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The tight balance between synaptic excitation and inhibition (E/I)
within neocortical circuits in the mammalian brain is important for
complex behavior. Many loss-of-function studies have demon-
strated that brain-derived neurotrophic factor (BDNF) and its
cognate receptor tropomyosin receptor kinase B (TrkB) are essen-
tial for the development of inhibitory GABAergic neurons. How-
ever, behavioral consequences of impaired BDNF/TrkB signaling in
GABAergic neurons remain unclear, largely due to confounding
motor function deficits observed in previous animal models. In this
study, we generated conditional knockout mice (TrkB cKO) in
which TrkB was ablated from a majority of corticolimbic GABAergic
interneurons postnatally. These mice showed intact motor coor-
dination and movement, but exhibited enhanced dominance over
other mice in a group-housed setting. In addition, immature fast-
spiking GABAergic neurons of TrkB cKO mice resulted in an E/I
imbalance in layer 5 microcircuits within the medial prefrontal
cortex (mPFC), a key region regulating social dominance. Restoring
the E/I imbalance via optogenetic modulation in the mPFC of TrkB
cKO mice normalized their social dominance behavior. Taken
together, our results provide strong evidence for a role of BDNF/
TrkB signaling in inhibitory synaptic modulation and social dom-
inance behavior in mice.
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Brain-derived neurotrophic factor (BDNF) and its cognate
receptor, tropomyosin receptor kinase B (TrkB), play a

fundamental role in brain development, including neuronal
maturation, dendritic remodeling, formation of synaptic con-
tacts, and synaptic plasticity (1–3). More importantly, studies
have identified that BDNF is indispensable for the long-term
survival and maintenance of cortical GABAergic interneurons
(4–6). For example, in cortical cell cultures, BDNF promotes
neurite growth of GABAergic neurons, up-regulates GABA
synthesis and several calcium-binding proteins that are unique to
GABAergic neurons, and regulates the strength of synaptic in-
hibition (7–10). Furthermore, both genetic reduction of BDNF
levels and forebrain-specific knockout of BDNF in mice result in
deficits in the morphology and function of cortical GABAergic
interneurons (11, 12). However, these previous approaches to
study the role of BDNF in inhibitory neurons have confounding
effects by affecting the development of glutamatergic neurons
and other cell types in the brain. To better address this issue,
Zheng et al. (13) selectively deleted TrkB from parvalbumin
(PV)-positive interneurons and showed that the integration of
PV-positive interneurons into the hippocampal microcircuit was
impaired and gamma-band rhythmic network activity was dis-
rupted in these mice. However, this mouse model also suffered
from severe ataxia and circling behavior, arising from vestibular
dysfunction (14), thereby preventing further analyses on poten-
tial cognitive and social behavioral changes in these animals.
Here, we have selectively ablated TrkB from a majority of

GABAergic interneurons in the cortex and limbic structures

(TrkB conditional knockout, otherwise indicated as TrkB cKO)
(15). Unexpectedly, these TrkB cKO mice showed disrupted
formation of social hierarchies, a fundamental organizing struc-
ture in mammalian groups, and exhibited social dominance over
control littermates. PV-positive, fast-spiking (FS) inhibitory
neurons in TrkB cKO mice exhibited impaired morphological
and functional maturation. In addition, these mice showed a
disruption in the excitation and inhibition (E/I) balance within
the layer 5 (L5) microcircuits of the prelimbic cortex (PrL), an
analogous area to dorsolateral prefrontal cortex of primates (16–
18). Rectification of the E/I imbalance in the PrL of TrkB cKO
mice via optogenetic inhibition of excitatory neuronal activities
normalized their social dominance behavior. Taken together,
these results demonstrate a role of BDNF/TrkB signaling in
cortical GABAergic neurons for social cognition and dominance
behavior in mice.

Results
Generation of Corticolimbic GABAergic Neuron-Specific TrkB Knockout
Mice. To restrict TrkB ablation to corticolimbic GABAergic in-
terneurons, but not to cerebellar interneurons, we utilized a
mouse line in which Cre expression was driven by the protein
phosphatase 1 regulatory inhibitor subunit 2 (Ppp1r2) gene pro-
moter (Ppp1r2-Cre), as described previously (15). To validate the
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distribution of Cre-expressing neurons in Ppp1r2-Cre mice, we
crossed Ppp1r2-Cre mice with a loxP-flanked, Rosa26-tdTomato
(RTMF/F) reporter mouse (19) and observed that tdTomato-
expressing, Cre-positive neurons were distributed as previously

