurons of ELT mice respond-
ed to aggression versus self-harm. Within the same field of view, we
monitored in vivo activity of vGlut2 RE neurons during episodes of
attack and self-biting bout (Fig. 4H). Among all imaged neurons,
23.42% (26 of 111) responded to attack but not to self-biting, an
equal proportion (26 of 111) responded to self-biting but not to at-
tack. Notably, 19.82% (22 of 111) of neurons responded to both
behaviors (Fig. 4, I and J), representing a functionally relevant sub-
population of vGlut2 RE neurons that preferentially encodes both
aggression and self-harm. Together, these data suggest that sustained
activation of vGlut2 RE neurons may serve as a shared hallmark of
the heightened susceptibility to both behaviors observed in ELT mice.

This led us to hypothesize that artificially driving vGlut2 RE acti-
vation could recapitulate the maladaptive behaviors of ELT mice. To
test this, we injected the RE of control vGlut2-Cre animals with AAV-
double-floxed inverted open reding frame (DIO)-channelrhodopsin-2
(ChR2)-enhanced yellow fluorescent protein (eYFP) or AAV-
DIO-eYFP and implanted optic cannulae over the viral injection
site, allowing precise excitation of vGlut2 RE cells during RI tests
or after Bay K administration (fig. S7, A and B). We found that op-
togenetic activation of vGlut2 RE neurons escalated aggression, re-
ducing latency to first attack and increasing both attack duration and
frequency, in a light intensity—-dependent manner (fig. S7, C to E).
Furthermore, ChR2-mediated stimulation of vGlut2 RE neurons ex-
acerbated self-biting behavior in response to a submaximal dose of
Bay K (fig. S7F). These data suggest that the activation of vGlut2 RE
cell bodies in mice without previous exposure to ELT is sufficient
to induce aggression and self-harm at levels comparable to those ob-
served in ELT mice.

vGlut2 RE=>VvCA1 projections bidirectionally control
aggression and self-harm
The RE is highly interconnected with hippocampal and cortical
structures, sending excitatory inputs to both structures (56). To ex-
amine the anatomical distribution of RE neurons projecting to the
mPFC or vCA1, we injected cholera toxin subunit B (CTB) conju-
gated to Alexa Fluor 488 or Alexa Fluor 647 into the mPFC and vCALl,
respectively (fig. S8A). Quantification of CTB-positive RE neurons
revealed distinct patterns that vCA1-projecting neurons were located
predominantly in the rostral and medial RE, while mPFC-projecting
neurons were primarily situated in the caudal and lateral RE (fig. S8, B
and C). We also identified only a small subset of RE neurons (<5%)
that projected to both the mPFC and vCA1 (fig. S8C), consistent with
prior studies (57-59).

To identify the synaptic targets of vGlut2 RE neurons, we labeled
their presynaptic terminals by injecting AAV expressing spaghetti mon-
ster fluorescent protein (smFP)-synaptophysin in a Cre-dependent

Jungetal, Sci. Adv. 11, eady5540 (2025) 5 November 2025

manner into the RE of vGlut2-Cre mice (fig. S8D). We then ob-
served dense innervations in the mPFC, vCA1, and other regions,
including the NAc, zona incerta (ZI), and BA (fig. S8E). Further-
more, to test whether vGlut2 RE neurons send collateralized axons
to multiple targets, we examined vGlut2 RE neurons projecting to
vCA1 (vGlut2 RE=>vCALl) by injecting vGlut2-Cre mice with a ret-
rograde AAV expressing Cre-dependent Flippase (Flp) into vCA1 and
an AAV expressing Flp-dependent EGFP into the RE (Fig. 5, A and
B). We found that the vGlut2 RE=>»VCA1 neurons predominantly
project to the vCA1, with only a little portion of collateralized
axons targeting other areas, such as the mPFC, ZI, and BA (Fig. 5,
CandD).

Since vGlut2 RE=»mPFC and vGlut2 RE=>vCA1 neurons seem
to be distinct subpopulations with minimal overlap, we hypothe-
sized that each subpopulation provides a distinct contribution to
aggression and self-harming behaviors. Given that the persistent
activation of vGlut2 RE neurons is a hallmark of ELT mice (Figs. 3
and 4), we reasoned that selective activation of either vGlut2 RE=>
mPFC or vGlut2 RE=>vCAL1 neurons may recapitulate the behav-
iors of ELT mice. To test this, we bilaterally expressed Cre-dependent
Gg-coupled designer receptors exclusively activated by designer
drugs (DREADD), human M3 muscarinic designer receptor (hM3D),
in the RE of control vGlut2-Cre mice. We then performed bilateral
clozapine N-oxide (CNO) infusion through cannulae positioned
above each target structure to chemogenetically activate vGlut2 RE
neuronal terminals in each location (i.e., the mPFC or vCA1l)
(Fig. 5E). Upon encountering a conspecific stranger, CNO-mediated
activation of vGlut2 RE=»vCA1 neurons significantly increased
aggression, as evidenced by a shorter latency to first attack, longer
attack duration, and increased attack bouts, whereas a similar acti-
vation of vGlut2 RE=>mPFC neurons did not induce these behav-
iors (Fig. 5, F to H). Furthermore, CNO-mediated activation of
vGlut2 RE=>vCAL, but not vGlut2 RE=>mPFC neurons, potenti-
ated self-biting behaviors following a submaximal dose of Bay K
(Fig. 51), suggesting that vGlut2 RE=>vCA1 neurons are more im-
portant in promoting both aggression and self-harm than vGlut2
RE=>mPFC neurons.

To further confirm the role of vGlut2 RE=>»VCA1 neurons in
driving aggression and self-harm, we used optogenetics by injecting
AAV-DIO-ChR2-eYFP or AAV-DIO-eYFP into the RE and implant-
ing optic cannulae over vCAL1 in control vGlut2-Cre mice (fig. SOA).
Consistent with our chemogenetic data (Fig. 5, F to H), optogenetic
activation of vGlut2 RE neuronal terminals in vCA1 increased ag-
gressive behaviors, reducing latency to first attack and increasing
both attack duration/frequency in a light intensity—-dependent man-
ner (fig. S9, B to D). Furthermore, we found that blue light stimula-
tion (20 Hz) of ChR2-expressing vGlut2 RE terminals in the vCA1
amplified self-biting behaviors following a Bay K injection (4 mg/kg,
sc) (fig. S9, E and F). Together, these data indicate that chemoge-
netic and optogenetic activation of vGlut2 RE=>»vCA1 neurons is
sufficient to increase susceptibility to aggression and self-harm, mir-
roring the behavioral phenotypes observed in ELT mice.

vCALl is a principal node in the neural circuitry implicated in
regulating negative emotional states, such as anxiety (60, 61). Be-
cause aggression and self-harm can be precipitated by negative emo-
tional states, we next asked whether vGlut2 RE=>»vCA1 neurons also
transmit a negative valence signal. In a real-time place test (RTPT),
we found that ChR2-mediated activation of vGlut2 RE=»vCA1 neu-
rons caused mice to avoid the side of the RTPT apparatus paired
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Fig. 5. vGlut2 RE=>VCA1 neurons mediate aggression and self-harm. (A) Schematic depicting injections of AAV-fDIO-EGFP and AAVretro-DIO-Flp into the REand vCA1
of vGlut2-Cre mice, respectively. (B) Images of EGFP-labeled cell bodies in the RE and fibers in the vCA1. Scale bars, 200 pm (left), 100 pm (middle), and 50 pm (right).
(C) Coronal views of the areas in which confocal images were taken (red squares). Images of fibers in target areas, including the mPFC, NAc, ZI, and BA. Scale bars, 50 pm.
(D) Fiber density quantification from vGlut2 RE=>VCA1 neurons (n = 4 mice). au, arbitrary units. (E) Images showing vGlut2 RE neurons expressing hM3D-mCherry. Scale
bars, 1 mm. Schematic for chemogenetic activation of vGlut2 RE=>mPFC or vGlut2 RE=>VvCA1 neurons in vGlut2-Cre mice. (F to H) CNO-induced activation of vGlut2
RE=>VCAT neurons, but not vGlut2 RE=>mPFC, increased aggressive behaviors (n = 6, 10, 6, and 10 mice) with a shortened attack latency and increased attack duration
and attack number. (I) Bay K (4 mg/kg, sc)-induced self-biting behavior after CNO microinjection (n =6, 8,9, and 11 mice). (J) Images showing vGlut2 RE neurons express-
ing hM4D-mCherry. Scale bar, 1 mm. Schematic for chemogenetic inhibition of vGlut2 RE=>VCA1 neurons in ELT vGlut2-Cre mice. (K to M) CNO-induced inhibition of
vGlut2 RE=>VvCAT1 neurons mitigated escalated aggression in ELT mice (n =7, 9, and 10 mice), including delayed attack latency and decreased attack duration and attack
number. (N) Bay K (4 mg/kg, sc)-induced self-biting behavior after CNO microinjection (n = 6, 6, and 13 mice). Statistical analyses with significance: one-way ANOVA [(F)
to ()] and [(K) to (N)]; *P < 0.05; **P < 0.01; ***P < 0.001; 1P < 0.01; t11P < 0.001. Data are presented as means + SEM.

with photostimulation without affecting overall locomotor activ- To determine whether inhibition of vGlut2 RE=»vCA1 neurons

ity (fig. S9, G and H). Moreover, upon activation of the same cir-
cuit, these mice exhibited increased anxiety-like behaviors in an
open-field arena, as indicated by reduced time spent in the cen-
ter zone and a stronger preference for the periphery (fig. S9, I
and J). Together, these data suggest that vGlut2 RE=»vCAI neu-
rons inherently encode negative valence signals, increasing the sus-
ceptibility to aggression in social contexts or self-harm following
Bay K administration.

