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In Brief

Individuals with a tendency toward
impulsive aggression may suddenly
attack others when under stress. The
neural circuitry underlying stress-
provoked aggression is largely unknown.
Chang and Gean demonstrate that ventral
hippocampal (vHip) outputs to the
ventromedial hypothalamus (VMH)
mediate stress-provoked aggression in
post-weaning socially isolated mice.
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SUMMARY

Impulsively aggressive individuals may suddenly
attack others when under stress, but the neural cir-
cuitry underlying stress-provoked aggression is
poorly understood. Here, we report that acute stress
activates ventral hippocampus (vHip) neurons to
induce attack behavior in post-weaning socially iso-
lated mice. Chemogenetic inhibition of vHip neural
activity blunts stress-provoked attack behavior,
whereas chemogenetic activation promotes it. The
activation of cell bodies in vHip neurons projecting
into the ventromedial hypothalamus (VMH) induces
attack behavior, suggesting that the vHip-VMH pro-
jection contributes to impulsive aggression. Further-
more, optogenetic inhibition of vHip glutamatergic
neurons blocks stress-provoked attacks, whereas
optogenetic activation of vHip glutamatergic neu-
rons drives attack behavior. These results show
direct evidence that vHip-VMH neural circuitry mod-
ulates attack behavior in socially isolated mice.

INTRODUCTION

Aggression is an innate behavior in most animal species and can
be useful for obtaining food, protecting territory, and maintaining
mating rights. However, an inability to control aggression brings
enormous problems to human society. Pathological aggression
is attack behavior that occurs out of context, is out of proportion
to the triggering cause, and/or is focused toward the vulnerable
parts of the intruder (Miczek et al., 2013). For example, subjects
with psychiatric illnesses, such as antisocial personality disor-
ders, borderline personality disorders, bipolar disorders, and de-
mentia, have a tendency to resort to out of control aggression
when under acute stress (Dorfman et al., 2014).

The ventromedial hypothalamus (VMH) is a well-studied area
of the brain that has been implicated in triggering attack behavior
in mice. Previous studies have established a direct causal rela-
tionship between the VMH and aggression through genetic, op-
togenetic, and chemogenetic approaches. The activation of
VMH neurons triggers immediate and direct attack behavior
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(Lee et al., 2014; Lin et al., 2011; Yang et al., 2017). However, it
is still unclear how neural networks modulate the VMH to control
aggression during various emotional and physiological states
and in response to different environmental factors.

The brain areas known as the hippocampus is heterogeneous
along its longitudinal axis. Although the dorsal region is involved
in spatial memory, the ventral hippocampus (vHip) regulates
emotions, motivation, and defensive behaviors, which often
improve organisms’ chance of survival when faced with life-
threatening dangers (Maggio and Segal, 2012). The vHip has
strong connections with the medial prefrontal cortex (mPFC),
lateral septum (LS), the bed nucleus of stria terminalis (BNST),
the medial amygdala (MeA), and the hypothalamus (Sahay and
Hen, 2007). These vHip-connecting brain areas also are involved
in the regulation of aggression (Anderson, 2012; Leroy et al.,
2018; Takahashi et al., 2014; Toth et al., 2010; Unger et al.,
2015; Wong et al., 2016). The vHip output, in particular, has
been shown to project into the VMH (Chiba, 2000; Strange
et al., 2014). Interestingly, the repeated electrical stimulation
that evokes afterdischarges but not motor seizures (partial
kindling) in the vHip has been reported to mediate aggression
in cats, perhaps through the amygdalo-VMH pathway (Adamec,
1991; Adamec and Stark-Adamec, 1983). These studies suggest
that vHip projections may be involved in the modulation of
aggression.

The post-weaning social isolation (Sl) is well-established as a
useful animal model to study aggression. In rats, the Sl rats
attack vulnerable parts of those perceived as a danger (Toth
et al., 2011). Similarly, SI mice exhibit a deficient prepulse inhi-
bition of the acoustic startle reflex, depression-like behavior,
and an increase in intimidating behavior, such as aggressive
grooming and tail rattling (Chang et al., 2015). Moreover, acute
stress induces outbursts of attack behavior in SI mice, although
not in group-housed (GH) mice (Chang et al., 2015; Chang
et al., 2018), which is similar to the reactive-impulsive aggres-
sion in subjects with psychiatric illnesses. It is reported that
subjects with borderline personality disorders, whose core
symptoms include trait aggression and impulsivity, have higher
activation (Radaelli et al., 2012) and volume reduction (Rossi
et al., 2012; Ruocco et al., 2012) in the anterior hippocampus
(referred to as the vHip in mice). Similarly, the SI mice have hy-
per-activation of the vHip and overexpression of the NR2B sub-
unit of N-methyl-D-aspartate (NMDA) receptors in the vHip. The
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Figure 1. Acute Stress Activates vHip Neu-
rons Projecting into the VMH

(A) Schematic representation of the experimental
procedure and an image showing the red retrobead
injection site in the VMH. Scale bar represents
550 pm.

(B) Representative images showing c-Fos- (green)
and red retrobead-positive neurons as well as dou-
ble-labeled neurons in the PFC (top) and the vHip
(bottom). Scale bar represents 20 um; inset, 1.3x
magnification of the merged image; n = 3 mice.

(C) Cell number of red retrobead-positive neurons in

Retrobeads
4 /‘\
weeks 90 min
B
c-Fos | DAPI | Retrobeads / DAPI || Merge

the vHip and PFC.

