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SUMMARY
Social competition plays a pivotal role in determining individuals’ social status. While the dorsomedial pre-
frontal cortex (dmPFC) is essential in regulating social competition, it remains unclear how information is
processed within its local networks. Here, by applying optogenetic and chemogenetic manipulations in a
dominance tube test, we reveal that, in accordance with pyramidal (PYR) neuron activation, excitation of
the vasoactive intestinal polypeptide (VIP) or inhibition of the parvalbumin (PV) interneurons induces win-
ning. The winning behavior is associated with sequential calcium activities initiated by VIP and followed
by PYR and PV neurons. Using miniature two-photon microscopic (MTPM) and optrode recordings in awake
mice, we show that VIP stimulation directly leads to a two-phased activity pattern of both PYR and PV
neurons—rapid suppression followed by activation. The delayed activation of PV implies an embedded
feedback tuning. This disinhibitory VIP-PV-PYR motif forms the core of a dmPFC microcircuit to control
social competition.
INTRODUCTION

The health and quality of life of animals strongly depends on their

dominance status, which is acquired through repeated social

competitions (Sandi and Haller, 2015; Sapolsky, 2005; So et al.,

2015; Wilson, 2000). The outcome of social competition is often

not just a matter of body size or physical strength (Mooney

et al., 2014), but rather is determined by personality traits that

are regulated by high cortical functions (Fernald, 2014; Zhou

et al., 2018). Among the high cortical areas, the medial prefrontal

cortex (mPFC) has been particularly implicated in social domi-

nance (Rushworth et al., 2013; Wang et al., 2014). The mPFC

encodes several cognitive features that may be related to social

competition, such as effort-based decision making (Bailey

et al., 2016; Friedman et al., 2015; Holroyd and McClure, 2015;

Walton et al., 2002) and action planning in challenging or compet-
516 Neuron 110, 516–531, February 2, 2022 ª 2021 Elsevier Inc.
itive situations (Fujii et al., 2009; Hillman and Bilkey, 2012; Hoso-

kawa and Watanabe, 2012; Porter et al., 2019; Warden et al.,

2012). A lesion in the prefrontal cortex (PFC) in rodents or pri-

mates impairs processing of social hierarchy information, re-

duces social interest, and lowers social rank (Blair and Cipolotti,

2000; Mah et al., 2004; Rudebeck et al., 2006, 2007).

In mice, social dominance can be measured by the tube test,

where twomice compete for passage in a narrow tube (Fan et al.,

2019; Lindzey et al., 1961; Wang et al., 2011). In the tube test

competition, manipulation of the synaptic strength or activity of

the dorsalmedial prefrontal cortex (dmPFC) neurons bidirection-

ally controls the outcome of competition and dominance status

of mice (Wang et al., 2011; Zhu and Hu, 2018). While the up-

stream input to the dmPFC has been mapped in win- or

defeat-related behavior (Franklin et al., 2017; Nelson et al.,

2019; Zhou et al., 2017), little is known about how information
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is processed and computed within the mPFC local microcircuits

during social competition.

PFC function is known to depend on a delicate balance be-

tween excitation and inhibition, mediated by the excitatory pyra-

midal (PYR) neurons and a variety of GABAergic interneurons

(Kamigaki and Dan, 2017; Kvitsiani et al., 2013; Pi et al., 2013).

A majority (�80%) of cortical interneurons are the vasoactive in-

testinal polypeptide (VIP), parvalbumin (PV), and somatostatin

(SOM) neurons (Kepecs and Fishell, 2014; Rudy et al., 2011).

These distinct types of interneurons are differentially modulated

by sensory stimuli or motor behaviors (Fu et al., 2014; Hattori

et al., 2017; Kerlin et al., 2010) as well as brain states and neuro-

modulatory inputs (Alitto and Dan, 2013; Zhang et al., 2014).

Thus, different interneuron types may play diverse roles in local

computation and exert distinct control on the excitatory output

(Huang, 2014; Kepecs and Fishell, 2014). Recently, a series of

elegant work has established the role of mPFC interneurons in

various social behaviors, including social interaction (Bicks

et al., 2020; Cao et al., 2018; Yizhar et al., 2011), conditioned so-

cial fear (Xu et al., 2019), representation of conspecific sex

(Kingsbury et al., 2020), and affective state discrimination

(Scheggia et al., 2020). However, it has remained unexplored

how different mPFC cell types engage in social competition,

what their dynamics are like, and how they regulate the domi-

nance behavior.

To address these questions, we set out to apply cell-type-spe-

cific optogenetic and chemogenetic tools to manipulate the ac-

tivity of PYR neurons and three major interneuron types in the

dmPFC during social competition. We found that activation or in-

hibition of these neurons led to distinct, or even opposite, out-

comes in dominance tube test performance. Cell-type-specific

calcium imaging, optrode, and miniature two-photon micro-

scope (MTPM) recordings further revealed dynamic interactions

among these cell types and identified a potential disinhibitory

microcircuit from VIP to PYR via PV neurons in social

competition.

RESULTS

Behavioral effects of activating different dmPFC neuron
types in the tube test
We previously found that photostimulation of dmPFC neurons

and, in particular, the excitatory PYR neurons induces winning

behaviors in the dominance tube test (Figures 1A–1D) (Zhou

et al., 2017). In order to systemically examine the contribution

of different dmPFC interneuron types to social competition, we

employed three Cre mouse lines (SOM-Cre, PV-Cre, and VIP-

Cre; Taniguchi et al., 2011) to drive interneuron-type-specific

expression of ChR2 (Boyden et al., 2005) (Figures 1E–1O). Injec-

tion of adeno-associated virus (AAV) encoding Cre-dependent

ChR2 into the bilateral dmPFC of the three Cre lines or crossing

these lines with a Cre-dependent ChR2 mouse line Ai32 (Madi-

sen et al., 2012) allowed specific optogenetic activation of

different interneuron types in the dmPFC (Figures 1E, 1H, 1L,

and S1A–S1C). While activation of SOM neurons in the dmPFC

caused an insignificant change in tube test rank (Figures 1E–

1G), photoactivation of PV neurons led to a rank decline

(p = 0.004, two-way ANOVA; Figures 1I and 1J). Detailed video
analysis revealed that these rank-declined mice showed signifi-

cantly decreased effortful behaviors including push and resis-

tance, and increased retreats (Mann-Whitney U test; Figure 1K).

In contrast, photostimulation of VIP neurons successfully

induced rank elevation (p = 0.037, two-way ANOVA; Figures

1M and 1N). There was significantly more pushes and there

were fewer retreats in these rank-elevated mice (Mann-Whitney

U test; Figure 1O). General locomotion was not affected under

either PV or VIP stimulation (Figures S2). As a control, dmPFC

photostimulation of PV::EYFP and VIP::EYFP mice did not

induce any rank change (Figures 1J and 1N).

Behavioral effects of inhibiting different dmPFC
interneurons in the tube test
We next examined the necessity of different dmPFC interneuron

types in tube test competition (Figure 2). We applied the inhibi-

tory DREADD (designer receptors exclusively activated by

designer drugs) system (Armbruster et al., 2007) by bilaterally in-

jecting AAV encoding Cre-dependent Gi-coupled hM4D recep-

tor into the dmPFC of SOM-Cre (Figures 2B and S3A), PV-Cre

(Figures 2E and S3B), or VIP-Cre (Figures 2I and S3C) mice.

One mouse from the four-mouse groups with stable ranks was

intraperitoneally injected with Clozapine-N-oxide (CNO) and

the other three mice were injected with saline as a control (Fig-

ure 2A). Consistent with the activation result, application of

CNO in SOM::hM4D mice did not cause any significant rank

change in the tube test (Figures 2C and 2D). In PV::hM4D

mice, however, we observed five of seven mice with elevated

ranks starting at 0.5 h after CNO injection (p = 0.007, two-way

ANOVA; Figures 2F and 2G). Detailed video analysis revealed

that these rank-elevated mice showed more pushes and resis-

tance and fewer retreats (Mann-Whitney U test; Figure 2H). In

contrast, chemogenetic inhibition of dmPFC VIP neurons

induced a rank drop in five of eight mice (p < 0.001, two-way

ANOVA; Figures 2J and 2K), and there was a significant

decrease in pushes and resistance and an increase in retreat be-

haviors in these rank-declined mice (Mann-Whitney U test; Fig-

ure 2L). As a control for drug effect, saline injection caused no

significant rank change in PV::hM4D and VIP::hM4D mice (Fig-

ures 2G and 2K). As a control for viral effect, CNO injection in

PV::EYFP and VIP::EYFP mice caused no significant rank

change (Figures 2G and 2K).

dmPFC neurons are activated during effortful pushes
and inhibited during passive retreats in the dominance
tube test
We next wished to observe the real-time activity of different

dmPFC neuronal types when mice compete in the tube test. Us-

ing the fiber photometry system (Flusberg et al., 2005; Gunaydin

et al., 2014) in the dmPFC (Figure 3A), we first monitored the

overall dmPFC activity by expressing genetically encoded Ca2+

indicator GCaMP6s (Chen et al., 2013) under the human synap-

sin promoter in the right dmPFC and implanting an optic fiber

300 mmabove the injection site (Figure 3B). To align the behavior,

we used an elongated tube with two doors close to the entries,

which open 5 s after the arrival of both mice (Figure 3C). Either

winning or losing mice from mouse pairs with stable ranks

were recorded for their dmPFC photometry signals, while their
Neuron 110, 516–531, February 2, 2022 517
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Figure 1. Behavioral effects of optogenetic activation of different dmPFC neuron types in the tube test

(A) On the left, the schematic illustrates the CaMKIIa::ChR2 viral construct and viral injection site in the dmPFC (including the prelimbic (PrL) region and anterior

part of the cingulate (Cg) cortex). On the right, fluorescence images show immunostained CaMKII with expression of ChR2-mCherry. Green, CaMKII; red, ChR2-

mCherry; and blue, Hoechst. Scale bars, 200 mm (middle) and 20 mm (right).

(B) Daily tube test results of a cage of four mice injected with CaMKIIa::ChR2 virus before and after acute dmPFC photostimulation of the rank-3 mouse on day 0.

(C) Summary of rank change in the tube test after photostimulation of PYR neurons. Each line represents one animal.

(D) Behavioral performance of the same CaMKIIa::ChR2 mice with or without photoactivation. The number of trials is indicated in each bar. Only mice showing

rank changes are analyzed. Mann-Whitney U test.

(E, H, and L) Fluorescence images show immunostained SOM (E), PV (H), or VIP (L) neurons in SOM-Cre::Ai32 (E), PV-Cre::Ai32 (H), or VIP-Cre::Ai32 (L) mice,

confirming the specificity of ChR2-EYFP expression in corresponding cell types. Scale bars, 10 mm.

(F, I, and M) Rank change in the tube test after photostimulation of SOM (F), PV (I), or VIP neurons (M). Each line represents one animal. Light stimulation was

delivered during the tube test on day 0.

(G) Average rank change in daily tube test after optogenetic activation of SOM neurons in dmPFC. Wilcoxon matched-pairs signed-rank test.

(J and N) Photoactivation of PV neurons induces ranking decline (J), whereas photoactivation of VIP neurons induces ranking elevation (N). Two-way repeated-

measure ANOVA, Bonferroni multiple comparisons post hoc tests.

(K and O) Behavioral performance of the same PV::ChR2 (K) and VIP::ChR2 (O) mice with or without photoactivation. The number of trials is indicated in each bar.

Only mice showing rank changes are analyzed. Mann-Whitney U test.

Error bars indicate ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. See also Figures S1 and S2.
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Figure 2. Behavioral effects of chemogenetic inhibition of different dmPFC interneurons in the tube test

(A) Tube test results for a cage of VIP::hM4D-expressing mice before and after intraperitoneal injection of CNO into the rank-1 mouse at time 0.

(B, E, and I) Immunostaining confirming the specificity of hM4D expression in SOM-Cre (B), PV-Cre (E) or VIP-Cre (I) mice. Scale bars, 10 mm.

(C, F, and J) Summary of rank change in the tube test after chemogenetic inhibition of SOM (C), PV (F), and VIP (J) neurons. Each line represents one animal.