reported (15) (Fig. 1A), notably in the cortex and hippocampus.
We performed immunostaining experiments in the cortex
(specifically prelimbic cortex) of 4-mo-old mice and found that
∼95% of tdTomato-positive neurons were positive for GABA
(Fig. 1A) and these neurons made up ∼44% of all GABA-
positive cortical neurons (SI Appendix, Table S1). The major-
ity of the tdTomato-positive neurons were positive for PV
immunostaining (>50%), with the remaining 40% of these
neurons made up by other types of GABA-expressing inter-
neurons (SI Appendix, Table S1). Next, Ppp1r2-Cre mice were
crossed with a loxP-flanked TrkB mouse line (TrkBF/F) to re-
strict TrkB deletion to Cre-targeted GABAergic neurons (20–22),
and the resulting mice were crossed again with a RTMF/F reporter
mouse line (Fig. 1B). Using FISH, we detected TrkB mRNA ex-
pression in neurons expressing tdTomato mRNA in control
mice (Ppp1r2-Cre::RTMF/F::TrkBWT/WT; Ctrl) (Fig. 1C). In
contrast, TrkB mRNA expression was largely absent in most
tdTomato mRNA-expressing neurons in TrkB conditional
knockout mice (Ppp1r2-Cre::RTMF/F::TrkBF/F; TrkB cKO)
(percentage of TrkB-positive cells over tdTomato-positive cells:
Ctrl, 66.81 ± 13.36%; TrkB cKO, 7.323 ± 3.214%; P < 0.01),
indicating that TrkB gene was successfully ablated in the majority
of Cre-targeted, GABA-positive interneurons.
TrkB cKO mice (Ppp1r2-Cre::TrkBF/F or Ppp1r2-Cre::RTMF/F::

TrkBF/F) were viable and fertile. To assess the behavioral changes
of TrkB cKO mice, we subjected single-housed TrkB cKO and
age-matched control (TrkBF/F, Ctrl) male mice (8–20 wk old) to
multiple behavioral assays. TrkB cKO mice exhibited no signif-
icant difference in body weight, and basic auditory, visual, ol-
factory, and motor functions (SI Appendix, Fig. S1 A–F and
Table S2). Spontaneous exploration of TrkB cKO mice in an
open-field test was normal in terms of the total distance traveled
(SI Appendix, Fig. S1G). An elevated zero maze as well as a
light–dark box test (23, 24) revealed that TrkB cKO mice
exhibited anxiety-like behaviors, evidenced by a decreased
number of transitions in the light–dark box and total time spent
in the open arm of an elevated zero maze (SI Appendix, Fig. S1 H
and I). Besides anxiety-related behaviors, we did not observe any
obvious difference between Ctrl and TrkB cKO mice in other
behavioral assays, including spatial working memory (Y-maze),
aversive memory (fear conditioning), depressive-like symptoms
(tail suspension), sensorimotor gating (prepulse inhibition), and
social preference (three-chamber sociability) (SI Appendix, Fig.
S1 J–O and Table S2).

TrkB cKO Mice Displayed Social Dominance Behavior. Intriguingly,
despite largely normal behavior of TrkB cKO mice, we observed
more frequent fighting in cages housed only with TrkB cKO
males. To test whether TrkB cKO mice showed more intermale
aggression than Ctrl mice, we performed a resident–intruder test
to measure aggressive male behaviors (25–27). Briefly, either
Ctrl or TrkB cKO male mouse (12–16 wk old) was singly housed
for 2 wk to establish home cage territoriality and was sub-
sequently challenged for 10 min with a wild-type male intruder
(Fig. 1D). Surprisingly, TrkB cKO males did not show enhanced
aggression as measured by the attack latency (Ctrl, 286.5 ±
62.87 s; TrkB cKO, 287.6 ± 65.02 s; P = 0.99) and the total
duration of biting attacks (Ctrl, 94.79 ± 25.41 s; TrkB cKO,
63.46 ± 25.01 s; P = 0.39) (Fig. 1 E and F).
If not territorial aggression, what did mediate increased

