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SUMMARY
Anxiety plays a key role in guiding behavior in response to potential threats. Anxiety is mediated by the acti-
vation of pyramidal neurons in the ventral hippocampus (vH), whose activity is controlled byGABAergic inhib-
itory interneurons. However, how different vH interneurons might contribute to anxiety-related processes is
unclear. Here, we investigate the role of vH parvalbumin (PV)-expressing interneurons while mice transition
from safe to more anxiogenic compartments of the elevated plus maze (EPM). We find that vH PV interneu-
rons increase their activity in anxiogenic EPM compartments concomitant with dynamic changes in inhibitory
interactions between PV interneurons and pyramidal neurons. By optogenetically inhibiting PV interneurons,
we induce an increase in the activity of vH pyramidal neurons and persistent anxiety. Collectively, our results
suggest that vH inhibitory microcircuits may act as a trigger for enduring anxiety states.
INTRODUCTION

Anxiety is an important emotional state that evolved across spe-

cies to respond to and avoid potential threats.1,2 However, when

the regulation of anxiety is disrupted, this can develop into anx-

iety disorders, which represent nowadays the most common

category of mental disorders.3 This constitutes a great burden

on individual lives and societies that has been further increased

by the COVID-19 pandemic4 and therefore requires a better un-

derstanding of the underlying neural mechanism.

Anxiety disorders have been linked to the dysfunction of

several neural circuits in brain areas that regulate responses

to threatening stimuli, including the amygdala, the prefrontal cor-

tex, and the hippocampus.5–8 Among these areas, the ventral

hippocampus (vH) is a key center that integrates threat-related

sensory inputs and forms neuronal representations of emotional

contexts to inform executive and decision-making structures

to support adaptive behavior.9–13 Lesions of the vH in rodents

or the homologous structure in humans, the anterior hippocam-

pus, result in decreased anxiety levels when facing threatening

contexts.14–16 Moreover, vH hyperactivity in patients and rodent

models is associated with increased anxiety levels.17,18 There-

fore, precise control of vH activity is central to regulating anxiety

behavior, and this raises the question of which circuit compo-

nents might be involved. GABAergic interneurons of the vH are

in a critical position to modulate neuronal activity through their

inhibitory synapses. GABAergic interneurons have been linked

to affective disorders,19 and GABA receptors are binding sites

for important anxiolytic drugs such as the benzodiazepines
Cell Reports 43, 114295, J
This is an open access article under the
that enhance the effect of GABA onto GABAA receptors by allo-

steric modulation.20 Thus, it has been hypothesized that the

disruption of GABAergic circuits could lead to an imbalance of

excitation and inhibition and contribute to emotional disorders.21

However, their role in the control of vH activity during anxiety is

largely unknown.

A major population of GABAergic interneurons in the hippo-

campus is parvalbumin (PV) interneurons.22,23 These interneu-

rons have been described as fast-spiking, highly active neurons

that provide powerful feedback (recurrent and lateral) and feed-

forward inhibition to different spatial domains of hippocampal

pyramidal neurons.24 The contribution of hippocampal PV inter-

neurons to cognitive functions can be addressed using optoge-

netic strategies, and previous studies have focused on the func-

tion of these interneurons in spatial working memory and social

memory.25,26 Yet, their function in anxiety has not been investi-

gated thus far. In the vH, anxiety has been described to be en-

coded and driven by pyramidal neurons activated in elevated

open compartments of the elevated plus maze (EPM).11,27 The

EPM is a validated anxiety task for rodents that has been used

to measure anxiety levels, e.g., under natural conditions or the

treatment of anxiolytic drugs.28–31 During EPM exploration, ro-

dents express innate anxiety about elevated and open spaces

by engaging in risk assessment behavior and defensive states

that instruct decision-making as the animals leave the closed

arms.32–35

In this study, we characterized and manipulated the activity of

PV interneurons of the vH when mice transitioned from closed

(i.e., safer) to open (i.e., more anxiogenic) compartments of the
une 25, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Optogenetic identification of PV interneurons in the vH

(A) Schematic of extracellular single-unit recordings with simultaneous optogenetic stimulation of PV interneurons using tetrode microdrives loaded with optic

fibers.

(B) Micrograph of ChR2 expression in PV interneurons in the vH using PV:Cre mice and conditional recombinant adeno-associated virus (rAAV) carrying ChR2.

White rectangle includes the region of interest (ROI) magnified in (C).

(C) Close-up micrographs showing PV expression (red) in ChR2-expressing (green) somata confirmed with immunohistochemistry. Arrows point to neurons co-

labeled for ChR2-EYFP- and PV-expressing somata.

(D) Schematic of a representative experimental protocol for the photo-tagging of PV interneurons in the homecage. Themice received 903 473 nm light pulses of

1 ms duration at 1 Hz while simultaneously recording vH units. For all stimulation protocols, see STAR Methods.

(E) Raster plot of a ventral CA1 hippocampus PV interneuron showing spiking activity 50ms before and after the light stimulus onset for 30 consecutive trials. Each

circle represents one spike.

(F) Peristimulus histogram showing the number of spike counts in (E) in 1ms bins. In blue: light-evoked neuronal activity. The horizontal solid blue line indicates the

average spontaneous activity. The horizontal dashed blue line corresponds to the threshold of neuronal activity, above which the neuronal activity was

considered as light evoked.

(G) Latency to light pulses of light-evoked spikes of all identified PV interneurons (n = 19 neurons).

(H) Jitter of light-evoked spikes of all identified PV interneurons (n = 19 neurons).

(I) Fidelity of light-evoked spikes to the 30 randomly selected light pulses (n = 19 neurons).

(J) Spontaneous activity in Hz and adjusted spike width of classified putative pyramidal neurons, putative interneurons (in gray), and optogenetically identified PV

interneurons (in light blue) (n = 407 single units).

(K) Comparison of adjusted spike half-width between the PV interneurons and the putative pyramidal neurons. Values are expressed as mean ± SEM. Mann-

Whitney U test p < 0.0001. PV interneurons median = 0.19 ms, n = 19 neurons; putative pyramidal neurons median = 0.34 ms, n = 230.

(L) Comparison of spontaneous activity between the PV interneurons and the putative pyramidal neurons. Values are expressed asmean ±SEM.Mann-Whitney U

test p < 0.0001. PV interneurons median = 26.87 Hz, n = 19 neurons; putative pyramidal neurons median = 0.69 Hz, n = 230.

(legend continued on next page)
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EPM. Our results showed that PV interneurons exhibit disinhibi-

tory interactions with pyramidal neurons leading to persistent

anxiety-related behaviors.