C D
600 7 60"
N ns.
£ 20
2 400+ 28 401
8 T 5%
5 S o
@ 2
[ i o ©
2 200 S £ 20-
[e) T O
L2 o=
@ ® 7
0 . 0
PFC vHip PFC

blockade of NMDA receptors, especially NR2B, blocks stress-
induced outbursts of attack behavior in SI mice (Chang et al.,
2015). These studies indicate that subjects with a high ten-
dency of reactive aggression exhibit impaired vHip functions.
Although the blockade of NMDA receptors in the vHip inhibits
attack behavior (Chang et al., 2015; Chang et al., 2018), there
is so far no direct evidence to prove the vHip mediates aggres-
sion. To test this, in the present research we used red retro-
beads to trace the vHip projection and manipulate vHip activity
using designer receptors exclusively activated by designer
drugs (DREADDs) and optogenetic approaches to examine
the attack behavior of SI mice. We find that acute stress
activates the vHip neurons projecting into the VMH (as the
VMH-projecting vHip neurons). Moreover, the chemogenetic
and optogenetic inhibition of the vHip activity decreases
stress-induced outbursts of attack behavior. In contrast, che-
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(D) The c-Fos was selectively expressed in retro-
bead-positive neurons in the vHip but not in retro-
bead-positive neurons in the PFC (unpaired t test,
t = 9.46, **p < 0.001).

Data are represented as mean + SEM.

mogenetic and optogenetic activation of
the vHip induces attack behavior. Further-
more, chemogenetic inhibition of the vHip
terminals in the VMH suppresses attack
behavior, whereas chemogenetic stimula-
tion of vHip neurons projecting into the
VMH induces attack behavior. Thus, the
present study shows direct evidence that
the function of the vHip-VMH neural
pathway is to modulate stress-provoked
attack behavior in mice.

RESULTS

Acute Stress Induces Neuronal
Activation in the vHip that Is
Projected into the VMH

The VMH, particularly the ventrolateral part
of the VMH, is a well-studied brain region
that can be induced to initiate aggressive
behaviors through electric or optogenetic
stimulation (Hashikawa et al., 2017; Lin
et al., 2011). Conversely, the inhibition of
neural activity in this area blocks natural inter-male attack
behavior (Lin et al., 2011). To investigate whether the vHip pro-
jects into the VMH, we infused into the VMH of 4- to 5-week-
old mice with a retrograde tracer, red retrobeads. Four weeks
after the dye was injected into the VMH, these mice received
footshocks and 90 min later were sacrificed for immunofluores-
cence (Figure 1A). Figure 1B shows that red fluorescent signals
were detected in the vHip and in the prefrontal cortex (PFC).
The number of retrobead-positive cells was the same in the
vHip and the PFC (t4) = 1.569, p = 0.19, unpaired t test) (Fig-
ure 1C), indicating that the vHip and the PFC project their outputs
to the VMH. However, c-Fos expression (a marker of neuronal
activation) was found to be highly co-localized with retrobead-
positive cells in the vHip but not in the PFC (tu = 9.464,
p < 0.001, unpaired t test) (Figure 1D), indicating that the vHip
neurons that were projected into the VMH are more likely to be
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Figure 2. Chemogenetic Inhibition of vHip
Activity Reduces Levels of Attack Behavior
(A) Schematic representation of the viral injection
sites (AAV5-hSyn-HA-hM4D g;-IRES-mCitrine)
and images showing the expression of hM4Dg-
mCitrine in the vHip along the anterior-posterior
axis. Scale bar represents 400 um; inset, scale bar
represents 20 pm.

(B) Percentages of c-Fos (red) and GFP (green)
double-labeled neurons in the vHip in vehicle-in-
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jected (top) and CNO-injected (bottom) mice. The
c-Fos expression induced by footshocks in the vHip
was significantly decreased by CNO injection (un-
paired t test, o4y = 15.49, **p < 0.001; n = 13 brain
sections from n = 4 mice /group). Scale bar repre-
sents 50 pum; inset, scale bar represents 20 pm.

(C) Schematic experimental procedure. Either CNO
(1 mg/kg) or vehicle (Veh) was administrated in
hM4Dgj-expressing and control mice in a coun-
terbalanced manner before footshocks.

(D) CNO treatment reduced the number of attacks in
hM4D gj-expressing mice but not in control mice
(two-way mixed ANOVA drug x transduction inter-
action, F4,109) = 24.55, p = 0.0006; Bonferroni’s post
hoc test, **p < 0.001 in hM4Dg;-expressing mice
and p = 0.91 in control mice). n = 6/group.

Data are represented as mean + SEM.
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activated under acute stress. These results are consistent with
the notion that the vHip is linked to the VMH, as previously
described (Chiba, 2000; Strange et al., 2014).

Chemogenetic Inhibition of the vHip Blunts Stress-
Provoked Attack Behavior

As acute stress selectively activates the VMH-projecting vHip
neurons, we hypothesize that vHip activation will contribute to
stress-provoked aggression. The engineered human M4 musca-
rinic receptor (hM4Dg;) couples to Gi protein and is activated
only by clozapine-N-oxide (CNO), resulting in neuronal inhibition
(Rogan and Roth, 2011). To functionally validate the hM4Dg;, ac-
tivity, we bilaterally infused adeno-associated viruses (AAVs)
carrying hM4D; fused to a mCitrine fluorescent protein
(AAV5-hSyn-HA-hM4Dg;-IRES-mCitrine) into the vHip of SI
mice. Four weeks later, hM4D g;-expressing mice were injected
intraperitoneally with 1 mg/kg CNO or vehicle before receiving

tivity in vivo. We then used the resident-

intruder (RI) test to observe the attack

behavior of experimental mice. In this
test, intruder BALB/c mice with smaller body weight were placed
into the home cage of the experimental mice. A separate group
of hM4Dgj-expressing or control (AAV5-hSyn-EGFP) SI mice
received CNO or vehicle injection in a counterbalanced manner
by using a within-subject design. After vehicle or CNO treatment,
these mice received footshocks and then were given the Rl test
(Figure 2C). Control SI mice dramatically attacked the intruder
mice following acute stress (Figure 2D), as seen in our previous
studies (Chang et al., 2015). However, we found that CNO treat-
ment reduced the stress-induced attack behavior in hM4D g~
expressing mice but not in the control mice (the drug x group
interaction, F 19 = 24.55, p = 0.0006 in the two-way mixed-
design ANOVA; Bonferroni’'s post hoc test, p = 0.0002 in
hM4Dgj-expressing mice and p = 0.91 in control mice)(Fig-
ure 2D). The results suggest that the chemogenetic inhibition
of vHip neurons blunts stress-provoked attack behavior in the
Sl mice.
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Figure 3. Chemogenetic Activation of vHip
Neurons Promotes Attack Behavior

(A) Schematic representation of the viral injection
sites (AAV5-hSyn-HA-hM3D g)-IRES-mCitrine)
and images showing the expression of hM3Dgq)-
mCitrine in the vHip along the anterior-posterior axis.
Scale bar represents 400 um; inset, scale bar rep-
resents 20 um.