(D, G, and K) Average rank change after CNO or saline injection of SOM::hM4D (D), PV::hM4D (G), or VIP::hM4D (K) mice. Two-way repeated-measure ANOVA;

Bonferroni multiple comparisons post hoc tests.

(H and L) Behavioral performance of the same PV::hM4D (H) and VIP::hM4D (L) mice before and after CNO injection. The number of trials is indicated in each bar.

Only mice showing rank changes are analyzed. Mann-Whitney U test.

Error bars indicate ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. See also Figure S3.
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behaviors were videotaped and annotated into push and retreat

epochs (Figure 3C). Three to four weeks after viral injection, mice

were acclimated to walk through the tube with or without an

opponent on the other side. No significant change in GCaMP6s

fluorescence signal was detected whenmicewalked through the

tubewithout an opponent (p > 0.05, permutation test, n = 58 trials

from six mice; Figures 3D and 3E) or when GFP-expressing mice

engaged in the tube test (p > 0.05, permutation test, n = 26 trials

from two mice; Figures 3F and 3G). However, when test mice

had direct confrontation with an opponent, the dmPFC Ca2+

signal increased immediately after the recorded mice initiated

pushes that led to winning. The average signal peak (Z score)

was 4.0 ± 0.7 (mean ± SEM, p < 0.05, permutation test, n = 55

trials from seven mice; Figures 3H and 3J). In contrast, a slight
but significant decrease in dmPFC Ca2+ signal was observed

from retreats that led to loss. The average signal trough (Z score)

was �1.8 ± 0.6 (mean ± SEM, p < 0.05, permutation test, n = 42

trials from seven mice; Figures 3I and 3J). This Ca2+ dynamic

suggests that dmPFC neurons were generally activated during

‘‘effortful’’ pushes and inhibited during ‘‘passive’’ retreats in so-

cial competitions.

Different dmPFC neuron types are differentially
recruited during effortful pushes and passive retreats in
the dominance tube test
To better understand how different neuron types in the dmPFC

microcircuits react during social competitions, we separately

performed fiber photometry Ca2+ recording on the PYR, PV,
Neuron 110, 516–531, February 2, 2022 519
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Figure 3. Ca2+ activity of dmPFC neurons during pushes and retreats in the tube test

(A) Schematic illustrating the fiber photometry setup.

(B) Schematic illustrating the hSyn::GCaMP6s viral construct, injection site, and optic fiber placement. Scale bars, 500 mm (left) and 50 mm (right).

(C) Illustration of modified tube test setup and procedures of training (top) and tube test (bottom). See STAR Methods for details.

(D and E) Heatmap (D) and peri-event plot (E) of Z-scored dmPFC Ca2+ signals when mice walk through the tube. Signals are aligned to the time point when mice

pass through the middle of the tube. In the heatmap, different color bars on the left represent different mice. n = 58 trials from six mice.

(F and G) Heatmap (F) and peri-event plot (G) of Z-scored dmPFC Ca2+ signals during push in mice expressing the control eGFP virus. Signals are aligned to the

time point when mice initiate pushes. n = 26 trials from two mice.

(H and I) Heatmap of Z-scored dmPFC Ca2+ signals aligned to the onset of pushes (H; n = 55 trials from seven mice) and retreats (I; n = 42 trials from seven mice).

(J) Peri-event plot of Z-scored dmPFCCa2+ signals during push (red) and retreat (blue) epochs. Solid lines indicatemean and shaded areas indicate SEM. Colored

line segments indicate statistically significant fluorescence increase or decrease from the baseline (p < 0.05; permutation test).
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and VIP neurons in the dmPFC. We injected either AAV express-

ing GCaMP6s under the CaMKIIa promoter into the dmPFC of

wild-type mice or AAV expressing Cre-inducible GCaMP6s into

the dmPFC of PV-Cre or VIP-Cre mice, and we verified cell-

type-specific expression with immunostaining (Figures S4A–

S4F). Similar to the dmPFC whole network activity as shown

above, PYR neurons were activated during the push epochs (Z

score = 4.86 ± 1.34, mean ± SEM, p < 0.05, permutation test,

n = 40 trials from five mice; Figures 4A and 4C) and inhibited dur-

ing retreats (Z score = �1.48 ± 0.39, mean ± SEM, p < 0.05, per-

mutation test, n = 39 trials from four mice; Figures 4B and 4C).

VIP neurons showed a similar trend as PYR neurons, being acti-
520 Neuron 110, 516–531, February 2, 2022
vated during pushes (Z score = 2.45 ± 0.8,mean ±SEM, p < 0.05,

permutation test, n = 34 trials from four mice; Figures 4D and 4F)

and inhibited during retreats (Z score = �2.12 ± 0.33, mean ±

SEM, p < 0.05, permutation test, n = 38 trials from six mice; Fig-

ures 4E and 4F), but with some difference in signal dynamics (see

below). PV neurons, on the other hand, showed a significant in-

crease in both push epochs (Z score = 4.56 ± 0.94, mean ± SEM,

p < 0.05, permutation test, n = 41 trials from eight mice; Figures

4G and 4I) and retreat epochs (Z score = 3.62 ± 0.78, mean ±

SEM, p < 0.05, permutation test, n = 37 trials from six mice; Fig-

ures 4H and 4I). Analysis of the latency of signal onset during

push epochs revealed that Ca2+ signals of VIP neurons rose
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Figure 4. Differential activity dynamics of dmPFC neuronal types during pushes and retreats in the tube test

(A, D, and G) Heatmap of Z-scored Ca2+ signals from dmPFC PYR (A; n = 40 trials from five mice), VIP (D; n = 34 trials from four mice), and PV (G; n = 41 trials from

eight mice) neurons aligned to the onset of push bouts. Color bars on the left represent different individual mice.

(B, E, and H) Heatmap of Z-scored Ca2+ signals from dmPFC PYR (B; n = 39 trials from four mice), VIP (E; n = 38 trials from six mice), and PV (H; n = 37 trials from

six mice) neurons aligned to the onset of retreat bouts.

(C, F, and I) Peri-event plots of Z-scored Ca2+ signal changes from PYR (C), VIP (F), and PV (I) neurons during push (red) and retreat (blue) epochs. Solid lines

indicate mean and shaded areas indicate SEM. Colored thick line segments indicate statistically significant fluorescence change from the baseline in push (red)

and retreat (blue) epochs (p < 0.05; permutation test).

(J) Alignment of peri-event plots of Z-scored Ca2+ signal changes of PYR, PV, and VIP neurons during push epochs (left). Colored line segments indicate sta-

tistically significant fluorescence change from the baseline. Latency to significant change (middle) and decay time (right) of Ca2+ signals indicate different dy-

namics of distinct neuron types in response to push onset (see STAR Methods and Figure S5 for definition of change latency and decay time). Mann-Whitney

U test.

(legend continued on next page)

ll
Article

Neuron 110, 516–531, February 2, 2022 521



ll
Article
before the push onset, with a shorter latency than the rise of Ca2+

signals from PYR and PV neurons (VIP versus PYR, p = 0.04; VIP

versus PV, p = 0.0004; Mann-Whitney U test; Figures 4J, S5A,

and S5B), and were more transient (VIP versus PYR, p =

0.0002; VIP versus PV, p < 0.0001; Mann-Whitney U test; Figures

4J, S5D, and S5E). In retreat epochs, there was no obvious dif-

ference in change latency and decay time of Ca2+ signals among

the three cell types (Figures 4K, S5C, and S5F). Collectively, the

Ca2+ signals of the three neural types during competition were

largely consistent with the prediction from the manipulation re-

sults, except for the increase of PV response during pushes. In

addition, the difference in onset time suggests that VIP neurons

may be responsible for initiating dmPFCmicrocircuit activity dur-

ing push epochs.

Effects of inhibiting PV or VIP neurons on dmPFC
network activity
Intrigued by the calcium dynamics of dmPFC VIP and PV neu-

rons and in light of their opposing effects on social competition,

we set out to explore how these two neuron types influence

dmPFC network activity. We first tested the effects of silencing

PV and VIP interneurons on dmPFC network activity in vivo, us-

ing optogenetics combined with the fast high-resolution minia-

ture two-photon microscopy (FHIRM-TPM V2.0) system (Zong

et al., 2017, 2021) (Figure 5A). We coexpressed in the dmPFC

of PV-Cre or VIP-Cre transgenic mice two AAVs: one expressing

GCaMP6f under the human synapsin promoter and the other ex-

pressing Cre-dependent inhibitory opsin JAWs (Chuong et al.,

2014) (Figures 5A, 5B, and S6; STAR Methods). This allowed

us to simultaneously track the calcium activity of dmPFC neu-

rons in the field of view (FOV) at the single cell level while opto-

genetically inhibiting PV or VIP neurons in awake mice.

We first characterized the response dynamics of dmPFC

neurons while optogenetically inhibiting PV neurons (Figures

5C–5G). Fluorescence colabeling revealed that 9% (15 of 169

neurons from three mice) of GCaMP6f-expressing neurons

coexpressed JAWs-tdTomato, which were PV+ neurons (Fig-

ure 5C). Sixty percent of these (9 of 15) PV+ neurons were

inhibited during the light-on session (e.g., neurons 1 and 2 in Fig-

ure 5D; Figures 5D–5F). Among the 154 non-PV dmPFC neurons,

16%were significantly excited and 4%were inhibited during the

light-on session (Figures 5E and 5F). Overall, when PV neurons

were inhibited, the network activity of dmPFC was significantly

increased (see STAR Methods for calculation, p = 0.009, two-

way ANOVA; Figures 5G, S7A, and S7B).

We then characterized the response dynamics of dmPFC neu-

rons while optogenetically inhibiting VIP neurons (Figures 5H–

5L). The results showed that 4.6% (6 of 129 from two mice) of

GCaMP6f-expressing neurons coexpressed JAWs-tdTomato,

which were VIP+ neurons (Figure 5H); 67% of these VIP+ neu-

rons were inhibited during the light-on session (e.g., neurons 1

and 2 in Figure 5I; Figures 5I–5K). Among the remaining 123
(K) Alignment of peri-event plots of Z-scored Ca2+ signal changes of PYR, PV,

statistically significant fluorescence change from the baseline. Latency to signi

dynamics of distinct neuron types in response to retreat onset. Mann-Whitney U

Error bars indicate ± SEM. *p < 0.05; ***p < 0.001; n.s., not significant. See also
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non-VIP neurons, 13% showed significantly decreased calcium

transients and 3% were activated during the light-on session

(Figures 5J and 5K). Overall, during light stimulation when VIP

neurons were inhibited, there was a decrease in the network ac-

tivity of dmPFC (p = 0.003, two-way ANOVA; Figures 5L, S7C,

and S7D). Collectively, these data confirmed an inhibitory role

of PV and an excitatory role of VIP neurons in regulating general

dmPFC network activity.

Effects of activating PV neurons on dmPFC neural
network activity
In order to infer the sequence of activity of VIP, PYR, and PV neu-

rons, we needed to examine their dynamics at even higher

temporal resolution. For this, wemade single-unit electrophysio-

logical recordings of dmPFC neurons while optogenetically acti-

vating PV and VIP neurons in awake mice (Figures 6 and 7). We

performed 16-channel optrode recording in the dmPFC layer

V/VI of PV-Cre::Ai32 or VIP-Cre::Ai32 transgenic mice (Chen

et al., 2017),while delivering blue light to stimulate PVor VIP inter-

neurons (Figures 6A, 7A, and S8). We recorded 201 well-isolated

neurons from five PV-Cre::Ai32 mice, including seven optoge-

netically tagged PV neurons (Figure 6B; see STAR Methods for

criteria of optogenetic tagging), 139 wide-spike (WS) units

(mostly putative PYR [pPYR] neurons), and 55 narrow-spike

(NS) units (putative interneuron [pIN]) (trough-to-peak duration

of 400 ms as the borderline for NS versus WS clarification; see

STAR Methods for more criteria of single-unit isolation and cell-

type classification) (Chen et al., 2017; Stark et al., 2013; Xu

et al., 2019). Basedonfiring frequency,NSneurons canbe further

divided into 16 fast-spiking interneurons (FSIs; frequency R

8 Hz), which are putative parvalbumin (pPV) neurons (Kim et al.,

2016; Varga et al., 2012), and 39 NS non-FSIs (< 8Hz) (Figures

6C and 6D). For photostimulation of PV interneurons, we used

the same constant pattern (constant 10 s) that successfully

decreased the tube test rank (Figures 1I-1K and 6D). During PV

photostimulation, the most striking change was a universal

decrease in the activity of the majority (92%, 128 of 139) of WS

pPYR neurons (Figures 6D and 6E). Many FSI (31%) and NS

non-FSI (72%) neurons were also inhibited (Figures 6F and 6G),

suggesting that PV neurons can inhibit each other or other types

of interneurons.