RESULTS

Optogenetic identification of PV interneurons in the vH
We used a photo-tagging approach to identify PV interneurons

from vH single-unit recordings in freely moving mice.36–38 To

do so, we implanted optic fibers surrounded by tetrodes in

the vH of PV:Cre mice injected with an adeno-associated virus

carrying channelrhodopsin-2 (ChR2) and an EYFP cassettes

(n = 12 mice, Figures 1A–1C and S1A). The Cre-dependent

expression of ChR2 allowed us to selectively photo-excite PV in-

terneurons, and in this way, we optogenetically identified 19 PV

interneurons demonstrating short-latency, low-jitter, and high-fi-

delity responses to light stimulations in the homecage of

mice (see STAR Methods; Figures 1D–1I and S2). Based on

spike width, spike asymmetry, burst firing, and absolute firing

rates, we classified recorded vH single units into putative pyra-

midal neurons (n = 230) and interneurons (n = 177) and found

that the identified PV interneurons displayed narrow-spike

shapes and high firing rates, contrasting with pyramidal neurons

(Figures 1J–1O).

Activation of PV interneurons upon entry into anxiogenic
compartments of the EPM
In line with the anxiogenic nature of open and elevated

spaces,39,40 mice in our experiments spent consistently, across

EPM sessions, much less time in the center and open arms of the

EPM (Figures 2A, 2B, and S3A).41–45 However, innate motivation

drives rodents to also explore anxiogenic compartments for a

potential source of food or for mates,30 which resulted

in entries to the center and the open arm compartments

(Figures S3B–S3E). This allowed us to quantify transitions into

the center with subsequent transitions to the open arms and

investigate how anxiety-related activity and behaviors would

change across these transitions on the EPM. Changes in velocity

have been suggested to be a predictor of anxiogenesis,46 and

our behavioral analysis on speed revealed that while the mice

entered the center from the closed arms, they first slowed

down significantly and subsequently further reduced their speed

when entering the open arms of the EPM (Figure 2C). In contrast,

when mice transitioned from the open arms to the center, they

did not show significant changes in speed, but as the mice

further moved from the center to closed arms, they strongly

increased their speed as they entered the closed arms (Fig-

ure 2D). These changes in speed could suggest the perception

of anxiogenic components in the EPM center and the open

arms as the animals faced openness or were returning to en-

closed spaces in the closed arms.
(M) Spike waveform comparison between the spontaneous and light-induced sp

black compared to average of 170 spikes, recorded within 10 ms after the light-pu

optogenetically identified PV interneuron. Pearson’s correlation coefficient r = 0.

(N) Frequency distribution histogram of Pearson’s correlation r values of spontan

(O) Percentage of photo-tagged PV interneurons out of the total population of

neurons or putative interneurons).
How do PV interneurons respond during these transitions to-

ward more anxiogenic locations? The activity of interneurons

and, in particular, PV interneurons in the hippocampus has

been described to be correlated with speed,47,48 and as we

observed significant speed changes during transitions between

EPM compartments, we fitted a general linear regression model

for all neurons analyzed in our study to ensure that we excluded a

speed confound on neuronal activity (Figures S3F–S3I).49 After

adjusting for speed, we observed that most PV interneurons

(n = 14 out of 19, selection based on a transition activation score;

see STAR Methods) gradually increased their activity when the

mice approached the center, with a continuous increase in activ-

ity upon entrance to the center and open arms (Figure 2E). In

contrast, only 3 PV interneurons showed decreasing firing activ-

ity as mice entered the center and proceeded to the open com-

partments (Figure 2F), and 2 PV interneurons showed no change

of activation during EPMcompartment transitions. The activity of

vH pyramidal neurons has been reported to be selectively

enhanced in different compartment types of the EPM,11,49 and

in our dataset, we confirmed distinct population responses

upon entry to the EPM open compartments. The major popula-

tion of pyramidal neurons (n = 125) demonstrated an increase

in activity in the center or open arms of the EPM, while another

population (n = 76) showed a sudden decrease in activity during

the same transitions (Figures 2G and 2H). Pyramidal neurons that

were selected based only on higher firing rates in the open

compared to the closed arms, i.e., ‘‘anxiety’’ cells, already

showed increased activity in the EPM center (Figure S4A), sug-

gesting—also on the neuronal level—an increase in anxiogenic

representations in the vH. In addition, we analyzed the re-

sponses of EPM recorded pyramidal neurons and PV interneu-

rons in another anxiety task, the open field test, which has

been shown to induce anxiety-related activity.27,50 We found

that pyramidal neurons that increased their firing during transi-

tions from the periphery to the center of the open field also

increased their activity already in the center of the EPM,

which was maintained in the open arms (Figures S4B–S4D). In

a similar manner, PV interneurons also increased their activity

during open field periphery-to-center transitions (Figures S4E

and S4F).

We also quantified the response of fast-spiking unidentified

interneurons and observed that as a population, they showed

similar responses to PV interneurons (Figure S5A). To further

elucidate the impact of trajectory types and decisions

taken by the animals, we analyzed PV interneuron activity along

continuous trajectories taken, navigating from the closed arms

to the center to either an open arm or back to a closed arm

(Figure S5B). In line with our hypothesis that PV activity is

scaling with openness, differences between trajectory-depen-

dent activities appeared only after the EPM center when

different compartments were entered. Furthermore, we have
ikes (average of 105 spikes, recorded within 50 ms before light pulse onset, in

lse onset, including the light stimulation period, in light blue, respectively) of an

998.

eous and light-induced spike waveforms of all PV interneurons.

recorded neurons (passing the criteria to be classified as putative pyramidal
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Figure 2. Activation of PV interneurons upon entry into anxiogenic compartments of the EPM

(A) Schematic of the EPM layout with ‘‘safe’’ closed arms, a more anxiogenic center, and open compartments.

(B) The mice spent significantly less time at the center and in the open arms of the EPM. Kruskal-Wallis test p < 0.001, Dunn’s multiple comparisons test: closed

vs. center p < 0.001, closed vs. open p < 0.001. Number of mice N = 12; number of EPM sessions N = 34. Error bars represent ± SEM.

(C) Changes in speed of the mice during trajectories approaching the center from the closed arms and transitioning to the center and then further to the open

arms. Number of mice = 12; number of EPM sessions = 34. Bottom left, lower average speed when entering the center compared to the approach to the center

from the closed arms, 2 s prior to center entry compared to speed during first 2 s of center exploration. Two-tailed Mann-Whitney test p = 0.0272. Bottom right,

lower average speed when entering the open arms from the center, 2 s before leaving the center compared to 3 s after entering an open arm. Two-tailed Mann-

Whitney U test p = 0.0379. Error bars represent ± SEM.

(D) Changes in speed of the mice during trajectories approaching the center from the open arms and transitioning to the center and then further to the closed

arms. Number of mice = 12; number of EPM sessions = 34. Bottom left, lower average speedwhen entering the center compared to speed in the open arms. Two-

tailed Mann-Whitney test p = 0.17. Bottom right, increase of average speed when entering the closed arms from the center (entry defined as the first 2 s in the

closed arm). Two-tailed Mann-Whitney U test p < 0.001. Error bars represent ± SEM.

