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In brief

Cohen et al. reveal the functional
organization of the mouse prefrontal
cortex that enables gradual modulation of
neuronal spatial representation by social
context. This organization follows a
dorsoventral gradient, dictated by
topologically organized groups of
neurons showing differential encoding of
spatial and social aspects of the
individual’s behavior.
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SUMMARY

Neuronal representation of space remaps between spatial contexts, but little is known about spatial modu-
lation across social contexts. We analyze extracellular recordings from single neurons in the prefrontal cortex
(PFC) of adult male mice freely exploring an arena during four distinct social contexts. Neuronal spatial pref-
erences vary across social contexts and differ between PFC subregions. By comparing the spatial and social
aspects of behavior and their neuronal correlates, we find that correlations between behavioral and neuronal
representations decrease monotonically along the PFC dorsoventral axis. Some single-unit groups show
place remapping and modulation of activity in the presence of social stimuli. The prevalence of spatially tuned
units decreases dorsoventrally, while the prevalence of socially tuned units increases along the same axis.
Thus, social context dynamically modulates spatial representations in mouse PFC, revealing a topologically
organized trade-off between spatial and social encoding along the dorsoventral axis.

INTRODUCTION

Understanding space encoding by neuronal activity is funda-
mental to grasping the complex cognitive processes behind
spatial navigation and memory. Neuronal representations of
space were studied in multiple animal models,’™ where cogni-
tive maps were characterized.® Spatial representations were
highly dynamic—neuronal place fields and spatial maps are
modulated or remapped, following environmental changes
over time®” and contexts.®

Social factors play a crucial role in spatial navigation,® allowing
an individual to avoid rivals, find group members, or locate a
mate. This requires integrating social and spatial representations
in the same neuronal infrastructure to create a socio-spatial
cognitive map.'® For example, single neurons in the hippocam-
pal CA1 region encode the position of conspecifics in both allo-
centric and egocentric coordination systems.''~'® Such integra-
tion is vital for territorial behavior, which is common among
mammals, including humans.'* Nevertheless, where and how
the representations of physical space and social environment
are integrated in the brain is not fully understood.

We hypothesize that insights into brain integration of spatial
and social representations may be gained by studying the pre-
frontal cortex (PFC). From the spatial aspect, the murine PFC
is involved in goal-directed behavior,'® trajectory planning,'®
and rule switching.”” From the social aspect, the PFC is impli-
cated in social behavior'®'® and decision-making,?® and single
PFC units fire in proximity to conspecifics.”’ Moreover, studies

)

from our lab show that different social contexts mediate behavior
and neural activity in the PFC*??® and that pyramidal cells in
mouse PFC discriminate affective states.>* Thus, PFC neurons
appear to be involved in social and spatial representations, mak-
ing the PFC a suitable candidate for integrating social and spatial
information into a socio-spatial cognitive map. Accordingly, neu-
rons in the prelimbic (PL) area of the PFC encode a combination
of social and spatial information during a social task.® However,
it remains unknown how this socio-spatial coding is modulated
in different social contexts and whether it has a subregion-spe-
cific organization in the PFC.

Here, we investigate the neuronal representations of space
and social context by single-unit spiking activity along the
dorsoventral axis of the adult male mouse PFC. Each subject
was tested during four distinct social contexts. Concurrently,
PFC extracellular activity was recorded using a Neuropixels
probe”* implanted through the following cortices (dorsal to
ventral): the anterior cingulate (ACC), PL, infralimbic (IL), dorsal
peduncular (DP), and dorsal taenia tecta (TTd). The social and
spatial aspects of neuronal activity were assessed across the
different contexts and subregions to characterize the conjunc-
tion of social stimuli and spatial representation in the
mouse PFC.

RESULTS

The paper is organized as follows. First, we describe the process
of single-unit recordings during different social contexts
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Figure 1. A dataset of 2,140 well-isolated single units was recorded from the PFC of five mice during four social contexts
(A) Schematics and timeline of a single recording session. Stimulus chambers (right-angled isosceles) are placed in opposite corners of the arena. The recorded
mouse, chronically implanted with a Neuropixels 1.0 probe, freely explores the central part of the arena during three consecutive 5-min epochs. Social stimuli

occupy the chambers only during the middle “encounter” epoch.
(B) Tasks and corresponding stimuli. Icons correspond to icons in A.

(C) Top: probe tracks through the PFC for all mice. Middle: number of units recorded from every subregion. dACC, dorsal anterior cingulate cortex; PL, prelimbic
cortex; IL, infralimbic cortex; DP, dorsal peduncular cortex; and TTd, dorsal taenia tecta. Bottom: coronal brain slices from mouse M3, with probe track labeled

with Dil. Scale bars, 1 mm.

(Figures 1 and S1). Then, we assess the relationship between so-
cial and spatial aspects of behavior vs. neural representations
among the recorded units (Figures 2 and S2). Then, we assess
spatial preferences before and during the presence of different
social stimuli at the population level (Figure 3). Next, we identify
four mutually exclusive groups of units (Figures 4, 5, S4, and S5),
each of which exhibits a distinct modulation of firing patterns
during the presence of social stimuli. Finally, we focus again on
the population level and estimate the prevalence of social vs.
spatial effects across social contexts and PFC subregions
(Figures 6 and S6).

2 Cell Reports 44, 116319, October 28, 2025

Recording PFC neuronal activity in four distinct social
contexts

To examine whether neuronal encoding of space in the PFC
varies during social interactions in distinct contexts, we chroni-
cally implanted Neuropixels 1.0 probes in the PFC of five
adult male CD1 mice.”* Each mouse was tested during
four social tasks, each of a different context (using a distinct
pair of stimuli). One stimulus (“stimulus 1”; Figure 1B) differed
between tasks: an inanimate object (a Lego toy) in the social
preference (SP) task; a female mouse in the sex preference
(SxP) task; a 1-week socially isolated male mouse in the isolation
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Figure 2. Correlation between behavioral and neuronal preferences in socio-spatial space decreases dorsoventrally along the PFC

(A-D) Neuronal contrast index (NCI) vs. behavioral contrast index (BCI). (A) Example session BCl and NCI of two simultaneously recorded units (mouse M2, ESPi
task). For each unit, the chamber investigation durations during every epoch and the corresponding firing rates near each chamber are indicated. Spatial and
social Kullback-Leibler divergences (Dg,) and the derived BCl and NCl values are also indicated. (B) Joint probability histogram of the NCl vs. BCI (N = 2140 units).
Bin size, 0.285 x 0.285. (C) BCI-NClI scatter per task. Each panel includes behaviors from five different mice. In every panel here and in (D), text indicates the rank
(Spearman’s) correlation coefficient (cc) and the corresponding p value. (D) BCI-NCI scatter per PFC subregion. Each panel includes 20 different values, cor-
responding to five mice x four tasks.

(legend continued on next page)
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emotional-state preference (ESPi) task; and a stressed
(restrained before the task) male mouse in the stress
emotional-state preference (ESPs) task.” The reference stim-
ulus (“stimulus 2”) was similar in all tasks: a naive group-housed
male mouse. Animal movement and extracellular electrophysio-
logical signals were simultaneously recorded while the mice
freely explored two triangular stimulus chambers located at
opposite corners of the rectangular experimental arena during
a 15-min session. Each session was divided into three consecu-
tive 5-min epochs (Figure 1A): pre-encounter, encounter, and
post-encounter. During the pre- and post-encounter epochs,
the stimulus chambers were empty. During the encounter epoch,
each stimulus was randomly located in one of the two chambers
(Figure 1A, middle panel).