(B) CNO injection increased c-Fos expression of
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Posterior
hM3Dgq)-expressing neurons in the vHip (unpaired

t test, t = 24.11, **p < 0.001; n = 13 brain sections
from n = 4 mice/group). Scale bar represents 50 um;
inset, scale bar represents 20 um.

(C) Schematic illustrating the experimental proced-
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action, Fy g = 120.1, p < 0.001; Bonferroni’s post
hoc test, **p < 0.001 in hM3D gq-expressing mice).
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(D-F) The hM3D gq)-expressing mice performed the
open field test after the Rl test (n = 5). CNO injection
had no effect on the total distance traveled in the
open field test in hM3D gq-expressing mice (paired
t test, t4 = 1.10, p = 0.33) (E) but significantly
decreased time spent in the central zone (t«) = 3.65,
*p = 0.02) (F). Representative tracks in (D).
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Chemogenetic vHip Activation Provokes Attack

Behavior

To examine whether the vHip activation itself is sufficient to
induce attack behavior in the SI mice, we bilaterally infused
AAV5-hSyn-HA-hM3D gq)-IRES-mCitrine or control virus into
the vHip of SI mice and activated the vHip neurons by using
CNO instead of footshocks. Figure 3A shows the location of
the mCitrine expression in the vHip. As shown in Figure 3B,
CNO injections significantly increased the c-Fos expression in
the hM3D gq-expressing vHip neurons compared to vehicle in-
jections (tp4) = 24.11, p < 0.001), indicating that CNO injections
induce the activation of hM3Dgq)-expressing neurons. More-
over, without footshocks, the CNO injection alone significantly
increased the level of attack behavior in hM3D gq-expressing
mice but not in control mice (the drug x group interaction,
Fa,9 = 120.1, p < 0.0001 in the two-way mixed-design ANOVA;
Bonferroni’s post hoc test, p < 0.0001 in hM3Dgq)-expressing
mice; Figure 3C). Without footshocks, the control mice in neither
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the vehicle- nor CNO-treatment groups ex-
hibited attack behavior (Figure 3C). The re-
sults suggest that the activation of vHip
neurons mimicks acute stress effects by
promoting attack behavior in SI mice.

In addition, we measured the total dis-
tance traveled in the open field test and
did not detect any effect of h(M3D g acti-
vation on general locomotion (two-tailed
paired t test, t) = 1.10, p = 0.33; Figures 3D and 3E). However,
hM3D gq-expressing mice spent less time in the central zone of
the open field after a CNO injection (two-tailed paired t test, t4) =
3.65, p = 0.02; Figure 3F), suggesting the chemogenetic activa-
tion of vHip neurons induces anxiety-like behavior. Taken
together, the results of the chemogenetic approaches provide
converging evidence that hM3D gq-activation of vHip neurons
promotes attack behavior, whereas the hM4D g -inhibition of
vHip neurons blunts footshock-induced attack behavior in the
Sl mice.

A previous study suggests that under some conditions, AAVs
could be neurotoxic and produce unexpected outcomes (van
Gestel et al., 2014). To determine whether the AAV transduction
itself affects aggressive behavior, we measured the attack
behavior 4 weeks after the transduction (day 1 in Figure 2C
and Figure 3C) without footshocks or CNO administration. As
shown in Figure S1, control virus, hM4Dg;-IRES-mCitrine, and
hM3D gq-IRES-mCitrine  transduction did not significantly

Veh CNO
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increase attack behavior. Furthermore, there was no difference
in attack behavior among the treatments (Fp 14 = 0.422,
p = 0.663), ruling out the non-specific effect of viral transduction.

vHip-VMH Projection Contributes to Stress-Provoked
Attack Behavior in SI Mice
It has been shown that AAV-hM4Di DREADDs antegradely traf-
ficked to the axon terminals, and the administration of the
DREADDs ligand CNO to the axon terminal area was able to
disconnect synaptic communication (Mahler et al., 2014; Stach-
niak et al., 2014). Next, to examine whether the vHip-VMH
pathway contributes to the modulation of aggression, we used
this design to selectively silence the nerve terminals projected
from the vHip in the VMH. In this test, AAV5-hSyn-hM4D ;-
mCherry was bilaterally transduced to the vHip, and cannulas
were implanted into the VMH of Sl mice (Figure S2A). Four weeks
later, either CNO or vehicle was infused into the VMH before
footshocks. In the counterbalanced within-subjects manner (Fig-
ure S2B), the intra-VMH infusion of CNO was more effective at
decreasing stress-induced attack behavior than the vehicle infu-
sion (t4) = 5.036, p < 0.01; Figure S2C). This result suggests that
the neural pathway from the vHip to the VMH is critical in the
regulation of acute-stress-provoked attack behavior in SI mice.
To examine the effect of the activation of the vHip cell bodies
projecting to the VMH, we next used the retrograde capsid of
AAV2, rAAV2-retro, to permit robust retrograde projection and
enable sufficiently effective expression to reach the targeted brain

t test, t = 4.08, **p < 0.001, n = 9 /group). Data are
represented as mean + SEM.