fighting incidents among TrkB cKO male mice? Group-housed,
male mice tend to fight for social dominance and status within
cages (28, 29). Therefore, we hypothesized that increased fight-
ing could be the result of elevated social dominance in TrkB
cKO mice. To test this, we performed the tube test, a paradigm
to observe and quantify social dominance in laboratory rodents
(28, 30) (Fig. 1G). In this test, after training to walk through a
narrow tube, two mice are placed into opposing ends of a tube.
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Fig. 1. Corticolimbic GABAergic interneuron-specific ablation of TrkB leads
to social dominance in mice. (A, Top) Overview of a 8-wk-old sagittal brain
section from Ppp1r2-Cre mice crossed with a loxP-flanked RTMF/F reporter
mouse line. (Scale bar: 500 μm.) (A, Bottom) Immunostaining with antibody
against GABA in prelimbic cortex (n = 3 mice). (Scale bar: 100 μm.) (B) Double
fluorescence in situ hybridization with probes against tdTomato and TrkB
mRNA in cortical sections of 12-wk-old Ppp1r2-Cre::RTMF/F::TrkBWT/WT and
Ppp1r2-Cre::RTMF/F::TrkBF/F mice. (Scale bar: 10 μm.) The dotted lines indicate
representative cell in each group. (C) Percentage of tdTomato cells with TrkB
mRNA signal in Ppp1r2-Cre::RTMF/F::TrkBWT/WT and Ppp1r2-Cre::RTMF/F::
TrkBF/F mice (n = 3 mice from each group). (D) Schematic of resident–intruder
test. (E and F) Attack latency and total duration of attacks between single-
housed Ctrl (TrkBF/F) and TrkB cKO (Ppp1r2-Cre::TrkBF/F) males in the resi-
dent–intruder test (Ctrl, n = 12; TrkB cKO, n = 11). (G) Schematic of the tube
test to measure social dominance and social hierarchy. One TrkB cKO and
three Ctrl mice were group housed for 2 wk and subjected to round-robin
tube test pairing. (H) Rankings of each individual mouse on the social hier-
archy in nine cages. The dotted line indicates the expected ranking if there
was no difference between Ctrl and TrkB cKO mice in terms of social dom-
inance. (I) Single-housed Ctrl and TrkB cKO mice with no prior experience
with each other were subjected to the tube test and their win/loss ratio was
plotted. (J) Schematic of the agonistic behavior assay. One Ctrl and one TrkB
cKO mouse were pair housed for 2 wk before their home cage was switched
for a new one. After the cage switch, the mice were scored on which mice
attacked more (dominant) or less (submissive). (K) Pie chart of performance
in agonistic behavior assay (n = 28 pairs). (L) Total duration of attack in the
agonistic behavioral assay for Ctrl and TrkB cKO mice. Data are presented as
means ± SEM. The closed symbols denote individual subjects. Group-housed
tube test ranking was assessed by Wilcoxon-signed rank test, others by
Student’s t test. *P < 0.05; **P < 0.01.
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After a brief interaction period in the middle of the tube, the
mouse that consistently forces the opponent to retreat is scored
as the more dominant of the pair (Fig. 1G) (30). We group-
housed one TrkB cKO mouse with three other Ctrl mice (12–
16 wk old) for 2 wk and performed the tube test in a pairwise
fashion using a round-robin design to determine the rank order
(17, 28). After six test sessions over 2 wk, we ranked the four
mice in a group with rank 1 being the most dominant and rank
4 being the least dominant (Fig. 1H). In support for our hy-
pothesis, we observed that TrkB cKO mice were more dominant
in group-housed cages, with the majority occupying either the
first or second rank (Fig. 1H and Movie S1). The rank distri-
bution for TrkB cKO mice differed significantly from a hypo-
thetical distribution where mice were equally distributed on
social rank (median rank of TrkB cKO, 1.0; hypothetical median
rank, 2.5; Wilcoxon signed-ranks test, P = 0.020) (SI Appendix,
Table S2). In contrast, when we performed the tube test with
single-housed TrkB cKO mice and single-housed Ctrl mice, we
could not observe any difference in the win–loss ratios between
the two groups (Fig. 1I).
As an alternative test for social dominance, we performed an

agonistic behavior assay (17). When group-housed mice are
placed in a new environment, the dominant male often exhibits
agonistic aggression toward cage mates, presumably to claim a
new territory (17). We pair-housed one TrkB cKO and one Ctrl
mouse for 2 wk and switched their home cage with a new one
(Fig. 1J). Out of 28 pairs, TrkB cKO mice were approximately
twice as likely to be the more dominant aggressor (Fig. 1K) and
their total attack duration was also higher (Ctrl, 14.57 ± 5.08 s;
TrkB cKO, 36.37 ± 8.42 s; P = 0.031) (Fig. 1L). Taken together,
our results suggest that TrkB cKO mice display augmented social
dominance behavior.