During the 20 sessions (four tasks in N = 5 mice), 4,189 candi-
date units from the five PFC subregions (Figure 1C) were automat-
ically isolated by Kilosort. We determined the isolation quality of
the units (Figure S1) using a combination of a temporal isolation
metric (inter-spike-interval (ISI) index® below 0.2) and a wave-
form isolation metric (L-ratio®’). A dataset of 2,140 well-isolated
single units passed our quality check (Figure S1D) and comprised
a median of 440 units per mouse (range, [104, 833]). The median
ISI-index was 0.02 (interquartile range, IQR [0, 0.11], N = 2140
units) and the median [IQR] L-ratio was 0.001 [0.0001, 0.01].
Over N = 20 sessions, the number of spikes collected was
2,087 [1,023, 5,171]. Among the 2,140 single units, the largest
subset (796 units) was from the PL (Figure 1C; Table S1).

Behavioral and neuronal preferences in the socio-
spatial space are correlated

To test whether socio-spatial representations by neuronal
spiking activity are associated with behavioral preferences, we
first quantified the social and spatial derivatives of mouse
behavior during the different tasks. We calculated the investiga-
tion durations, namely the times the animal was approaching
each stimulus chamber, during the pre-encounter (T1 and T2;
Figure S2A) and encounter (T1’ and T2') epochs, extracting a
set of four numbers (animal-specific values are shown in
Figure S2A). We then estimated how “socially-oriented” and
how “spatially-oriented” the behavior of each mouse was in
every session (toy examples of socially oriented and spatially ori-
ented behaviors; Figure S2A, top right). This was done by
comparing the observed proportions of durations with those ex-
pected under the null hypothesis of no social or spatial prefer-
ence (a uniform prior; examples in Figure 2A). The analysis
yielded two values of the Kullback-Liebler divergence (DKL),
from which a behavioral contrast index (BCl) was derived
(Figure 2A, left). The BCl is a scalar ranging from —1 for purely so-
cially oriented behavior to 1 for spatially oriented behavior. Over
the 20 sessions, the median DKL_social was 0.1 (IQR: [0.03,
0.17]), the DKL_spatial was 0.17 [0.07, 0.45], and the BCI was
0.02 [-0.26, 0.52]. These results suggest that social and spatial
features influence mouse behavior similarly.

Cell Reports

Second, a neuronal contrast index (NCI) was calculated for
every unit to estimate how socially oriented and spatially ori-
ented the neuronal activity of each unit was (examples in
Figure S2A, bottom right). Here, we compared the number of
spikes emitted by every unit with the null distribution given by
the actual investigation durations during the pre-encounter
(S1 and S2, Figure S2A) and encounter (T1" and T2') epochs.
The NCI values range from —1 to 1 for purely socially to purely
spatially oriented neuronal activity. Over the 2,140 units, the me-
dian [IQR] neuronal DKL _social was 0.14 [0.06, 0.3], the neuronal
DKL_spatial was 0.2 [0.08, 0.43], and the NCl was —0.07 [-0.52,
0.38]. The examples of two units recorded simultaneously from
different PFC subregions during the same ESPi session (i.e.,
with the same BCI) are shown in Figure 2A. The behaviorally
preferred chamber changed when the social stimuli were intro-
duced (pre-encounter, T1 > T2; encounter, T1’ < T2'). Thus, the
behavior was more socially than spatially oriented, yielding a
BCI of —0.62. However, the firing rates of the two units, i.e.,
the spike counts divided by the investigation durations, did not
follow the same patterns. The PL unit exhibited a higher rate in
proximity to the chamber of stimulus 1 during the pre-encounter
(R1 > R2) and encounter (R1’ > R2’) epochs, yielding a spatially
oriented NCI (0.95). In contrast, in the TTd unit, the higher firing
rate shifted from stimulus 1 during the pre-encounter epoch
to stimulus 2 during the encounter epoch (R1 > R2 and
R1’ < R2'), yielding a social NCI (—0.99). This demonstrates
that unit firing preferences do not necessarily follow animal
behavior.

Despite the diversity of representations at the single-unit level,
over the entire cohort of 2,140 units, the BCI values and the NCI
values were correlated (Spearman’s rank correlation coefficient
(cc), 0.523; p < 0.001, permutation test; Figure 2B). Comparing
the BCI values with the NCI values for the subsets of data corre-
sponding to different tasks, we found a significant correlation
(p < 0.001) in all four cases (Figure 2C).

When we assessed the BCI-NCI correlation for the subsets of
units recorded from the various PFC subregions, we found a sig-
nificant correlation (p < 0.001) in all cases (Figure 2D). However,
the correlation decreased monotonically along the dorsoventral
axis (excluding the TTd; Figure 2E, left panel). Specifically, the
BCI-NCI rank correlation was highest for the dACC units (0.66)
and lowest for the DP units (0.32). This yielded a negative slope
(—0.07) between the BCI-NCI rank correlations and the ordered
subregions. A negative slope was observed for every animal
(range: [—-0.15, —0.03]). The probability of obtaining the
observed (or more) negative slope of correlation values along
PFC subregions by chance was low (p < 0.0001, permutation
test; Figure 2E, right panel). We also tested whether the inter-
subregion correlation gradient is sensitive to the precise anatom-
ical boundaries between PFC subregions. This was done by
analyzing the slope of BCI-NCI correlations when units were
grouped according to their distance from the brain surface
(Figure 2F, left panel; each bin includes 89-90 units). We found

(E) Left: BCI-NCI correlation across subregions fitted with a line. Right: red line, observed absolute dorsoventral slope of the linear fit in the left panel. Cyan

histogram, absolute slopes achieved by chance. Bin size, 0.004.

(F) Same as E, but with the depth of each unit from the brain surface. Bin sizes: left: bin size (mean + SD), 0.14 + 0.05 mm; right: 0.007. *** p < 0.0001, ISI shuffling

test.

4 Cell Reports 44, 116319, October 28, 2025
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(A) Method used for classifying neuronal spatial preference, demonstrated using the same rate map as in Figure 4B. Red “X” marks the center of mass of the place
field, i.e., the center of a unimodal Gaussian fitted to the neuronal firing rate map in space. Compared with the stimulus 2 chamber, stimulus 1 chamber is closer to
the place field center (d1 < d2, dashed lines). Solid lines indicate chamber walls. This example unit exhibits a neuronal spatial preference to stimulus 1.

(B-E) Distributions of spatially modulated units according to the nearest stimulus chamber across the various PFC subregions during the SP, SxP, ESPi, and ESPs
tasks. The number above each bar: single units exhibit a preference for the relevant stimulus in every subregion and task. Error bars, binomial errors. The
proportions of each pair of preferences were tested for the null hypothesis of originating from the same distribution. **/***p < 0.001/0.0001, chi-squared test.
Rightmost pair of bars: total preferences per task.

(F) Rate modulation contrast (RMC) for pre-encounter vs. encounter epochs and encounter vs. post-encounter epochs. Blue dots: 225 units that modulated their
mean firing rate only when presented with social stimuli; cyan dots: 1,915 units that did not.

that the slope was negative and was steeper than can be pects of the environment are represented in the PFC and demon-
achieved by chance (p < 0.001, permutation test; Figure 2F, right  strate a dorsoventral gradient of socio-spatial neuronal encoding
panel). These results suggest that both social and spatial as- along the PFC dorsoventral axis.