Activation of VIP neurons leads to two-phased activity
For stimulation of VIP neurons, we first applied the 1-Hz light

stimulation protocol to the VIP-Cre::Ai32 mice to tag the dmPFC

VIP neurons and reveal the full dynamics of neural response after

each pulse of VIP activation (Figures 7A–7H). We recorded 156

well-isolated neurons, including 4 optogenetically tagged VIP

neurons (Figure 7B), 127 WS pPYR units, 14 NS non-FSI units,

and 11 FSI pPV units (Figure 7C). Consistent with a previously re-

ported study (Pi et al., 2013), neuronal responses can be catego-

rized into inhibition (Inh), inhibition-activation (Inh-act), and
and VIP neurons during retreat epochs (left). Colored line segments indicate

ficant change (middle) and decay time (right) of Ca2+ signals indicate similar

test.

Figures S4, S5 and S12.
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Figure 5. Effects of inhibiting PV or VIP neurons on dmPFC neural network activity

(A) Setup of fast high-resolution miniature two-photon microscopy version 2 (FHIRM-TPM V2.0) (Zong et al., 2021), combined with the GRIN lens in the dmPFC of

awake, head-fixed mice (left), and diagram of dual-color imaging (right). See STAR Methods for details.

(legend continued on next page)
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Figure 6. Effects of activating PV neurons on dmPFC neural network activity

(A) Schematic illustration of in vivo optrode recording in the dmPFC of PV-Cre::Ai32 mice.

(B) Raster plot (top) and peri-stimulus time histogram (PSTH, bottom) of a representative tagged PV neuron. In the inset, light-evoked spike waveforms (blue) were

similar to spontaneous ones (black). Pearson’s correlation, r = 0.99.

(C) On the left, baseline firing rate plotted against peak-to-trough latency of all recorded units. Colored circles indicate neurons that showed significant differences

in firing rates during 10-s constant light on versus light off. Blue, inhibition; orange, activation; and gray, no change. On the right, light-induced firing rate changes

plotted against peak-to-trough latency of all recorded units. Colors indicate different cell types. Blue, WS (wide-spike neuron); brown, NS non-FSI (narrow-spike

non-fast-spiking interneuron); red, tagged PV; and pink, FSI (fast-spiking interneuron).

(D) PSTHs of all recorded neurons, including tagged PV cells and nontaggedWS, NS non-FSI, and FSI cells, ranked by a descending order of firing rate during the

10-s constant light-on period.

(E–G) Scatterplots of the mean firing rates (FRs) of WS (E), NS non-FSI (F), and FSI (G) neurons during the 10-s constant light-on epoch, against firing rates during

the 10-s light-off epoch. Colored circles indicate neurons that showed significant light-induced firing rate increase (orange) or decrease (blue). Inset pie graphs

show the percentage of neurons that had significantly higher, lower, or unchanged firing rates during the light stimulation. Inset boxplots show the overall firing

rate during the 10-s light-off and 10-s light-on epoch. Data in all figures are median ± 1.53 interquartile range. Wilcoxon signed-rank test.

*p < 0.05; ***p < 0.001; n.s., not significant. See also Figure S8.
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delayed activation (dAct) groups (Figures 7D–7H and S9A-S9C).

Most inhibition occurred within a short delay (inhibition trough:

8.2 ± 0.8 ms), consistent with monosynaptic inhibition by VIP
(B) Typical field of view (FOV) under a 920-nm green channel to record Ca2+ ac

neurons (right). White arrows indicate the neurons expressing both GCaMP6f an

(C) Cell fields under the 920-nm (left, middle) and 1,030-nm (right) channel in

stimulation, which activates the inhibitory opsin JAWs in PV::JAWs mice. Cells are

Change index is defined as (light on � light off)/(light on + light off), such that a v

(D and I) Representative raw Ca2+ traces of neurons marked in (C) or (H). Note t

GCaMP6f and JAWs. They are inhibited during light on. Neurons 3–5 are putativ

(E and J) Heatmaps showing average responses of PV+ and non-PV (E) or VIP+

JAWs-mediated photoinhibition.

(F and K) Fraction of PV+ and non-PV (F) or VIP+ and non-VIP (K) neurons tha

photoinhibition. Wilcoxon matched-pairs signed-rank test, p < 0.05.

(G and L) Fold change of Ca2+ event transients of non-PV (G) or non-VIP (L) neu

measure ANOVA, **p < 0.01. N represents the number of mice; n represents the

(H) Cell fields under 920-nm (left, middle) and 1,030-nm (right) channel in VIP::tdTo

which activates the inhibitory opsin JAWs in VIP::JAWs mice. Cells are color cod

Error bars indicate ± SEM. **p < 0.01. See also Figures S6 and S7.
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neurons; and excitation occurred with a longer delay (excitation

peak: 74.3 ± 4.4 ms) and broader temporal spread (Figure S9B),

consistent with disynaptic or polysynaptic events.
tivity (left and middle) and 1,030-nm red channel to locate JAWs-expressing

d JAWs-tdTomato. Scale bars, 20 mm.

PV::tdTomato (left) or PV::JAWs (middle and right) mice during 635-nm light

color coded to reveal increase (red) or decrease (blue) in Ca2+ transient rates.

alue > 0 means activation, and < 0 means inhibition during light on.

hat neurons 1 and 2 are PV+ (D) or VIP+ neurons (I), since they express both

e non-PV (D) or non-VIP (I) since they only express GCaMP6f.

and non-VIP (J) neurons that show a significant change in Ca2+ signals during

t show a significant increase, decrease, or no change upon JAWs-mediated

rons during photoinhibition of PV (G) or VIP (L) neurons. Two-way repeated-

number of neurons.

mato (left) or VIP::JAWs (middle and right) mice during 635-nm light stimulation,

ed to reveal increase (red) or decrease (blue) in Ca2+ transient rates.
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Figure 7. Effects of activating VIP neurons on dmPFC neural network activity

(A) Schematic illustration of in vivo optrode recording in the dmPFC of VIP-Cre::Ai32 mice.

(B) Raster plot (top) and PSTH (bottom) of a representative tagged VIP neuron. The inset shows that light-evoked spike waveforms (blue) were similar to

spontaneous ones (black). Pearson’s correlation, r = 0.98.

(C) Baseline firing rate versus peak-to-trough latency of tagged VIP (green), WS (blue), NS non-FSI (brown), and FSI (red) neurons.

(legend continued on next page)
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We then applied the 20-Hz light stimulation protocol, which

successfully increased the tube test rank, in in vivo recording

(Figures 1M-1O, 7I, and 7J). During the whole 1-s period of VIP

neuron photostimulation, more pPYR neurons were excited

than those being inhibited (pPYRs: 53% excited, 6% inhibited;

Figures 7K and S9D). The average activity of WS pPYR neurons

was increased by 60% during photostimulation of VIP neurons

(Figures 7I and 7K). A similar trend of change occurred in pIN

neurons, including NS non-FSI (64% excited, 0% inhibited, Fig-

ure 7L) and FSI (73% excited, 27% inhibited; Figure 7M) types.

After each light pulse, of all the excited neurons, a small portion

showed an immediate transient inhibition followed by excitation

(Inh-act) but a majority (76%) of them showed delayed activation

(dAct) (Figures 7N and 7O). Again, the inhibition occurred with a

monosynaptic inhibition trough (3.7 ± 0.3 ms), and activation

followed with a polysynaptic excitation peak (36.5 ± 0.8 ms) (Fig-

ures S9E and S9F). Despite the overall similarity in triggering

neuronal responses, compared with the 1-Hz protocol, the

20-Hz stimulation protocol yielded a greatly reduced number

of nonresponsive neurons (23% versus 43% of total neurons;

Figures 7H and 7O) and a much larger fraction of dAct neurons

(45% versus 24% of total neurons; Figures 7H and 7O), suggest-

ing that at the behaviorally relevant stimulation frequency, VIP

activation may activate a larger fraction of the network. It is

also worth noting that VIP activation inhibited a significant frac-

tion of FSI (pPV) neurons (Figures 7F and 7M), which could

potentially mediate disinhibition onto other neuron types,

including the PYR neurons.

Since the inhibition of pPV by VIP neurons is transient in nature

(Figures 7G and 7H), we next tested the impact of transient

inactivation of PV neurons on the PYR network. For that, we per-

formed in vivo optrode recording in PV::eNpHR3.0 mice (Fig-

ure S10A), andwe applied 1-Hz, 10-ms yellow light in the dmPFC

to transiently inhibit PV interneurons. This led to the transient

activation of a significant fraction (52%, n = 171) of pPYR neu-

rons (Figure S10B and S10C).
(D) Average PSTH of the tagged VIP (green), Inh (inhibition, blue), Inh-act (inhibitio

Shaded areas define ± SEM. Three well-separated groups are classified on the ba

are defined based on comparison with the baseline activity. See STAR Methods

(E) PSTHs of all recorded neurons, including tagged VIP, Inh, Inh-act, and dAct neu

was turned on.

(F) Pie graphs showing the percentage of the Inh (blue), Inh-act (magenta), d

responsiveness within the 1-Hz protocol in WS (top), NS non-FSI (middle), and F

(G) PSTHs of Inh (left), Inh-act (middle), and dAct (right) types within the WS (top

(H) Summary of the number of neuron types under the 1-Hz protocol.

(I) PSTHs of all recorded neurons, including tagged VIP, nontagged WS, NS no

descending order of firing rate during the 1-s light-on period. Vertical dashed lin

(J) Temporal expansion of the PSTH of the Inh (top), Inh-act (middle), and dAct (bo

each neural group during the beginning (epochs 1–3), middle (epochs 8–10), and e

from the beginning to end of light stimulation. Vertical blue lines delineate the tim

(K–M) Scatterplots of the mean firing rates of WS (K), NS non-FSI (L), and FSI (M) n

light-off epoch. Colored circles indicate neurons that showed a significant light-ind

percentage of neurons that were significantly inhibited (blue), activated (orange)

defined in comparison with the baseline firing rate during the 1-s light-off epoch. In

epoch. Data in all figures are median ± 1.53 interquartile range. Wilcoxon signed

(N) PSTHs of Inh (left), Inh-act (middle), and dAct (right) types within the WS (top

(O) Pie graph (top) and table (bottom) summary of the number of neuron types in

**p < 0.01; ***p < 0.001; n.s., not significant. See also Figures S8 and S9.
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The dynamic response of pPV and pPYR neurons during
social competition
In the Ca2+ photometry experiment, we were not able to

observe the transient inhibition of PV or PYR neurons during

push initiation (Figure 4J). This may be due to the very transient

(lasting 10–20 ms) nature of the inhibition and the relatively low

temporal resolution of Ca2+ signal recording. To further dissect

the dynamic relationship of PV and PYR neuron in social

competition in behaving mice, we used a movable optrode to

perform single-unit recording in PV-Cre::Ai32 mice during

tube tests (Figure S11A). Putative PV and PYR neurons from

layer V/VI were targeted and identified based on their re-

sponses to blue light pulses and waveform classification (Fig-

ures S11B and S11C; see STAR Methods). Among the 361 iso-

lated units, there were 267 WS units, 50 non-FSI NS units, 21

FSIs, and 23 opto-tagged PV neurons. Both opto-tagged PV

neurons and FSIs were combined as pPV neurons (n = 44,

12.2% of all recorded units) and their activities during the

tube test were aligned to manual annotation of push epochs.