(E) Right, spatial heatmap of PV interneuron #18 activity with higher firing rate in the center and open arms of the EPM. Left, population transition activity patterns

of center/open activated PV interneurons during trajectories from the closed arms to the center to leaving the center into the open arms. Changes across bins

showing a more gradual increase were tested with a one-way repeated ANOVA (F(10,116) = 5.88, p < 0.001) with Tukey’s post hoc multiple comparisons p < 0.05.

Error bars represent ± SEM.

(F) Right, spatial heatmap of PV interneuron #15 activity with lower firing rate in the center and open arms of the EPM. Left, population transition activity patterns of

center/open activated pyramidal neurons during trajectories from the closed arm to the center to leaving the center into the open arms. Changes across bins were

tested with a one-way repeated ANOVA (F(10,15) = 2.09, p < 0.09) with non-significant Tukey’s post hoc multiple comparisons. Error bars represent ± SEM.

(G) Right, spatial heatmap of pyramidal neuron #195 activity with higher firing rate in the center and open arms of the EPM. Left, population transition activity

patterns of center/open activated pyramidal neurons during trajectories from the closed arm to the center to leaving the center into the open arms. Changes

across bins showing a sudden increase were tested with a one-way repeated ANOVA (F = 8.67(10,1074), p < 0.001) with Tukey’s post hoc multiple comparisons

p < 0.05. Error bars represent ± SEM.

(legend continued on next page)
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analyzed the activity of the different neuronal populations as

the mice transitioned from open to closed compartments. We

showed that the activity of the anxiety-related neuronal popula-

tions is changing in a reverse manner, with subsequent de-

creases starting in the center and with further decreases of ac-

tivity in the closed arms (Figures S5C–S5E). This suggests that

the activity of these neurons is strongly linked to the EPM

compartment identity.

Critically, we found an overrepresentation (i.e., a higher pro-

portion of PV interneurons responding compared to pyramidal

neurons) of open compartments among PV interneurons, un-

identified interneurons, and pyramidal neurons (Figure 2I) that

persisted across EPM sessions (Figures S6F and S6G). Though

we observed an overrepresentation in all groups, the magnitude

of changes in activity, in particular among PV interneurons but

also for unidentified interneurons activated in the open compart-

ments, was greater than that of the corresponding pyramidal

neurons (Figure 2J).

Inhibitory interactions between PV interneurons and
pyramidal neurons depend on EPM compartments
How might vH PV interneurons interact with and shape the

activity of EPM-responsive pyramidal neurons? Feedforward

and feedback inhibitory synaptic interactions of PV interneurons

with pyramidal neurons in the hippocampus have been

described as a mechanism to control local neuronal activ-

ity.24,51–53 As we simultaneously recorded pyramidal neurons

with the optogenetically tagged PV interneurons during EPM

exploration, and by computing temporal cross-correlation anal-

ysis, we observed inhibitory interactions between PV interneu-

rons and pyramidal neurons (Figures 3A–3D). We identified sig-

nificant short-latency inhibitory interactions in 41 pairs of PV

interneurons and pyramidal neurons in the closed compartments

of the EPM that were already observed in pre-EPM homecage

recording sessions (Figure 3D). When we analyzed the interac-

tion of these pairs in center/open compartments, we detected

that inhibitory interactions—with the same spike sampling as in

the open compartments—were still significant in the closed

arms but not in combined center/open compartments or sepa-

rately in the open arms or the EPM center (Figures 3E, 3F, and

S6, respectively). As the majority of pyramidal neurons inhibited

by PV interneurons corresponded to open/center activated neu-

rons (Figure 3G), we hypothesized that, in the closed arms, the

activity of pyramidal neurons reflecting anxiety was inhibited

by PV interneurons, while in the open arms, disinhibition took

place to support anxiety-related firing (Figure 3H).
(H) Right, spatial heatmap of pyramidal neuron #204 activity with lower firing rat

patterns of center/open activated pyramidal neurons during trajectories from the

between bins showing a sudden decrease were tested with a one-way repeated A

p < 0.05. Error bars represent ± SEM.

(I) Proportions of neurons activated or inhibited upon transition into open compartm

of an activation score (see STAR Methods). PV interneurons, unidentified interne

activated neurons compared to center/open inhibited neurons. Chi-squared tes

p < 0.001 for unidentified interneurons, and c2 = 21.22 and p < 0.001 for pyrami

(J) Firing rate ratios between EPM compartments during transition trajectories

stronger activation of center/open activated PV interneurons and unidentified inte

trajectories. Two-tailed Mann-Whitney U test with p = 0.0142 and p < 0.001. Rig

represent ± SEM.
Optogenetic inhibition of PV interneurons in EPM open
compartments induced a lasting increase in the activity
of pyramidal neurons leading to persistent anxiety
To further elucidate the contribution of PV interneurons to the ac-

tivity of pyramidal neurons and anxiety behavior, we optogeneti-

cally inhibited PV interneurons in the open or closed compart-

ments of the EPM using conditional expression of ArchT (test

group) or tdTomato (control group) in the vH of PV:Cre mice

(Figures 4A–4C, S1B, and S1C). Mice first explored the EPM

without light application (baseline condition, 5 min). Following

this, the mice received continuous light stimulation (561 nm)

while they were exploring the open compartments of the EPM

(light-on condition, 5 min) and subsequently performed EPM

exploration without shining light (light-off condition, 5 min) (Fig-

ure 4D). In comparison to the control group, mice expressing

ArchT in vH PV interneurons made fewer entries and spent less

time in the open arms of the EPM and, most remarkably, in the

light-off condition (Figures 4E and S7A). This effect could not

be explained by different locomotor activities between the

mice groups (Figure 4F). Furthermore, the optogenetic inhibition

of PV interneurons induced a lasting increase in the anxiety-

related readouts of open compartments that was also observed

24 h later during a follow-up re-exposure to the EPM (Figure 4E).

This effect could suggest that there is a long-term plasticity ef-

fect of PV interneuron inhibition on anxiety-related behavior. Of

note, optogenetic inhibition of PV interneurons in the closed

(i.e., safer) arms of the EPM did not impact EPM exploration

(Figures S7B and S7C), further pointing to the importance of

the activity of PV interneurons during anxiety states.