Cell Reports 44, 116319, October 28, 2025 5




¢? CellPress

OPEN ACCESS

Cell Reports

A PRE-ENCOUNTER ENCOUNTER POST-ENCOUNTER C
‘.
S A% 0.1
R .o
e AR s 2
v *; 3
o g ] 5 ' 0.05
2 N S o
o S 4 p- &
‘A Pe
.
.%' > e 0.45 0.9
3 Spatial M [bit]
B D Rate stability across epochs
max . . . 20
12 [spikes/s] 5.7 [spikes/s] 14 [spikes/s] RMC: 0.24 o 023
| & 15 b
Object @
|| L
B 104
2,
Q
Social S s+ A M J!
R=0 [spikes/s] Som 0 T ' Y y ! .
I L o\‘o\“‘ o v°"‘ o
<«
E 1- Preferred stimulus (181 units) F Distribution across mPFC subregions G Time [s]
Stim 1 10_pu<1e74 ,
0.18 9 wn= 501405 65796 10212  16/305 40/422 cc=028,p<le—3
31 — Po <164, x*=1646 p=0.002
—_ 29 Fef 5 * = 10'1 B .
x 96 B
5 17 24 o 2
Bos 18 85 o =
= 19 = 0.09 4 = .«
E g™ k| .7
@ ° S 10-3 4
= o 2 ’ ’
K '
4
4
d
0 0- T T 1
SP  SxP ESPi ESPs Total S & v & L -3 -1 10
X i s Total 8y 9 10 10
H PRE-ENCOUNTER ENCOUNTER POST-ENCOUNTER J Spatial MI [bit]
. 3 8 L] » .
. . [} 8 g .' 0.08
. L . é‘
2 5 0.04
. £} X g
a
. . 0
% % 0 0.39 0.78
o % 3 Spatial MI [bit]
=5 4 Rate stability across epochs
I 3.4 [spikes/s] K 10 RMC: -1 0 1
' 0.29 [spikes/s] 3.4 [spikes/s] 0.23 [spikes/s] —— =
m T z
(%]
Object £
o
2,
L
©
ocial o«
R=0 5om
o e @Q‘\oo\,o@‘ o 90"‘ o
L ] Preferred stimulus (140 units) M Distribution across mPFC subregions N € Time [s]
* - . _pu=073
Stim 1 10 cc=06,p<le—4 ,
22 0.15 -] kin= 25/405 41/796 11212 31/305  32/422 =
22 iy
- Ppo< 002 x*=1054 p=0032 = .
~ 1847 mn 5 S 107 1
fos] 0 L 3 .
2 g ]
£ 1 -
= 2 0.07 -
% 9 E 10 3
8 4
o 7’
4
, .
0 - 0 T T 1
sP SxP  ESPi ESPs Total 10 107! 10

6 Cell Reports 44, 116319, October 28, 2025

Spatial Ml [bit]

(legend on next page)



Cell Reports

Neuronal spatial preferences during social encounters
differ between tasks and PFC subregions

To test whether spatial preferences are uniformly represented in
the PFC when social stimuli are present, we estimated the spatial
preference of every unit, specifically during the encounter epoch.
This was done by comparing the mutual information (MI) be-
tween mouse position in space and the spike train of every
unit, with shuffled MI values obtained by shuffling the ISIs of
the same spike train 5,000 times. To overcome dependency on
entropy when comparing MI values, all Ml-based analyses
were de-biased by subtracting from each Ml value the mean of
the shuffled Ml set generated from the same spike train. We em-
ployed a conservative criterion of p < 0.05/3 as “spatially infor-
mative” to allow a similar process in the other epochs. 1,334/
2,140 (62%) units were spatially informative (p < 0.0001, binomial
test compared to a chance level of 5%). Next, each of the 1,334
spatially informative units was associated with a stimulus cham-
ber based on the distance between the center of the mass of the
place field and the nearest neighboring stimulus chamber
(example in Figure 3A). The distribution of these neuronal spatial
preferences according to stimulus proximity along the different
PFC subregions is shown for each task (Figures 3B-3E). During
the SP task, more units preferred the side of the social stimulus
over the Lego toy, yielding non-uniform distributions in most PFC
subregions (p < 0.0001 for PL, p < 0.01 for the DP; and TTd; chi-
squared test; Figure 3B). During the SxP task, only DP units
showed a preference for the female over the male side (p =
0.007; Figure 3C). Distinct distributions were also observed for
the two flavors of the ESP paradigm. During the ESPi flavor, no
laterality bias was found in any of the subregions (Figure 3D).
However, during the ESP flavor, a gradual non-uniform pattern
emerged (Figure 3E): the proportion of units with preference to
the side of the naive stimulus increased dorsoventrally and
peaked at the DP (p < 0.001) and TTd (p < 0.0001). Notably,
stressed and isolated stimuli were previously shown to elicit
different neuronal responses in the PL,%* as found here. Overall,
the very different distributions of spatial preferences among the
various tasks imply a social context sensitivity of spatial repre-
sentation in the PFC.

Firing patterns modulated by the presence of social
stimuli in the arena at the single-cell level

To quantify how single-unit spiking activity changes between
two different epochs in a given session (e.g., from pre-encounter
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to encounter), we defined a rate modulation contrast (RMC). For
every pair of epochs, the RMC was calculated as the difference
between the mean rates of each epoch divided by their sum. The
RMC values were then compared to chance, i.e., to RMC values
obtained after ISI-shuffling. In 225/2,140 (10.5%) of the units
(Figure 3F, blue dots), the mean epoch-resolved firing rate de-
pended on the presence of social stimuli. Specifically, the firing
rate was modulated after the pre-encounter epoch with the pres-
ence of social stimuli during the encounter epoch and returned to
its initial value during the post-encounter epoch; it is manifested
by RMC values for the pre-encounter vs. encounter and the
encounter vs. post-encounter epochs, which are similar in abso-
lute value but have opposite signs.

Together, the observations indicate that the spiking activity of
individual units is modulated by the appearance of social stimuli
during the encounter epoch (Figure 3F) and by the identity of
those stimuli (Figures 3B-3E). This suggests an interaction be-
tween social and spatial preferences for units in mouse PFC.
Therefore, we directly characterized the social and spatial com-
ponents for each of the units and classified them into mutually
exclusive sub-groups, each showing a unique socio-spatial
pattern of neuronal activity. To discuss the sub-groups, we use
the following terminology. “Social-place-remapping” describes
units that change their spatial firing pattern when the only change
in the environment is the presence of social stimuli (Figures 4A-
4G), resembling the global remapping phenomenon observed in
the hippocampus.”® “Social-place-coding” refers to units that
exhibit a clear spatial firing pattern only during the presence of
social stimuli (Figures 4H-4N). “Social-rate-modulation” de-
scribes units with no apparent spatial firing pattern, which
modulate their firing rate in the presence of social stimuli
(Figures 5A-5F). The fourth group, units with a “stable-spatial-
pattern” (Figures 5G-5M), includes units exhibiting similar
spatial firing patterns with or without social stimuli in the arena,
and the social effect on the activity of this group is assessed.

Place remapping of PFC units is induced by social
stimuli

For each single unit, we quantified the spatial Ml (as in Figure 3A)
for each of the three epochs separately. In one example unit
(spike waveforms and auto-correlation histogram (ACH) in
Figure S3A), the spatial positions of the mouse when every spike
occurred are presented over the trajectories during the three
epochs (Figure 4A). This unit fired more spikes near the right

Figure 4. Place remapping and place coding of PFC units are induced during the presence of social stimuli

(A-D) An example of a social-place-remapping unit recorded from the PL during an SP task. See Figure S3A for spike waveforms and ACH. (A) Spikes (red dots)
superimposed on trajectories (gray lines) taken by this mouse during the three epochs. (B) Rate maps: derived from the ratio between the spike count and the
occupancy time in every bin. Colors code the firing rate, from zero (dark blue) to the maximum during each epoch (dark red, indicated above each panel). (C)
Spatial MI during the pre-encounter (red), encounter (blue), and post-encounter (pink) epochs. Color-matched histograms (bin size, 0.01 bit) show the corre-
sponding Ml values derived from ISI-shuffled spike trains. (D) Rate over time during the three epochs (bin size, 10 s). Dashed thick and thin lines correspond to
mean + SEM over bins. Top: comparison of mean rates between epochs; ns/*“p > 0.05/p < 0.001, ISI-shuffling test.