Interneuron Immaturity and Altered Network Excitatory Synaptic
Activity in Layer 5 Neurons Within Prelimbic Cortex of TrkB cKO
Mice. Studies have shown that social dominance behavior is
mediated by microcircuits within the medial prefrontal cortex
(mPFC), which corresponds to the anterior cingulate cortex
(ACC), prelimbic (PrL), and infralimbic (IL) areas in rodents
(31–34). In particular, the PrL area in mice is specifically acti-
vated upon social contact (35), and selective manipulation of
excitatory synaptic transmission within the PrL can alter the
formation of social dominance hierarchy (17). First, we exam-
ined the intrinsic properties of tdTomato-positive interneurons
within the PrL from Ctrl and TrkB cKO mice (Fig. 2A). Due to
the heterogeneity of GABAergic interneurons, we restricted our
analysis to FS, PV- and tdTomato-positive interneurons, which
play important modulatory roles in cortical microcircuits (Fig.
2B) (36–39). Retrospective immunolabeling showed that the
recorded interneurons with FS firing patterns were indeed pos-
itive for PV immunostaining (Fig. 2B). Interestingly, upon a se-
ries of current injections, we found that tdTomato-positive, FS
interneurons (FSINs) of TrkB cKO mice exhibited functional
differences. FSINs from TrkB cKO mice showed (i) increased
spike frequency adaptation [two-way ANOVA, interaction:
F(6,126) = 2.927, P = 0.0105; main effect of interspike interval:
F(6,126) = 47.30, P < 0.0001; main effect of genotype: F(1,21) =
5.079, P = 0.0350; Fig. 2 C and D], (ii) wider action potential
half-width (Ctrl, 0.423 ± 0.017 ms; TrkB cKO, 0.504 ± 0.019 ms;
P = 0.0056; Fig. 2 E and F), and (iii) longer membrane time
constants (Ctrl, 6.927 ± 0.3190 ms; TrkB cKO, 10.58 ±
0.5877 ms; P < 0.0001; Fig. 2 G and H). In addition, other in-
trinsic properties of FSINs were significantly different in TrkB
cKO mice, including the input resistance, action potential am-
plitude, and action potential threshold, but we could not observe
any significant change in the resting membrane potential (SI
Appendix, Fig. S2). Given that FSINs display a unique set of
electrophysiological properties upon developmental maturation
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Fig. 2. TrkB cKO FSINs in prelimbic cortex are functionally impaired. (A)
Schematic diagram of the mouse mPFC, as outlined by the red dashed lines.
The black box indicates close-up of the neurons that were patched. We per-
formed whole-cell patch-clamp recordings from L5/6 tdTomato-labeled FSINs
of Ppp1r2-Cre::RTMF/F::TrkBWT/WT (Ctrl) and Ppp1r2-Cre::RTMF/F::TrkBF/F (TrkB
cKO) mice. Fs., FSINs; Pyr, pyramidal neuron. (B) A L5 tdTomato (red)-labeled
FSIN that was filled with biocytin (green) and subsequently confirmed to
express parvalbumin (parv) (blue). (Scale bar: 20 μm.) (C) Representative
trace of action potential trains elicited by depolarizing current injection
(300 pA). (D) Frequency adaptation as illustrated by the ratio of the first
interspike interval (ISI1) over the nth interspike interval (ISIn). (E) Representative
trace of action potentials evoked by a depolarizing current injection in L5/
6 tdTomato FSINs of Ctrl and TrkB cKOmice (50 pA above spiking threshold). (F)
Bar plot of action potential half-width. (G) Representative trace of membrane
potential deflection evoked by a depolarizing current injection (100 pA). (H) Bar
plot of membrane time constant. Data are presented as means ± SEM. Ctrl,
n = 11 neurons; TrkB cKO, n = 12 neurons. n = 4–5 mice per group. The closed
symbols denote individual neurons. Adaptation ratio was assessed by one-way
ANOVA, others by Student’s t test. *P < 0.05; **P < 0.01; ****P < 0.0001.
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(40, 41), our data suggest that FSINs of TrkB cKO exhibited
functional immaturity.
Previously, it has been shown that immature inhibitory neuron

function and synapse formation may affect spontaneous synaptic
activities of nearby pyramidal neurons within the same micro-
circuits due to impaired network inhibition (6, 13). In the mPFC,
top–down information is transmitted via pathways from layer
2/3 pyramidal neurons to pyramidal neurons in L5, which is a
major corticofugal output layer of the PFC network (42).
Therefore, we measured the spontaneous excitatory postsynaptic
currents (sEPSCs) of L5 pyramidal neurons in PrL of Ctrl and
TrkB cKO mice (Fig. 3A). Intriguingly, we observed an increase
in the frequency of sEPSCs (Ctrl, 4.33 ± 0.51 Hz; TrkB cKO,
7.43 ± 1.34 Hz; P = 0.038), but not in the amplitudes (Ctrl,
18.31 ± 0.63 pA; TrkB cKO, 18.60 ± 0.80 pA; P = 0.78) (Fig. 3
A–C), suggesting increased spontaneous excitatory synaptic
transmission in TrkB cKO cortex. We also measured spontane-
ous miniature inhibitory postsynaptic currents (mIPSCs), from
L5 pyramidal neurons of Ctrl and TrkB cKO mice. Intriguingly,
we observed a significant reduction in the frequency of mIPSCs
(Ctrl, 16.37 ± 1.68 Hz; TrkB cKO, 11.57 ± 1.11 Hz, P = 0.029),
with no change in the amplitude (Ctrl, 37.05 ± 2.71 pA; TrkB
cKO, 34.20 ± pA, P = 0.48) (Fig. 3 D–F), indicating the reduced
inhibitory synaptic inputs/synapses onto excitatory neurons in
TrkB cKO mice. Three-dimensional morphometric analyses of
biocytin-labeled and recorded interneurons of Ctrl and TrkB