Jungetal, Sci. Adv. 11, eady5540 (2025) 5 November 2025

could reverse the aberrant behavioral phenotypes of ELT mice, we
optogenetically or chemogenetically suppressed vGlut2 RE neuro-
nal terminals using bilateral optic fibers or drug infusion cannulae
positioned above the vCA1 (Fig. 5] and fig. S10A). When ELT mice
encountered a social stimulus, optogenetic inhibition of vGlut2
RE->vCA1 neurons reduced attack latency, duration, and frequen-
cy without any concurrent differences in locomotion (fig. S10, B to E).
Similarly, CNO-mediated inhibition of vGlut2 RE=»vCA1 neurons
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attenuated the aggression and self-harming behaviors of ELT mice
(Fig. 5, K to N). These data suggest that optogenetic or chemoge-
netic silencing can mitigate the hyperactivity of vGlut2 RE=>vCA1
neurons in ELT mice, thereby normalizing their maladaptive behav-
iors, such as increased aggression and self-harm.

vGlut2 RE=>VCA1 circuit is necessary for increasing pain
sensation in ELT mice

Because aggression and self-harm following Bay K administration are
associated with pain that is often comorbid with negative emotional
states (figs. S1 and S9), we hypothesized that ELT mice exhibit height-
ened pain sensation, which may contribute to their maladaptive
behavioral phenotypes. Using a range of standard mechanical stim-
uli, we found that ELT robustly increased the behavioral responses to
mid-force von Frey filaments (0.4 to 1.4 g) compared with controls
(Fig. 6, A and B). To further determine whether these responses of
ELT mice are accompanied by pain-like features (e.g., paw shaking
or guarding) (22, 23), we used high-speed videography to capture
subsecond paw movements at the onset of stimulation (Fig. 6C).
Following 0.4-g von Frey stimulation, ELT mice exhibited enhanced
paw withdrawal responses, displaying prolonged paw shaking/
guarding and increased paw distance traveled (Fig. 6, D to F; fig. S10,
F to H; and movie S1). These findings suggest that ELT induces height-
ened mechanical sensitivity, reflecting an increased pain state.

Pain can disrupt social interactions by provoking irritability or
aggression, often as a defensive reaction (27). We therefore reasoned
that heightened pain states in ELT mice contribute to their aggres-
sive behavior. To test this, we examined whether pharmacological
pain relief could attenuate ELT-induced aggression (Fig. 6G). Vehi-
cle treatment had no significant effect on aggression during RI tests,
while CAR treatment led to a mild reduction in attack duration. No-
tably, GBP administration reduced both the duration and frequency
of attacks and increased attack latency compared to baseline levels
before drug treatment (baseline 1) or after drug washout (baseline
2) (Fig. 6, H to ], and fig. S101I). These effects occurred with no ac-
companying changes in locomotion (fig. S10J), suggesting that the
increased pain state in ELT mice is a key component driving their
heightened aggression.

Because Cay1.2 in the RE contributes to increased susceptibility
to aggression and self-harm in ELT mice (Fig. 2), we next examined
the functional role of Ca,1.2 in ELT-induced mechanical hypersen-
sitivity. We bilaterally injected AAV5-Cre into the RE of control and
ELT Cacnald™* or Cacnald™M* littermates. ELT Cacnald™/*
mice in which Cacnalc was selectively disrupted in the RE, exhibited
normalized mechanical sensitivity, whereas ELT Cacnald™* mice
showed the expected increase in paw withdrawal responses to a
range of von Frey filaments (Fig. 6, K and L). These results indicate
that Ca,1.2 in the RE is required for ELT-induced hypersensitivity to
mechanical stimuli, which likely contributes to the elevated aggres-
sion and self-harming behavior observed in ELT mice.

Furthermore, given our previous data showing that increased
vGlut2 RE=>vCA1 circuit activity encodes negative emotional states,
which commonly comorbid with pain, we next asked whether in-
hibiting this pathway could alleviate mechanical hypersensitivity in
ELT mice. After injecting either AAV-DIO-enhanced Natronomo-
nas pharaonis halorhodopsin 3.0 (eNpHR3.0)-eYFP or AAV-DIO-
eYFP into the RE of control or ELT vGlut2-Cre mice, we implanted
optic cannulae over the vCA1 (Fig. 6M). Mice were then subjected to
von Frey test under 589-nm light stimulation to assess paw withdrawal
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thresholds. Optogenetic inhibition of vGlut2 RE=»vCAI neuro-
nal terminals reduced mechanical hypersensitivity in ELT mice
to levels comparable to controls (Fig. 6, N and O). Together with
our prior data, these results support the hypothesis that vGlut2
RE=>vCA1 circuit is necessary for the heightened pain sensitivity,
which, in turn, increase the risk of related maladaptive behaviors
in ELT mice.

RE=>VCAT1 neurons separately control aggression and
self-harm via distinct efferent targets

Previous studies identified two discrete subsets of vCA1 neurons
projecting to either the BA (vCA1=>BA) or the Hypoth (vCA1=>
Hypoth) (60, 61). Given that vCAL1 receives substantial input from
the RE (62), we sought to delineate two potential circuit organiza-
tions: RE=>vVCA1->BA and RE=>vCA1=>Hypoth. First, to vali-
date distinct vCA1 neuronal subpopulations projecting to BA or
Hypoth, we injected AAVretro-Cre into either the BA or Hypoth of
C57BL/6 mice, while also injecting AAV-DIO-EGFP into vCAl.
This approach allowed us to label only vCA1 neurons projecting to
the injection site of AAVretro-Cre—either the BA or Hypoth (Fig. 7,
Aand C). After examining axonal fibers originating from vCA1=>BA
or vCA1=>Hypoth neurons, we found that cells projected primarily
to their respective targets but less likely to both (Fig. 7, B and D),
consistent with prior studies (60). Notably, within the vCA1=>Hypoth
pathway, dense vCA1 axonal terminals were observed in discrete
hypothalamic subregions, including the lateral hypothalamus (LH),
VMH shell, and ventrolateral VMH (VMHvl) (Fig. 7, C and D),
which have been implicated in social aggression (44, 45, 63).

Next, we determined whether both vCA1->BA and vCA1—>
Hypoth neurons receive inputs from the RE using projection-
specific transsynaptic tracing (64). First, we injected AAVretro-Cre
into either the BA or Hypoth and Cre-dependent AAV's expressing
avian tumor virus A (TVA) receptor with an optimized rabies glyco-
protein (AAV-FLEX-TVA-GFP-0G) into vCA1. Two weeks later, we
delivered envelope protein A (EnvA)-pseudotyped, glycoprotein-
deleted rabies virus (EnvA-RVAG-mCherry) into vCA1 to map the
monosynaptic inputs to these two populations (fig. S11, A and D).
Quantification of mCherry-labeled neurons in the RE revealed that
both vCA1->BA and vCA1->Hypoth neurons predominantly re-
ceived inputs from the rostral RE, rather than the caudal RE (fig. S11,
A to F). Together, these data establish the existence of two distinct
three-node pathways: RE=»vCA1—>BA and RE=>vCA1—>Hypoth.

Amygdala subnuclei have emerged as important sites for the
emotional affective dimension of pain (65, 66), while the Hypoth,
particularly the VMH, is thought to be a key region of aggression
(44). We therefore reasoned that two distinct RE=>vVCA1=>BA and
RE=>vCA1->Hypoth pathways may differentially regulate self-
harming behaviors associated with pain and aggression. To investi-
gate this, we injected an anterograde transsynaptic AAV1-Cre into
an upstream node, RE, while a retrograde AAV carrying Flp was
injected into either of the downstream targets, BA or Hypoth. Con-
currently, we injected AAV-Cre-On and Flp-On (Con/Fon)-ChR2-
eYFP or AAV-Con/Fon-eYFP into the middle node, vCA1, followed
by optic fiber implantation at the same site. This combination of vi-
ral injections allowed selective ChR2 expression in the subsets of
vCA1 neurons that receive inputs from the RE and project to either
the BA or the Hypoth (Fig. 7E).