(E) Distribution of the preferred stimulus for every task, and pooled over all tasks together (“Total”) of all 181 social-place-remapping units. Stim 1 is the “social”
stimulus, and Stim 2 is the reference animal (male, group-housed, non-stressed). For each stimulus, the unit number is indicated. Error bars, binomial errors.
(F) Prevalence of social-place-remapping units (k) out of the total number of units recorded from every PFC subregion (n). Error bars, binomial errors. pmc, Monte
Carlo-based odds of obtaining a social-place-remapping unit by chance. Dashed line, the population mean. *p < 0.01.

(G) Bias-corrected spatial Ml vs. social Ml values for all 181 social-place-remapping units. Py, Mann-Whitney U test p value. Red dot corresponds to the unit in
(A-D). Ellipse, 95% confidence interval. Plus sign, mean + SD. cc, rank-order correlation coefficient.

(H-N) All conventions are the same as in panels (A-G), but for the social-place-coding group of units. */**p < 0.01/0.001, chi-squared test.

Cell Reports 44, 116319, October 28, 2025 7



8

¢ CellPress

OPEN ACCESS

PR.E-ENCOUNTER

ENCOUNTER

POST-ENCOUNTER

12 [spikes/s] 4.5 spikes/s 12 spikes/s

Cell Reports

Cc

0.1
=2 |
3 "
T 005
o
o

0

0.06
Spatial M [bit]

0.12

Rate stability across epochs

3.3 spikes/s RMC: -047 013 056
" . —
Neutra 2
Q
X 10
o
9,
L
tressed gs AM/\ ﬂ |
0t T T T T T
E PR . . B F o o« 0 - \)\\@ o° 909\ o
Distribution across mPFC subregions (49 units) 10 - <«
py<le—4 e Time [s]
0.1 - wn= 3405 15796 151212 101305 6/422 cc=025,p=008 . 7
7/
—_ P <163, x*=2938 p<tes
c = 1
g E10"]
] =
— E 4
g 0.05 7 s ,
e 8 107 1 .7
o 2] 10 ’
E , 4
'
d
4
o - T T 1
10° 10" 10
Spatial Ml [bit]
G PRE-ENCOUNTER ENCOUNTER POST-ENCOUNTER |
. -
*. s LA LY .0 . f' o
:& R . 2
. : §
2
@ .8 .\ st 3 £
o s. : o
4 ¢ & 4
W (R LI v
. A o) 2 Re 07 14
. Swe U, . E; Spatial MI [bit]
H 'J - N . .
Rate Stability Across Epochs
9.8 [spikes/s] 11 [spikes/s] 10 [spikes/s] RMC: o 09 007  0.16
10 e
F Object f % 8
)
X 6
Q
2 4
)
Social T
- & 2
R=0 [spikes/s] 0 T
AR '5@ ooo“\ 6“° ?09‘ 9°°
K - Preferred stimulus (316 units) L Distribution across mPFC subregions M « Time [s]
Stim 1 10 qpu<le—4 ,
cc=033,p<le—4
55 0.23  wn= 63/405 140796 241212 24/305  65/422
= - P <Ted, 1?=18.9 p=0.001
x M 40 173 5 =107 A . .
S 44 = =3 o[
Zos5- 3 32 143 8 | TR = .
€ = =
£ = = ,
@ g. 0.11 .g , 4
= 21 2 San-3 4 Pl
) »10 L’
e v’
7’
4
7’
0- T T T 0- T T 1
SP SxP ESPi ESP O R Q> -3 -1
X i s Total bvg, PR R P 10 10 10

Cell Reports 44, 116319, October 28, 2025

Spatial Ml [bit]

(legend on next page)



Cell Reports

stimulus chamber during the pre-encounter and post-encounter
epochs (2,002/2,042 spikes, 98%), while preferring the left
chamber during the encounter epoch (780/889 spikes, 88%;
Figure 4A). The same pattern is evident in the corresponding
rate maps (Figure 4B). As shown in the rate map of the encounter
epoch (Figure 4B, middle panel), this unit showed spatial prefer-
ence for the side of the Lego (object) stimulus over the animal
(social) stimulus. To establish that the unit exhibits spatial mod-
ulation during all three epochs, the spatial Ml during each epoch
was compared to chance using ISI shuffling. The bias-corrected
spatial Ml ranged from 0.61 to 0.88 bits (p < 0.001 during all three
epochs; Figure 4C).

Next, the effect of the social stimuli on the mean firing rate of
the unit was quantified. For that, we compared the RMC values
for each pair of epochs (Figure 4D). The rate decreased after the
pre-encounter epoch (RMC = 0.24, p < 0.001; ISI-shuffling test)
and increased after the encounter epoch (RMC = -0.23,
p < 0.001). This suggests that this specific unit also exhibited a
rate modulation due to the presence of a social stimulus. Of
the 225/2,140 units that showed mean firing rate modulation
only during the encounter epoch (RMC analysis; Figure 3F), 19
units (10.5%) were social-place-remapping units.

The pattern of reversing spatial preferences during the presen-
tation of the social stimuli, i.e., the same preference during the
pre-encounter and post-encounter epochs but opposite prefer-
ence during the encounter epoch, was observed in 181/2,140
(8.5%) units. We refer to these units as “social-place-remap-
ping” units. This pattern is distinct from pure spatial preference
and suggests that the spatial remapping may be due to
the presence of social stimuli during the encounter epoch. Addi-
tional examples of social-place-remapping units, recorded from
different mice during the various social tasks, are presented in
Figures S4A-S4D.

The probabilities of all preferred stimuli during every task for all
181 social-place-remapping units were examined (Figure 4E).
Chi-squared tests were applied to each pair of probabilities to
estimate whether they differ, and no statistical difference was
observed across stimuli and tasks. This suggests that place re-
mapping is not a predominant shift to the side of the specific so-
cial stimulus, but is induced by the social context.

The distribution of units in the social-place-remapping group
among the different subregions of the PFC is presented in
Figure 4F. The analysis addressed two distinct questions. The
first question was whether the prevalence of social-place-re-
mapping units is as expected (regardless of a specific brain
site). To answer this question, we used a Monte Carlo technique
to derive a large dataset (20 repetitions, 2,140 units per repeti-
tion) from the original data but with ISI-shuffled spike times.
The exact same classification pipeline was used to estimate
the odds of obtaining a social-place-remapping unit by chance.
The mean prevalence of social-place-remapping units in the ISI-
shuffled datasets was 0/2,140, yielding a very low empirical
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probability (0, < 0.0001). Thus, when units from all subregions
are pooled together, the observed prevalence is higher than ex-
pected by chance. This indicates that although the prevalence of
social-place-remapping units is only 8.5%, it is substantial.