cKO mice revealed reduced neurite arborization [two-way
ANOVA, interaction, F(36,1008) = 2.713, P < 0.0001; main ef-
fect of distance from soma, F(36,1008) = 199.1, P < 0.0001; main
effect of genotype, F(1,28) = 3.096, P = 0.0894] and reduced total
number of neurites (Ctrl, 31.37 ± 1.90; TrkB cKO, 25.36 ± 0.77,
P = 0.0273) (Fig. 3 G–I) in TrkB cKO interneurons. Taken to-
gether, the lack of BDNF/TrkB signaling in GABAergic FSINs
disrupted the functional and morphological maturation of in-
hibitory interneurons, which subsequently impaired inhibitory
modulation within L5 cortical microcircuits of the PrL in TrkB
cKO mice.

Optogenetic Silencing of Excitatory Neurons Within Prelimbic Cortex
Normalized Social Dominance Behavior in TrkB cKO Mice. It remains
unclear whether the imbalance in network activities within pre-
limbic microcircuits caused social dominance behavior in TrkB
cKO mice. To test this, we bilaterally injected adeno-associated
virus (AAV) containing double-floxed, light-sensitive excitatory
opsin, channelrhodopsin-2 (ChR2) (43), into the PrL of TrkB
cKO mice to limit ChR2 expression to only Cre-expressing in-
terneurons of TrkB cKO mice. However, we found that the acute
activation of inhibitory neurons during tube test could not re-
verse the social dominance behavior of TrkB cKO mice (SI
Appendix, Fig. S3).
Instead, we tested whether the transient inhibition of excit-

atory neurons in the PrL of TrkB cKO mice could reverse social
dominance behaviors. We bilaterally injected AAV, containing
the light-sensitive inhibitory opsin archaerhodopsin (eArch)
under the control of CAMKIIα promoter (CAMKII-eArch3.0-
EYFP) (44), which restricted expression to excitatory pyramidal
neurons, into the PrL of TrkB cKO mice (Fig. 4 A and B and SI
Appendix, Fig. S4 A and B). Light activation of eArch-expressing
neurons in acute brain slices of the PrL acutely silenced evoked
action potentials (light off, 9.3 ± 1.7 Hz; light on, 0 ± 0.0 Hz; P =
0.005; Fig. 4 C and D). Next, we repeated the tube test in group-
housed TrkB cKO mice injected with CAMKII-eArch and Ctrl
mice with or without light stimulation (Fig. 4 E and F and SI
Appendix, Fig. S4C). Intriguingly, optogenetic inhibition of ex-
citatory neurons during the tube test normalized social domi-
nance behaviors in TrkB cKO mice, indicated by lower rank in
the tube test (tube test rank: light off, 1.143; light on, 2.214, P =
0.032), which rebounded when light stimulation was not de-
livered (light on, 2.214; light off, 1.286; P = 0.032; Fig. 4 E and F
and Movie S2). Light stimulation of CAMKII-EGFP–injected
TrkB cKO mice did not trigger any change in the tube test rank
(Fig. 4F). Moreover, we did not observe any alteration in light-
stimulated TrkB cKO mice in general locomotor activity in the
open field test (SI Appendix, Fig. S4D).
Taken together, our results suggest that the acute inhibition of

excitatory neuronal activities in the PrL of TrkB cKO mice is
sufficient to reverse social dominance behavior, indicating that
defective inhibitory modulation in the PrL microcircuits of TrkB
cKO might result in social dominant behaviors by triggering E/I
network imbalance.