Among these 44 pPV neurons, 17 (39%) increased firing and

9 (20%) decreased firing at the push onset (defined by firing

change at -0.5 to 0.5 s around push onset; see STAR Methods,

Figures S11D–S11F). Similar heterogeneity also exists in pPYR

neurons (Figures S11G–S11I). In order to compare the precise

onset time of neural activity change, we aligned the time point

of significant change for pPV and pPYR neurons and found that

the inhibition of push-inhibited pPV neurons precedes the exci-

tation of the push-excited pPYR neurons (p = 0.03, Kolmo-

gorov-Smirnov two-sample test; Figures S11J–S11L). We also

did the same analysis for the push-excited pPV neurons,

revealing that the distribution of the excitation onset time

of push-excited pPV neurons aligns with that of push-excited

pPYR neurons (p = 0.63, Kolmogorov-Smirnov two-sample

test; Figures S11J, S11K, and S11M), and it lags behind that

of push-inhibited pPV neurons (p = 0.02, Kolmogorov-Smirnov

two-sample test; Figures S11J, S11K, and S11N). Therefore,
n-activation, magenta), and dAct (delayed activation, orange) neuron groups.

sis of light responsiveness in the 1-Hz, 1-ms protocol. Activation and inhibition

for definition of the three groups of neurons.

rons in the 1-Hz protocol. Vertical dashed lines delineate the timewhen the LED

Act (orange), and no change (gray) neurons, classified on the basis of light

SI (bottom) neurons, respectively.

), NS non-FSI (middle), and FSI (bottom) neurons.

n-FSI, and FSI neurons in the 1-s, 20-Hz protocol. Neurons are ranked by a

es delineate the time when the 1-s stimulation protocol started and ended.

ttom) neurons during the 20-Hz stimulation. The average neuronal response of

nd (epochs 18–20) is displayed to show that responses were largely invariable

e when the LED was turned on.

eurons during the 1-s light-on epoch, plotted against firing rates during the 1-s

uced firing rate increase (orange) or decrease (blue). Inset pie graphs show the

, or unchanged (gray) during the light stimulation. Inhibition and activation are

set boxplots show the overall firing rate during the 1-s light-off and 1-s light-on

-rank test.

), NS non-FSI (middle), and FSI (bottom) neurons.

each category under the 20-Hz, 5-ms protocol.
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Figure 8. A model depicting the dynamic

change of the dmPFC microcircuit in social

competition

(A–Bd) Working model of the dynamics of the

dmPFCmicrocircuit during pushes (A) and retreats

(B). Under the basal state, there is balanced

excitation and inhibition among VIP, PV, and PYR

neurons. PV neurons have relatively high basal

activity and exert a mild tonic inhibition onto other

neurons (Aa). During pushes, VIP neurons are

activated first, leading to transient inhibition of

both PV and PYR neurons (Ab). Inhibition of PV

leads to disinhibition of VIP and PYR, whose ac-

tivity will lead to push behaviors. The recurrent

activity of PYR also excites PV (Ac). The feedback

inhibition from PV eventually tips the network

balance toward the basal state (Ad). During re-

treats, either due to inhibition of VIP neurons or

input from other upstream signals, PV neurons are

activated (Bb). Their activity inhibits VIP and PYR

neurons (Bc). Ending of the input signal brings

network activity back to the basal state (Bd).

Numbers on arrows indicate the sequence of

events. Red indicates activation, and blue in-

dicates inhibition. The thickness of lines and cir-

cles indicates the level of activation or inhibition.
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there is clear heterogeneity in the response and temporal dy-

namics of pPV and pPYR neurons during the push onset.

Furthermore, a fraction of PV neurons has the potential to

mediate the disinhibition of PYR neurons during push onset in

social competition.

DISCUSSION

Using cell-type-specific Ca2+ imaging, electrophysiological, op-

togenetic, and chemogenetic tools, we studied the function of

major dmPFC interneuron types in the regulation of dominance

behaviors. In conspecific competitions modeled by the domi-

nance tube test, we found that dmPFC VIP and PV neurons

play opposing functions in regulating pushes and retreats. Cal-

cium signal dynamics during tube tests suggested that during

pushes, dmPFC VIP neurons are activated earlier andmore tran-

siently than PV or PYR neurons. During retreats, dmPFC-PV neu-

rons are activated, whereas VIP or PYR neurons are inhibited.

Dual-color miniature two-photon microscopy combined with

optogenetic manipulation confirmed that VIP and PV neurons

oppositely regulate dmPFC neural network activity in awake

mice. Furthermore, optrode recordings revealed response dy-

namics of different neuron types under a physiological pattern

of VIP or PV activation. Based on this collection of data and

knowledge from previous reports, we propose a working model

to delineate the sequential action of the VIP, PV, and PYR neu-

rons within the dmPFC microcircuits during social competition

(Figure 8). Under the basal state, PV neurons have relatively

high basal activity (Figure 6C) and exert a mild tonic inhibition

onto other neurons (Figure 8Aa). During pushes, VIP neurons

are activated (Figures 4J and 8Ab), leading to transient inhibition

of both PV and PYR neurons (Figures 7E and 8Ab). Inhibition of

PV then leads to disinhibition of PYR (Figures 5E and 8Ac),

whose activity can be sustained for a period of time through
recurrent activation (Douglas et al., 1995). PYR activation also

excites PV (Figure 8Ac), whose feedback inhibition eventually

brings all neurons back to their basal state (Figure 8Ad) (Couey

et al., 2013; Ozeki et al., 2009). During retreats, either due to in-

hibition of VIP neurons or input from other upstream signals, PV

neurons are activated (Figures 4K and 8Bb). Their activity glob-

ally inhibits neurons in the dmPFC network (Figures 6 and

8Bc). The return to basal state can be achieved through autoin-

hibition of PV neurons (Figure 8Bd) (Bacci and Huguenard, 2006;

Pfeffer et al., 2013). Through these dynamic interactions, the

interneurons and pyramidal neurons in the dmPFC network

orchestrate winning- and losing-related behaviors in social

competition. Specifically, we highlight a disinhibitory microcir-

cuit in this process from VIP to PYR neurons mediated by PV

interneurons.

Role of VIP interneurons
VIP interneurons have been demonstrated to disinhibit PYR neu-

rons in various neural circuits (e.g., visual cortex, auditory cortex,

amygdala, mPFC) and in the context of a wide range of behav-

ioral performances, ranging from fear learning (Krabbe et al.,

2019; Letzkus et al., 2011), reinforcement learning (Pi et al.,

2013), visual information processing (Fu et al., 2014; Zhang

et al., 2014), motor performance (Garcia-Junco-Clemente

et al., 2017), to avoidance (Lee et al., 2019), short-term memory

(Kamigaki and Dan, 2017), and spatial reward learning (Turi et al.,

2019). Adding to this general theme, our results demonstrate that

VIP-mediated disinhibition of the dmPFC PYR neurons plays an

instrumental role in regulating motivational behaviors during

conspecific social competition. Our Ca2+ imaging recording re-

veals that VIP neurons are activated earlier and more transiently

than PV and PYR neurons in the dmPFC during pushes. This

temporal characteristic is consistent with the proposal that VIP

interneurons may be involved in the initial stages of cortical
Neuron 110, 516–531, February 2, 2022 527



ll
Article
information processing (Fu et al., 2014; Khan et al., 2018; Staiger

et al., 1996; Zhang et al., 2014). VIP interneurons receive inputs

from the sensory thalamus (Lee et al., 2013; Staiger et al., 1996;

Wall et al., 2016), long-range cortical projections (Ährlund-

Richter et al., 2019; Lee et al., 2013; Sun et al., 2019;

Zhang et al., 2014), as well as the cholinergic basal forebrain

(Ährlund-Richter et al., 2019; Alitto and Dan, 2013; Askew

et al., 2019; Prönneke et al., 2020). Integrating these sensory,

intercortical, and neuromodulatory inputs, VIP may initiate a

cascade of signal propagation in the mPFC microcircuits, thus

releasing principal cells from inhibition and enabling a top-

down control of effortful behaviors during social competition.

Role of PV interneurons
Downstream of VIP, which cell type(s) may mediate its disinhibi-

tory effects onto PYR neurons?While some previous work impli-

cated SOM neurons in this disinhibitory process such as in the

barrel cortex (Lee et al., 2013), in social competition and in

dmPFC, our manipulation data suggest PV neurons instead to

be a strong candidate (Figures 1 and 2). Furthermore, as re-

vealed in our optrode recordings, the activation/inhibition dy-

namics of PV neurons also align with such a mediator role.

When analyzing the electrophysiological characteristics of neu-

rons that were immediately inhibited upon VIP-specific photosti-

mulation, among the 51 (of 152 neurons recorded) inhibited and

Inh-act neurons, there were 4 NS non-FS pINs and 9 FSI pPV

neurons, which showed inhibition within a 10-ms, monosynaptic

delay (Figures 7G and 7H). Furthermore, in behaving mice, we

identified a subpopulation of push-inhibited pPV neurons whose

firing decrease preceded a firing increase of the push-activated

pPYR neurons (Figures S11J and S11K). Therefore, some pPV

neurons are inhibited at the right time point to potentially mediate

the disinhibition of PYR by VIP neurons.

Although the connectivity from VIP to PV neurons may be

sparse, as shown by recordings in cortical brain slices (Ähr-

lund-Richter et al., 2019; Lee et al., 2013; Pfeffer et al., 2013;

Pi et al., 2013), there have been reports of PV neurons function-

ally mediating the disinhibitory effect of VIP neurons in various

neural circuits. In the deep layer of the barrel cortex, PV neurons

are strongly inhibited when upper-layer VIP neurons are stimu-

lated, and this direct inhibition may overpower the indirect disin-

hibitory VIP-SST-PV pathway (Yu et al., 2019). In the basolateral

amygdala, VIP disinhibits PYRs through inhibition of both SOM

and PV neurons, with comparable connectivity (Krabbe et al.,

2019). In the mPFC, VIP inhibits a significant fraction (25%) of

PV neurons (Pi et al., 2013) and the firing rates of PV neurons

reversely correlate with the amount of VIP input (Lagler et al.,

2016). In the hippocampus, learning-induced network plasticity

is mediated by increased VIP to PV transmission (Donato et al.,

2013). Because VIP neurons mainly target on the somatic

compartment of PV neurons, their regulation can be highly effec-

tive (Hioki et al., 2013, 2018). Furthermore, due to their extensive

targeting and unique morphological and electrophysiological

features, PV neurons can connect with a large number of cells,

allowing an enormous level of feedforward and feedback inhibi-

tion (Hu et al., 2014; Packer and Yuste, 2011). Thus, inhibition of

a limited number of PV neurons has the potential to have an

extensive impact on network activity.
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In our Ca2+ photometry experiment, PV neurons showed a

general increase in activity during the later phase of push epochs

(Figure 4I). This counterintuitive excitation is predicted in our

working model: once PYR neurons are activated, their recurrent

activity will quickly activate PV (Figure 8Ac). The quick rise in PV

activity is consistent with the view that inhibitory activity closely

tracks the activity of PYR neurons, which is necessary for main-

taining the network’s excitation-inhibition balance (Anderson

et al., 2000; Okun and Lampl, 2008; Shu et al., 2003; Wehr and

Zador, 2003; Xue et al., 2014).