Second, we tested the null hypothesis that the prevalence of
social-place-remapping units among PFC subregions is uniform
(Figure 4F). We found that the distribution is not uniform (p =
0.002, chi-squared test). Rather, a dorsoventral decrease in
prevalence was observed from the dACC to the DP. Post hoc
analysis revealed an overrepresentation of social-place-remap-
ping units in the dACC (p = 0.003, binomial test). The analysis
was conducted by calculating a binomial success rate repre-
senting the probability of observing a social-place-remapping
unit in a given subregion, given a chance level (under the null hy-
pothesis, i.e., the population mean). We further compared repre-
sentations between two specific pairs of subregions: the PL vs.
IL and the DP vs. TTd. The PL and IL are the most studied sub-
regions of the rodent PFC and were linked by multiple studies to
distinct, sometimes opposite roles in various behaviors,
including social behavior.?® In contrast, the DP and TTd are rela-
tively unexplored regions often considered olfactory-related and
were recently linked to psychosocial stress®® and affective
behavior.®" In both cases, chi-squared tests were applied to
the prevalence of social-place-remapping units, and no statisti-
cal differences were found.

We calculated social and spatial Ml values to compare the so-
cial and spatial components of the social-place-remapping
units. For every unit, the spatial Ml was computed between the
spike train that spanned the entire three epochs and animal po-
sition (as in Figures 3B-3E, and 4C, yet for all three epochs
together). The social Ml was computed based on the same spike
train, but with a binary variable indicating whether there were so-
cial stimuli in the environment. Both MIs were de-biased to allow
fair comparison. Units that exhibit higher spatial Ml also exhibit
higher social Ml (cc, 0.28; p < 0.001, permutation test), with
higher spatial MI (median [IQR], 0.25 [0.12, 0.53] bit) than social
MI(0.04 [0, 0.21] bit; p < 0.001, Mann-Whitney U test; Figure 4G).

Thus, the group of social-place-remapping units demon-
strates the social aspect of spatial coding in two ways: by place
remapping, i.e., the change in neuronal spatial preference during
the encounter epoch only (observed in all 181 units), and by the
rate-modulation, i.e., the change in mean firing rate during the
encounter epoch only (observed in 19 units).

Place coding is induced in the presence of social stimuli

In another group, spatial coding was limited to the encounter
epoch. An example unit recorded during an SP task
(Figures 4H-4K and S3B) fired only a few spikes during the
pre-encounter and post-encounter epochs (Figures 4H and 4,
left and right panels). However, during the encounter epoch,
spikes were emitted in proximity to the social stimulus chamber,
but not near the object chamber (Figures 4H and 4l, middle).

Figure 5. Rate modulation is induced during the presence of social stimuli and PFC units with stable-spatial-preference over epochs
(A-F) An example (A-D) and population analysis (E-F) of the social-rate-modulation group of units. All conventions are the same as in Figures (4A-4D), (4F), and

(4G). **p < 0.0001, chi-squared test.

(G-M) All conventions are the same as in Figures (4A-4G), but for the stable-spatial-preference group of units.
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Figure 6. The distribution of social and spatial units exhibits a dorsoventral gradient along the PFC

(A) Partitioning all 2,140 units into “feature dependent” and non-feature dependent, according to the MI analysis.

(B) Distribution of feature-dependent units given a task using the same color code as in (A). Numbers indicate the total units recorded during every task. Error bars,
binomial errors. **/***p < 0.001/0.0001, indicating the probability of the corresponding social and spatial representations being similar.

(C) Same as (B) for PFC subregions. (D) Same as (C), partitioning units according to the distance from the brain surface. Mean + SD bin size, 0.14 + 0.05 mm.

Accordingly, the spatial Ml for this unit was above chance only
during the encounter epoch (p < 0.001; Figure 4J, blue histo-
gram). The mean firing rates were similar during the pre-
encounter and post-encounter epochs (0.13 and 0.12 spikes/s)
and higher during the encounter epoch (1.3 spikes/s;
p < 0.001; Figure 4K). We observed 140/2,140 (6.5%) units,
which we refer to as “social-place-coding” units (additional ex-
amples in Figures S4E-S4H).

Although both isolation and stress are associated with an af-
fective state, the distribution of the preferred stimulus across
tasks for the social-place-coding units showed an opposite
trend in the ESPi and ESPs tasks (Figure 4L). While the naive
stimulus (stimulus 2 in the ESPi task) was preferred in the ESPi
task, the stressed stimulus (stimulus 1 in the ESPs task) was
preferred during the ESPs task.

The null hypothesis that social-place-coding units distribute
uniformly among the PFC subregions was rejected (p = 0.032,
chi-squared test; Figure 4M). An over-representation of social-
place-coding units was observed specifically in the DP (31 so-
cial-place-coding units out of 306 units recorded from the DP;
p = 0.008, binomial test).

We found that the social and spatial Ml values of social-
place-coding units were correlated (cc, 0.6; p < 0.001, permu-
tation test). However, on a unit-by-unit basis, the social Ml
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(median [IQR], 0.047 [0.01, 0.19] bit) did not differ from the
spatial Ml (0.06 [0.02, 0.15] bit; p = 0.73, Mann-Whitney U
test; Figure 4N). Overall, we observed a group of PFC—spe-
cifically DP— units that exhibit spatial coding only when social
stimuli are present, with stimulus-specific preferences in the
ESP paradigms.

Rate modulation is induced in the presence of social
stimuli

The third group of units displayed spiking activity that was uni-
form in space during all three epochs, i.e., did not exhibit place
preference during any epoch. While the firing rates were similar
during the pre-encounter and post-encounter epochs, they
were distinct during the encounter epoch. Thus, these units
showed modulation of the mean firing rates, which was induced
only during the presence of social stimuli in the experimental
arena. We refer to this group as ‘“social-rate-modulation”
(Figures 5A-5F and S5A-S5D). Notably, this group is a subset
of the 225 rate-modulated units (Figure 3F, blue dots) that had
no spatial preference during any epoch. A total of 49/2,140
(2.3%) social-rate-modulation units were recorded. Of these,
31/49 (63%) showed a rate increase during the social encounter
epoch, while the firing rates of the other 18 decreased during the
social encounter.
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In an example unit (Figures 5A-5D and S3C) recorded during
the ESPs task, the firing patterns were distributed uniformly
across space during all three epochs. Nevertheless, the uniform
patterns exhibit low rates during the pre-encounter (mean, 4.5
spikes/s) and post-encounter (3.3 spikes/s) epochs (Figure 5B)
and higher rates (11.7 spikes/s) during the encounter epoch
(Figure 5D). The uniform patterns are corroborated by the low
spatial M| values during all three epochs (within chance levels;
Figure 5C).

By definition, the social-rate-modulation units do not have a
preferred stimulus. Their prevalence across tasks did not differ
from a uniform distribution (o = 0.23, chi-squared test). In
contrast, the distribution over PFC subregions differed
(p < 0.0001; Figure 5E). Specifically, social-rate-modulation units
were overrepresented in the IL, compared with the population
mean (p < 0.0001, binomial test; dashed line in Figure 5E) and
compared with the PL (p < 0.0001, chi-squared test). The in-
crease in social-rate-modulation units ventrally in the PFC
does not contradict the decrease of social-place-remapping
units in those subregions, as the two groups are mutually
exclusive.

Since the social-rate-modulation units exhibit low spatial infor-
mation values by definition, they may be considered the “most
socially oriented” among all previously described groups.
Indeed, almost all units in this group had higher social Ml (median
[IQR], 0.1 [0.07, 0.22] bits) than spatial Ml (0.02 [0, 0.06] bits;
p < 0.0001, U test; Figure 5F). The MI values did not correlate
with each other (cc, 0.25; p = 0.08, permutation test).