In control mice, optogenetic activation of vCA1 neurons spe-
cifically relaying between the RE and the BA potentiated both
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Fig. 6. vGlut2 RE=>VCA1 activity is necessary for mechanical hypersensitivity of ELT mice. (A) Schematic of von Frey testing after ELT procedure. (B) ELT mice exhib-
ited mechanical hypersensitivity with increased number of paw withdrawals in response to 10 stimulations with von Frey filaments (n = 8, 12 mice). (C) Schematic of
high-speed camera setup to capture paw shake or paw guard during 0.4-g von Frey stimulation. (D) Representative paw movement trajectories from mice shown in (C),
with yellow lines indicating paw tracking. (E and F) ELT mice showed increased paw shaking and paw guarding (n = 12 and 16 mice). (G) Experimental timeline for testing
the effects of CAR or GBP on ELT-induced aggression. (H and I) GBP treatment (n = 8 ELT mice) significantly reduced attack duration and number. Vehicle (n = 7 ELT mice)
or CAR treatment (n = 8 ELT mice) had no or only mild effects. (J) Raster plots showing attack bouts from individual ELT mice during a series of Rl tests. (K) Mechanical
sensitivity of control or ELT Cacnalc™* and Cacna1c/™° mice received AAV5-Cre into the RE during von Frey test (n = 7, 7, and 7 mice). (L) Withdrawal threshold of
animals shown in (K). (M) Schematic illustrating optogenetic inhibition of vGlut2 RE=>VCA1 neurons. (N) Mechanical sensitivity of mice expressing eNpHR3.0 or eYFP
during von Frey testing with 589 nm of light exposure (n = 5, 6, and 5 mice). (0) Withdrawal threshold of animals from (N). Statistical analyses with significance: two-way
RM ANOVA [(B), (K), and (N)], two-tailed paired t test [(E) and (F)], one-way RM ANOVA [(H) and (1)], and one-way ANOVA [(L) and (O)]; *P < 0.05; **P < 0.01; ***P < 0.001;
1P < 0.05; t1P < 0.01; t11P < 0.001. Data are presented as means + SEM.

mechanical sensitivity and Bay K-induced self-harming behavior, increasing attack duration/frequency, whereas a similar activation

whereas the same activation of vCA1 neurons relaying between the
RE and the Hypoth did not affect these behaviors (Fig. 7, F and G,
and fig. S11, G and H). Instead, optogenetic activation of vCA1 neu-
rons relaying between the RE and the Hypoth preferentially elicit-
ed aggressive behaviors, significantly reducing attack latency and

Jungetal, Sci. Adv. 11, eady5540 (2025) 5 November 2025

of the vCA1 neurons between RE and BA did not (Fig. 7, H to J).
These data suggest that activation of the RE=>vCA1->BA circuit is
sufficient to potentiate Bay K-induced self-harm associated with
pain, while the activation of the RE=>»vCA1->Hypoth circuit more
selectively triggers aggression.
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Fig. 7. Dissociable roles of vCA1 neuronal circuits in regulating aggression and self-harm. (A and C) AAV-DIO-EGFP was injected into the vCA1 and AAVretro-Cre was
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This prompted us to examine whether the inhibition of these
three-node circuits could restore the maladaptive behavioral char-
acteristics of ELT mice. Using ELT C57BL/6 mice, we used the same
intersectional optogenetic strategies described above but injected
AAV-Con/Fon-NpHR3.3-eYFP instead of AAV-Con/Fon-ChR2-
eYFP (Fig. 7K). Silencing the middle node of the RE=>VCA1->BA
circuit in ELT mice ameliorated the heightened sensitivity to me-
chanical stimuli during von Frey testing and reduced exacerbated
self-harm after submaximal Bay K injection (Fig. 7, L and M, and
fig. S111). On the other hand, inhibition of the RE=>vCA1=>Hypoth
circuit significantly attenuated the elevated aggression seen in ELT
mice (Fig. 7, N to P). Together, these data support the idea that
maladaptive hyperactivity in RE=>»VCA1 circuits underlies both

Jungetal, Sci. Adv. 11, eady5540 (2025) 5 November 2025

aggression and self-harm associated with pain, while the specific be-
havioral outcome is preferentially determined by the different down-
stream target of vCAl, either the Hypoth or the BA, respectively.

DISCUSSION

Here, we found that LTCCs in the vGlut2 RE=>vCA1 circuit are
shared components underlying both aggression and self-harm. Exces-
sive LTCC activity in vGlut2 RE neurons and the consequent acti-
vation of vGlut2 RE=>»vCA1 neurons are essential for increasing
susceptibility to aggression and self-harm, while silencing vGlut2
RE=>VCAL1 neurons restores the levels of these maladaptive behav-
iors in ELT mice. Furthermore, two distinct downstream targets of
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the vCAl— the Hypoth and BA—are key processing nodes for RE-
derived information that trigger aggression and self-harm, respectively.

Accumulating evidence indicates a strong association between
aggression and self-harm, with a high likelihood of co-occurrence
in the same individuals (4-7), yet the underlying neural mecha-
nisms remain unknown. In this study, we demonstrated that
pharmacological activation of LTCCs can induce aggression and
self-harm in a dose-dependent manner (Fig. 1). Low-dose Bay K
(<0.1 mg/kg, sc) elicited aggression toward conspecifics, whereas
high-dose Bay K (>8 mg/kg, sc) triggered self-biting behaviors in
mice. RE-specific Bay K administration reproduced these behaviors,
promoting aggression at low doses (<2.5 pg per side) and inducing
self-harm at high doses (>25 pg per side). These results identify the
RE as a common neural substrate mediating both aggression and
self-harm and suggest that the extent of RE LTCC activation deter-
mines whether mice exhibit aggression or self-harm.

Notably, we found that both low- and high-dose Bay K treatment
induced pain-related behavioral responses. At a low dose (0.1 mg/
kg, sc), a condition previously shown to trigger aggression, Bay K
sensitized pain-like behavioral features, such as paw guarding, in
response to mechanical stimuli (fig. S1). Following high-dose Bay K
administration, mice exhibited increased facial grimacing, an indi-
cator of spontaneous pain, that preceded or coincided with self-biting
behaviors. These findings suggest that Bay K may drive aggression or
self-harm as maladaptive strategies for coping with pain. Consistent
with this, previous studies have shown that heightened pain states can
enhance the perception of social cues as threatening, thereby pro-
moting aggression as a defensive strategy (26, 27, 67). Furthermore,
individuals with chronic pain conditions, such as fibromyalgia or
rheumatoid arthritis, are often at a higher risk of self-harm, poten-
tially because “self-inflicted pain” can temporarily relieve the origi-
nal pain by providing a competing sensory input (68-71). Future
investigations into the role of RE-specific LTCCs in pain processing
will further our understanding of the neural mechanisms that trans-
duce pain onset into an increased risk of aggression and self-harm.

ELT is a shared risk factor for the development of aggression and
self-harm later in life. Our findings demonstrate that adult mice ex-
posed to ELT paradigm (e.g., pup-dam/littermate separation) exhibit
a heightened pain state that inherently potentiates levels of both ag-
gression and self-harm (Fig. 6). Notably, increased LTCC expres-
sions in vGlut2 RE neurons emerged as a key molecular signature in
ELT mice, while RE-specific Cacnalc deletion effectively reversed the
observed maladaptive behaviors—aggression, self-harm, and height-
ened mechanical sensitivity (Figs. 2 and 6). These findings identify
RE-targeted Cay1.2 modulation as a potential therapeutic strategy
for mitigating aggression and self-harm induced or exacerbated by
enhanced pain perception, particularly after early adversity.

LTCCs are known to maintain long-lasting activation due to their
slower inactivation kinetics, which allows them to facilitate sus-
tained intracellular Ca®* signaling (55). In addition, Bay K binds to
the a; pore-forming subunit of the LTCCs, prolonging the channel’s
opening time (72). Given our VITRAP analysis indicating elevated
ribosome-bound mRNA levels of LTCCs in the vGlut2 RE neurons
of ELT mice (Fig. 2), we speculated that these neurons exhibit even
more sustained Ca’* influx in response to the Bay K stimulation
compared to controls. We found that in vivo vGlut2 RE neuronal
activity in ELT mice remained active for longer than those of control
mice, after submaximal doses of Bay K administration (Fig. 4). Given
that self-biting behaviors predominantly occurred during this phase
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of sustained in vivo vGlut2 RE neuronal activation in ELT mice, it is
plausible to think that persistent RE neuronal activation—potentially
driven by ELT-induced excessive LTCC activity—is critical for the
initiation of self-biting behavior.