Role of SOM interneurons
In the photometry recording experiment, SOM neurons in general

showeda similar response in the tube tests asPVneuronsbutwith

a smaller amplitude of change (Figures S12 and 4G–4I). Although

SOM neurons are capable of inhibiting PYR neurons in the mPFC

(Kvitsiani et al., 2013; Scheggia et al., 2020; Yamamuro et al.,

2020), unlike PV, either activation or inhibition of SOM neurons

didnot seemtohaveasignificant impact ondominance tubecom-

petitions (Figures 1 and 2). One possible reasonmay be that SOM

neurons have more heterogeneous functions, sending inhibitory

outputs to both PYR and other interneuron types (Miao et al.,

2016; Pfeffer et al., 2013; Xu et al., 2013) and thus exerting both

inhibitory and disinhibitory functions onto PYR neurons (Cum-

mings and Clem, 2020; Xu et al., 2019). However, despite the

lack of behavioral effects when activating or inhibiting dmPFC

SOMas awhole group, we do not rule out the possibility that sub-

populations of SOMmay be involved in the process. Although not

depicted in ourworkingmodel (Figure 8), it is quite likely that some

SOM and other interneurons may also contribute to the microcir-

cuit dynamics underlying social competition. In the future, studies

usingaCre-andFlp-dependent intersectional approach (whichal-

lows simultaneous recording of one cell type while manipulating

another type) will help to delineate a clearer picture of the dmPFC

microcircuit dynamics in social competition.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-CaMKII Abcam Cat# ab52476; RRID: AB_868641

Rabbit anti-parvalbumin Swant Cat# PV 27; RRID: AB_2631173

Rabbit anti-somatostatin Peninsula Laboratories LLC Cat# T-4103; RRID: AB_518614

Rabbit anti-vasoactive intestinal polypeptide Immunostar Cat# 20077; RRID: AB_572270

Chicken anti-GFP Abcam Cat# ab13970: RRID: AB_300798

Goat anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific Cat# A-11034; RRID:AB_2576217

Goat anti-chicken Alexa Fluor 488 Invitrogen Cat# A-11039, RRID:AB_142924

Goat anti-rabbit Alexa Fluor 546 Invitrogen Cat# A-11035, RRID:AB_143051

Bacterial and virus strains

AAV2/9-CaMKIIa-ChR2(H134R)-mCherry UPenn vector core N/A

AAV2/9-EF1a-dflox-hChR2(H134R)-mCherry Taitool Bioscience (Shanghai) Cat# S0170-9-H20

AAV2/9-hEF1a-DIO-EYFP-WPRE-pA Taitool Bioscience (Shanghai) Cat# S0196-9-H50

AAV2/9-hSyn-double floxed hM4D(Gi)-mCherry UMass Gao Lab Vector Core N/A

AAV2/9-hSyn-GCaMP6s Taitool Bioscience (Shanghai) Cat# XT021

AAV2/9-Ubi-eGFP UMass Gao Lab Vector Core N/A

AAV2/9-CaMKIIa-GCaMP6s Taitool Bioscience (Shanghai) Cat# S0229-9-H20

AAV2/9-CAG-Flex-GCaMP6s Taitool Bioscience (Shanghai) Cat# S0354-9-H50

AAV2/9-Ef1a-DIO-eNpHR3.0-mCherry ObioTechnology (Shanghai) Cat# H4882

AAV2/9-hSyn-GCaMP6f Taitool Bioscience (Shanghai) Cat# SO224-9-H20

AAV2/9-EF1a-Flex-JAWs-tdTomato-ER2 Taitool Bioscience (Shanghai) Cat# S0221-9-H20

Chemicals, peptides, and recombinant proteins

Clozapine N-oxide (CNO) Sigma Cat# C0832

Experimental models: Organisms/strains

C57BL/6J mice SLAC Laboratory animal,

Shanghai

N/A

Mouse: PV-Cre Jackson Laboratory;

Hippenmeyer et al. (2005)

Stock# 008069 (Gift from Xiaohui Zhang Lab)

Mouse: SST-Cre Jackson Laboratory; Taniguchi

et al. (2011)

Stock# 013044 (Gift from Xiang Yu Lab)

Mouse: VIP-Cre Jackson Laboratory; Taniguchi

et al. (2011)

Stock# 010908 (Gift from Xiaohong Xu Lab)

Mouse: Ai32 Jackson Laboratory; Madisen

et al. (2012)

Stock# 024109

Software and algorithms

OmniPlex neural recording data acquisition

system

Plexon https://plexon.com/products/omniplex-software

NeuroExplorer Plexon https://plexon.com/products/neuroexplorer

Offline sorter Plexon https://plexon.com/products/offline-sorter

MATLAB R2020a MathWorks https://www.mathworks.com/products/matlab.html

Custom analysis code This paper https://zenodo.org/record/5591050

Prism GraphPad Software https://www.graphpad.com/scientific-software/prism

ImageJ National Institutes of Health https://imagej.nih.gov/ij/index.html

BORIS Friard and Gamba (2016) http://www.boris.unito.it/

Other

473nm and 589nm LED Newdoon, Hangzhou http://www.newdoon.com/cn/en/

Fiber photometry system ThinkerTech, Nanjing http://www.thinkerbiotech.com/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

FHIRM-TPM V2.0 Chaoweijing Biological

Technology (Beijing)

http://tv-scope.com/

Two- photon data processing Nanjing Brain Observatory, NBO http://www.raygenitm.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents may be directed to and will be fulfilled by the Lead Contact, Hailan Hu

(huhailan@zju.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at Zenodo: https://zenodo.org/record/5591050 and is publicly available as of the date of

publication. DOI are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Adult (over 2 months old) male C57BL/6J (SLAC), VIP-Cre, PV-Cre, SOM-Cre mice (Hippenmeyer et al., 2005; Taniguchi et al., 2011)

and offsprings of VIP-Cre, PV-Cre and SOM-Cre mice bred with Ai32 mice (Madisen et al., 2012) were used for experiments. Mice

were housed in groups of 4 under standard housing conditions with food and water ad libitum. Animal use and care was under the

guidelines of Zhejiang University.

METHOD DETAILS

Viral injection and fiber implantation
For virus injection, mice were anesthetized with ketamine (100 mg/kg, i.p.) and xylazine (8 mg/kg, i.p.) and mounted on a stereotaxic

frame. For cell-type-specific optogenetic stimulation, AAV viruses were injected into the right dmPFC of wild-type mice (ML: 0.4 mm

(from midline), AP: 2.43 mm (from bregma), DV: 1.2 mm (from dura)), and bilaterally into the dmPFC of PV-Cre and SOM-Cre (ML: ±

0.4 mm, AP: 2.43 mm, DV: 1.2 mm), and VIP-Cre (angle: 14�, ML: 0.71 mm, AP: 2.43 mm, DV: 1.67 mm) mice. Mono fiber-optic

cannulae (AnniLab and Newdoon; for VIP::ChR2 and PYR::ChR2) or dual fiber-optic cannulae (Doric; for PV::ChR2 and SOM::ChR2

mice) were implanted on the same day or several days after viral injection. Coordinates for optic cannulae were 300 - 400 mm above

viral injection coordinates, except that a coordinate further away from themidline (ML: ± 0.5 mm, AP: 2.43mm, DV: 0.7�0.8mm) was

used for the dual cannulae to target PV or SOM neurons, and a coordinate closer to midline (angle: 14�, ML: 0.71 mm, AP: 2.43 mm,

DV: 1.3 mm) was used to target the superficial layer VIP- neurons. For chemogenetic inactivation, virus was injected into the bilateral

dmPFC at the aforementioned coordinates. For fiber photometry experiments, virus was injected into the right hemisphere of the

dmPFC at the aforementioned coordinates. Mono fiber-optic cannulae were implanted 300 mm above the virus injection site for fiber

photometry. Mice were recovered from the surgeries for at least two weeks before any behavioral tests.

The following viruses were used: AAV2/9-CaMKIIa-ChR2(H134R)-mCherry (titer: 3.413 1012 v.g./ml; no dilution; 0.2 mL for the right

dmPFC; Addgene); AAV2/9-EF1a-dflox-hChR2(H134R)-mCherry (titer: 1 3 1013 v.g./ml; dilution: 1:10; 0.2 mL per site in bilateral

dmPFC of PV-Cre, VIP-Cre and SOM-Cre mice; UPenn vector core); AAV2/9-hEF1a-DIO-EYFP-WPRE-pA (titer: 1.30 3 1013 v.g./

ml; dilution: 1:10 for the right or bilateral dmPFC; Taitool Bioscience); AAV2/9-hSyn-double floxed hM4D (Gi)-mCherry (titer:1 3

1013 v.g./ml; dilution: 1:8; 0.1 mL for bilateral dmPFC; UMass); AAV2/9-hSyn-GCaMP6s (titer: 2.47 3 1013 v.g./ml; dilution: 1:10,

0.2 mL for the right dmPFC; Taitool Bioscience); AAV2/9-Ubi-eGFP (titer: 2.503 1013 v.g./ml; dilution: 1:10 for the right dmPFC; UMas-

s);AAV2/9-CaMKIIa-GCaMP6s (titer: 1.23 3 1013 v.g./ml; dilution: 1:5; 0.2 mL for right dmPFC; Taitool Bioscience); AAV2/9-CAG-

Flex-GCaMP6s (titer: 3.75 3 1012 v.g./ml; 0.2 mL per site for the right dmPFC of PV-Cre mice and SOM-Cre mice and bilateral

dmPFC of VIP-Cre mice; Taitool Bioscience); AAV2/9-Ef1a-DIO-eNpHR3.0-mCherry (titer:2.41 3 1013 v.g./ml; dilution:1:10; 0.2 ml

for right dmPFC; OBiO Technology).
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Behavioral assays
Tube test and video analysis

The tube test assay was applied as described before (Fan et al., 2019). Before the start of tube tests, mice were trained to go through

the tube for 10 trials per day for 3 days. In test days, each pair of mice was released from the two ends of a tube (30 cm in length, 3 cm

in diameter), meet at the middle, and the mouse that retreated first from the tube was designated as the ‘‘loser.’’ Tube test trials were

carried out between groups of 4 cagemates using a round robin design. The ranks were determined by total numbers of wining in

each test day. Only mouse cages with stable ranks for over 3 successive days were used for further cell-type-specific optogenetic

and chemogenetic manipulation.

By frame-to-frame video analysis, three forms of behaviors in total can be unambiguously identified from the meeting point to the

end of each tube test trial: push (one mouse shoves its head under another mouse), resistance (hold on to the territory when being

pushed, head often being pushed up), retreat (back out after being pushed or voluntarily withdraw, often characterized by bending

down of head). These behavior epochs were manually annotated and marked by the BORIS software (Friard and Gamba, 2016).

Optogenetic activation of dmPFC neurons in tube test

A 12 mm slit was opened at the top of the tube to permit mice wearing optic fibers to go through the tube. All photostimulation ex-

periments were applied at least 4 weeks after viral injection to allow the full expression of channelrhodopsins. All four cagemate mice

were habituated to fiber connection for at least 2 days. On the photostimulation day, tube test ranks were first confirmed again

without light. In stimulation trials, 473 nm blue light was turned on right before tube entering. A 473 nm blue light was delivered

constantly (Kamigaki and Dan, 2017; Yizhar et al., 2011) throughout the test on the PV-Cre and SOM-Cre mice; and delivered at

20 Hz, 5 ms pulse (Pi et al., 2013) on VIP-Cre mice. Light intensity was gradually increased, until the rank changed or the maximal

30mW light intensity was reached. The real range of light intensity that induced rank change was 0.3 - 25 mW for CaMKIIa::ChR2,

2 - 21 mW for PV::ChR2, 1 - 20 mW for VIP::ChR2 and 2 - 21 mW for SOM::ChR2 mice (light intensity measured at fiber tips, Figure

S1D). Tube tests before and with light stimulation on the photostimulation day were videotaped for annotation, and the behaviors

from light-off and light-on condition of rank changed trials of the same mice were further compared.

Chemogenetic inhibition of dmPFC interneurons in tube test

PV-Cre, VIP-Cre and SOM-Cremice injected with AAV-DIO-hM4D virus were grouped into 4 with age-matched C57/BL6mice for the

tube test. One transgenic mouse from a cage with stable ranks received i.p. injection of CNO (dissolved in saline, 1 mg/kg for

PV::hM4D mice, 5 mg/kg for VIP::hM4D mice and SOM::hM4D mice) and its cagemates were injected with comparable volume of

saline. Ranks of the test mice were measured with tube test at 0, 0.5, 1.5, 6, 24, 48 and 72 hours after CNO injection.

Open field test

PV::ChR2 and VIP::ChR2micewere individually introduced in the center zone of open field (403 403 40 cm) chambers for 10-minute

tests under uniform dim light with a described procedure (Zhou et al., 2017), during which 473 nm blue light was intermittently turned

on and off on the test mice with 1min epochs (50 Hz, 5ms, 20mW for PV::ChR2mice; 20 Hz, 5ms, 20mW for VIP::ChR2mice in light-

on epochs). The sequence of ON-OFF was switched for different animals to balance the temporal effect. Total distance and percent

of time staying in the center zone were analyzed to compare the locomotion and anxiety of mice between light-on and -off epochs.

Immunohistochemistry
Histology was performed to confirm the location of implanted optic fibers. Mice were transcardially perfused under deep anesthesia

with 50 mL of phosphate-buffered saline (PBS) followed by 50 mL of 4% w/v paraformaldehyde (PFA). Brains were collected and

postfixed in 4% w/v PFA at 4�C for 1 - 2 h, followed by cryoprotection with a 30% w/v sucrose solution for 1-2 days. Dehydrated

brains were then sectioned into 40 mm thick coronal slices using a cryostat (Leica Microsystems). Slices were counterstained with

Hoechst before imaging with microscope (Nikon A1).