PFC units with stable-spatial-preference over epochs
Finally, we observed that some PFC units exhibit stable spatial
preference across the different epochs, akin to “classical” hip-
pocampal place cells. Over all mice and tasks, we found 316/
2,140 (14.8%) units with stable-spatial-preference. Examples
are shown in Figures 5G-5M and S5E-S5H. For each “stable-
spatial-preference” unit, spatial Ml was above chance during
all three epochs. Nevertheless, even in this spatial group, an
impact of the social stimuli was observed, as in 40/316 (13%)
of the units, epoch-dependent rate modulation was also
observed (RMC test, p < 0.05/3, Bonferroni corrected for multi-
ple comparisons).

In an example unit recorded during the SP task (Figures 5G-5J
and S3D), spiking activity (Figures 5G and 5H) was observed pre-
dominantly when the animal was at the bottom left corner of the
arena, during all three epochs. During all three epochs, spatial Ml
was higher than chance level (Figure 51). While the firing rate was
slightly higher during the encounter epoch (Figure 5J, blue), the
spatial M| was lower during this epoch compared with the two
other epochs.

At the group level, the distribution of the preferred stimuli
across tasks was more prominent only in the SxP task, where
the female stimulus side was preferred over the male (stimulus
1 in the SxP task; p < 0.0001, chi-squared test; Figure 5K).
This does not imply a causal link between the social stimuli
and spatial coding. That is, since the direct social effect cannot
be separated from the general spatial preference observed
already before the social encounter for the SxP units that ex-
hibited stable-spatial-preference.
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The odds of obtaining stable-spatial-preference units in all
subregions of the PFC were found to be above chance (mean
expected number: 0/2140; p,. < 0.0001; Figure 5L). The
distribution of these units among the PFC subregions differed
from uniform (p = 0.001, chi-squared test; Figure 5L). As in the
social-place-remapping group, subregion-specific prevalence
decreased dorsoventrally, with the lowest representation in the
DP (24/305 units). Comparing the subregion-specific probabili-
ties of observing a stable-spatial-preference unit to the popula-
tion mean showed under-representation in the DP (p < 0.001,
chi-squared test; Figure 5L) and the TTd (p = 0.002).

By definition, units in the stable-spatial-preference group ex-
hibited higher spatial Ml values (median [IQR], 0.33 [0.18, 0.59]
bit) compared with social MI (0.05 [0, 0.24] bit; p < 0.001,
U test; Figure 5M). The two MI values were correlated (cc,
0.33; p < 0.0001, permutation test). Nevertheless, many units
in the group exhibited a strong social effect, i.e., rate-modulation
during the encounter epoch; in some cases, the two Ml values
were similar. This resembles the rate-remapping phenomenon
observed in the hippocampus,®? where the place fields do not
shift but the rate changes. In the stable-spatial-preference
group, the rate modulation of 40/316 units may be due to the
presence of social stimuli in the arena.

The distribution of social and spatial units exhibits a
dorsoventral gradient along the PFC

Since a mixture of social and spatial patterns was observed in
the neuronal activity, we quantified the effect sizes at the popu-
lation level (2,140 units). For every unit, we compared the social
and spatial Ml values to shuffled values, obtaining two p values
(as in Figure 4G) that indicate whether the social and spatial Ml
were above chance (p < 0.05/2, Bonferroni correction for multi-
ple comparisons). If either Ml value was significant, the unit
was denoted “feature-dependent.” We found that 1,772/2,140
(82.8%) of the units were feature-dependent (Figure 6A).

Next, we classified the feature-dependent units as “social” or
“spatial” if only one p value passed the threshold. If both p values
passed, we classified the unit as “predominantly social” or “pre-
dominantly spatial” according to the higher Ml value. The hum-
ber of social units classified using this analysis (n = 206) was
very close to the number found by the RMC analysis (n = 225;
Figure 3F). Similar results were obtained using an independent
generalized linear model (GLM) analysis (Table S2).

The prevalence of feature-dependent social and spatial units
was analyzed according to social tasks and PFC subregions
(Figures 6B and 6C). For each analysis, the number of social
(or predominantly social) units was compared with the number
of spatial (or predominantly spatial) units. The numbers for
each category were scaled by the total number of social or
spatial units. We found that across tasks (Figure 6B), social units
were more prominent in the SxP (p < 0.001, chi-squared test) and
ESPs (p < 0.0001) tasks. In contrast, spatial units were more
prominent in the SP (p < 0.001) and ESPi (o < 0.0001) tasks.
This suggests an additional difference observed between the
two flavors of the ESP paradigm.

One of the most interesting results observed was the distribu-
tion of social and spatial units across the different PFC subre-
gions (Figure 6C). While the prevalence of social units increased
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gradually from the dACC to the DP, an opposite gradient was
observed dorsoventrally for the spatial units. The only region
that deviated from this pattern was the TTd, where the preva-
lence of social and spatial units appeared similar. Further, a clear
preference for spatial representation was observed in the dJACC
(p <0.0001, chi-squared test) and PL (p < 0.0001), and vice versa
for the IL cortex (p < 0.0001) and the DP (p < 0.0001). This corrob-
orates the independent analyses carried out for each group
(Figures 4F, 4M, 5E, and 5L), suggesting a gradient of social
vs. spatial representation across the dorsoventral axis of the
PFC. Similar results were observed while grouping units accord-
ing to distance from the brain surface (Figure 6D). Specifically,
the prevalence of spatial units was higher in closer to the surface,
and vice versa for the social units (excluding the deepest area).

Overall, the findings indicate opposing social and spatial cod-
ing gradients along the dorsoventral axis of the mouse PFC, with
spatial coding decreasing and social coding increasing dorso-
ventrally from the ACC to the DP.

DISCUSSION

Space representation by cognitive maps in the brain was exten-
sively explored during the last half-century.®*** Research re-
vealed many functional cell types encoding various spatial fea-
tures, including place, grid, border, head direction, and object
vector cells. These cell types were primarily observed in the hip-
pocampal formation.>®> More recently, a growing body of evi-
dence suggests spatial neuronal representations in brain regions
beyond the hippocampal formation.>® Specifically, multiple
studies associate spatial memory with the PFC.%"* This fore-
brain region is involved in decision-making and trajectory plan-
ning,'®'" as well as in social and emotional behaviors in general
and specifically in recognizing affective states or others.??:?*:

The organization of space according to social considerations
is crucial for the survival of any species, including humans.*°
This ability underlies socially based spatial decision-making,
such as planning a trajectory among individuals and aiming to
hold or avoid specific social interactions.’” Moreover, socio-
spatial abilities are crucial for territorial behavior,'* where an in-
dividual claims an area and defends it against conspecifics.*’
Territorial behavior requires dividing space into self-territory
and the territories of other individuals, requiring the integration
of social and spatial information in the brain. Notably, seminal
work®® demonstrated that nucleus accumbens-projecting PL
PFC neurons encode a combination of social and spatial infor-
mation during navigation within a social context.

Here, we analyzed neuronal activity over the dorsoventral axis
of the PFC while the recorded mice conducted several distinct
social discrimination tasks. Notably, while the social context var-
ied between tasks, the spatial context remained fixed. The
various observed distributions of neuronal spatial preferences
support context-dependent representation of the space by
PFC neuronal activity.*?