(E) Representative image of mCherry expression
(red) in the vHip (top) indicates that AAVrg encoding
hM3Dgq-mCherry robustly retrogradely projected
into the vHip. The intra-vHip infusion of CNO in-
duces c-Fos expression (green) in the hM3Dgq)-
expressing vHip neurons (top) and in the VMH
(bottom). Scale bar represents 20 um.

areas (Tervo et al., 2016). AAVrg-hSyn-
hM3Dgq-mCherry was bilaterally trans-
duced into the VMH, and cannulas were
implanted into the vHip of SI mice (Figures
4A and 4B). Six weeks later, either CNO or
vehicle was infused into the vHip in the absence of footshocks (Fig-
ure 4C). Figure 4D shows that the bilateral infusion of CNO into the
vHip results in more attack behavior than the vehicle infusion (t4¢) =
4.08, p <0.001). Moreover, the CNO infusion into the vHip induced
c-Fos expression in the mCherry-positive vHip neurons (Figure 4E,
top), confirming that a CNO infusion activates VMH-projecting
vHip neurons. In addition, in the VMH, the mCherry-positive neu-
rons also expressed c-Fos (Figure 4E, bottom), suggesting that
the intra-vHip infusion of CNO activated the synapses on VMH
neurons. These data suggest that the vHip-VMH pathway is critical
in the regulation of attack behavior in SI mice.

vHip Activation Selectively Induces Attack Behavior in
Post-Weaning Sl Mice but Not in Group-Housed Mice

We next determined whether the activation of vHip neurons pro-
vokes attack behavior in GH mice. AAV5-hSyn-hM3Dq)-
mCherry was bilaterally infused into the vHip of age-matched
GH mice (Figure 5A). Three to 4 weeks later, these mice were in-
jected with CNO (1 mg/kg) or vehicle, but were not subjected to
footshocks. The CNO injection neither induced attack behavior
(t10)=0.239, p = 0.815; Figure 5B) nor affected the total distance
traveled in the open field test (t1g) = 1.751, p = 0.11; Figure 5C).
However, the CNO-injected mice spent less time in the central
zone of the open field (t10) = 2.402, p < 0.05; Figure 5D), indi-
cating that the activation of vHip neurons induced anxiety-like
behavior in the GH mice. The result is consistent with our previ-
ous report that footshocks induce anxiety-like behavior in GH
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mice (Chang et al., 2015). These results indicate that the vHip
activation promotes attack behavior only in SI mice and not in
GH mice. In contrast, the vHip activation induces anxiety-like
behavior in both SI and GH mice.

Optogenetically Manipulating vHip Glutamatergic
Neurons Controls Attack Behavior
Because it is already known that NMDA receptors (NMDA-Rs)
are overexpressed in the vHip of SI mice (Chang et al., 2015),
we decided to test whether glutamatergic neurons are associ-
ated with attack behavior. To determine this, lentiviruses with
halorhodopsin (eNpHR3.0) under the control of the CaMKlla pro-
moter (Yizhar et al., 2011) (LV-CaMKIllz-eNpHR3.0-enhanced
yellow fluorescent protein [eYFP]) were transduced into the
vHip of SI mice. At the same time, bilateral optical fibers were im-
planted into the vHip. To verify the eNpHR3.0 function in vivo,
eNpHR-transduced mice received footshocks and then were
divided into two groups. One group of eNpHR-transduced
mice received amber light (589 nm, 2 mW for 3 min) through
the bilateral implanted optic fibers and the other group did not
(Figure 6A). The results show that footshocks increased c-Fos
expression in the eNpHR-expressing neurons of the vHip (Fig-
ure 6B, top), but the amber light stimulation significantly
decreased footshock-induced c-Fos expression (Figure 6B, bot-
tom). Quantification of the results reveals that the number of
GFP-positive cells with c-Fos expression decreases significantly
more in the light-stimulated group than in the group without light
stimulation (14 = 26.90, p < 0.001; Figure 6B, right), confirming
that the stimulation of eNpHR3.0 by amber light inhibits the acti-
vation of vHip glutamatergic neurons.

Following the administration of footshocks, we probed the
freely moving mice, which were under optogenetic control in
the Rl test. These mice were tested in three 3-min time periods,
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(ON) illumination period, and then a second

OFF period (Figure 6C). During this testing,
the Sl mice attacked and bit the intruders after receiving foot-
shocks. However, the optogenetic inhibition of eNpHR-express-
ing neurons blunted footshock-provoked attack behavior in a
reversible manner (a repeated one-way ANOVA was performed,
F=14.33, p=0.003, n = 5; Figure 6D; see Videos S1, S2, and S3),
suggesting that the optogenetic inhibition of vHip glutamatergic
neurons reduces stress-provoked attack behavior.

To examine whether the activation of vHip glutamatergic neu-
rons through light stimulation mimicks stress effects in promot-
ing attack behavior, we expressed a channelrhodopsin-2
(ChR2)-eYFP fusion protein in the vHip glutamatergic neurons
by using lentiviruses (LV-CaMKlla-hChR2(H134R)-eYFP), and
bilateral optic fibers were implanted into the vHip of SI mice (Fig-
ure 7A). Instead of receiving footshocks, these mice were given
blue light stimulation (473 nm, 4 mW in 20 Hz, 5-ms pulse dura-
tion for 10 min) before the Rl tests. Figure 7B shows that the blue
light stimulation induced c-Fos expression in the ChR2-express-
ing neurons. Quantification of the results reveals that the number
of GFP-positive cells with c-Fos expression increased signifi-
cantly more in the light stimulated group than in the group
without light stimulation (12 =21.18, p < 0.001; Figure 7B, right),
confirming that photostimulation activates ChR2-expressing
vHip glutamatergic neurons. Moreover, the optogenetic activa-
tion of vHip glutamatergic neurons induced attack behavior in
the ChR2-expressing mice. In contrast, the blue light stimulation
in eNpHR-expressing mice had no effect on attack behavior (the
blue light X group interaction effect, F(y 7y = 19.58, p = 0.0031 in
the two-way mixed-design ANOVA; Bonferroni’s post hoc test,
p = 0.0016 in ChR2-expressing mice; Figure 7C). These results
suggest that the activation of vHip glutamatergic neurons pro-
motes attack behavior. To examine whether the blue light
stimulation affected the mice’s activity, we also gave the mice
an open field test after light illumination. The ChR2- and
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Figure 6. Optogenetic Inhibition of Glutamatergic Neurons in the vHip Blunts Footshock-Provoked Attack Behavior

(A) Schematic representation of bilateral viral injection sites and optic fiber implants. Lentivirus carrying pLenti-CaMKIlx-eNpHR3.0-eYFP was infused into the
vHip of SI mice. After 4 weeks of rest in an isolated cage, these mice received footshocks to induce c-Fos expression and then the amber light (589 nm) was
delivered through implanted optic fibers.