Which mechanism could underlie persistent anxiety? To

address this question, we performed optogenetic inhibition

of PV interneurons with simultaneous recordings of vH pyramidal

neurons during EPM compartment transitions comparing

Arch and EYFPmice (Figures 4G–4I). Interneurons activated dur-

ing closed-to-center compartment transitions, similar to identi-

fied PV interneurons as previously described (Figure 2), were in-

hibited during the light-on condition in Arch but not EYFP, mice

(Figure 4G). Their activity levels recovered in the light-off condi-

tion (Figure 4G). Correspondingly, a population of pyramidal neu-

ronswas significantly activated in the Arch, but not EYFP,mice in

the light-on condition during closed-to-center compartment

transitions, suggesting an immediate and temporary disinhibi-

tory effect when PV interneurons were optogenetically inhibited

(Figure 4H). Of note, during the light-off condition, we detected

an overall higher activity of pyramidal neurons that lasted for

several seconds in Arch, but not EYFP, mice while they entered
e in the center and open arms of the EPM. Left, population transition activity

closed arm to the center to leaving the center into the open arms. Differences

NOVA (F(10,587) = 9.42, p < 0.001) with Tukey’s post hoc multiple comparisons

ents (including center and open arms) from closed arms based on themeasure

urons, and pyramidal neurons show an overrepresentation of center/open arm

t, two-sided, c2 = 12.88 and p < 0.001 for PV interneurons, c2 = 75.73 and

dal neurons.

of PV interneurons, unidentified interneurons, and pyramidal neurons. Left,

rneurons than center/open activated pyramidal neurons during closed to center

ht, no significant differences across center/open inhibited neurons. Error bars
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Figure 3. Inhibitory interactions between PV interneurons and pyramidal neurons depend on EPM compartments

(A) Top, average spike waveform and autocorrelogram of PV interneuron #37. Bottom, average spike waveform and autocorrelogram of center/open activated

pyramidal neuron #50.

(B) Histogram of pyramidal neuron #50 spike numbers before and after PV interneuron #37 spike times during EPMexploration suggesting reciprocal interactions.

Middle black line and 2 gray lines represent mean spike numbers and 98% confidence intervals before the occurrence of PV interneuron spikes, respectively.

(C) Top, average histogram of significant paired interactions between photo-tagged PV interneurons and co-recorded pyramidal neurons with spikes from the

closed arms excluding 2 s prior to transition to the center. Significant inhibitory interactions were detected based on lower pyramidal neuron spiking probability

after the occurrence of PV interneurons spikes (within 9 ms after) compared to 98% confidence interval of the mean pyramidal spiking probability (15 ms before

the PV interneurons spike time occurrence). Bottom, histogram of the same pairs but with the pyramidal spike times shuffled (randomly shifted by 10–50ms). Error

bars represent ± SEM.

(D) Average histogram of pyramidal-PV neuron pairs from the closed arms (see C) quantified in the homecage. Error bars represent ± SEM.

(E) Top, histogram of same pairs as in (C) but in the center + open arms showing reduced inhibitory response of pyramidal neurons. Middle, example histogram of

the same pairs in the closed arms but with the same number of spikes as in the center + open arms. Bottom, histogram representing the mean of individual

histograms of the same pairs with the same number of spikes as in the center + open arms with 100 times repetition. Error bars represent ± SEM.

(F) Significant inhibition of pyramidal neurons in the closed arms, but not in the center/open arms, comparing 15 ms before and 9 ms after PV interneuron spike

occurrence. Wilcoxon signed-rank test against the ratio of 1 (= no change in activity), with p < 0.001 in the closed and p = 0.6726 in the open arms. Error bars

represent ± SEM.

(G) Of the 41 selected pairs of PV interneurons and pyramidal neurons in (C), most pyramidal neurons were activated in the center or open arms during transitions

in the EPM.

(H) Model of interactions between PV interneurons and pyramidal neurons in the closed and open arms. In the safe closed arms, there is less anxiety-related input

reaching the vH; hence, anxiety neurons are not activated and are further inhibited by PV interneurons. In the more anxiogenic open arms, PV interneurons and

pyramidal neurons receive a strong excitatory drive, for example from the amygdala. PV interneurons might be also driven by local pyramidal neurons but show

reduced inhibitory interactions (i.e., disinhibition) with pyramidal neurons, resulting in the activation of anxiety neurons.
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the open arms of the EPM (Figure 4I). To rule out that a biased

sampling of trajectories might be driving the changes in neuronal

activities, we compared the underlying number of trajectories

taken between Arch and EYFP mice and found that they did

not differ in baseline and light-on conditions and saw a trend

for less trajectories taken in the light-off condition in Arch mice

(possibly driven by changed activity patterns, Figures S8A–

S8C). Also, to exclude that by inhibiting PV interneurons, we

might have triggered epileptic-like activity that might have

contributed to the increased activation, we analyzed the local

field potential upon shining light but did not observe any major

changes (Figures S8D and S8E).

Based on our findings on state-dependent PV-pyramidal inter-

actions, we further investigated how these interactions would be

affected by optogenetic manipulations. By looking at the inhibi-

tory PV-pyramidal pairs, we confirmed the same state-depen-
6 Cell Reports 43, 114295, June 25, 2024
dent interactions as in previous recordings and showed that after

PV inhibition, the inhibitory impact on pyramidal neurons was

reduced (Figure S9). Collectively, our findings suggest that tem-

porary optogenetic inhibition of PV interneurons induced a last-

ing increase in the activity of pyramidal neurons leading to

persistent anxiety, possibly via a mechanism involving changed

PV-pyramidal synaptic interactions.

DISCUSSION

In our study, we combined optogenetic strategies with single-

unit recordings to investigate the contribution of PV interneurons

of the vH to anxiety-related behavior. We showed that PV inter-

neurons exhibited an EPM compartment-related change in ac-

tivity, with the majority of neurons exhibiting increased activity

levels in the center and open arms of the EPM. The changes in
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the activity of PV interneurons were independent of the trajec-

tories taken and the decisions made (to which compartment

the mice would proceed) and translated to the open field test

as well. Therefore, we argue that the activity of PV interneurons

might be mainly driven by the different anxiogenic encounters

of the different EPM compartments.

Our findings further suggest that, in the vH, PV interneurons

are activated earlier, more strongly, and uniformly compared to

pyramidal neurons during the transitions from the safer to the

more anxiogenic compartments of the EPM, indicating that the

activity of PV interneurons is not solely driven by local vH pyrami-

dal neuron assemblies during anxiety. Given that PV interneu-

rons showed a similar activation pattern (rather than opposing

activation) to pyramidal neurons reflecting anxiety, this raises

the question of how these PV interneurons functionally interact

at the microcircuit level.

The suppression/inhibition of vH representations has been

suggested to be required for anxiolysis.49,54,55 PV interneurons

have been shown to directly inhibit pyramidal neurons,24,53 an

observation we also made in our single-unit recordings using

cross-correlation analysis51 and optogenetic manipulations dur-

ing anxiety-related behavior. We discovered that the magnitude

of inhibitory interactions of PV interneurons onto pyramidal

neurons was decreased as the mice entered the center and

open compartments of the EPM and that the main targets of

PV-interneuron-mediated inhibition corresponded to pyramidal
Figure 4. Optogenetic inhibition of PV interneurons in EPM open com

neurons, leading to persistent anxiety

(A) Schematic of bilateral inhibition strategy for vH PV interneurons using implan

(B) Micrograph of ArchT-tdTomato expression in the vH in PV interneurons using P

ROI magnified in (C).