In control mice encountering a novel social stimulus, in vivo
vGlut2 RE neuronal activity showed a distinctive sharp peak-and-
suppression pattern, with an initial activity peak occurring at the
first contact with a conspecific stranger, followed by a rapid suppres-
sion of that activity (Fig. 3). This dynamic response suggests that
vGlut2 RE neurons encode the initial social cue processing, while
their activity is quickly suppressed during normal social investiga-
tion, likely to prevent excessive engagement with or reaction to so-
cial stimuli. Previous studies indicated that y-aminobutyric acid
(GABA)-releasing neurons in the reticular nucleus of the thalamus,
ventromedial thalamic nucleus, and ZI send short-range inhibitory
projections into the RE (41, 73). Thus, it is plausible that these inputs
exert rapid inhibitory control over vGlut2 RE neurons following ini-
tial social contact, ensuring naturalistic social interactions.

In contrast, we found that ELT mice exhibited persistent in vivo
vGlut2 RE neuronal activity, characterized by a blunt peak-and-no
suppression pattern. This sustained neuronal activity potentially
contributes to increasing baseline aggression in ELT mice, since op-
togenetic activation of vGlut2 RE neurons alone was sufficient to
induce these behaviors in control mice (fig. S7). Because of the up-
regulation of LTCC mRNA expression in ELT vGlut2 RE neurons
(Fig. 2), it is possible that excessive LTCC activity weakens inhibi-
tory controls on these neurons, allowing their persistent activation.
Furthermore, previous studies suggested that RE receives glutama-
tergic inputs from the mPFC and anterior cingulate cortex (ACC)
(21, 73). These input sources may be responsible for driving the initial
peak of vGlut2 RE neuronal activation at the onset of first social con-
tact. Future studies examining whether ELT disrupts mPFC=>vGlut2
RE or ACC=>vGlut2 RE circuit activity and impairs the initial cogni-
tive processing of social information will provide important insight
into the synaptic and circuit adaptations that underlie impulsive ag-
gression following early adversity.

We also found that activation or inhibition of vGlut2 RE=>vCA1
neurons aggravated or alleviated aggression and self-harm (Fig. 5). In
a more naturalistic setting, without social stimuli or Bay K treatment,
optogenetic activation of vGlut2 RE=»vCA1 neurons signaled nega-
tive valence, triggering avoidance or anxiety-like behaviors (fig. S9).
Negative emotions such as anxiety can create social threat bias, often
triggering aggressive behaviors (46). Self-harm also emerges as a mal-
adaptive coping response to overwhelming emotional distress under
mentally or physically challenging situations (71). Therefore, vGlut2
RE=>vCAI neurons may play a role in integrating their negative va-
lence signals with social information, driving aggression toward con-
specifics. For mice treated with Bay K treatment, these neurons seem
to amplify self-harm by reinforcing negative emotional states.

Our data revealed that the RE sends inputs into two discrete sub-
sets of VCA1 neurons projecting to either the Hypoth or BA. Notably,
these two downstream targets are important for driving aggression
and self-harm, respectively (Fig. 7). Since the Hypoth, particularly
its VMH region, is well recognized for its role in initiating aggressive
behaviors (44, 45), it may partake in processing aggression-related
information relayed from the RE-to-vCA1 circuit. The BA has been
implicated in modulating the affective motivational dimensions of
pain (65), which may play a crucial role in adjusting the threshold
for the induction of self-biting behaviors. Together, our work highlights
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the RE as a critical neural hub for integrating aggression- or self-
harm-related information, which is then transmitted to vCA1. The
vCA1 projections ultimately shape behavioral outcomes depending
on whether they target the Hypoth or BA—previously established
mechanistic substrates for aggression or affective pain, respectively.

In conclusion, we have delineated distinct LTCC-expressing RE
circuits that govern aggression and self-harm, as divergent outcomes
along a shared pain-related behavioral continuum. LTCCs within
the RE circuitry also provide a mechanism through which ELT
sustains vGlut2 RE neuronal activation, enhancing susceptibility
to these maladaptive behaviors. This study advances our under-
standing of how traumatic early-life experiences modify RE neural
circuits, leading to long-term behavioral consequences—such as
heightened aggression and self-harm—that may arise from patho-
logical pain sensation. Our findings offer a crucial entry point for
circuit-based studies in outward or self-directed destructive be-
havioral symptoms, which remain challenging yet important is-
sues in psychiatric and pain research.

MATERIALS AND METHODS

Animals

All mice were group housed under a 12-hour light/dark cycle in a
temperature- and humidity-controlled room with ad libitum access
to food and water. C57BL/6] (stock no. 000664), vGlut2-Cre (stock
no. 016963), and heterozygous Cacnal T (Cacna1d* stock
no. 024714) mice were obtained from the Jackson Laboratory. vGlut2-
Cre mice were crossed with C57BL/6] mice to generate experimental
mice. Cacnald™* mice were initially crossed with C57BL/6] to yield
heterozygous breeders, which were then intercrossed for the genera-
tion of homozygous Cacnald™"°* littermates. Each of the genotypes
was determined by PCR analysis. All experiments were conducted
with 7- to 9-week-old mice during the light cycle, and age-matched
littermates were randomly assigned to each group. Male mice were
used in RI test, whereas the initial assessment included both male
and female mice (Fig. 1, A to D). For other behavioral experiments,
VIRAP, qPCR, FISH, and anatomical tracing, a similar number of
both male and female mice were used. All experimental protocols
were approved by the Institutional Animal Care and Use Committee
of the Virginia Polytechnic Institute and State University (#23-008).

ELT procedures

The generation of ELT mice followed previously established meth-
ods (48, 74). Briefly, pregnant female mice were housed individually
from gestational days 14 to 16. Between P3 and P4, ELT pups were
separated from their dam and littermates for 23 hours. During this
period, they were individually placed in partitioned small chambers
with bedding and maintained in an incubator at 32° + 1°C. After the
separation, ELT pups were reunited with their dam and littermates,
whereas control pups remained undisturbed in the maternal nest.
All pups were weaned at P21 and subsequently housed in groups of
three to five of the same sex until the start of the experiments.

Rl test

The RI tests were carried out as previously described with minor mod-
ifications (75, 76). Each experimental mice (“residents”) was group
housed in a home cage with unchanged bedding for at least 1 week
before the experiments. On the test day, the mice were acclimated to
the testing room for 1 hour in their home cages. The cagemates were
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temporarily moved to a holding cage, and the experimental mouse
was allowed to explore its home cage freely for 10 min (habituation).
A novel, same-sex juvenile C57BL/6 mouse (4 to 5 weeks old, “in-
truder”) was then introduced into the home cage of the resident, and
mice were allowed to freely interact for 10-min test session. All be-
haviors were video recorded using a top-view camera (Logitech)
and analyzed by two experimenters who were blind to the test con-
ditions. Behavioral analysis was conducted using Adobe Premiere
Pro 2024 software. Attack bouts were identified through frame-by-
frame analysis and were defined as frames in which the resident
mouse engaged in biting or intense aggressive behavior immediately
following a biting episode. To quantify aggressive behavior, the la-
tency to the first attack, total attack duration, and the number of at-
tack bouts in each test session were recorded.

To test the effects of analgesics on aggression, a series of RI tests
were conducted. Baseline aggression levels were first assessed on
day 0 (baseline 1). On day 4, mice were subjected to RI tests 1 hour
after administration of CAR (5 mg/kg, sc) or GBP [100 mg/kg, in-
traperitoneally (ip)]. To confirm the recovery of aggression after
drug washout, the same mice were retested on day 8 (baseline 2). A
novel intruder was introduced in each testing session to avoid ha-
bituation effects.

Self-biting behavior analysis and wound scoring

To induce self-biting behavior, Bay K was administered either sub-
cutaneously (4 or 8 mg/kg, sc) or intracranially (25 pg/0.5 pl per
side). Immediately after the injection, each mouse was placed in a
transparent acrylic chamber (6.5 cm by 6.5 cm by 6.5 cm). Using
multicamera setup (Open Broadcaster Software, V30.1.2), all behav-
iors were recorded for 40 min with three cameras (Logitech): one for
a bottom view and two for each side view. Self-biting behavior was
defined as a repetitive gnawing and biting motion directed at vari-
ous body regions, including the fore/hind paws, chest, shoulder, and
tail, initiated when the mouth contacts these areas. Two blinded ex-
perimenters manually recorded the duration of self-biting episodes.
Adobe Premiere Pro 2024 software was used for frame-by-frame
analysis to identify the defined self-biting behaviors, not including
grooming behaviors characterized by licking motions directed at
body surfaces. After 40-min video recording, each mouse was vi-
sually examined for wounds across body regions. The severity of
injuries was scored on the basis of criteria adapted from previous
studies (77) with minor modification: score 0, no visible tissue dam-
age; score 1, mild redness on bitten nails and toe tips without skin
damage; score 2, superficial abrasions, including peeled or frayed
skin in multiple sites, but no active bleeding; score 3, pronounced
redness and swelling with visible blood traces; score 4, severe tis-
sue injury including digit amputation, deep lesions, and unrecog-
nizable paw area.