(B) The optogenetic inhibition of eNpHR-expressing neurons blocked footshock-induced c-Fos expression in the vHip. After footshocks, c-Fos was induced in
eNpHR-expressing neurons without amber light delivery (top). Amber light illumination of the vHip in vivo reduced c-Fos expression (bottom) (unpaired t test,
t=26.90, **p < 0.001). n = 8 brain sections from 3 mice per group. GFP in green, c-Fos in red, DAPI in blue. Scale bar represents 50 um; inset, scale bar represents
20 pm.

(C) Schematic diagram illustrating the experimental procedure of amber light delivery in three periods of 3 min duration in the RI test.

(D) Optic inhibition of eNpHR-expressing neurons blunted footshock-provoked attack behavior. After footshocks, SI mice exhibited attack behavior. The number
of attacks was reduced during the amber light delivery period. Repeated one-way ANOVA, F = 14.33, **p = 0.003; Bonferroni’s post hoc test, *p < 0.05; ON versus

OFF sections, n=5.
Data are represented as mean + SEM.

eNpHR-expressing mice traveled the same total distance (two-
tailed unpaired ttest, 7, = 0.068, p = 0.95; Figure 7D), suggesting
that the blue light stimulation does not affect the general activity
of mice. However, ChR2-expressing mice spent significantly
less time in the central zone than the eNpHR-expressing mice
(two-tailed unpaired t test, t7) = 3.90, p = 0.006; Figure 7E), sug-
gesting the optogenetic activation of vHip glutamatergic neurons
induces anxiety-like behavior. Taken together, these results sug-
gest that the ChR2-mediated vHip activation induces attack
behavior, whereas eNpHR-mediated inhibition of vHip neurons
decreases stress-induced attack behavior in SI mice.

DISCUSSION

Accumulating data shed more and more light on the neural
activity in the VMH regarding the expression of attack behavior

(Hashikawa et al., 2017; Lin et al., 2011), but until now, little
was known about its afferent projections that specifically regu-
late stress-provoked attack behavior. In the present experi-
ments, we used post-weaning S| mice to model abnormal reac-
tive-impulsive aggression in humans because these mice exhibit
stress-induced outburst of attack behavior. We found that acute
stress (footshocks) induces a selective activation of the vHip
neurons projecting into the VMH but without activating the
PFC projecting to the VMH. Thus, we first examined whether
the vHip activity itself modulates aggression, after which we
closely studied the vHip-to-VMH pathway. Using chemogenetic
techniques to functionally manipulate neural activity, we have
demonstrated that vHip activity is required for stress-provoked
attack behavior that can be blunted by the inhibition of vHip neu-
rons. Conversely, the activation of vHip neurons mimics stress
effects in promoting attack behavior. To further test whether
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the vHip-VMH projection contributes to the attack behavior, we
infused the rAAV2-retro, whose capsid permits retrograde travel
to projection neurons, into the VMH. Consistent with the results
in the experiments of vHip activation, activating the cell bodies of
the vHip neurons projecting into the VMH induced attack
behavior. Moreover, to identify the specific cell types involved,
we used lentivirus under the control of a CaMKllo. promoter to
express eNpHRS3.0 into the vHip glutamatergic neurons and
found that optogenetic inhibition of eNpHR3.0-expressing gluta-
matergic neurons blunts footshock-provoked attack behavior.
Conversely, optogenetic activation of vHip glutamatergic neu-
rons mimics the effects of acute stress in promoting attack
behavior. This is direct evidence showing that the vHip modu-
lates attack behavior through the VMH in SI mice.

Acute stress is a major factor in both human and animal reac-
tive aggression (Kruk et al., 2004; Verona and Kilmer, 2007; Ver-
ona et al., 2009). Rhesus monkeys with self-injurious behaviors
become more aggressive when their cortisol levels are elevated
(Lutz et al., 2003). Rats with respiratory allergies display
increased aggressive behavior after acute stress (Tonelli et al.,
2008). These studies show that acute stress promotes aggres-
sion in subjects with chronic aversive conditions. It is consistent
with our model, in which acute stress evoked outbursts of
attack behavior in SI mice. In this research we show that under
conditions without acute stress (footshocks), the hM3Dgq)-
mediated vHip activation induces attack behavior in SI mice
(Figure 3) but not in GH mice (Figure 5), suggesting that vHip
activation is a promoting factor but not a trigger factor for the
expression of attack behavior. There are several possibilities
that vHip activation induced attack behavior in the SI mice but
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Figure 7. Optogenetic Activation of Glutama-
tergic Neurons in the vHip Elicits Attack
Behavior
bl (A) Schematic diagram indicating the viral injection
site and optic fiber location in the vHip. Lentivirus
carrying CaMKlla-ChR2-eYFP was infused into the
VHip. After 3—-4 weeks of resting, blue light (473 nm)
was delivered by bilateral optic fibers implanted into
the vHip.
(B) Blue light illumination of the vHip in vivo induced
c-Fos expression in the ChR2-expressing neurons
(unpaired t test, t = 21.18, ***p < 0.001). n = 7 brain
sections from 3 mice per group. GFP in green,

% c-Fos* GFP* / GFP*cells

E c-Fos in red, DAPI in blue. Scale bar represents
[ chRr2

250 50 um; inset, scale bar represents 20 um.