To confirm expression of ChR2 and hM4D in different cell types, immunostaining was performed on mPFC sections of ChR2 or

hM4D expressing animals. The antibodies used were rabbit anti-CaMKIIa (ab-52476, Abcam; 1:1000), rabbit anti-PV (PV 27, Swant;

1:5000), rabbit anti-VIP (20077, ImmunoStar; 1:300), rabbit anti-somatostatin (T-4103 Peninsula Laboratories LLC; 1:1000), chicken

anti-GFP (ab13970, Abcam; 1:1000), Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-chicken IgG, Alexa Fluor 546 goat

anti-rabbit IgG (all 1:1000, Thermo Fisher Scientific). Slices for checking the injection site were counterstained with Hoechst in the

final incubation step. The slides were mounted with 70% glycerin.

Fiber photometry recording
Mice were first trained singly for four days. On the first two days, mice were trained to walk through a 30 cm tube for 10 trials per day.

On the next two days, they were trained for 10 trials per day to walk through amodified 60-cm tube with twomovable doors (15 cm to

one end), where they would wait for a delay period (gradually increased from 0 to 5 s over training trials) before the door open. From

Day 5, tube tests were carried out between cagemates in the modified 60 cm tube: twomice were gently released at the ends of tube

andwaited at the doors for 5 s and thenwalked to themiddle of the tube and started competitionswith push or retreat (Figure 3C). The

5 s delay period before gate-lift allowed us to record for clean pre-push/retreat baseline without disruption from human handling.

Additionally, only well-trained mice with stable ranks were used for fiber photometry recording. In those cases, low-rankmice usually

retreated quickly after high-rank opponents initiated pushes, therefore calcium signals from push and retreat epochs had lower

chance to be mixed with fluorescence change induced by other adjacent behaviors like resistance or push back.
e3 Neuron 110, 516–531.e1–e6, February 2, 2022
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The fiber photometry system (Thinker Tech Nanjing Biotech Co., Ltd.) delivers a beam of 488 nm laser light and the GCaMP fluo-

rescence signals were acquired at a sampling rate of 100 Hz. The laser intensity was adjusted to a low level (40 mw) at the tip of optic

fiber to minimize bleaching. Behaviors were recorded by a camera set aside of the tube and push and retreat epochs from the re-

corded mice were manually annotated with the BORIS software . To synchronize the video and fiber photometry recording, an

external trigger simultaneously sent a TTL pulse to the data acquisition box and light up an LED light which could be captured by

the video camera.

For the peri-event time histograms (PETHs) analysis, the onsets of each behavior were aligned to time zero and the signals were

standardized using Z score and binned at 100 ms. Baseline activities were calculated from -3 s to -1 s before each behavioral epoch.

When calculating PETH of walking through the tube, Ca2+ signals were aligned to the time point whenmice arrived at themiddle of the

tube. Permutation test was applied to analyze the statistical significance of the fluorescence response, as previously reported (Li

et al., 2016). We used 1,000 permutations for an a-level of 0.05 to compare the distribution of Z score at each time point to the base-

line period. P values were further corrected for multiple comparisons using FDR.

The change latency in Figure 4J is defined as the duration between the onset of behavior and the time when Z score reached the

threshold (Z = ± 2, corresponding to p < 0.05, Figure S5). The change latency and the decay time are vacant if the Z score does not

reach the threshold. The decay time in Figure 4J is defined as the duration between the onset of behavior and the time at which Z

score drops back to the threshold (Z = ± 2, corresponding to p < 0.05, Figure S4). If decay time exceeds 4 s, we counted it as 4 s.

Acute in vivo optrode recording in head-fixed mice
Optrode recording was performed in transgenic mice VIP-Cre::Ai32 and PV-Cre::Ai32, respectively. A stainless-steel head-plate was

first cemented with dental acrylic and the silver wires with two screws were attached to the skull as ground. Mice were headfixed to

stereotaxic apparatus for 2-hour habituation the day before recording.

On the day of recording, mouse was anesthetized with isoflurane and headfixed in the stereotaxic apparatus. After a craniotomy

(0.5-1.0 mm in diameter) was made over the dmPFC, the brain surface was covered by silicone elastomer (Kwik-Sil, WPI) for protec-

tion. Then, the anesthesia was stopped. After recovery from the anesthesia for 1-2 hours, the silicone elastomer and duramatter were

removed immediately before the insertion of the optrode. The optrode consisted of a 16-channel electrode with a 105 mm core optic-

fiber terminated 200 mmabove the top recording site (A13 16-5mm-25-177-OCM16LP, NeuroNexus). We dipped the optrode in the

Dil (0.2%w/v in the ethanol, Beyotime) before acutely inserting it in the dmPFC (ML, ± 0.4 to 0.6 mm frommidline; AP, 2.43 mm from

bregma). The optrode was lowered gradually from 1.2 mm to 1.6 mm to record units at different Z axis locations, which were verified

by Dil-labeled electrode track at the end of the experiment (Figure S8).

Wide band electronic signals (0.05-8000 Hz) were sampled at 40 kHz with gain of 5000 3 by OmniPlex Neural Data Acquisition

System (Plexon Inc). Spontaneous spiking signals were band-pass filtered between 300 and 8000 Hz. Common median reference

(CMR)was assigned as a digital reference. In order to examine the activation of one subtype of inhibitory neurons (PV or VIP) on spon-

taneous dmPFC dynamics, we applied 10 s constant blue light (470 nm, 2 mW at fiber tip, constant, 20 repetitions) on PV-Cre::Ai32

mice and 1 s blue light pulses (470 nm, 10mW at fiber tip, 20 Hz, 5 ms, 60 repetitions) on VIP-Cre::Ai32 mice, respectively. For optical

identification of PV and VIP neurons, blue light pulses (470 nm, 10 mW at fiber tip, 1 Hz, 1 ms, 180 repetitions) were delivered at the

start and end of each recording session.

For recording with opto-inhibition of PV neurons, we applied yellow light (589 nm, 8 mW at fiber tip, 1 Hz, 10 ms, 180 pulses) on

PV::eNpHR3.0 mice.

Chronic in vivo optrode recording on PV-Cre::ChR2 mice
Single-unit recording was performed as previously described (Hua et al., 2018; Tseng et al., 2011; Zhou et al., 2017). Briefly, a home-

made adjustable optrode was constructed with 16 single electrodes (STABLOHM 650, California fine wire) and an optic fiber (25 mm

length, Inper Inc.). PV-Cre::Ai32 mice were implanted with optrodes targeting the dmPFC (ML, 0.5 mm; AP, 2.43mm from bregma;

DV,�1.2mm from the brain surface). Silver wireswith two screwswere attached to the skull as ground. The procedure of surgery was

similar to optical fiber implantation (see above)

Mice were single housed for 7 days for recovery after surgery. Mice were then trained daily in tube test wearing sham wire to get

habituatedwith the recording procedure. During recording, optrode of onemousewas connected to the amplifier whereas optrode of

the other mouse was connected to a sham wire. Video recording was also conducted simultaneously with electrophysiology

recording to get a side view of the tube at 25 frames per second. To synchronize the video and electrophysiology recording, we

used Fiber Optogenetics System (Inper Inc.) to simultaneously delivery a light pulse to the video and an electrical pulse to the

recording setup. The optrodes were lowered gradually by 62 mm to record units of different Z axis locations.

For optical identification of PV INs, blue light pulses (470 nm, 1 ms duration, 5 mW at fiber tip) were delivered at the end of each

recording session with different frequencies (1Hz, 10Hz and 20 Hz).

Videos of every tube test trial were analyzed frame by frame. Behavior epochs during the entire tube test were marked using the

BORIS software. Then, we aligned the behavior epochs with electrophysiology data.
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Spike sorting and unit classification with optogenetic tagging
Spike waveforms were identified by threshold crossing and sorted into units (presumptive neurons) by principal component analysis

(PCA) using the Offline Spike Sorter (Plexon). We excluded the spikes with inter-spike intervals (ISIs) less than the refractory period

(1.4 ms). Cross-correlation histograms were plotted to ensure that no unit was discriminated more than once on each recording site.

Neurons with a signal-to-noise ratio < 2 and baseline firing rate < 1 Hz were excluded from further analysis.

All units were further classified as theWS, NS-nonFSI and FSI based on the peak-trough distance and the baseline firing rate. A unit

was classified asWS neuron if its peak-trough distancewas > 400 ms, or as a NS neuron if its peak-trough distance was% 400 ms. NS

neurons with firing rate > 8 Hz were classified as FSI (Kim et al., 2016; Varga et al., 2012).

The opto-tagged neurons were identified based on short spike latency (< 5 ms), low jitter (< 3 ms), and a significant change (p <

0.001) in spike timing relative to the onset of laser stimuli (stimuli-associated spike latency test, SALT) (Kvitsiani et al., 2013). The

tagged PV neurons have a 3.61 ± 0.50 ms latency and a 1.43 ± 0.30 ms jitter. The tagged VIP neurons have a 0.90 ± 0.28 ms latency

and a 0.011 ± 0.0009 ms jitter. We also adopted the Pearson’s correlation coefficient (r) to compare the waveforms of units recorded

before and during the laser stimulation, and only those units showing no substantial changes (r > 0.9) in their waveforms were

included in further data analysis.

Unit firing analysis
Data analysis was performed using custom-written MATLAB program (MathWorks). In recordings with PV/VIP activation, the PSTH

was estimated by convolving the raster plot with a doubly adaptive Gaussian kernel, and then standardized to report the light-

induced neuronal response (Pi et al., 2013). Mean and standard deviation of baseline activity were calculated and used to generate

Z score. The baseline period is a stimulus-free period before the light pulses. To detect light-induced changes of firing rate, the Z

score of the whole light on epoch for the PV activation in Figures 6E–6G and the VIP 20 Hz activation in Figures 7K–7M, or

10-30 ms after the light onset for the transient PV inhibition in Figure S10 were compared to an equivalent baseline period using a

Wilcoxon signed-rank test. For the three separated neural responses to VIP activation, the direct inhibition (Inh) neurons are defined

as those with a significant decrease of firing rate in the first phase (0-10 ms) compared to the baseline activities. The inhibition-acti-

vation (Inh-act) neurons had an initial decrease in firing rate as the Inh group, followed by a significant increase of firing rate in the

second phase (30-45 ms) compared to the baseline activities. The delayed activation (dAct) neurons are those with a significant in-

crease of firing rate without the initial inhibition.

In the recordings during tube test trials of PV-Cre::ChR2 mice, mean firing rate around onsets of push or retreat epochs (-0.5 to

0.5 s from onset) were used to be compared with mean basal firing rate (-3 to -1.5 s from onset) with the paired Wilcoxon signed-

rank test for each identified WS, putative PV, and NS neurons. For the identification of the first time point of significantly change,

a moving 20 ms analysis window was used to examine the effect of excitation or inhibition compare to the -3 to -1.5 s as the baseline

period. Inhibited or activated neurons are classified according to the first time point of significantly change. P values were further

corrected for multiple comparisons using FDR.