(C) Close-up micrographs showing PV expression (green) in ArchT-tdTomato-ex

(D) Schematic of the PV interneuron optogenetic silencing protocol with differen

mination zone.

(E) Avoidance of open arms in ArchT and tdTomato control mice in each conditio

their time exploring the open arms after the PV interneuron manipulation and 24 h

controls. Two-way repeated ANOVA, F(2,28) = 3.4, and p = 0.047 for factor ‘‘virus ty

0.0136 for light off, ArchT mice N = 8 and tdTomato mice N = 8. For the follow-up

test was independently applied with p = 0.0303. Error bars represent ± SEM.

(F) Distance traveled on the EPM in each condition of the optogenetic inhibitio

ANOVA, F(2,28) = 0.08, and p = 0.91 for factor virus type including day 1 conditionsw

= 7 and tdTomato mice N = 5, a two-tailed Mann-Whitney U test was applied wi

(G) Left, transition-activated interneurons of Arch mice, identified during the bas

before entering the center) and a recovery at the light-off condition. Activities

the baseline condition. Yellow stars mark a significant change in neuronal activit

threshold p < 0.05, two-sided). Middle and right, bar graphs of transition-activa

(bins �1 to 2 s over activity from �4 to �2 s within each stage). Arch group: two-

tailed Mann-Whitney U test baseline vs. light-on p = 0.24. Error bars represent ±

(H) Left, transition-activated pyramidal neuron activity during closed arm-to-cen

across sessions and compared by shuffling statistics to the baseline condition. Yel

(shuffling statistics 10,0003, significant probability threshold p < 0.05, two-sided

expressed as ratio of center activity compared to closed arm activity (bins�1 to 2

Whitney U test baseline vs. light-on p = 0.034, light-on vs. light-off p = 0.009; EYFP

vs. light-off p = 0.052. Error bars represent ± SEM.

(I) Left, total pyramidal neuron population activity during center-to-open arm tra

open arms in the light-off condition. Neuronal activities were normalized acros

Red stars mark a significant change in neuronal activity at the light-off condition

sided). Middle and right, bar graphs of Arch pyramidal neuron activity expressed a

from �2 to�1 s within each stage) and EYFP pyramidal neurons (12 neurons sele

two-tailed Mann-Whitney U test baseline vs. light-off p = 0.035; EYFP group: two-

for the light-on condition for the EYFP group. Error bars represent ± SEM.
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neurons being activated in anxiogenic compartments. Therefore,

we showed that PV interneuron recruitment occurs together with

a change of inhibitory interactions from safer to more anxiogenic

compartments of the EPM, resulting in a net disinhibition of anx-

iety-related pyramidal neurons and thereby in a parcellation/divi-

sion of the EPM into different compartments with distinct anxiety

contents.

Previous studies have shown that PV interneurons in cortical

areas are recruited to specific representations, such as to

visual features encoded in the visual cortex, decision-making

variables in the prefrontal cortex, or spatial representations in

the hippocampus, and that PV interneurons contribute to the

tuning of such representations.38,56,57 We hypothesize that our

observations are compatible with such a functional role of PV in-

terneurons whereby they integrate anxiety-related inputs from

the basolateral amygdala, ventral CA3 hippocampus, and sub-

populations of local pyramidal neurons.58 In this way, PV

interneurons’ activity fine-tunes the level of activation and/or

assembly selection of anxiety-related information.

Of particular note, the optogenetic inhibition of PV interneu-

rons induced an immediate temporary remapping of some pyra-

midal neurons that resulted in new, stronger representations

of the most anxiogenic compartments of the EPM after light

stimulation. Pyramidal neurons representing open compart-

ments have been shown to modulate anxiety levels leading to

the avoidance of anxiogenic compartments,27,59 an observation
partments induced a lasting increase in the activity of pyramidal

ted optic fibers, rAAV-mediated expression of ArchT in PV:Cre mice.

V:Cremice and conditional rAAVs carrying ArchT. White rectangle includes the

pressing somata (red) confirmed with immunohistochemistry.

t conditions on the EPM. The green shaded area corresponds to the light illu-

n of the PV interneuron inhibition protocol. ArchT mice significantly decreased

later in a follow-up test (without light manipulation) compared to the tdTomato

pe’’ including day 1 conditions with post-hoc multiple comparisons (Tukey) p =

with ArchT mice N = 7 and tdTomato mice N = 5, a two-tailed Mann-Whitney U

n protocol comparing ArchT and tdTomato control mice. Two-way repeated

ith ArchTmice = 8 and tdTomatomice = 8. For the follow-upwith ArchTmiceN

th p = 0.75. Error bars represent ± SEM.

eline condition, showed decreased activity upon light illumination (starting 1 s

were normalized across conditions and compared by shuffling statistics to

y for the light-on condition (shuffling statistics 10,0003, significant probability

ted interneuron activity expressed as a ratio of center to closed arm activity

tailed Mann-Whitney U test baseline vs. light-on p = 0.0317; EYFP group: two-

SEM.

ter transitions selected from the light-on condition. Activities were normalized

low starsmark a significant change in neuronal activity for the light-on condition

). Middle and right, bar graphs of transition-activated pyramidal neuron activity

s over activity from�4 to�2 swithin each stage). Arch group: two-tailedMann-

group: two-tailed Mann-Whitney U test baseline vs. light-on p = 0.39, light-on

nsitions. The activity showed a significant increase after the entrance to the

s conditions and compared by shuffling statistics to the baseline condition.

(shuffling statistics 10,0003, significant probability threshold p < 0.05, two-

s ratio of open arm activity compared to center activity (bins 1 to 3 s over activity

cted for no open arm activation during baseline for comparability). Arch group:

tailed Mann-Whitney U test baseline vs. light-on p = 0.67. No data are available



Article
ll

OPEN ACCESS
corroborated by our data. Moreover, light inhibition of PV inter-

neurons in the closed arms had no behavioral effects on anxi-

ety-related behavior during EPM navigation, suggesting that

the effect of PV interneurons is modulatory in an anxiety-state-

dependent manner. This is in accordance with our recent study

on vH interneurons49 showing that anxiety-state-dependent in-

teractions were observed in the different EPM compartments

in rats with distinct anxiety phenotypes. Such state-dependent

interactions might suggest a common principle of action of

local vH inhibitory circuits whereby they could contribute to par-

allel processing60 and selective routing of information, e.g., anx-

iety-related activity to the prefrontal cortex and lateral hypothal-

amus and reward- and goal-related activity to the nucleus

accumbens.11,27,61,62

The ‘‘driving’’ force for state dependency of anxiety might

involve extra-hippocampal inputs (such as from the amygdala)