For self-harm tests involving chewable items, either a nylabone
chew toy or a wooden block was placed in the acrylic chamber at the
onset of video recording for both vehicle- or Bay K-injected mice.
To assess the effects of Bay K on appetitive behaviors, these mice
were presented with either a high-fat diet (60% kcal fat; D12492,
Research Diets) or a same-sex, age-matched social stimulus in their
homecage for 40 min.

Mouse grimace scale
The MGS scoring was performed as previously described (30), with
minor modifications. Briefly, Bay K (0.1, 4, or 8 mg/kg, sc) or vehicle
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was injected 10 min before placing each mouse in a stainless/alumi-
num imaging chamber (5.5 cm by 14 cm by 6 cm). To test the effects
of analgesics on Bay K-induced increases in grimace scores, mice
received CAR (5 mg/kg, sc) or GBP (100 mg/kg, ip) 10 min before
Bay K injection. During a 30-min video recording, a Canon Vixia
HF R9700 camera was placed 80 cm from the front side of the imag-
ing chamber, which remained open to the air to prevent glare and
reflections. The light-emitting diode (LED) strip light (3200 to 6500 K;
Waveform Lighting, Vancouver, WA, USA) was placed above the
chamber for illuminating the mouse’s face (~1000 lux).

For MGS analysis, each 30-min video recording (1920 X 1080
red, green, and blue, 30 frames/s) of C57BL/6 mice was evaluated by
PainFace, a cloud-based software platform (http://painface.net) at
1 frame/s with build 2022.11.15. The software detected four FAUs of
MGS: (i) orbital tightening, contraction of the muscles around the
eyes, causing partial eye closure; (ii) ear position, ears pulled back
and flattened against the head with the base of the ears becoming
more horizontal or retracted; (iii) nose bulge, muscular contraction
around the nose, making it appear more pronounced or swollen;
and (iv) whisker change, whiskers becoming stiff and drawn closer
to the face or pulled back. Each FAU was automatically scored on a
three-point scale of “0” (not present), “1” (moderate), or “2” (obvi-
ous). Total MGS score was calculated as the sum of the scores from
all four FAU, ranging from 0 to 8. The percentage of frames that were
scored throughout the 30-min session was categorized into three
MGS severity bins: low (0 to 2), medium (3 to 4), and high (5 to 8).

Rearing and audible vocalization measurement

Following administration of either vehicle or Bay K (4 or 8 mg/kg,
sc), each mouse was placed in a transparent acrylic chamber (6.5 cm
by 6.5 cm by 6.5 cm). Mouse behaviors and audible vocalizations
(squeaks) were recorded by cameras for 40 min and analyzed by two
blinded experimenters. The numbers of rearing instances and audible
calls during the session were manually recorded. Rearing was defined
as vertical posture in which the mouse stood on its hind legs, either
unsupported or with its forepaws resting against the chamber walls.

Locomotion

The locomotion test was conducted in an open-field arena (44 cm by
44 cm by 44 cm). Mice were individually placed in the arena and
allowed to move freely for 60 min. Their activity was monitored by a
camera (Logitech) positioned above the arena and analyzed using
tracking software (Viewer 3.0, BIOBSERVE).

Open field test

Each mouse was placed in the open-field arena (44 cm by 44 cm by
44 c¢m) and allowed to explore freely for 10 or 15 min. The open-
field arena was subdivided into two zones: a center zone (20 cm by
20 cm) and a periphery zone. The movement of mice was monitored
with a camera (Logitech) and analyzed by tracking software (Viewer
3.0, BIOBSERVE).

Elevated plus maze

The elevated plus maze consisted of two open arms, two closed
arms, and a center platform, elevated to a height of 30.5 cm above
the ground. Mice were placed in the center and allowed to explore
the maze for 5 min. The movement of the mice was recorded using
a camera mounted above the arena and analyzed using tracking
software (Viewer 3.0, BIOBSERVE).
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Restraint stress

Mice were individually placed in rodent immobilization bags (Harvard
Apparatus) that restricted movement while allowing normal respi-
ration. Each mouse underwent restraint for 6 hours in a quiet and
dimly lit room to minimize exposure to additional stressors.

Serum corticosterone measurement

Mice were anesthetized with isoflurane and decapitated either at
baseline or 0.5 hours after restraint stress. Whole-trunk blood sam-
ples were collected in 1.5-ml microcentrifuge tubes and allowed to
clot at room temperature for 30 min. Tubes were then spun at 3000g
for 15 min at 4°C. Supernatant containing clear serum was stored
at —80°C until an enzyme-linked immunosorbent assay was applied
to measure serum corticosterone using an assay kit (EIACORT,
Invitrogen).

Von Frey test

Mice were habituated for 30 min in rectangular plexiglass chambers
placed on an elevated mesh floor. A series of seven von Frey filaments
(ranging from 0.07 to 2 g; Stoelting) were applied to the plantar sur-
face of the hind paw in ascending order, starting with the lowest force.
Each filament was applied until it bent, with a 5- to 10-s interval be-
tween successive stimulations. Each filament was tested 10 times, and
the number of paw withdrawal responses was recorded. The with-
drawal threshold was determined as the lowest filament that elicited a
withdrawal response in at least 5 of 10 trials (>50% of trials).

Hot plate test

Thermal sensitivity was evaluated using the hot plate test. Mice were
placed on a metal surface heated to 53.5°C, which is enclosed within
an acrylic container (Ugo Basile). Latency to the first nocifensive re-
sponse, paw flinching, licking, or jumping, was measured. All testing
was conducted by experimenters blinded to drug treatment conditions.

High-speed videography and PAWS data analysis

High-speed imaging and automated analysis of paw withdrawal be-
havior were performed as previously described (24, 25), with minor
modifications. Mice were habituated for 30 min in rectangular plexi-
glass chambers on a mesh platform. A high-speed camera (Photron
FASTCAM Mini AX50, Zeiss 2/100M ZE2 lens) was positioned at
~3 feet (91.44 cm) with 10° angle from the plexiglass chambers to cap-
ture paw movements at 2000 frames/s for up to 1.75 s following ap-
plication of a 0.4-g von Frey filament to the hind paw.

For markerless pose estimation, 20 frames were randomly se-
lected from each recorded videos through SLEAP toolbox and man-
ually annotated for toe, center, heel, and two reference points on the
plexiglass chamber (top and bottom right corner). These labeled
frames were used to train a pose estimation model using SLEAP. The
trained model was applied to the full video dataset to track the toe,
center, and heel. Data points with tracking confidence below 80%
were excluded and replaced with interpolation. A rolling average
filter was applied to smooth the data. Tracking confidence was high-
est for the center point, which was used for all subsequent analyses.
These tracking data were analyzed using PAWS (22, 23, 25), which
extracted features such as guarding and shaking durations, paw dis-
tance traveled, and the number of paw shakes. To generate trajecto-
ries, we overlaid the inferred x and y positions of the paw center in
each video frame on a single still image corresponding to the mouse’s
paw during the tests.
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Drug treatment

For subcutaneous or intraperitoneal injections, Bay K (Sigma-Aldrich)
was dissolved in sterile distilled water containing 1.6% dimethyl
sulfoxide (DMSO), 4% ethanol, and 4% Tween 80. To measure self-
biting/self-injurious behaviors, rearing, audible vocalization, and
locomotion, Bay K (0.1, 4, or 8 mg/kg, sc) was injected immediately
before the experiment. For testing self-biting/self-injurious behav-
iors with analgesics, CAR (5 mg/kg, sc; Zoetis) and GBP (100 mg/
kg, ip; Sigma-Aldrich) were dissolved in sterile distilled water and
injected to mice 10 min before Bay K administration. For RI, von
Frey, and hot plate tests, mice were treated with Bay K (0.01 or
0.1 mg/kg, sc) 30 min before testing. For c-fos immunostaining,
mice were perfused 1 hour after administrations of either vehicle or
Bay K (4 mg/kg, sc).