Miniature two-photon imaging and optogenetic experiments
For miniature two-photon experiments, 400 nL mixture virus of AAV2/9-hSyn-GCaMP6f (titer: 3.4 3 1012, Taitool) and AAV2/9-EF1a-

Flex-JAWs-tdTomato-ER2 (titer: 4.2 3 1012, Taitool)-were injected into the dmPFC. Following viral injection, a 1 mm diameter,

�4 mm length gradient refractive index lens (GRIN lens; Go!Foton) was slowly advanced into the dmPFC until the tip was placed

at DV: �1.10 for PV-Cre mice. But for VIP-Cre mice, the coordinates (angle: 14�, ML: 0.71 from midline, AP: 2.43 from bregma,

DV: 1.2 from dura) were used to target the superficial-layer-located VIP neurons. After 3-4 weeks of viral expression, an imaging

baseplate was positioned over the GRIN lens and cemented with dental acrylic. The miniature two-photon microscope (FHIRM-

TPM V2.0, Field of view: 420 3 420 mm2; Resolution: �1.13 mm; working distance: 1 mm) was detachable while its holder was

mounted permanently onto a baseplate over the GRIN lens. The cover of the holder and protective glue (Kwik-Cast, WPI Inc,

USA) on the GRIN lens were removed before imaging. Then headpiece was mounted on the holder and locked with M2 screws. Im-

aging data was acquired using the imaging software (GINKGO-MTPM, Transcend Vivoscope Biotech Co., Ltd, China) at a frame rate

of 10 Hz (5123 512 pixels) with a femtosecond fiber laser (�35 mW at the objective, TVS-FL-01, Transcend Vivoscope Biotech Co.,

Ltd, China). GCaMP6f was excited at 920 nm and tdTomato was excited at 1,030 nm. tdTomato images were collected before each

imaging session. For combined imaging and optogenetic experiments, femtosecond laser (920 nm) for calcium imaging and red light

(635 nm laser, MRL-III-635L, New Industries Optoelectronics Tech. Co., Ltd, China) for inhibition of cellular activity with JAWs were

transmitted through the microscope objective and implanted GRIN lens. The red light was transmitted through the soft fiber buddle,

which was also used to collect the fluorescence, and customizedminiature objective lens (NA: 0.5,WD: 1mm). The fluorescent signal

and the red light were separated by a dichroic mirror (FF562-Di03-25x36, Semrock Inc., USA). The output power of the red light can

be controlled by adjusting the laser driver (�5mWat the objective). The stimulation protocol was set by the imaging software. The red

light stimulation was started after 1800 frames baseline imaging of each experiment, then turned on for 200 frames, and then turned

off for 600 frames, with 10 repetitions. A 520/30 filter (FF01-525/30, Semrock Inc., USA) was used for GCaMP6f imaging and opto-

genetic experiments, and a 605/52 nm filter (ET605/52-M, Chroma Inc., USA) was used for tdTomato imaging. Timestamps of imag-

ing frames were marked according to the controller (TVS-MMM-01, Transcend Vivoscope Biotech Co., Ltd, China)
e5 Neuron 110, 516–531.e1–e6, February 2, 2022



ll
Article
Analysis of two-photon calcium imaging data
The piecewise rigid motion correction NoRMCorre (Pnevmatikakis and Giovannucci, 2017) was first used to eliminate the slight x-y

motion of the field of view caused by the mouse movement. The active cellular regions of interest (ROIs) were identified by

STNeuroNet (Soltanian-Zadeh et al., 2019) in both red and green channels and manually corrected in ImageJ (NIH). Finally, the iden-

tified cellular ROIs in red and green channels were matched based on centroid position. Further, we performed the calcium signal

extraction according to the commonly used processing strategy called Annular Ring Subtraction (ARS) method (Chen et al., 2013;

Kerlin et al., 2010; Pinto and Dan, 2015). Relative changes in calcium fluorescence were calculated using the Z score in MATLAB.

Transients were detected post hoc using a threshold of 4 times the standard deviation of the full signal. To define responsive cells,

the average of time-binned Ca2+ signals were compared between the stimulus and equivalent baseline period using a Wilcoxon

signed-rank test with a significance threshold of p < 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are shown asmean ± SEM unless otherwise specified. Statistical analyses were done with Prism 8.1 (GraphPad) orMATLAB.

Comparisons were conducted with Student’s t test to compare Gaussian distributions while Mann-Whitney tests were used for non-

Gaussian distributions. Two-way ANOVA with repeated-measures followed by Bonferroni’s post-tests for multiple comparisons

where appropriate. Results were considered statistically significant when the P value < 0.05. More details are provided in the

Table S1.
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Supplementary Figures 

 

 

Figure S1. Viral targeting, fiber placement and average laser intensity used for cell-type-specific 

optogenetic stimulation, related to Figure 1 

(A, B and C) Schematics illustrating the optical fiber placement (indicated by the white arrowhead) in the dmPFC 

of SOM::Ai32 (A), PV::Ai32 (B) and VIP::Ai32 (C) mice. Scale bar, 100 μm. 

(D) Average laser intensity used to induce rank change in individual mice. Error bars indicate ± SEM. 



 

 

Figure S2. Photoactivation of dmPFC PV or VIP neurons does not change locomotion and anxiety, related 

to Figure 1 

(A) Schematic of open field test (OFT) and intermittent photostimulation protocol.  

(B) Mean total distance (Left) and percentage of center duration (Right) per minute in light on and off epochs across 

10 min OFT while photostimulating PV neurons. n = 8 mice. Paired t-test. Error bars indicate ± SEM. 

(C) Mean total distance (Left) and percentage of center duration (Right) per minute in light on and off epochs across 

10 min OFT while photostimulating VIP neurons. n = 8 mice. Paired t-test. Error bars indicate ± SEM. 

 

 

 

 

 

 

 

 



 

 

Figure S3. Viral targeting in the dmPFC for cell-type-specific chemogenetic inhibition experiments, related 

to Figure 2 

(A, B and C) Schematics illustrating the viral construct, viral injection site and viral expression in the SOM-

Cre (A), PV-Cre (B) and VIP-Cre mice (C). Scale bar, 100 μm. 



 

 

Figure S4. Characterization of cell-type specific GCaMP6 expression for fiber photometry experiments, 

related to Figure 4 

(A, C and E) Schematics illustrating viral construct, viral injection site and optic fiber placement in the wild type 

(WT) (A), PV-Cre (C) and VIP-Cre (E) mice. White arrowheads indicate the fiber placement sites in the dmPFC. 

Scale bar, 100 μm. 

(B, D and F) Immunostaining confirming the specificity of GCaMP6s expression in the PYR (B), PV (D) and VIP 

(F) neurons. Scale bar, 10 μm. 

 

 

 

 



 

 

Figure S5. Definition and distribution of change latency and decay time of Ca2+ signals, related to Figure 4 

(A and D) Illustration of the definition of change latency (A) and decay time (D). A sample trace of Z-scored Ca2+ 

signals of VIP neurons during push is shown. The vertical and horizontal dashed lines indicate the time and Z-

score when Ca2+ signal reaches the threshold (Z = ± 2, corresponding to p < 0.05) (A) or returns to the threshold 

(Z = ± 2) (D), respectively. Red double-headed arrows annotate the change latency (A) and decay time (D). If the 

Z-score does not reach the threshold, the change latency and decay time are not calculated. If decay time exceeds 

4s, it is counted as 4 s. 

(B and C) Distribution of Ca2+ signal change latency of PYR (top), PV (middle), and VIP (bottom) neurons in 

push (B) and retreat (C) epochs. 

(E and F) Distribution of Ca2+ signal decay time of PYR (top), PV (middle), and VIP (bottom) in push (E) and 

retreat (F) epochs. 

 

 



 

 

Figure S6. Expression of GCaMP6f and JAWs for miniature two-photon microscopic recording, related to 

Figure 5 

(A and C) Schematics illustrating the viral constructs and lens implantation sites in the dmPFC of PV-Cre (A) and 

VIP-Cre (C) mice. Scale bar, 50 μm. 

(B and D) Immunostaining showing the colocalization of GCaMP6f and JAWs-tdTomato (indicated by the white 

arrowheads) in PV-Cre (B) and VIP-Cre (D) mice. Scale bar, 10 μm. 

 

 

 

 



 

 

Figure S7. dmPFC Ca2+ signal changes upon inhibition of PV and VIP neurons, related to Figure 5 

(A and C) Scatter plots of the fluorescence signal (ΔF/F) of all non-PV neurons (n=154) from PV::JAWs mice (A) 

and non-VIP neuron (n=123) from VIP::JAWs mice (C) during light on epochs, plotted against fluorescent signal 

(ΔF/F) during light off epochs. Each dot represents the mean from a single cell. Colored circles indicate neurons 

that showed significant increase (orange) or decrease (blue) of Ca2+ signal (Wilcoxon matched-pairs signed rank 

test, p < 0.05). 

(B and D) Mean fluorescence signal (ΔF/F) of all non-PV neurons (n=154) and non-VIP neuron (n=123) upon 

optogenetic inhibition of PV (B) and VIP (D) neurons. Wilcoxon matched-pairs signed rank test.  

Error bars indicate ± SEM, * p < 0.05; **p < 0.01. 

 

 



 

 

Figure S8. Optrode placement in dmPFC for optrode recording experiments, related to Figures 6 and 7  

(A and C) Brain slices from a representative PV::Ai32 (A) and VIP::Ai32 (C) mouse with an optrode implanted 

in the dmPFC. Arrows indicates optrode track marked with a red fluorescent dye Dil. Cg: cingulate cortex; PrL, 

prelimbic cortex; Dashed white lines are boundaries of subregions; Blue, Hoechst. Red, Dil. Scale bar, 200 μm. 

(B and D) Location of optrode tips in all recorded PV::Ai32 (B) and VIP::Ai32 (D) mice. 

 



 
 

Figure S9. dmPFC response upon distinct VIP stimulation protocol, related to Figure 7 

(A) Raster plot (top) and PSTH (bottom) of representative neurons in the Inh (left), Inh-act (middle) and dAct 

(right) groups when VIP neurons were stimulated with the 1 Hz protocol. Shaded areas define ± SEM. 

(B) Change index during the 1 Hz VIP stimulation plotted against PSTH peak/trough latency of four separated 

clusters of significantly modulated neurons: tagged VIP (green), Inh (blue), Inh-act (magenta) and dAct (orange). 

Change index is defined as firing rates (light on - light off) / (light on + light off), such that a value > 0 means 

activation, and a value < 0 means inhibition, of spiking during light on. 

(C) Baseline firing rate plotted against peak-to-trough latency of tagged VIP (green), Inh (blue), Inh-act (magenta), 

dAct (orange) and No change (grey) neuron groups when VIP neurons were stimulated with the 1 Hz protocol. 

(D) Baseline firing rate plotted against peak-to-trough latency of all recorded units when VIP neurons were 

stimulated with the 20 Hz protocol. Colored circles indicate neurons that showed differences in firing rates during 

1s light on versus 1s light off. Gray, no change; yellow, activated; blue, inhibited. 

(E) Temporal expansion of the PSTHs of tagged VIP (green), Inh (blue), Inh-act (magenta) and dAct (orange) 

neurons in the 1s (20 Hz, 5 ms) protocol. Shaded areas define ± SEM. 

(F) Change index during the 20 Hz VIP stimulation plotted against latency of PSTH peak/trough latency of four 

separated clusters of significantly modulated neurons. 

 

 

 



 

 

Figure S10. Transient inhibition of PV neurons induces transient activation of putative pyramidal neurons 

in dmPFC, related to Figure 7 

(A) Schematic illustration of in vivo optrode recording in PV-Cre mice expressing DIO-eNpHR3.0-mCherry virus in 

the dmPFC. 

(B) PSTHs of Z-scored firing rate from all recorded WS (wide-spike) neurons.  

(C) Scatter plots of the mean firing rates of WS neurons before (at -50-0 ms) the 10 ms light on epoch, plotted 

against firing rates after (at 10-30 ms) the light on epoch. Colored circles indicate neurons that showed significant 

light-induced firing rate increase (orange) or decrease (blue). Inset pie graphs show the percentage of neurons that 

are significantly inhibited (blue), activated (orange), or unchanged (gray) after the light stimulation. 

 

 

 



 



Figure S11. Dynamic response of PV and PYR neurons during push in the tube tests, related to Figure 4 

(A) Schematic illustration of in vivo recording in layer V/VI of dmPFC of behaving PV::ChR2 mice with the 

movable 16-channel optrodes.  

(B) Left: Raster plot of a representative opto-tagged PV (top) and a WS (wide-spike, bottom) neuron recorded 

from the same electrode. Right: light-evoked spike waveforms (blue) of PV neuron (top) and WS neuron (bottom) 

were similar to spontaneous ones (black). Pearson’s correlation, top: r = 0.99; bottom: r = 0.99.  

(C) Baseline firing rate versus peak-to-trough latency of tagged PV (red), WS (blue), NS-nonFSI (narrow spike 

non-fast spiking interneuron, brown) and FSI (fast-spiking interneuron, pink) neurons.  

(D and G) Heatmap of Z-scored firing rate changes from all recorded pPV neurons (D, n = 44 units from 10 mice) 

and pPYR neurons (G, n= 267 units from 10 mice) aligned to the onset of push bouts.  