Multiple single units changed their spatial firing pattern specif-
ically during the social encounter epoch, suggesting a direct
relationship between the two factors. We classified the units ac-
cording to the type of change observed in their firing patterns. In
one group of PFC units (Figures 4A-4G), spatial modulation re-
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mapped during the encounter session, exemplifying how the
presence of conspecifics may alter the representation of space.
In a second group of PFC units (Figures 4H-4N), the spatial pref-
erence was evident only during the social encounter epoch. A
similar social code of others, which differs from self-place cod-
ing, was reported in the bat hippocampus'' and CA1 of female
mice.'? Interestingly, units in this group had distinct preferences
for different affective states. This finding aligns with our previ-
ously reported results, where male mice distinguish between
stressed and isolated conspecifics.?*

In the third group of PFC units, no spatial modulation was
observed (Figures 5A-5F), but rate modulation occurred only
during the encounter epoch. These changes can be thought of
as a binary indicator for whether social stimuli are apparent in
the environment. This group was prominent mainly in the IL cor-
tex, suggesting anatomical specialization. The fourth PFC group
(Figures 5G-5N) included units resembling hippocampal place
cells. These neurons were more spatial than social, but the firing
rate of some units was modulated during the presence of social
stimuli, resembling the rate-remapping phenomenon observed
in the hippocampus.®” Like the first group, the anatomical repre-
sentation decreased dorsoventrally, with the lowest prevalence
in the DP, even as compared with the TTd. Notably, the DP
and TTd, which are often analyzed together,**" exhibited
distinct characteristics throughout our study. The fact that the
TTd was not an integral part of the dorsoventral gradient may
reflect its association with olfactory regions that receive direct in-
puts from the olfactory bulb, including the adjacent anterior ol-
factory nucleus.*® In contrast, the DP, which does not receive
such inputs,” was an integral part of the PFC dorsoventral
gradient.

Overall, a mixture of social and spatial encoding schemes was
observed (Figure 6), demonstrating various types of socio-
spatial modulations in firing patterns, some of which were stim-
ulus-specific. Further research is required to determine whether
single units are context-specific, for instance, by recording the
same units during multiple tasks.

One of the most interesting observations of this study was the
gradual change in the social and spatial components of firing
patterns along the dorsoventral axis of the PFC (excluding the
TTd; Figure 6C). While spatial units were more prevalent in
dACC and PL, the prevalence of social encoding units was
higher in IL and DP. This dorsoventral gradient in social vs.
spatial information was observed not only for each of the four
mutually exclusive groups (Figures 4 and 5) but also when all
units were analyzed together and in two distinct manners
(Figures 2E and 6C). The fact that the correlation between behav-
ioral and neuronal representations exhibited the same gradient
as the neuronal representation of space strongly supports the
existence of anatomical-functional specialization. This conclu-
sion is further supported by the results obtained when analyses
were conducted according to distance from the brain surface
(Figures 2F and 6D). Further, the gradients observed included
the DP but not the TTd. This supports the contention that the
DP and the TTd are functionally distinct.

A dorsoventral functional gradient in the mammalian PFC was
associated with a general distinction between the “what” and
the “where” already in 1983.%° Ever since, a growing body of
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work reported a similar gradient with different aspects of
behavior and cognition (for comprehensive reviews, see Jabarin
et al.”* and Heidbreder et al. “°), including attention to memory,*”
behavioral inhibition,*® and decision making.”® Notably, in accor-
dance with our results, a recent study revealed that spatial Ml is
higher for units recorded in the dorsal vs. the ventral PFC.*” The
findings of the previous work,*’ focusing on spatial representa-
tion, compared spatial M|l between two PFC parts, dorsal and
ventral. Here, we complemented and extended these findings
by focusing on socio-spatial representation and showing a
gradient along five PFC subregions, as well as over distance
from the brain surface, of both spatial and social MI.

Functional electrophysiology studies are supported by
anatomical work, showing a gradient of PFC connections with
the other brain regions. Specifically, the ventral PFC is con-
nected more strongly to limbic structures and neuromodulatory
centers, whereas the dorsal PFC is connected to motor and pre-
motor areas.’®°° These studies support the interpretation that
ventral PFC subregions are more specialized for emotional con-
trol, whereas dorsal subregions are more specialized for the con-
trol of actions. Our results support this contention, suggesting
that emotional social encoding is more prominent in ventral
PFC, while spatial encoding, which is related to the control of ac-
tion, is more prevalent in the dorsal PFC.

Limitations of the study

Several limitations of this study should be discussed. First, the
mice were socially isolated after the implantation surgery,
which may influence their behavior. However, our previous
studies showed that acutely isolated mice perform the social
discrimination tasks used here very similarly to group-housed
mice.?***

Second, the mice underwent brief (5-10 s) isoflurane anes-
thesia during connection to the recording system, followed by
a 10-min habituation period before every recording session.
This procedure is routinely used for electrophysiological and fi-
ber photometry recordings to prevent animals from struggling
during connection to the recording system.?~>* While we have
never noticed changes in social behavior following the isolation
and isoflurane anesthesia procedures, the light anesthesia pro-
cedure may affect the recorded neural activity. Notably, the so-
cial behavior of the recorded animals, as carefully measured us-
ing unbiased computational methods,®’ was identical to the
behavior measured from unimplanted animals.>?

We used a red LED to illuminate the experimental arena,
although mice cannot see red well. As nocturnal animals live in
burrows, most of their natural social interactions are in the
dark. Moreover, it was reported that in semi-natural conditions,
laboratory mice show more social approach behavior in the
dark phase, while spending more time in huddling during the light
phase.®® For these reasons, we are cautious in conducting all so-
cial behavior experiments in the dark phase under dim red light
that does not disturb the circadian cycle of the animals or cause
any light-driven anxiety.

Another limitation is the relatively small size of the arena and
the relatively short duration of each epoch recorded, which re-
stricts the amount of data collected. This reduces the ability to
clearly identify the place fields of spatial units. To mitigate this
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limitation, we identified spatial units by comparing their spatial
MI to chance MI generated by ISI shuffling each spike train
while keeping the same behavior. This yielded 497/2,140
(23%) spatial units, which is similar to the prevalence of spatial
representation reported in other PFC studies (e.g., 21% in
Maisson et al.*?).

Afinal limitation is that the sides of the stimuli, which were cho-
sen randomly, were not swapped for a given mouse. This may
make it difficult to fully separate the social and spatial aspects
conjugated in the spiking activity of an individual unit and raises
questions about the causality between the social stimuli and the
observed remapping patterns. Nevertheless, our results repeat-
edly showed gradual patterns along the PFC using a large data-
set of well-isolated units. Therefore, at the population level, our
results can at least form a lower bound for socio-spatial gradi-
ents and interconnections in the PFC.

Overall, the results presented here shed new light on the dy-
namics of the social representation of space in the mammalian
brain, which is crucial for social behavior in general and territorial
behavior in particular.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Ketamine Zoetis Inc. Spain 507340
Isoflurane Piramal Critical Care Inc., USA 105-52-28997-00
Duratears Alcon Couvreur N.V., Belgium 109-33-24050-00
Dental Cement Unifast, GC America GC-5150316
Meloxicam Norbrook Laboratories Ltd, Ireland 150-41-33607-00
Baytril 5% Elanco Animal Health GMBH 082-15-91819-00
Paraformaldehyde Sigma 818708

DAPI (fluoroshield with DAPI) Abcam ab104139

Dil Stain (1,1’-Dioctadecyl-3,3,3',3'- Sigma 42364

Tetramethylindocarbocyanine
Perchlorate)

Deposited data
Zenodo -

https://doi.org/10.5281/zenodo. 16949237

Experimental models: Organisms/strains
CD-1 Envigo RMS, Israel N/A

Software and algorithms
Track Rodent Netser et al.”" https://doi.org/10.3791/60336

Deeplabcut Mathis et al.>® https://doi.org/10.1038/S41593-018-0209-Y
Kilosort 2.5 https://github.com/MouselLand/Kilosort -