Discussion
Here, we demonstrated that postnatal ablation of BDNF/TrkB
signaling from corticolimbic GABAergic interneurons resulted in
social dominance behavior. These behavioral changes were po-
tentially due to developmental immaturity of GABAergic inter-
neurons. This consequently resulted in decreased inhibitory
modulation and up-regulated excitatory synaptic transmission
within the L5 of the mPFC microcircuits. Abnormal behavior of
TrkB cKO mice were ameliorated by reducing the activity of
excitatory neurons in the mPFC via optogenetic inhibition, in-
dicating that network E/I balance might be crucial for social
cognition and the regulation of dominance hierarchy formation.
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Fig. 3. Reduced inhibitory inputs to excitatory neurons and enhanced ex-
citatory basal transmission in prelimbic cortex of TrkB cKO mice. (A) Sample
traces of spontaneous excitatory postsynaptic currents (sEPSCs) recorded
from L5/6 pyramidal neurons of Ctrl vs. TrkB cKO mice. (B and C) Cumulative
probability distribution and bar plot of sEPSC (B) frequency and (C) ampli-
tude recorded from L5/6 pyramidal neurons of Ctrl vs. TrkB cKO mice. (D)
Sample traces of spontaneous miniature inhibitory postsynaptic currents
(mIPSCs) recorded from L5/6 pyramidal neurons of Ctrl vs. TrkB cKO mice.
(E and F) Cumulative probability distribution and bar plot of mIPSC (E) fre-
quency and (F) amplitude recorded from L5/6 pyramidal neurons of Ctrl vs.
TrkB cKO mice. (G) Representative traces of biocytin-filled Ctrl vs. TrkB cKO
interneurons. (Scale bar: 50 μm.) (H) Sholl analysis of 3D-reconstructed Ctrl
vs. TrkB cKO interneurons. (I) Bar plot of total number of neurites ends.
Data are presented as means ± SEM; n = 4–5 mice per group; Student’s t test,
*P < 0.05; **P < 0.01; ***P < 0.001.
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Role of BDNF/TrkB Signaling in mPFC in Regulation of Social
Dominance. Reduced BDNF level and its signaling in the brain
have been linked to aggressive and dominant behavior. The
BDNF Val66Met (BDNFMet) polymorphism, which leads to
reduced activity-dependent BDNF secretion in the brain (45), is
associated with aggressive behaviors in humans (46, 47). In ani-
mals, BDNF+/−, Nestin-Cre::BDNFF/F, CaMKII-Cre::BDNFF/F,
KA1-Cre::BDNFF/F, and BDNFMet/Met male mice all showed
enhanced aggression (48–51). While these studies indicated strong
association between attenuated BDNF level in the brain and
aggressive animal behavior, the presence of other confounding
behavioral phenotypes (e.g., depression- and anxiety-like behav-
iors) as well as the requirement for BDNF signaling in multi-
ple subtypes of neurons (glutamatergic, GABAergic, cholinergic,
and serotonergic neurons) (4, 12, 48, 52) made it difficult to

pinpoint which neuronal subtypes and which neuronal circuits
were linked to BDNF-dependent, aggressive behavior.
Previous studies have directly shown that mPFC microcircuits

play important role for social dominance and aggression be-
havior in animals. For example, neurons within mPFC are di-
rectly activated by social contact (35), and mPFC lesions can
trigger aggressive behaviors in both rats and humans (53, 54).
More recently, it was reported that bidirectional modulation of
synaptic strength in mPFC (17) and optogenetic stimulation/
chemogenetic inhibition of mPFC excitatory neurons was nec-
essary and sufficient to modulate social rank in mice (55).
Intriguingly, our TrkB cKO mice, in which BDNF/TrkB

signaling was attenuated postnatally only in corticolimbic
GABAergic interneurons, exhibit social dominance, without af-
fecting other types of aggressive behaviors (Fig. 1 D–H) (25).
More interestingly, singly housed TrkB cKO did not show social
dominance, indicating that TrkB cKO were not intrinsically ag-
gressive and that social experience was necessary (Fig. 1I).
While our data suggest that artificially manipulating BDNF/

TrkB signaling in corticolimbic GABAergic interneurons can
modulate social dominance behavior, it is still unclear whether
this is relevant for endogenous BDNF/TrkB. Previous studies
that have looked at environmental manipulations that modulate
BDNF suggest that this is possible. Interestingly, mice reared in
communal nests have increased cortical and hippocampal BDNF
levels and adopted social status quicker than control mice raised
in single nests (56, 57). In addition, these mice showed higher
levels of postfight reconciliatory behaviors, indicating potential
role of BDNF modulation in the development or stabilization of
social cognition in mice. It will be exciting to test whether nat-
urally dominant and submissive mice have differential levels of
BDNF/TrkB signaling in corticolimbic interneurons.