(C) Blue light stimulation significantly increased the
number of attacks in ChR2-expressing mice but not
in eNpHR-expressing mice. The light x group
interaction effect, F(y 7y = 19.58, **p = 0.0031 in two-
way mixed ANOVA; Bonferroni’s post hoc test,
**p = 0.0016 in ChR2-expressing mice; n = 4 and 5
in ChR2- and NpHR-expressing mice, respectively.
(D) The total distance traveled in the open field test
was the same for ChR2- and eNpHR-expressing
mice after blue light stimulation (unpaired t test,
t=0.068, p = 0.95).

(E) ChR2-expressing mice spent significantly less
time in the central zone than the eNpHR-expressing
mice after blue light stimulation (unpaired t test,
t = 3.90, **p = 0.006).

Data are represented as mean + SEM.

= N
(=3 (2] (=3
e o =3

o
o

Central duration (sec)

o

473 nm light

not in the GH mice. First, post-weaning Sl induces the abnormal
development of the brain (Fone and Porkess, 2008) and
abnormal phenotypes, such as a deficient prepulse inhibition
(PPI) of the acoustic startle reflex, depression-like behavior,
and the overexpression of NMDA receptors in the vHip (Chang
et al., 2015). It has been reported that NMDA-induced excito-
toxic lesions in the vHip disrupt sensorimotor gating, as
measured by the PPI of startle (Miller et al., 2010; Shoemaker
et al., 2005; Swerdlow et al., 2004). Deficient PPl might promote
the susceptibility in SI mice to acute stress and decrease the
threshold of their expression of aggression. Thus, it is possible
that the SI mice with deficient PPl exhibited an impairment in
their ability to integrate external environmental cues and re-
sorted to aggression as a response to certain situations. Sec-
ond, it has been reported that there is a fast mutual positive
feedback between the adrenocortical stress response and
aggression induced by stimulation in the hypothalamic aggres-
sive area. Corticosterone injections facilitate hypothalamic at-
tacks, which, in turn, rapidly activate the adrenocortical
response (Kruk et al., 2004), implying that the dysregulation of
the hypothalamic-pituitary-adrenal (HPA) axis may contribute
to escalation of stress-related aggression. Importantly, the hip-
pocampus is a key brain area that controls the function of the
HPA axis. Given that early-life stress-induced hippocampal
malfunctions dysregulates the HPA axis (Sanchez et al,
2001), the threshold for attack behavior could decrease in the
S| mice. In line with this view, we previously found that SI
mice exhibited vHip hyperactivation due to the enhanced
expression of NMDA receptors (Chang et al., 2015). In the pre-
sent study, the ChR2-mediated activation of glutamatergic vHip



neurons induced attack behavior even without acute stress,
apparently mimicking the acute stress effect on aggression in
the SI mice. Moreover, both NpHR3.0-mediated and hM4D -
mediated vHip inhibition blocked the stress-induced outburst
of attack behavior. Additionally, acute stress did not induce
attack behavior in the GH mice (Chang et al., 2015; Chang
et al., 2018). Based on these observations, it seems logical to
conclude that SI mice exhibit a decreased threshold for attack
behavior. Future studies should examine the synaptic mecha-
nism of the VMH neurons that trigger attack behavior in SI
mice and try to determine whether the vHip dysfunction is
responsible for its changes. Third, post-weaning Sl has been
shown to induce serotonin hypofunction in the hippocampus
(Veenema, 2009). It should be noted that the bulk of evidence
indicates that a serotonergic deficiency contributes to impulsive
aggression and violence (Bortolato et al., 2013; Manchia et al.,
2017). Mice with null mutants of tryptophan hydroxylase-2
(Tph2), a key enzyme of serotonin biosynthesis in the brain,
display strong aggressiveness (Mosienko et al., 2012) as well
as alterations in their HPA axis (Gutknecht et al., 2015). More-
over, there are reports that specific subtypes of serotonergic
neurons can modulate aggressive behavior (Niederkofler
et al., 2016) and serotonergic innervation is markedly dense in
the vHip (Sahay and Hen, 2007). Future studies should examine
serotonergic functions in vHip neurons projecting to the VMH in
the post-weaning socially isolated mice.

The hippocampus is a functionally heterogeneous structure
along its longitudinal axis; the dorsal hippocampus is involved
in learning and spatial memory, whereas the vHip regulates
emotions, such as anxiety, approach-avoidance conflict, and
motivated behaviors (Bannerman et al., 2014; Fanselow and
Dong, 2010; Fone and Porkess, 2008; Kheirbek et al., 2013;
Schumacher et al., 2016). It has been reported that the dorsal
CA1 of hippocampus is enriched in place cells and the ventral
CA1 is enriched in anxiety cells (Jimenez et al., 2018). More-
over, rats with selectively removed vHip exhibit less anxiety
and fear in behavioral tests and have lower plasma corticoste-
rone concentrations when kept in a restricted bright chamber
(Bannerman et al., 20083; Kjelstrup et al., 2002). Complete hip-
pocampus lesions, particularly vHip lesions, significantly
reduce defensive behavior provoked by footshocks (Blanchard
et al., 2005; Pentkowski et al., 2006). Recent studies have
shown that the activation of vHip itself or its outputs to the
mPFC, the BLA, and lateral hypothalamus enhanced anxiety-
like behaviors (Adhikari et al., 2010; Felix-Ortiz et al., 2013; Ji-
menez et al., 2018; Padilla-Coreano et al., 2016; Parfitt et al.,
2017). Consistent with these studies, we have found that vHip
activation induced anxiety-like behavior in both SI and GH
mice. However, the vHip activation does not induce attack
behavior in GH mice, suggesting that increased anxiety alone
was not sufficient to induce aggression.