For intracranial injections, a 30-gauge internal cannula (RWD
Life Science Inc.), extending 0.2 mm beyond the guide cannula, was
connected to a 1-pl Hamilton syringe via polyethylene-20 tubing.
Drugs were bilaterally microinjected into the target brain regions
over 30 s, and the cannulas were left in place for an additional 1 min
to ensure adequate diffusion. For locomotion, OFT and RI tests, Bay
K (0.25 or 2.5 pg/0.5 pl per side) was infused 1 hour before testing.
For assessing self-biting/self-injurious behavior, Bay K (2.5 pg/0.5 pl
per side) was administered 5 min before video recording. Nicardipine
(1 or 5 pg/0.5 pl per side; Sigma-Aldrich) was dissolved in DMSO
and bilaterally infused into the RE 1 hour before locomotion, RI
testing, or systemic administration of Bay K (4 mg/kg, sc). For che-
mogenetic control of vGlut2 RE terminals in the mPFC and vCALl,
CNO (1 mM, dissolved in sterile distilled water; 0.5 pl per side) was
delivered 5 min before the start of either the RI test or systemic ad-
ministration of Bay K (4 mg/kg, sc).

Fluorescent in situ hybridization

Mice were deeply anesthetized using isofluorane inhalation and per-
fused with ice-cold phosphate-buffered saline (PBS). Brains were
rapidly extracted and flash frozen with isopentane (Sigma-Aldrich)
prechilled with dry ice in 70% ethanol. Coronal brain slices (16 pm)
containing the RE were sectioned using a cryostat (CM1860, Leica)
and mounted on slides. FISH was performed using the RNAscope
Fluorescent Multiplex Assay (Advanced Cell Diagnostics). Slides
were fixed in 4% paraformaldehyde (PFA) for 15 min at 4°C and
subsequently dehydrated for 5 min with 50, 70, and 100% ethanol at
room temperature. Sections were then incubated with a Protease IV
solution for 30 min and washed with 1 X PBS before being incubat-
ed with probes for 2 hours at 40°C in the HybEZ oven (Advanced
Cell Diagnostics). All probes used were commercially available:
Mm-Cacnalc (445451), Mm-Cacnald (502591), and Mm-Slc17a6
(vGlut2; 319171). After washing twice with wash buffer, the signals
of the tissue sections were amplified in the amplification buffers at
40°C. After the final rinse, 4’,6-diamidino-2-phenylindole (DAPI)
solution was applied to the sections. Slides were visualized with a
Nikon SoRa inverted spinning disk confocal microscope.

Immunohistochemistry and c-fos quantification

Mice were perfused intracardially with 4% PFA/PBS and postfixed
overnight at 4°C. Coronal sections (50 pm) were sliced using a vi-
bratome (VT1000, Leica). Free-floating sections were washed in
PBS containing 0.3% Triton X-100 (PBS-T; pH 7.4) and incubated
in 1% (v/v) bovine serum albumin in PBS-T for 1 hour. The sections
were then incubated overnight with rabbit anti-c-fos antibody
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(1:5000; #2250, Cell Signaling Technology) or rabbit anti-FLAG an-
tibody (1:1000; #F7425, Sigma-Aldrich) in PBS-T. For Ca,1.2 and
Cay1.3 immunostaining, sections were incubated with rabbit anti-
Ca,1.2 (1:250; #ACC-003, Alomone Labs) or rabbit anti-Ca,1.3
(1:250; #ACC-005, Alomone Labs) for 48 hours. The following day,
sections were washed in PBS-T and incubated with Alexa Fluor-
conjugated secondary antibodies (1:1000; Thermo Fisher Scientific)
for 1 hour, washed in PBS, and mounted on slides with DAPI coun-
terstain medium (Thermo Fisher Scientific). Images were acquired
using a Nikon SoRa inverted spinning disk confocal microscope and
analyzed quantitatively using Image].

For c-fos quantification in the RE, sections were obtained from
bregma, —0.58 to —0.94 mm, from each animal. The neurons located
from the dorsal edge of the third ventricle up to +0.5 mm dorsally
and within +0.5 mm laterally from the third ventricle were consid-
ered part of the RE. Cell counts were made within this defined area
by applying consistent thresholds across all images and using the
“Analyze Particles” function in Fiji (Image]).

Viral translating ribosome affinity purification

The vIRAP assay was conducted as previously described (51, 78)
with slight modifications. Briefly, AAV-FLEX-EGFPL10a was bilat-
erally injected into the RE of vGlut2-Cre mice. Mice were eutha-
nized 3 weeks after the viral injection, and coronal brain slices (250 pm)
were prepared in prechilled sectioning buffer containing cyclohexi-
mide (0.1 mg/kg) and 100 pM rapamycin in PBS (pH 7.4) using a
vibratome (VT1200, Leica). Dissected RE tissue was transferred to
prechilled 1.5-ml tubes, snap frozen on dry ice, and stored at —80°C
until use. RE tissues from two mice were pooled to create one sam-
ple, with five and six replicates per group (Fig. 2N). RE tissue was
homogenized in a buffer containing 20 mM Hepes-KOH (pH 7.4),
5 mM MgCl,, 150 mM KCl, 1% NP-40, 1 mM dithiothreitol, cyclo-
heximide (0.1 mg/kg), 0.1 mM rapamycin, ribonuclease inhibitor
(#AM2696, Invitrogen), and cOmplete EDTA-free protease inhibi-
tor cocktail (#04693159001, Roche). EGFP-labeled ribosomes were
immunoprecipitated using Dynabeads Protein G (#10003D, Ther-
mo Fisher Scientific) precoated with anti-GFP antibodies (#50430-
2-AP, Proteintech) (79), and bound RNA was purified using the
Absolutely RNA Nanoprep Kit (#400753, Agilent). Purified RNA was
then reverse transcribed using SuperScript IV first-strand cDNA
synthesis kit (Thermo Fisher Scientific) with the Universal Primer 1
(UP1) (5'-ATATGGATCCGGCGCGCCGTCGACTTTTTTTTTTTT-
TTTTTTTTTTTT-3").

Quantitative real-time polymerase chain reaction

Mice were anesthetized with isoflurane and coronal brain slices
(250 pm) were prepared using a vibratome (VT1200, Leica). The RE,
mPFC, NAc, LS, VMH, vCAl, or DR was dissected, immediately
snap frozen on dry ice, and stored at —80°C until RNA extraction.
Total RNA was isolated using the Hybrid-R RNA purification kit
(#350-101, GeneAll Biotechnology). Purified RNA was then reverse
transcribed using SuperScript IV first-strand cDNA synthesis kit
(Thermo Fisher Scientific). Target sequences were amplified using
the TagMan Gene Expression Assay Kit (Thermo Fisher Scientific)
and quantified using the QuantStudio 3 Real-Time PCR System
(Applied Biosystems). TagMan probes (Thermo Fisher Scientific)
used in the assay included Cacnalc (Mm01188822_m1), Cacnald
(MmO01209927_gl), Calbl (MmO00486645_m1), Calb2 (MmO00801-
461_m1), Necabl (Mm00724274_m1), Tnntl (Mm00449089_m]1),
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and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Mm99-
999915_g1). Relative mRNA expression levels were calculated using
the comparative threshold cycle (AC;) method, with GAPDH as the
internal control: AC, = C; (gene of interest) — C; (GAPDH). Fold
change was calculated by normalizing the value of each sample to
the mean of the control samples. Gene expression changes were as-
sessed using the 2724 method, with expression levels normalized
to GAPDH and compared to control samples.

Virus generation

AAV vector plasmids were constructed using standard molecular
cloning methods or were obtained from external sources. Origins
and cloning of AAV-Elongation Factor la (EF1a)-DIO-eYFP, AAV-
EF1a-fDIO-EGFP, AAV-EFla-DIO-synaptophysin-smFP-FLAG,
AAV-hSyn-DIO-mCherry were described previously (80). AAV-
FLEX-EGFPL10a (plasmid #98747), AAV-hSyn-DIO-hM3D(G)-
mCherry(plasmid#44361),and AAV-hSyn-DIO-hM4D(G;)-mCherry
(plasmid #44362) were purchased from Addgene. Briefly, AAV was
produced by transfection of 293T cells (#632273, Takara) with three
plasmids: AAV vector plasmid expressing the target construct
(pAAV), AAV helper plasmid (pHELPER; Agilent), AAV rep-cap
helper plasmid (pRC-DJ; gift from M. Kay). At 72 hours after trans-
fection, the cells were harvested and lysed. Next, the viral particles
were purified by an iodixanol step gradient ultracentrifugation
method. The iodixanol was diluted, and the AAV was concentrated
using a 100-kDa molecular mass cutoff ultrafiltration device. The
genomic titer was validated by qPCR. The AAV vectors were diluted
in 1x PBS to a working concentration of ~10'? viral particles/ml.