Role of BDNF/TrkB Signaling in Development and Maturation of
GABAergic Interneurons and Network E/I Balance in the Local
Cortical Neuronal Network. Genetic ablation of TrkB in early
postnatal interneurons resulted in multiple aberrant changes in
the intrinsic properties of FSINs (Fig. 2), which prevented them
from responding accurately to incoming synaptic inputs (58, 59).
These changes could be caused by disrupted expression of ion
channels (40, 41). For example, members of the Kv3 subfamily
(Kv3.1b, Kv3.2) of voltage-gated potassium channels are specif-
ically enriched in neocortical interneurons (60) and contribute to
fast repolarization and high-frequency firing. Further studies
could investigate these possible candidates. We cannot rule out
the possibility that other classes of interneurons were also af-
fected in our TrkB cKO mice, but we did not include analyses of
these non-FS interneurons due to their low numbers and het-
erogeneity (61). Further studies using in vivo calcium imaging
and multielectrode recordings will help us to delineate network-
level changes in inhibitory and excitatory activity in TrkB cKO
mice during their social aggressive behaviors (62, 63).
Several converging lines of evidence suggest that impaired

inhibitory modulation by PV-positive FSINs was the cause of
enhanced excitatory spontaneous synaptic transmission within
the PFC. First, PV-positive neurons were the majority of tar-
geted neurons in the PFC of the Ppp1r2-Cre mice line (SI Ap-
pendix, Table S1). Second, among cortical GABAergic neurons,
the level of TrkB expression is the highest in PV-positive neu-
rons, followed by somatostatin (SST)-positive neurons (64),
suggesting ontological BDNF dependence of PV-positive neu-
rons. In support for this, in BDNF-overexpressed mice, cortical
PV expression is accelerated (4), whereas the loss of activity-
dependent BDNF expression leads to reduced number of PV-
positive neurons in the mPFC (65). Likewise, in BDNF-KO
mice, PV-positive FSINs show delayed electrophysiological
maturation, which is similar to our results (66). Third, within the
mPFC, perisomatic targeting PV-positive FSINs mediate fast
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Fig. 4. Optogenetic silencing of PrL normalizes social dominance in TrkB
cKO mice. (A) TrkB cKO mice were bilaterally injected with AAV-CAMKII-
eArch-EYFP into the prelimbic area (PrL). Cg, cingulate cortex; IL, infra-
limbic cortex. (B) Representative image of viral transduction and close-up
showing immunostaining of dense EYFP-positive neuropil and membrane
labeling of individual CaMKII-positive neurons. (Scale bars: Top, 500 μm;
Bottom, 20 μm) (C) Green light illumination silenced current injection
evoked action potentials in whole-cell patch clamp of L5 pyramidal neurons
labeled with eArch. (D) Quantification of change in firing rate with green
light illumination (n = 5 neurons from three mice) (current injection, 100–
300 pA). (E) Schematic of tube test with green light stimulation to opto-
genetically inhibit the PrL. (F) Plot of change in tube test rank as a result of
optogenetic inhibition. As a control, a separate group of TrkB cKOmice were
injected with CAMKII::EYFP and underwent similar stimulation. The closed
symbols denote individual neurons in D and individual subjects in F. Data are
presented as means ± SEM. CaMKII::eArch, n = 7; CaMKII::EGFP, n = 6; Stu-
dent’s t test, *P < 0.05; **P < 0.01.
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and powerful inhibition of excitatory neurons. However, den-
dritic targeting SST-positive INs mediate weak and variable in-
hibition (67). Last, previous studies with TrkB cKO using PV-cre
transgenic mice indicated reduced inhibitory synaptic connec-
tions onto excitatory neurons and subsequently resulted in in-
creased excitatory output in the cortical microcircuits (13, 68).
Taken together, these findings suggest that TrkB disruption in
PV-positive neurons resulted in increased excitatory activity and
network-level imbalance in our TrkB cKO.
Intriguingly, our results are slightly different from a previous

study that reported an increase in the amplitude, but not the
frequency, of miniature EPSCs in naturally dominant mice
compared with their submissive cage mates (17). Compared with
our genetic manipulation, the underlying mechanism of social
dominance in animals of Wang et al. could be either epigenetic
or individual differences that would lead to different synaptic
changes (69). In addition, Wang et al. did not investigate the
involvement of GABAergic neurons and inhibitory modulation
in their social behavior paradigms. The reversal of social domi-
nance in TrkB cKO by optogenetic inhibition of mPFC excitatory
neurons concurs with a similar optogenetic study by Zhou et al.
(55). In summary, our studies are concurrent with the notion that
network activity and E/I balance within mPFC microcircuits in-
fluences social dominance behavior in mice.
Although we did not observe significant difference in social

dominance behavior of TrkB cKO mice when we artificially
manipulated PV interneurons (SI Appendix, Fig. S3), this could
be due to two reasons. One, the artificial chronic stimulation
could not mimic or compensate for the developmental change in
PV interneurons in TrkB conditional mice. The other reason
could be that we did not recruit and activate enough numbers of
PV interneurons to elicit a behavioral effect.
Taken together, we show that the postnatal ablation of BDNF/

TrkB signaling in corticolimbic GABAergic interneurons results
in social dominance by the disruption of the E/I balance in
mPFC microcircuits. Our genetic model could be useful to dis-
sociate and dissect underlying molecular and cellular mecha-
nisms of aggressive behaviors and social cognition in mice.