(E and H) Activities of two example pPV (E) and pPYR (H) units, the top is excited in push bouts and the bottom 

is inhibited in push bouts. Left, peri-event plots of pPV units firing rate aligned to the onset of push bouts. Mean 

± SEM. Inserted: waveforms of two example pPV units. Right, peri-event heatmaps of Z-scored firing rate aligned 

to onset of push bouts. Each line represents one trial.  

(F and I) Percentage of pPV (F) and pPYR (I) neurons exhibiting statistically significant changes in firing rate 

(See STAR Methods) during push onset.   

(J) Z-scored firing rate of push-inhibited pPV (pPV-Inh), push-excited pPV (pPV-Act) and push-excited pPYR 

(pPYR-Act) neurons sorted by their first significant change time point. 

(K) Cumulative distribution of the first significant change time of the pPV-Inh, pPV-Act and pPYR-Act neurons 

around push onset (pPV-Inh vs pPYR-Act, P = 0.03; pPV-Inh vs pPV-Act, P = 0.02; pPV-Act vs pPYR-Act, P = 

0.63; Kolmogorov-Smirnov two-sample test). 

(L, M and N) Activities of a pair of pPV-Inh and pPYR-Act neurons (L), a pair of pPYR-Act and pPV-Act neurons 

(M) and a trio of pPV-Inh, a pPYR-Act and pPV-Act neurons (N) recorded from three recording sites during push 

epochs. Left, peri-event plots of Z-scored firing rate aligned to the onset of push bouts. Mean ± SEM. Right, peri-

event heatmaps of Z-scored firing rate aligned to onset of push bouts. Each line represents firing from one 

behavioral trial. Note that inhibition onset of the pPV-Inb starts earlier than the excitation onset of pPYR-Act 

neuron in (L); and that there is a trend of transient inhibition (p = 0.054) of example pPV-Act neuron before push 

onset in (N). 



 
 

Figure S12. Ca2+ activity of dmPFC SOM neurons during effortful and passive behaviors in the tube test, 

related to Figure 4 

(A) Schematic illustrating the hSyn-DIO-GCaMP6s viral construct, viral injection site and optic fiber placement 

in SST-Cre mouse. Scale bar, 100 μm. 

(B) Immunostaining confirming the specificity of GCaMP6s expression in the SST neurons. Scale bar, 10 μm. 

(C and D) Heatmap of Z-scored Ca2+ signals from dmPFC SST neurons aligned to the onset of push (C, n = 37 

trials from 6 mice) and retreat (D, n = 39 trials from 6 mice) bouts. Color bars on the left represent different 

individual mice. 

(E) Peri-event plots of Z-scored Ca2+ signal changes from SST neurons during push (red) and retreat (blue) epochs. 

Solid lines indicate mean and shaded areas indicate ± SEM. Colored thick line segments indicate statistically 

significant fluorescence change from the baseline in push (red) and retreat (blue) epochs (p < 0.05; permutation 

test). 

(F) Latency to significant change (left) and decay time (right) of Ca2+ signals in push bouts. Mann-Whitney U-

test.  

(G) Latency to significant change (left) and decay time (right) of Ca2+ signals in retreat bouts. Mann-Whitney U-

test. Error bars indicate ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.  

 



Figure Sample Sample size Statistic method Statistic results

(Push-initiated) CaMKII

α::ChR2 light off vs light on
n = 5, 9 Mann-Whitney U-test U = 4,  p = 0.01

(Push duration) CaMKII

α::ChR2 light off vs light on
n = 5, 9 Mann-Whitney U-test U = 4,  p = 0.0036

(%Resistance) CaMKII

α::ChR2 light off vs light on
n = 5, 9 Mann-Whitney U-test U = 6.5,  p = 0.0245

(%Retreat) CaMKIIα::ChR2

light off vs light on
n = 5, 9 Mann-Whitney U-test U = 6.5,  p = 0.0245

1G
SOM light on compare with -

1 day
n = 8

Wilcoxon matched-pairs

signed rank test
W = -3,  p = 0.25

1J PV::ChR2 vs PV::EYFP n = 10, 6

Two-way repeated measure

ANOVA; Bonferroni multiple

comparisons post hoc tests.

Day0,  p =  0.0042

(Push-initiated) PV::ChR2

light off vs light on
n =5, 12 Mann-Whitney U-test U = 20,  p = 0.3260

(Push duration) PV::ChR2

light off vs light on
n = 5, 12 Mann-Whitney U-test U = 6,  p = 0.0081

(%Resistance) PV::ChR2

light off vs light on
n = 5, 12 Mann-Whitney U-test U = 0,  p = 0.0003

(%Retreat) PV::ChR2 light

off vs light on
n = 5, 12 Mann-Whitney U-test U = 0,  p = 0.0003

1N VIP::ChR2 vs VIP::EYFP n = 9, 6

Two-way repeated measure

ANOVA; Bonferroni multiple

comparisons post hoc tests.

Day 0,  p =  0.0366

(Push-initiated) VIP::ChR2

light off vs light on
n = 5, 12 Mann-Whitney U-test U = 9,  p = 0.0271

(Push duration) VIP::ChR2

light off vs light on
n = 5, 12 Mann-Whitney U-test U = 7.5,  p = 0.0139

(%Resistance) VIP::ChR2

light off vs light on
n = 5, 9 Mann-Whitney U-test U = 2,  p = 0.0015

(%Retreat) VIP::ChR2 light

off vs light on
n = 5, 9 Mann-Whitney U-test U = 2, p = 0.0015

2D
SOM::hM4D(CNO) vs

SOM::hM4D(saline)
n = 8, 8

Two-way repeated measure

ANOVA; Bonferroni multiple

comparisons post hoc tests.

Day0, all p>0.999

2G
PV::hM4D(CNO) vs

PV::hM4D(saline)
n = 7, 6

Two-way repeated measure

ANOVA; Bonferroni multiple

comparisons post hoc tests.

0.5h (p = 0.0066); 1.5h (p =

0.04); 6h (p = 0.04)

(Push number) PV::hM4D

CNO vs before
n = 8, 17 Mann-Whitney U-test U = 30,  p = 0.0216

(Push duration) PV::hM4D

CNO vs before
n = 8, 17 Mann-Whitney U-test U = 30,  p = 0.0011

(%Resistance) PV::hM4D

CNO vs before
n = 8, 15 Mann-Whitney U-test U = 19,  p = 0.006

(%Retreat) PV::hM4D  CNO

vs before
n = 8, 15 Mann-Whitney U-test U = 19,  p = 0.006

2K
VIP::hM4D(CNO) vs

VIP::hM4D(saline)
n = 6, 8

Two-way repeated measure

ANOVA; Bonferroni multiple

comparisons post hoc tests.

0.5h (p < 0.0001)；1.5h (p =

0.0003)；6h (p = 0.0046)

Supplementary Table 1. Detailed statistical information

1D

1K

1O

2H



(Push number) VIP::hM4D

CNO vs before
n = 8, 19 Mann-Whitney U-test U = 50,  p = 0.1694

(Push duration) VIP::hM4D

CNO vs before
n = 8, 19 Mann-Whitney U-test U = 28,  p = 0.0091

(%Resistance) VIP::hM4D

CNO vs before
n = 8, 19 Mann-Whitney U-test U = 11,  p = 0.0002

(%Retreat) VIP::hM4D  CNO

vs before
n = 8, 19 Mann-Whitney U-test U = 11,  p = 0.0002

(change latency in push)

PYR vs PV vs VIP
n = 30, 36, 27 Mann-Whitney U-test

VIP vs PYR: U = 231.5.5,  p =

0.050;     VIP vs PV: U = 235.5,

p = 0.0004;     PV vs PYR: U =

530, p = 0.9008

(decay time in push) PYR vs

PV vs VIP
n = 30, 36, 27 Mann-Whitney U-test

VIP vs PYR：U = 184.5,  p =

0.0002;     VIP vs PV: U = 219,

p <0.0001;     PV vs PYR: U =

500,  p = 0.5781

(change latency in retreat)

PYR vs PV vs VIP
n = 27, 29, 32 Mann-Whitney U-test

VIP vs PYR: U = 353.5,  p =

0.2358;     VIP vs PV: U =

404.5,  p = 0.3948;     PV vs

PYR: U = 287,  p = 0.0874

(decay time in retreat) PYR

vs PV vs VIP
n = 27, 29, 32 Mann-Whitney U-test

VIP vs PYR: U = 391,   p =

0.4911;     VIP vs PV: U =

414.5,  p = 0.4322;     PV vs

PYR: U = 390.5,  p = 0.9886

5G
light on PV::tdTomato vs

PV::JAWs neurons

n = 77, 154

(N = 3, 3)

Two-way repeated measure

ANOVA

F (1.831,  283.8)  =  4.919,  p =

0.0098

5L
light on VIP::tdTomato vs

VIP::JAWs neurons

n = 77, 123

(N = 2, 2)

Two-way repeated measure

ANOVA

F (1.791,  218.5)  =  6.242,  p =

0.0033

6E
PV::Ai32  WS firing change

Pre vs light on
n = 139, 139

Wilcoxon matched-pairs

signed rank test
W = -9416,  p < 0.0001

6F
PV::Ai32  NS firing change

Pre vs light on
n = 39, 39

Wilcoxon matched-pairs

signed rank test
W = -324,  p = 0.023

6G
PV::Ai32  FSI firing change

Pre vs light on
n = 16, 16

Wilcoxon matched-pairs

signed rank test
W = 42,  p = 0.2979

7K
VIP::Ai32  WS firing change

Pre vs light on
n = 127, 127

Wilcoxon matched-pairs

signed rank test
W = 5945,  p < 0.0001

7L
VIP::Ai32  NS firing change

Pre vs light on
n = 14, 14

Wilcoxon matched-pairs

signed rank test
W = 94,  p = 0.0015

7M
VIP::Ai32  FSI firing change

Pre vs light on
n = 11, 11

Wilcoxon matched-pairs

signed rank test
W = 42,  p = 0.0645

PV::ChR2 OFT total

distance light off vs light on
n = 8, 8 Paired t-test t = 0.9066,  df = 7,  p = 0.3947

PV::ChR2 OFT center

duration light off vs light on
n = 8, 8 Paired t-test t = 2.112,  df = 7,  p = 0.0725

VIP::ChR2 OFT total

distance light off vs light on
n = 8, 8 Paired t-test t = 0.5575,  df = 7,  p = 0.5946

VIP::ChR2 OFT center

duration light off vs light on
n = 8, 8 Paired t-test t = 0.3781,  df = 7,  p = 0.7166

S7B

PV::JAWs non-PV neurons

Area under curve change

light off vs light on

n = 154, 154
Wilcoxon matched-pairs

signed rank test
W = 2833,  p = 0.0104

S7D

VIP::JAWs non-VIP neurons

Area under curve change

light off vs light on

n = 123, 123
Wilcoxon matched-pairs

signed rank test
W = -2410,  p = 0.0022

2L

4J

4K

S2B

S2C



pPV-Inb vs pPyr-Act n=7, 22
Kolmogorov-Smirnov two-

sample test
p = 0.03

pPV-Inb vs pPV-Act n=7, 14
Kolmogorov-Smirnov two-

sample test
p = 0.02

pPV-Act vs pPyr-Act n=14, 22
Kolmogorov-Smirnov two-

sample test
p= 0.63

(change latency in push)

PYR vs PV vs VIP vs SOM

n = 30, 36, 27,

30
Mann-Whitney U-test

VIP vs SOM: U = 186,  p =

0.0003;     SOM vs PV: U =

401.5, p = 0.0748;

(decay time in push) PYR vs

PV vs VIP vs SOM

n = 30, 36, 27,

30
Mann-Whitney U-test

VIP vs SOM: U = 206,  p =

0.0011;     SOM vs PV: U =

494, p = 0.5401;

(change latency in retreat)

PYR vs PV vs VIP vs SOM

n = 27, 29, 32,

28
Mann-Whitney U-test

VIP vs SOM: U = 446,  p =

0.9795;     SOM vs PV: U =

354.5, p = 0.4161;

(decay time in retreat) PYR

vs PV vs VIP vs SOM

n = 27, 29, 32,

28
Mann-Whitney U-test

VIP vs SOM: U = 419,  p =

0.6559;     SOM vs PV: U =

335, p = 0.2232;

S12D

S12E

S11K
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