Stereotaxic surgeries and histology

C57BL/6, vGlut2-Cre, Cacnald™*, or CacnaldM** mice were
anesthetized with a mixture of ketamine (100 mg/kg) and dexme-
detomidine (0.5 mg/kg) and then placed in a stereotaxic apparatus
(David Kopf Instruments). Body temperature was kept stable using
a heating pad (33°C) while recovering from anesthesia. Viral injec-
tion targets were determined using coordinates based on the Paxinos
and Franklin mouse brain atlas (81). For all experiments involving
viral expression in the RE, 200 nl of virus was infused into RE [an-
teroposterior (AP), —0.82; mediolateral (ML), 0.25; dorsoventral
(DV), —4.45] at a slow rate of 75 nl/min to minimize leakage. Pre-
emptive analgesia was administered via injections of buprenorphine
(0.1 mg/kg, sc), with postoperative analgesia provided by additional
buprenorphine injections.

For microinjections of the Bay K or nicardipine, a guide cannula
(26 gauges; RWD Life Science Inc.) was chronically implanted into
the RE (AP, —0.82; ML, +0.25; DV, —4.45), mPFC (AP, +1.78; ML,
+0.4; DV, —2.55), NAc (AP, +1.7; ML, £0.5; DV, —4.5), LS (AP, +0.85;
ML, +0.4; DV, —3.2), VMH (AP, —1.4; ML, +0.5; DV, —5.5), vCA1
(AP, —3.8; ML, +3.25; DV, —4.00), and DR (AP, —4.62; ML, 0; DV,
—2.93). Implanted cannulae were secured to the skull with an initial
layer of adhesive cement (C&B Metabond, Parkell), followed by a
second layer of dental cement (Ortho-Jet, Lang Dental), and then
obturators were placed in the guide cannulae. Sterile tissue adhesive
(Vetbond, 3M) was used to close the incision. Behavioral tests were
performed 2 weeks after the implantation. Upon completion of the
experiments, mice were deeply anesthetized and perfused with 4%
PFA. Brains were sectioned coronally at a thickness of 50 pm. The
sections were stained with 0.2% cresyl violet (Sigma-Aldrich) to verify
the placement of the cannula tips. Only data from mice with confirmed
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placement of the cannula tips in the target areas were included in
the final analysis. Mice with off-target implant tip locations were ex-
cluded from the final analysis.

For vIRAP assay, AAV-FLEX-EGFPL10a were bilaterally inject-
ed into the RE of vGlut2-Cre mice using a Hamilton microsyringe
connected to borosilicate glass pipettes at a constant rate controlled
by a syringe pump (PHD Ultra, Harvard Apparatus). Mice were giv-
en 2 weeks to recover from the virus injections before RE dissection.

For experiments involving the local deletion of Cacnalc, AAV5-
hSyn-Cre (#105553-AAV5, Addgene) was bilaterally injected into
the RE of Cacnald™* or Cacnald®"** mice. Mice were given 2 weeks
for molecular validation and behavioral testing. Cacnalc deletion in
the RE was examined by qPCR and FISH (Fig. 2).

For in vivo Ca** imaging experiments, a sterile 26-gauge needle
was gradually lowered into the RE of vGlut2-Cre mice (4 to 5 weeks
old) to a depth of —3.65 mm from the skull, making a path for GRIN
lens implantation. AAV5-DIO-GCaMPéf (#100835-AAV5, Addgene)
was then injected into the same RE location at a depth of —4.45 mm.
Subsequently, a ProView Integrated GRIN lens (diameter, 0.5 mm;
length, 8.4 mm; Inscopix) was implanted 100 pm above the virus injec-
tion site. The implanted GRIN lens and microendoscope baseplate
were secured to the skull as described above, and a baseplate cover
(Inscopix) was used to protect the lens when not in use. In vivo Ca**
imaging tests were performed 4 weeks after the ProView Integrated
GRIN lens implantation.

For chemogenetic manipulation of vGlut2 RE terminal activity,
vGlut2-Cre mice were bilaterally injected with AAV-DIO-mCherry,
AAV-DIO-hM3D(Gg)-mCherry, or AAV-DIO-hM4D(G;)-mCherry
into the RE. Bilateral drug infusion cannulae (26 gauges; RWD Life
Science Inc.) were implanted just above the mPFC (AP, +1.78; ML,
+0.4; DV, —2.55) or vCA1 (AP, —3.8; ML, +3.25; DV, —4.00). Mice
were allowed 2 weeks for recovery before behavioral testing.

For optogenetic activation of vGlut2 RE cell bodies, vGlut2-Cre
mice were bilaterally injected with AAV-DIO-eYFP or AAV-DIO-
hChR2(H134R)-eYFP (#20298-AAV5, Addgene) into the RE. Bilateral
optic fibers [200 pm in diameter, 0.66 numerical aperture (NA); Doric
Lenses] were implanted into the RE. For control of vGlut2 RE=>
vCA1 terminal activity, vGlut2-Cre mice were bilaterally injected with
either AAV-DIO-eYFP, AAV-DIO-hChR2(H134R)-eYFP, or AAV-
DIO-eNpHR3.0-eYFP (#26966-AAV5, Addgene) into the RE, and
bilateral optic fibers (200 pm in diameter, 0.66 NA; Doric Lenses)
were inserted just above the vCA1 (AP, —3.8; ML, +3.25; DV, —4.00).
For manipulation of vCA1 as a middle node between RE and BA or
between RE and Hypoth, AAV1-hSyn-Cre (#105553-AAV 1, Addgene)
was bilaterally injected in the RE of C57BL/6J, while 350 nl of
AAVretro-EF1a-Flp (#55637-AAVrg, Addgene) was bilaterally inject-
ed either in the BA (AP, —1.75; ML, +3.0; DV, —5.5) or Hypoth (AP,
—1.65; ML, +0.65; DV, —5.45). Subsequently, 350 nl of AAV-hSyn-Con/
Fon-ChR2-eYFP, AAV-hSyn-Con/Fon-eYFP (gifts from K. Deisseroth;
#INTRSECT AAV5&DJ, UNC Vector Core), or AAV-nEF-Con/Fon-
NpHR3.3-eYFP (#137152-AAV8, Addgene) was bilaterally injected
into the vCAl, followed by implantation of bilateral optic fibers
(200 pm in diameter, 0.66 NA; Doric Lenses) just above the vCA1.
Implanted fibers were fixed to the skull with adhesive and dental ce-
ment, as described above. Mice were allowed 3 weeks for recovery
before behavioral testing. Viral injections and cannula/fiber place-
ments were confirmed after the completion of behavioral experiments.

For input-output mapping experiments with EnvA-pseudotyped
rabies virus, 350 nl of AAVretro-hSyn-Cre (105553-AAVrg) was
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unilaterally infused into either BA (AP, —1.75; ML, +3.0; DV, —5.5)
or Hypoth (AP, —1.65; ML, +0.65; DV, —5.45) of C57BL/6 mice.
Subsequently, 350 nl of AAV8-hSyn-FLEX-TVA-P2A-GFP-2A-0G
(Salk Institute Viral Vector Core) was injected into ipsilateral vCA1
(AP, —3.8; ML, +3.25; DV, —4.00) at a rate of 100 nl/min. After al-
lowing for 2 weeks of viral expression, mice were again anesthetized
as previously described, and EnvA-AG-rabies-mCherry (Salk Insti-
tute Viral Vector Core) was infused into ipsilateral vCA1, using skull
scars as anatomical reference points. Mice were euthanized 5 days
after the final injection.

For output mapping, AAV-DIO-synaptophysin-smFP-FLAG was
unilaterally injected into the RE of vGlut2-Cre mice. To evaluate the
extent to which vGlut2 RE=>»vCA1 neurons collateralize to different
target regions, AAV-fDIO-EGFP was unilaterally injected in the RE,
and 350 nl of AAVretro-EF1a-DIO-Flp was injected in the ipsilat-
eral vCA1 of vGlut2-Cre mice. For similar assessments in vCA1=>-
BA or vCA1=>Hypoth neurons, 350 nl of AAV-DIO-EGFP was
unilaterally injected in the vCA1, and 350 nl of AAVretro-hSyn-Cre
was injected in the ipsilateral either BA or Hypoth of C57BL/6 mice.
Mice were given 2 weeks to recover from the virus injections before
histological analysis. For CTB-mediated tracing, 300 nl of CTB-488
(#C34775, Thermo Fisher Scientific) or CTB-647 (#C34778, Thermo
Fisher Scientific) was infused into the unilateral mPFC or vCA1l of
C57BL/6] mice. Mice were euthanized 5 days after the CTB injection.

After each experiment, the extent of viral transduction was as-
sessed to determine whether it was restricted to the RE or vCAl
without off-target effects in other adjacent areas. If the viral expres-
sion was found outside the desired area or if the viral transduction
was insufficient, covering less than 50% of the target area, then the
mice were excluded from the final dataset, which was determined by
two experimenters blinded to the experimental design. Injection
sites were verified in all animals by preparing coronal sections con-
taining the target region, and animals with incorrect injection place-
ments were excluded from the analysis.