In summary, our results reveal a previously unappreciated role
of the vHip-VMH neural circuitry in attack behavior, which occurs
under stressful conditions in post-weaning socially isolated
mice. As impulsive aggression presents a serious social prob-
lem, understanding how stress provokes aggression makes a
valuable contribution for the development of therapeutic strate-
gies in controlling inappropriate impulsive behavior.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Unconjugated AffiniPure Fab fragment goat anti-mouse
19G (H+L)

rabbit anti-GFP

rabbit anti-mCherry

mouse anti-cFos

Alexa Fluor 594 Fab fragment goat anti-mouse

Alexa Fluor 488 Fab fragment goat anti-mouse

Alexa Fluor 488 goat anti-rabbit

Alexa Fluor 594 goat anti-rabbit

Jackson ImmunoResearch

Genetex
Genetex
Genetex
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Cat # 115-007-003; RRID: AB_2338476

Cat # GTX113617; RRID: AB_1950371
Cat # GTX128508; RRID: AB_2721247
Cat # GTX60996; RRID: AB_2810303
Cat # 115-587-003; RRID: AB_2338900
Cat # 115-547-003; RRID: AB_2338869
Cat # 111-545-003; RRID: AB_2338046
Cat # 111-585-003; RRID: AB_2338059

Bacterial and Virus Strains

AAV5-hSyn-HA-hM3D(Gq)-IRES-mCitrine

AAV5-hSyn-HA-hM4D(Gi)-IRES-mCitrine

AAV5-hSyn-hM3D(Gq)-mCherry

AAV5-hSyn-EGFP

the University of North Carolina at
Chapel Hill, Gene Therapy Center
Vector Core

the University of North Carolina at
Chapel Hill, Gene Therapy Center
Vector Core

the University of North Carolina at
Chapel Hill, Gene Therapy Center
Vector Core

the University of North Carolina at
Chapel Hill, Gene Therapy Center
Vector Core

AV4619B

AV4623F

AV6332B

AV4657C

AAVrg-hSyn-hM3D(Gq)-mCherry Addgene # 50474-AAVrg
AAVrg-hSyn-hM4D(Gi)-mCherry Addgene # 50475-AAVrg
Chemicals, Peptides, and Recombinant Proteins

CAS-Block reagent Invitrogen Cat # 008120
DAPI Sigma-Aldrich Cat # 32670
Clozapine N-oxide Tocris Cat # 6329

red retrobeads

Lumafluor Inc.

Red IX RetroBeads

Experimental Models: Organisms/Strains

C57BL/6JNarl the National Laboratory Animal RMRC11005
Center (Taiwan)
BALB/cByJNarl the National Laboratory Animal RMRC11001
Center (Taiwan)
Recombinant DNA
pLenti-CaMKllz-hChR2(H134R)-EYFP-WPRE Addgene # 20944
pLenti-CaMKIla-eNpHR3.0-EYFP Addgene # 26970
Software and Algorithms
EthoVison XT8.5 software Noldus http://www.noldus.com
GraphPad Prism 6 GraphPad https://www.graphpad.com
MetaVue Molecular Devices https://www.moleculardevices.com
Optogenetics TTL pulse generator Doric OTPG4
Other
Cannula (C315GS-2-SP guide 26GA 38834 2mm ped, PlasticsOne Custom made
cut 5mm below pedestal)
The microsyringe pump Kd Scientific KDS-101
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REAGENT or RESOURCE SOURCE IDENTIFIER

The 10 pl microsyringe Hamilton 80330

Implantable optic fibers (length = 4 mm, 200 um core, Thorlabs Custom made

NA = 0.39) with ceramic stick ferrules

The 473 nm DPSS laser Changchun New Industries MBL-I1I-473-100mW
Optoelectronics Technology (CNI)

The 589 nm DPSS laser Changchun New Industries MGL-589-100mW
Optoelectronics Technology (CNI)

MM Simplex 62.5um / 900um Patch Cord Precision Fiber Products MMSBT62-2-M02-2

The MM 62.5 pum 1x2 coupler, 850/1310 dual window, Precision Fiber Products CPL128513-50-6-9-150-1000-2-8

50/50 split ratio, 900 um fiber

The fiber-optic 1x1 rotary joint Doric FRJ_1x1_FC-FC

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to the Lead Contact, Po-Wu Gean (powu@mail.ncku.
edu.tw).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental Models

The male C57BL/6JNarl mice were purchased 21~28 days after birth from the National Laboratory Animal Center (Taiwan) and were
randomly divided into the group-housing (five mice per cage) and the socially isolated (one mice per cage) groups. All mice were given
free access to water and food on a 12h /12h light/dark cycle. The socially isolated (SI) mice were not handled more than once a week.
All experiments were approved by the Institutional Animal Care and Use Committee of the National Cheng Kung University (NCKU).