that could set different levels of excitation/membrane potential

depolarization levels similar to what has been described for

place cell formation.63 In addition, the state dependency of anx-

iety might involve changes in inhibitory microcircuit mechanisms

through interactions with other interneuron types,64 as well as in-

puts and the release of neuromodulators such as dopamine or

serotonin in the hippocampus,65,66 which, by affecting synaptic

transmission and plasticity, can impact mnemonic processes.67

Events that disrupt such mechanisms (such as traumatic events

or our optogenetic interference) might result in changes in syn-

aptic plasticity that could potentially imbue memories with

altered emotional valence and could explain our findings of per-

sisting anxiety following optogenetic inhibition. This might sug-

gest that PV interneurons could control the transition to long-

term forms of anxiety, adding to previous studies implicating

PV interneurons in memory-related processes25,68 and plasticity

processes gated by disinhibition.69 Additionally, we propose and

provide evidence that the high activity of PV interneurons during

learning of an anxious experience might be required to precisely

set the level of pyramidal neuron activation, constraining future

behavioral responses to anxiety-inducing situations. Thus, the

computations of PV interneurons in the vH could be highly rele-

vant for the development of therapeutic treatments, and modu-

lating their activity during anxiety experiences might affect the

transition to persistent forms of anxiety as seen in anxiety

disorders.

Limitations of the study
As mice and humans engage in the assessment of open and

elevated/high spaces, they evaluate the threat level to inform

their decisions for future choices.70 The vH and its projections

to the prefrontal cortex have been shown to be crucial for deci-

sion-making during approach-avoidance conflicts.32,71–75 But

the vH’s exact role, besides communicating emotionally imbued

contexts and memories,76 in encoding conflict and decisions is

not yet well understood.32 By using the EPM, which is not consti-

tuted of clearly externally defined trials (but driven by free explo-

ration), our study cannot fully disentangle cognitive processes

(i.e., decision-making) from emotional processes (i.e., anxiety)

in the vH. In future experiments using more specific behavioral

tasks, one may address whether and how these processes are

integrated or represented separately in the vH.
In our study, we targeted PV interneurons, but this population

of neurons is comprised of several different cell types such as PV

basket, PV bistratified, or PV axo-axonic interneurons.77 These

GABAergic cell types exhibit different dendritic distributions,

form synapses with different spatial domains of pyramidal

neurons, and are differentially active during network oscilla-

tions.78 Hence, in future studies, it will be important to investigate

whether distinct GABAergic cell types differentially contribute

to anxiety-related behavior. Moreover, the extent to which

GABAergic cell types form functionally uniform populations of

neurons recruited to specific assemblies of pyramidal neurons

and behaviors is still debated.51,77,79–82
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Data and code availability
d Neurophysiological data underlying the results has been deposited at Zenodo and is publicly available as of the date of pub-

lication. DOI is listed in the key resource table.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOI is 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 MODELS AND SUBJECT DETAILS

The data originate from heterozygous male and female PV:Cre mice (The Jackson Laboratory, Bar Harbor, Maine, USA). 12 PV:Cre

mice were used for PV interneurons photo-tagging experiments. Behavioral optogenetic experiments were performed with 8

PV:Cre mice (ArchT group) and 8 PV:Cre mice (td-Tomato group) for optogenetic silencing in the open compartments of the

EPM. 4 additional mice for ArchT or td-Tomato group were used for optogenetic silencing in the closed arms of the EPM. 4

PV:Cre mice (Arch group) and 4 PV:Cre mice (eYFP group) were used for simultaneous optogenetic stimulation and electrophys-

iological recordings experiments. Mice were housed individually in a 12 h light/dark cycle throughout the experimental period.

Food and water were available ad libitum in the homecage, and all behavioral experiments were conducted during the light cycle.
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All animal procedures were performed in accordance with the institutional guidelines and were approved by the Veterinary Depart-

ment of the Canton of Bern.

METHOD DETAILS

Surgeries and virus injections
Mice were anesthetized with isoflurane (Attane, Provet; 5% for induction and 1–1.5% for maintenance) in oxygen-enriched air

(VetEquip, KF Technologies) and head-fixed in a stereotactic frame (Kopf Instruments). Intradermal injections of Lidocaine (Lidocain

CO2 20mg/mL, Sintetica) and subcutaneous injections of Carprofen (5 mg/kg, Rymadil, Zoetis) were administered above the skull for

themice’ local anesthesia and analgesia. Themice’ body temperature wasmaintained at 35oC by placing them on a heating pad with

feedback control (Harvard Apparatus GmbH).

In order to express the opsins selectively in PV interneurons, conditional Cre-dependent recombinant adeno-associated vi-

ruses were injected in the vH CA1 region, following the coordinates AP: �3.08, ML: �3.2 (and +3.2 for the experiments with

bilateral PV interneurons inhibition) and DV: �4.2 mm relative to bregma. Specifically for the expression of the excitatory opsin

ChR2, 250 nL of AAV5.EF1a.DIO.hChR2(E123T/T159C).EYFP.WPRE.hGH (titer 7x1012 GC/ml, Penn Vector Core) were injected

into the vH CA1 region of PV:Cre knock-in mice. For the expression of the inhibitory proton pump Archaeorhodopsin (Arch) in vH

CA1 PV interneurons, we injected 250 nL of AAV5-CBA-Flex.ArchT-tdtomato.WPRE.SV40 (1.558x1013 GC/ml, Penn Vector

Core) bilaterally (ArchT mice). For the td-Tomato control mice, we injected 250 nL of AAV-5/2-shortCAG-dlox-tdTomato(rev)-

dlox-WPRE-SV40 (Viral Vector Facility, University of Zurich) bilaterally. For the expression of Arch unilaterally with simultaneous

vH CA1 single unit recordings experiments, Arch mice were injected with 250 nL of AAV5-ElF1-Flex.Arch3.0-eYFP (1x1013 GC/

ml, Vector Biolabs, Arch mice) and with 250 nL of AAV5-ElF1-Flex.eYFP for the eYFP control mice. rAAVs were delivered to vH

CA1 using glass micropipettes (Blaubrand, Brand) with an approximate tip diameter of 40 mm, connected to a picospritzer

(Parker Hannifin Corporation).

For the optogenetic inhibition of PV interneurons during EPM navigation, the mice were implanted with custom-made optic fiber

implants (diameter: 200 mm, numerical aperture: 0.48, Thorlabs) bilaterally. The tip of each optic fiber was placed 500 mm above the

injection site. The optic fiber implants were fixed to the skull with stainless steel screws and resin-based dental cement (A1 Tetric

EvoFlow, Ivoclar Vivadent). After the surgery, we waited for at least four weeks to ensure sufficient expression levels of the viral con-

structs before starting the behavioral experiments.