In vivo Ca* imaging

Mice were habituated for 30 min either in their home cage or a trans-
parent acrylic chamber (6.5 cm by 6.5 cm by 6.5 cm) with a head-
mounted Inscopix miniature microscope (nVoke 2.0) connected to
a commutator to prevent cable entanglement during the experiment.
Before data acquisition, scope focus, excitation (EX)-LED power,
and gain were optimized for each mouse and remained constant
throughout the experiment. To monitor the GCaMPé6f fluores-
cence in response to social or nonsocial stimulus, a conspecific
stranger mouse or a fake mouse (mouse-shaped toy) was introduced
into home cage after baseline recording. Mice were allowed to inves-
tigate each stimulus freely, while GCaMP6f fluorescence was record-
ed, and the rate of Ca®" transients was measured during 0.5-min
periods following the first contact and compared to the rate during a
0.5-min baseline recording. To examine how in vivo activity of indi-
vidual vGlut2 RE neurons changes after Bay K administration (4 or
8 mg/kg, sc), the rate of Ca®" transients was measured during 1-min
periods after Bay K injection and compared over time. All mouse
behaviors were recorded simultaneously using video cameras.

In vivo Ca®" imaging data processing and analysis

Inscopix Data Acquisition software (version 1.6.1) was used to ac-
quire TIFF images of fluorescence dynamics at 20 frames/s. The EX-
LED power was maintained at 0.9 to 1.4 mW/mm?” with a gain of 3.5.
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Inscopix Data Processing software (v 1.6.1) was used to preprocess
Ca’" data from each imaging session. Briefly, Ca** imaging data
were down-sampled temporally (2X temporal bin) and spatially
(4X spatial bin) and motion corrected for rigid brain movement.
Regions of interest corresponding to cell bodies were identified in
maximum projection images using an automated cell-finding func-
tion and manually inspected to ensure accuracy. Raw fluorescence
traces for individual vGlut2 RE neurons were then z-normalized us-
ing the mean and SD of the entire imaging session. The normaliza-
tion of individual neuronal Ca** dynamics was performed using
Inscopix Python (v3.8) scripts for further analysis. To detect indi-
vidual Ca®" transients, AF/F, values from individual vGlut2 RE neu-
rons were processed using customized MATLAB-based software
(MathWorks) to remove slow drifts, estimated by a median filter of
10 s in width (82, 83). The median absolute deviation (MAD) of the
entire time series was computed, and Ca®" transients were extracted
by identifying upward transients exceeding a 5.5-MAD threshold,
with an interval no shorter than 2 s between successive events.

Behavioral events, including the onset of social bouts [e.g., close
following (<1 c¢m), anogenital/body sniffing, mounting, and nose-
to-nose contact], physical contact with the fake mouse, and self-biting
bouts, were manually scored from recorded videos by two experi-
menters blinded to the experimental design. To correlate vGlut2 RE
neuronal activity with self-biting behaviors, Ca®* transients of from
individual neurons were aligned to the first self-biting bout onset.
During 2.5-min period following the first self-biting bout, the num-
ber of neurons exhibiting Ca®" transients at the onset of self-biting
episodes were quantified from ELT mice treated with Bay K (4 mg/
kg, sc). The percentage of the correlated or noncorrelated cells was
calculated relative to the total number of vGlut2 RE neurons de-
tected during the image session.

For the classification of vGlut2 RE neuronal responses to social
or nonsocial contact with the intruder or fake mouse, the baseline
Ca®" transient rate and SD (o) were determined during 4-min pe-
riod before introducing either a fake mouse or an intruder mouse.
Cells were classified as activated if their average Ca** transient rate
during the 0.5-min window at 3 min after the first contact exceeded
(baseline Ca®" transient rate + 0.55), as inhibited if it fell below
(baseline Ca*" transient rate — 0.56); and as null if it remained with-
in the range of (baseline Ca*" transient rate — 0.56) to (baseline Ca**
transient rate + 0.5 5).

Optogenetic stimulation

For ChR2-mediated activation, a 3-m-long fiber optic patch cord
(200 pm in diameter, 0.57 NA; Doric Lenses) was connected to the
chronically implanted optic fiber and positioned above the behav-
ioral testing area. This setup allowed the animals to move freely while
being stimulated with 450-nm blue light (20 Hz, 5-ms pulses) for
activation. For eNpHR3.0-mediated inhibition, the patch cord was
attached to a 589-nm yellow light source (Doric Lenses), with con-
tinuous light applied bilaterally to achieve inhibition. The light power
at the fiber tip was set to 10 mW for each optic fiber. During RI tests
involving optogenetic manipulation, light stimulation began 5 min
before introducing the intruder mouse into the home cage. For RI
tests with ChR2-mediated activation (figs. S7, C to E, and S9, B to D),
each mouse underwent RI tests twice, separated by 48 hours, one
session with low-frequency blue light (5 Hz, 5-ms pulses) and one with
high-frequency light (20 Hz, 5-ms pulses). The order of low- or high-
frequency light stimulation was counterbalanced across groups.
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Real-time place test

A 3-m-long fiber-optic patch cord (200 pm in diameter, 0.57 NA;
Doric Lenses) was connected to the chronically implanted optic fi-
ber and suspended above the behavioral testing area to allow the
animal to move freely while receiving 450-nm blue light stimula-
tions (Doric Lenses). To perform RTPT, mice were placed in a three-
chamber rectangular apparatus (40.5 cm by 21 cm by 35 cm) with a
central chamber and two side chambers (18 cm by 21 cm by 35 cm),
each distinguished by different wall patterns (stripes versus dots).
On a baseline day, mice explored the entire arena for 20 min without
optical stimulation (off). Mice showing a side preference of more
than 65% during the baseline test were excluded from further study.
On a subsequent day, the mice were placed in the no-stimulation
side of the arena, which was randomly assigned. The 20-min ses-
sions began when the mouse fully crossed (all four paws) from the
“no-stimulation” side to the “stimulation-paired side” Upon enter-
ing the stimulation-paired side, mice received blue light stimulation
(20 Hz, 5-ms pulses) until returning to the no-stimulation side, at
which point the stimulation ceased. The time spent in each chamber
was assessed using a camera (Logitech) and video tracking software
(Viewer 3.0, BIOBSERVE). The percentage of time spent in the sti-
mulation-paired chamber was calculated as [(time in the stimulation-
paired chamber) / (time in the stimulation-paired chamber + time
in the no stimulation-paired chamber) X 100 (%)].

Circuit mapping quantification

Fluorescence-labeled fibers originating from vGlut2 RE or vCAl
neurons were quantified as previously described (48, 80), with slight
modifications. Coronal brain sections (50 pm) were collected along
the AP axis of the brain, and brain regions were identified on the
basis of anatomical landmarks and the Paxinos and Franklin mouse
brain atlas (81). Imaging was taken using a Nikon SoRa spinning disk
confocal microscope, and analysis was conducted in Fiji (Image]).
The density of EGFP-expressing fibers was assessed as a percentage
of the area of thresholded pixels normalized to injection sites of
AAVretro-DIO-Flp (Fig. 5D) or AAVretro-Cre (Fig. 7, B and D).
Threshold values were qualitatively determined by assessing the level
that best mirrored the original image without introducing a back-
ground, and the same threshold was consistently applied to all images.

For RE inputs to either the vCA1=>BA or vCA1=>Hypoth neu-
rons, coronal sections (50 pm) were collected along the AP axis of
the brain and imaged using an Olympus VS120 slide scanner.
mCherry-positive inputs were counted in the rostral RE (bregma,
—0.58 to —0.82 mm), medial RE (bregma, —0.94 to —1.22 mm), and
caudal RE (bregma, —1.34 to —1.58 mm). Data were presented as
the percentage of mCherry-positive signals within each RE subdivi-
sion relative to the total mCherry-positive signals quantified across
the entire rostral-to-caudal RE.

CTB-positive neurons were quantified using the “Cell Counter”
function in Fiji (Image]). Data were calculated as the percentage of
cell labeled with only CTB-488, only CTB-647, or both CTB-488
and CTB-647, relative to the total CTB-positive cells within each
rostral, medial, and caudal RE, as described above.

Statistical analysis

Animals used in this study were not selected on the basis of prereq-
uisite features other than general animal well-being (for example,
regular grooming and locomotion and no apparent infections) for
allocation into a particular experimental group. Differences across
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more than two groups were analyzed with one-way or two-way anal-
ysis of variance (ANOVA), followed by Bonferroni or Fisher’s least
significant difference post hoc tests for multiple comparisons. For
comparisons between two groups, two-tailed unpaired ¢ tests were
used, as described in the figure legends. The distribution of data was
checked for normality and equal variance. P < 0.05 was considered
statistically significant. Data are reported as the means + SEM. All
statistical tests were performed using SigmaStat software (version
4.0, Inpixon). Detailed statistical information for datasets in Figs. 1
to 7 were summarized in table S1.
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