Subject Details

Stereotaxic injection

For experiments with retrogradely traveling tracers, 7~8 week-old SI mice were anesthetized with sodium pentobarbital (50mg/kg)
and mounted on a stereotaxic apparatus (Kopf, USA). To identify which brain areas project into the VMH, red retrobeads (about 0.1 pL
per side; Red IX RetroBeads, Lumafluor Inc., USA) were bilaterally infused into the VMH (anterioposterior, —1.5 mm; mediolateral, +
0.6 mm; dorsoventral, —5.5 mm) through 28 GA stainless steel tubes at a rate of 0.1 ul/min using a microsyringe pump (KDS-101, Kd
Scientific, USA). After completion of the infusion, the tube was left for an additional 10 min and then slowly withdrawn. Four weeks
after retrobead injections, immunofluorescence studies were performed on the mice, as described below. In the chemogenetic ex-
periments, the AAV5-hSyn-HA-hM3D gq)-IRES-mCitrine, AAV5-hSyn-hM3D gg-mCherry, AAV5-hSyn-HA-hM4D g;-IRES-mCitrine,
or AAV5-hSyn-EGFP were bilaterally infused into the vHip (anterioposterior, —3.2 mm; mediolateral, + 3.2 mm;
dorsoventral, —4.0 mm) by a 10 puL microsyringe (80330, Hamilton, USA) at a rate of 0.1 pl/min. In the retrograde chemogenetic ex-
periments, the AAVrg-hSyn-hM3D gq-mCherry (#50474-AAVrg) and AAVrg-hSyn-hM4D g;-mCherry (#50475-AAVrg) were infused
into the VMH (anterioposterior, —1.5 mm; mediolateral, + 0.6 mm; dorsoventral, —5.5 mm) and, at the same time, cannulas
(C315GS-2-SP guide 26GA 38834 2mm ped, cut 5mm below pedestal) were implanted into the vHip. For optogenetic experiments,
the Lenti-CaMKIlla-hChR2(H134R)-EYFP-WPRE and Lenti-CaMKIlla-eNpHR3.0-EYFP were infused into the vHip and, at the same
time, bilateral implantable optic fibers (length = 4 mm, 200 um core, NA = 0.39; Thorlabs, USA) with ceramic stick ferrules (Precision
Fiber Products, USA) were implanted into the vHip. Implantable fibers were adhered to the skull with Loctite 454 Prism surface insen-
sitive gel (Loctite, USA). Mice were given a recovery period for 3-4 weeks before behavioral tests were administered.

METHOD DETAILS

Lentivirus production

To generate lentivirus carrying target vectors, the target plasmids [pLenti-CaMKIlla-hChR2(H134R)-EYFP-WPRE (Addgene #20944)
or pLenti-CaMKIla-eNpHR3.0-EYFP (Addgene #26970)] and pCMV-dR8.91 and pMD2.G plasmids (Institute of Molecular Biology,
Academia Sinica, Taiwan) were co-transduced into HEK293T cells using Lipofectamine LTX with Plus™ Reagent (Invitrogen,
USA) according to the manufacturer’s instructions.
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Laser delivery

For optical stimulation, a 473 nm (MBL-III-473-100mW, CNI, China) or 589 nm DPSS laser (MGL-589-100mW, CNI, China) was con-
nected to a patch cord with a pair of FC/PC connectors (Precision Fiber Products, USA). The fiber-optic 1x1 rotary joint (Doric, Can-
ada) connected this patch cord and a MM 62.5 pum 1x2 coupler, 850/1310 dual window, 50/50 split ratio, 900 um fiber (Precision Fiber
Products, USA), which was connected to implantable fibers. The 473 nm laser (blue light) was delivered at 4 mW in 20 Hz, 5 ms light
pulses for 10 min. The 589 nm laser (amber light) consisted of constant light at 2 mW for 3 min. All laser output was modulated using
an Optogenetics TTL pulse generator (OTPG4, Doric, Canada).

Chemicals
Clozapine-N-oxide (CNO) (Enzo Life Science, USA) was dissolved in 0.9% saline. The dose of CNO was 1mg/kg and 2 pg/ul
(1 uL /side) for intraperitoneal injection and microinjection, respectively.

Behavioral tests

The open field test to assess anxiety-like behavior in the mice was performed in a square box with a white floor and black walls
(40 x 40 x 40 cm) for 10 min. The box was cleaned before each test using 75% ethanol to eliminate the odor of other mice. The total
distance that mice traveled in the box was recorded using a Noldus video tracking system and was analyzed with EthoVison XT5.1
software. The resident-intruder (RI) test to assess attack behavior was performed according to previous studies (Chang et al., 2018).
Briefly, the SI mice were left in the same cages, but the group-housing mice were individually housed for one night before the Rl test.
To trigger the stress-induced outburst of aggression, the resident mice were placed on a footshock grid (San Diego Instrument, USA)
and received five 0.1 mA, 1sec, foot-shocks with random intervals 30 min before the Rl test. An intruder mouse (BALB/c mice with 15
~18 g of body weight) was then placed into the home cage of the resident mouse for 15 min. Attack behavior aimed toward the
intruder is defined as active bites of the resident mice, followed by strong startle responses of the intruder. The behaviors of resident
mice were recorded using a SONY digital camera (HDR-XR150, Japan) and scored by trained observers.

Immunofluorescence

Immunostaining studies were performed using c-Fos expression as a marker for neural activity in the ChR2, NpHR3.0, hM3D g, or
hM4D g; experiments. Mice were anesthetized with sodium pentobarbital (50 mg/kg) and perfused with 4% paraformaldehyde. The
brains were fixed for an additional 24h in ice-cold 4% paraformaldehyde. After incubation with 30% sucrose, brains were sectioned
into 40 um-thick coronal sections using cryostat (CM3050S, Leica). Floating sections were blocked in 0.12mg /ml unconjugated Fab
fragment goat anti-mouse IgG (H+L) with CAS-Block agent (Invitrogen, USA) for 2hr at room temperature, followed by rabbit anti-GFP
(1:200, Genetex, USA), rabbit anti-mCherry (1:200, Genetex, USA), or mouse anti-cFos (1:200, Genetex, USA) in CAS-Block agent at
4°C overnight. Secondary antibodies with CAS-Block agent (1:200 Alexa Fluor 594 Fab fragment goat anti-mouse, Alexa Fluor 488
Fab fragment goat anti-mouse, Alexa Fluor 488 goat anti-rabbit, or Alexa Fluor 594 goat anti-rabbit, Jackson ImmunoResearch,
USA). After rinsing in 0.1% PBST, sections were incubated in 1:1000 DAPI (Sigma, USA) with PBS for 15 min. Images were acquired
using a Leica DM2500 Microscope coupled to a digital camera (C10600, HAMAMATSU, Japan). All tests were run in triplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA). Data were expressed as mean +

SEM and were analyzed using either a Student’s t test or ANOVA, as indicated. Bonferroni’s multiple comparisons test was used as
post hoc comparisons of ANOVA. The level of significance was p < 0.05.
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