For the experiments involving optogenetic manipulation with simultaneous vH CA1 single unit recordings, the mice were injected

as described above and in the same surgery implanted with custom-made opto-microdrives (Axona Ltd, St. Albans, UK) loaded

with 8 independently-moveable tetrodes and 1–2 optic fibers (Thorlabs Inc.Newton, New Jersey, USA). Each tetrode was made of

4 tungsten wires (5 mm inner diameter each, California Fine Wire Company) twisted together. Tetrodes were attached to a

connector (Omnetics) with 32 gold pins (Neuralynx) and electroplated to a final impedance of 100–200 kU (NanoZ, Multi Channel

Systems). Opto-microdrive implants were fixed to the skull with stainless steel screws and resin-based dental cement (A1 Tetric

EvoFlow, Ivoclar Vivadent). The total weight of the entire implant did not exceed 3 g. After the surgery, the mice were administered

Carprofen (5 mg/kg) for post-operational analgesia and a soft nutrient-enriched paste for food (Omnivore) for 3 days. The mice

recovered for at least four weeks to ensure sufficient expression levels of the viral construct before starting the behavioral

experiments.

Histology
After completing the behavioral tests, the mice were anesthetized with isoflurane (Attane, Provet; 5% for induction and 2.5% for

maintenance) in oxygen-enriched air (VetEquip, KF Technologies). Electrolytic lesions were made at the tip of each recording tetrode

by applying a 30 mA current for 10 s. Then the mice were deeply anesthetized with a 5% ketamine (Narketan 10%, Vetoquinol) and

2.5% xylazine (Xylazin, Streuli) solution (0.02 mL/g) and transcardially perfused with phosphate buffer saline (PBS 1:10 dilution from

Premixed PBS Buffer 10x, Roche) followed by 4% paraformaldehyde (PFA, Roti Histofix 4%, Roth). The brains were extracted and

kept in 4%PFA for 24 h for post-fixation. 70 mm-thick coronal brain slices were cut with a vibratome (VT1000 S, Leica) and preserved

in 0.5% sodium azide in PBS at 4�C.
Immunohistochemical reactions were performed in free-floating brain slices to visualise the expression of opsins and reporters.

In brief, six brain slices spanning from AP -2.8 to �3.6 mm relative to bregma were used for immunohistochemistry for each

mouse. Slices were treated with 0.1% Triton X-100 in PBS (PBS-T) for 5 min and blocked with 5% normal donkey serum

(NDS, Abcam) for 30 min in a nutating mixer at room temperature (25�C). The slices were incubated for 72 h at 4�C with an

anti-PV antibody raised in guinea pig (1:1000, Synaptic Systems, # 195004) and anti-GFP antibody raised in rabbit (1:1000, Ab-

cam, # A11122), washed with PBST for 5 min (3 repetitions), and incubated again for 2 h with the secondary antibodies: anti-

guinea-pig Alexa Fluor 647 and anti-rabbit Alexa Fluor 488 (both 1:1000, raised in donkey, Invitrogen). Slices were mounted on

SuperFrost (ThermoFisher) slides and immersed in 40,6-diamidin-2-phenylindol (DAPI, 1:10000 in PBS) solution for 5 min before

adding the mounting medium (AquaPolyMount, Polysciences Inc.) and the coverslip. Slices were imaged using a stereomicro-

scope (Leica M205 FCA, Leica) mounted with a monochrome camera (Leica DFC345 FX, Leica) and a UV light source (X-CITE,

Lumen Dynamics). The position of tetrodes, lesions, optic fiber terminal points and virus expression was determined by examining
14 Cell Reports 43, 114295, June 25, 2024
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the acquired bright field and epifluorescence images. The mice included in the dataset were demonstrating viral expression in vH

(unilateral for the in vivo optogenetics with single-units experiments; bilateral for the optogenetics only behavioral experiments),

the optic fiber tip was between 100 and 500 mm away from vH CA1, and the tetrode terminal points were in vH.

For the animals included in the dataset, brain slices between bregma - 2.8 and �3.8 mm (target region) were imaged on a slide

scanning microscope (3dHistech Pannoramic 250 Flash II). The slices, containing the virus injection point were imaged on a confocal

laser scanning microscope (Zeiss LSM 880 AxioObserver) with a 20x objective (Plan-Apochromat 20x/0.8 M27) to confirm the co-

localisation of PV and opsin-fluorophore.

Behavioral procedures
Elevated plus maze

Before the behavioral experiments, mice were handled through habituation to the experimenter, experimental room and tethering for

1–3 short (10–30 min) sessions. In our study, the mice were tested under three different EPM conditions on the same day: the stan-

dard-layout EPM for 10 min under 300 lux. The EPM was custom-made and consisted of four arms, 10 cm wide and 30 cm long,

elevated 70 cm above the floor. The two opposing closed arms were enclosed by 18 cm-high walls, whereas the other two were

left open. The total number of recording days for each mouse was of a maximum of 4 sessions, with a 3-week break between ses-

sions to keep anxiety levels high (34 sessions, 12mice, average of 3 sessions per mouse). Themice’ head position was tracked using

an LED array attached to the headstage with an acquisition rate of 50 frames per second by an overhead video camera (DFK 23FM0-

21, ImagingSource).

Open field test

The open field test (OFT) is another behavioral test based on approach-avoidance conflict and consists of a maze in the shape of a

square. A subset of animals exposed to the EPM (10/12 animals, 19 OFT experiments, 2 OFT experiments per animal) was sub-

sided to an OFT for 7 min under 50 lux. The OFT arena was a 40 3 40 3 40 cm white cubical platform divided into two zones: the

center was defined as the 303 30 cm central zone of the OFT arena, and the peripheral zone surrounding the area was defined as

the periphery.

Electrophysiological recordings and data processing
The mice recovered for at least 2 weeks before starting the single-unit screening process, during which tetrodes were progressively

lowered to the vH CA1 stratum pyramidale using sharp-wave ripples and theta oscillations as electrophysiological hallmarks for the

anatomical location of the recorded single-units. Before each recordings during behavioral experiments, the tetrodes were lowered

by 50–200 mm to sample new single-units and left in the same position for at least 12 h before starting the recordings during behavior

to ensure the stability of the recorded units. The extracellular electrical signals from the tetrodes were amplified, filtered and digitised

with a headstage (Intan RHD amplifier, Intan Technologies). The signals were recorded using the RHD recording controller (Intan

Technologies) connected to a host computer via a SuperSpeed USB 3.0 cable at 20 kHz. Single units were extracted offline by de-

tecting signal amplitudes 5 SD above the digital filtered signal’s root-mean-square (0.8–5 kHz) over 0.2 ms sliding windows. Thirty-

two data points (1.6ms) were sampled for every single unit. A principal component analysis was implemented to extract the first three

components of the spike waveforms of each tetrode wire.

Spike waveforms from individual neurons were detected using the KlustaKwik automatic clustering software (http://klustakwik.

sourceforge.net/). Individual units were isolated manually by verifying the waveform shape, the modulation of waveform amplitude

across tetrode channels, the temporal autocorrelation (to assess the refractory period of a single unit) and cross-correlation (to

assess a common refractory period across single units) using Klusters software (Hazan et al., 2006). The stability of single units

was confirmed by examining spike features throughout the entire recording.