Materials and Methods
Detailed experimental procedures are provided in SI Appendix, SI Materials
and Methods.

Husbandry and Animals. Ppp1r2-Cre mice were obtained from Dr. Kazu
Nakazawa, Southern Research, Birmingham, AL (15), TrkBF/F mice from Dr.
Luis Parada, Memorial Sloan Kettering Cancer Center, New York (22), and
RTMF/F mice from The Jackson Laboratory (19). Animals were housed in a
specific-pathogen–free facility maintained below 22 °C, 55% humidity, with
food and water provided ad libitum, on a 12-h light cycle (lights on at
0700 h). With the exception of tube test for social dominance, adult males
(8–20 wk) were singled-housed for the other behavioral tests. All procedures
to maintain and use these mice were approved by the Institutional Animal
Care and Use Committee for Duke–National University of Singapore Medical
School (IACUC 2010/SHS/590 and 2014/SHS/999).

Double Fluorescence in Situ Hybridization. In situ hybridization was performed
using RNA probes targeting the TrkB kinase domain (70) and tdTomato (Allen
Mouse Brain Atlas probes; Riboprobe ID, RP_099999_01_A05) (71). The in situ
hybridization procedure can be found in SI Appendix, SI Materials andMethods.

Resident–Intruder Test. For the resident–intruder test, mice were single-
housed for at least 1 wk before testing to establish territoriality. A wild-
type C57/BL6 “intruder” (weighing at least 10% less than the resident and
group-housed before the test) was introduced to the resident’s home cage
for a total duration of 10 min.

Tube Test.During the test trial, twomicewere introduced into either entrance
of the tube, where both mice would meet at the center of the tube. The trial
was terminated when either mouse was pushed out, or left the tube vol-
untarily, or if both mice still remained after 2 min. For the group social
dominance tube test, one TrkB cKO mouse and three Ctrl mice were group
housed for 2 wk before testing. The mice were ranked overall based on the
number of winning bouts after six repeated sessions over 2 wk. For single-
housed social dominance tube test, mice were single-housed for at least
1 wk before testing. Each mouse was paired against five opponents of the
opposite genotype and around the same weight (∼2 g).

Agonistic Behavior Assay. For the agonistic behavioral assay, one TrkB cKO
mouse and one Ctrl mouse were paired-housed for 2 wk. After that, they
were switched over to a new cage and their interactions were videotaped.

Slice Electrophysiology. Slices containing mPFC were prepared from 13- to
18-wk-old C57/BL6 male mice, and acute slice recording was performed as
previously described (6). Pyramidal neurons in the L4–5 of mPFC were
identified by their differential interference contrast morphology and elec-
trophysiological properties (spike firing pattern). TrkB cKO and Ctrl FSINs
were identified by tdTomato expression and electrophysiological properties.
For anatomical reconstruction, the internal solution was filled with 0.3%
biocytin (Sigma) during whole-cell recordings. Additional details on solu-
tions and analysis of parameters can be found in SI Appendix, SI Materials
and Methods.

Stereotaxic Surgery and Optogenetic Manipulation. Stereotaxic surgery, virus
injections, and fiber-optic implants was performed on 3- to 4-mo-old TrkB
cKO or Ctrl mice as previous described (72). Injection coordinates for the PrL
were +2.0 mm anteroposterior, ±0.8 mm mediolateral, and −1.8 mm dor-
soventral (at a 15° angle). A volume of 0.5 uL of either AAV5-CaMKIIa-
eArch3.0-EYFP or AAV5-CAMKIIa-EGFP virus (∼2.5 × 1012 infectious units/mL;
University of North Carolina Vector Core) was infused into the site at
100 nL/min. Mice were group-housed and allowed to recover at least 2 wk
before behavioral testing. Before stimulation, the output was adjusted such
that 10 mW of illumination was delivered from the fiber optic tip. Additional
details can be found in SI Appendix, SI Materials and Methods.

Statistical Analyses and Graphs. Data were analyzed and plotted using
GraphPad Prism (GraphPad Software) and presented as means ± SEM. Data
were analyzed using either two-tailed paired or unpaired t test, or by one-
way ANOVA followed by Tukey’s post hoc test. Outliers were identified by
the Grubbs’ outlier test (73) and were excluded from analysis.
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