Spike classification into putative pyramidal neurons and interneurons
The classification of spikes to putative pyramidal neurons and interneurons was performed based on the following parameters49:

average spike width, shape, firing rate and the 1st moment of autocorrelation (Csicsvari et al., 1998; Riera et al., 2014). An adjusted

spike width (adjspkw) for each spike cluster was calculated, incorporating the spike width and spike shape symmetries (Sirota et al.,

2008).

adjspkw = w �

�
ð1+spkScore1Þ+

�
2 � 1

spkScore2

��

2

w: spike width at 25% from baseline

spkScore1 = peak1 to peak2 difference (=pp) of averaged spike shape normalised. if spkScore1 < 0, spkScore1 = 0

spkScore2 = ratio of trough to peak2 time/peak1 to trough time (tp/pt) of average spike shape, if spkScore2 < 1, spkScore2 = 1.

The adjusted spike width of the recorded neurons showed a bimodal distribution which could be clustered in MATLAB using

agglomerative hierarchical clustering. Neurons with an adjusted spike width shorter than 0.28 ms and a firing rate greater than

1 Hz were classified as putative interneurons. In contrast, neurons with an adjusted spike width greater than 0.28 ms and firing rates

between 0.05 and 20 Hz were classified as putative pyramidal neurons. Neurons with an adjusted spike width longer than 0.28 ms
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and a firing rate higher than 20Hzwere examined for burstiness by calculating the first moment of autocorrelation. Neurons exhibiting

their first moment of autocorrelation shorter than 10 ms were classified as bursty pyramidal neurons and neurons with longer than

10 ms fell into the category of wide-spiking interneurons (Fuentealba et al., 2008). Units not fulfilling these criteria (147 out of 554

recorded units, were excluded from the analysis to keep the neuronal classification standards stringent.

Optogenetic identification of PV interneurons
After the completion of the behavioral experiments, the ChR2 mice received 473 nm light pulses of 1 ms and 5 ms duration at fre-

quencies of 1, 10, 20 and 50 Hz in their homecage to activate ChR2 which allowed us to identify on average 2.7 PV interneurons

across 7mice. Spiking activity of interneurons was binned into 1ms bins for time windows of 50 ms before and after the light stimulus

onset (time = 0) and for 30 consecutive trials. Single-units were considered as light-responsive if they fulfilled the following criteria:

significant spike-timing changes due to light stimulation for a time window 10ms before and 10ms after the stimulus onset, using the

Stimulus-Associated spike Latency Test (SALT) with p < 0.00138 and a short time-locked response to the stimulation onset

(<7 ms).36The onset of optogenetically-evoked activity was determined as the activity occurring after the stimulus onset and

exceeding the baseline levels by four standard deviations. The time window spanning from the optogenetically-evoked activity until

the activity levels return to the baseline levels was defined as the response period of the neuron. The latency was determined as the

first time bin after the stimulus onset, during which the activity of the neuron surpasses the four standard deviations from the baseline

threshold. The jitter of light-induced spikes was quantified as the standard deviation of light-evoked spikes during the response

period. Last, fidelity was calculated as the percentage of light-evoked spikes during the peak response period.

EPM transition analysis and functional classification of neurons
The focus of this study was the analysis of transitions from closed to open compartments of the EPM, reflecting a transition

from safer to more anxiogenic compartments. The position of the mice were tracked based on their head positions and the

center was manually defined by the experimenter. The mice were considered to have entered a compartment if their head was

detected for at least 0.28 s in the compartment. Trajectories were detected when mice navigated from a closed arm into the

center where we analyzed the behavior and neuronal activity 4 s before and 2 s after entering the center. We additionally

detected trajectories during which mice transitioned from the center to the open arms where we analyzed the behavior

and neuronal activity 2 s before leaving the center and 3 s after leaving the center to the open arms. For these trajectories

(going from safer to more anxiogenic compartments) we only included trajectories where the center was entered from a

closed arm and not an open arm to avoid confounds of anxiety from previous open arm visits. We used these time durations

as they reflected the number of trials and time spent in these compartment for reliable data analysis (Figures S3C–S3E). Addi-

tionally we detected trajectories in the same manner going the opposite direction from more anxiogenic to safer compart-

ments (open to center to closed).

To classify neurons into different functional groups during transitions, we applied a transition activation score to quantify if a neuron

showed activation or inhibition upon entering open compartments:

TRscore =
jðmopen � mclosedÞj � ðsxclosed+sxopenÞ

O3

mopen: average center or open arm transition activity

mclosed: average closed arm transition activity

sxlcosed: standard error of the mean transition activity in the closed arms

sxopen: standard error of the mean transition activity in the center or open arms.

If the TRscore >0 for either the center or the open arms the neuron was considered as transition-activated or -inhibited

depending on whether the average firing in the center or open arms was greater or lower than in the closed arms,

respectively.

Open Field transitions were detected with the same analysis with transitions detected to the center not from arms but the pe-

riphery and 2 s before and 2 s after center transition. For spatial comparisons, all visits of the periphery were compared to all cen-

ter visits.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was done in GraphPad PRISM and MATLAB using the Statistics and Machine Learning toolbox and custom

scripts. Datasets were tested for normality using the Kolmogorov-Smirnov test. For population samples following the normal distri-

bution, we used parametric tests and for the rest, the equivalent non-parametric tests. Behavioral data of the time spent in EPM com-

partments were analyzed with the Kruskal-Wallis test (for the EPMPV interneurons photo-tagging experiments) with post hoc Dunn’s

multiple comparisons tests, and alpha was set to 0.05. To compare the time spent in each EPM compartments between ArchT and

td-Tomato mice, we used two-way ANOVA virus and condition as factors and Bonferroni’s multiple comparisons post hoc tests, with

alpha = 0.05.
16 Cell Reports 43, 114295, June 25, 2024



Article
ll

OPEN ACCESS
Changes in transition activity of neuronal populations were assessed with 1-way ANOVA and Tukey’s multiple comparison

post hoc tests, with alpha = 0.05. Inhibitory interactions in cross-correlograms were detected if the spiking probability of a py-

ramidal neuron in either of the 3–9 ms bins after the interneuron spike was below the lower 95% confidence interval limit from

the mean spiking probability of 15ms prior the interneuron spike. Differences in the neuronal activity in time bins during tran-

sitions between different sessions of simultaneous optogenetic and electrophysiological recordings were tested with shuffling

statistics. To do so, the identity of sessions (e.g., baseline vs. light-on) was shuffled and the difference calculated 10000 times.

A bin was determined as significantly different if the original difference was greater than 97.5% or lower than 2.5% of the shuf-

fled difference (two-sided statistical test with alpha as 0.05). We used Chi-square tests to compare the proportions of neurons

(2-sided, alpha = 0.05).
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