Phy https://github.com/cortex-lab/phy -

In-house MATLAB custom code - -

FlyCapture2 FLIR FlyCap2Viewer_2.13.3.61_x64.exe
SpikeGLX https://billkarsh.github.io/Spike GLX/ Release_v20220101-phase30

Universal Probe Finder Montijn et al.*® https://doi.org/10.1101/2022.06.20.496782
Other

Neuropixels 1.0 PXle acquisition system IMEC, Belgium PXle_1000 + HST_1000

PXle-1071 Express Chassis instrument National Instruments PXle-1071

PXle-6341 card National Instruments PXle-6341

Flea3 USB3 camera FLIR FL3-U3-13E4M-C

Neuropixels 1.0 probes with cap IMEC, Belgium PRB_1_4_0480_1_C

In-house custom-made 3D-printed probe holder - -

silver wire A-M Systems, Carlsborg, WA =

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

The subject mice were five adult male ICR (CD-1, 8-18 week-old; Envigo RMS, Israel) mice (32-38 g). Stimulus mice were adult
male and female ICR (CD-1, 8-18 week-old). Because we used only adult male ICR mice as experimental subjects, future work
is required to generalize the study to other age, sex, and strains. Animals were kept in groups of 2-5 sex-matched animals per
cage, with two exceptions. First, animals implanted with Neuropixels probes were kept isolated in a separate cage to keep their
implants intact. Second, stimulus mice for the ESPi task were isolated 1-2 weeks before the experiment. All animals were housed
at the animal facility of the University of Haifa under veterinary supervision, in an inverted 12 h light-dark cycle (lights on at 9 p.m.),
with free access to water and food (standard chow diet, Envigo RMS, Israel). All experiments were performed according to the
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National Institutes of Health guide for the care and use of laboratory animals and approved by the Institutional Animal Care and Use
Committee of the University of Haifa (IACUC #UoH-IL-2301-103-4).

Experimental setup

Experiments were conducted during the dark phase of the dark/light cycle (human daytime) in a sound- and electromagnetic noise-
attenuated cabinet (60 x 65 x 80 cm; L x W x H) grounded to the ground of the recording system and illuminated by a dim red LED
strip placed at the top of inner walls of the cabinet.

The experimental setup®’ consisted of a black Plexiglas arena (37 x 22 x 35 cm) placed in the middle of the cabinet. To introduce
the animal or Lego toy stimuli, two black Plexiglas triangular chambers (right-angled isosceles, 12 cm sides, 35 cm height) were
placed at two randomly selected opposite corners of the arena. A metal mesh (12 x 6 cm, 1 x 1 cm holes) placed at the bottom
of the triangular chamber allowed direct interaction of the implanted animal with the stimulus. A monochromatic camera (resolution,
1280x1024 pixels; mean + SD frame rate, 30.02 + 0.05 fps; Flea3 USB3, FLIR) equipped with a wide-angle lens was placed at the top
of the acoustic cabinet and connected to a computer, enabling a clear view of stimulus chambers and the floor of the arena while
recording subject behavior using commercial software (FlyCapture2, FLIR).

METHOD DETAILS

Behavioral paradigms

For every animal, the order of the tasks was randomized between days. Each animal participated in four tasks that included
different stimulus sets (social contexts), two in the morning and two in the afternoon (Table S3). All stimuli used for each mouse
were novel. Every task was considered a separate session. Before the first session, the recorded animal was placed for 5-10 s
in a glass container containing a cotton swab with a drop of isoflurane to prevent the subject from struggling during the connection
of the recording cable. The connected mice were then placed in the arena for a habituation period of 10 min. Then, two sessions
were performed consecutively, separated by a 10-min interval. Each session (task) lasted 15 min and included three epochs: a
5-min pre-encounter epoch with an empty chamber, a 5-min encounter epoch with stimuli in the chambers, and an additional
5-min post-encounter epoch with empty chambers. Social stimuli were located in their chambers outside the acoustic cabinet
for acclimation throughout the time before the encounter epoch. The full details of all experimental sessions and the timeline
are presented in Table S3.

Social preference (SP) task

After the 5-min pre-encounter epoch, the two empty triangular chambers were replaced with chambers containing the social (adult
male group-housed mouse) and object (Lego toy) stimuli, and the SP task was conducted for 5 min. Then, the stimulus-containing
chambers were replaced with empty chambers for the 5-min post-encounter epoch.

Sex preference (SxP) task
The SxP task was conducted precisely in the same manner as the SP task. The only difference was that the second stimulus was an
adult female mouse instead of a Lego toy.

Emotional state preference (ESP) tasks

The ESP tasks were conducted as the SP and SxP tasks, with the difference that the second stimulus was an additional male mouse
associated with an affective state. These affective stimuli mice were either a socially isolated (1-2 weeks) animal, yielding the ESP
isolated (ESPi) task, or a stressed animal, yielding the ESP stressed (ESPs) task. The latter were stressed by confinement to a
50 mL tube pierced with multiple ventilation holes for 15 min immediately before being introduced into the triangular chamber for
5 min of habituation, followed by stimulus introduction to the arena.

Surgery

For chronic electrophysiology experiments, every animal was implanted with a single Neuropixels 1.0 probe (NP1,
#PRB_1_4_0480_1_C; IMEC, Belgium). The probe was assembled in a custom-made 3D-printed holder, and the reference and
ground wires were soldered to the insulation-stripped ends of silver wires (ID, 127 pm; 300-500 Q; A-M Systems, Carlsborg,
WA). Before surgery, the probe shank was soaked in fluorescent Dil (42364; Sigma-Aldrich) for 10 min. The mice were anesthetized
by isoflurane (induction 3%, 0.5%-0.8% maintenance in 200 mL/min air; SomnoSuite) and placed over a custom-made heating
pad (37°C) under a stereotaxic device (Kopf Instruments, Tujunga, CA). Two watch screws (0-80, 1/16") were inserted into the tem-
poral bone to support the custom NP1 holder with dental cement. For implantation, the probe-containing holder was attached to a
stereotaxic arm and centered at ML -0.4 mm, AP -1.9 mm relative to bregma after drilling the skull at this site to expose the dura
(diameter, 0.5 mm). To angle the probe in two axes, the skull was given a pitch angle of 5° by raising the bregma 0.5 mm with
respect to lambda, and a roll angle of 10° by rotating the snout holder. The reference and ground wires were inserted into respec-
tive burr holes drilled into the bone above the right hemisphere. Then, the probe was lowered to DV -4.6 mm, relative to bregma, at
arate of about 0.01 mm/s. A 50:50 w/w mix of petroleum oil and bone wax jelly was heated and poured gently to fill the craniotomy.
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Dental cement was applied to the base of the NP1 holder and the two skull screws. The mice were injected with meloxicam (10 mg/
kg) and enrofloxacin (15 mg/kg) to relieve pain and prevent infections for three days following surgery. Experimental sessions
began four days after surgery.

In vivo electrophysiological recordings

All experiments were conducted in the experimental arena. Data from the NP1 probe were written into two separate binary files: one
containing a high-pass filtered signal (“action potentials”: 0.3 to 10 kHz band, 30 kHz sampling rate, x500 gain); and another con-
taining a lower band signal (“LFP”: 0.5-500 Hz band, 2.5 kHz sampling rate, x250 gain). Data were digitized on the headstage
(10 bits, digitization range, 2.34375 pV/bit) using SpikeGLX (https://billkarsh.github.io/SpikeGLX/) through an IMEC board installed
within a PXle-1071 Express chassis (National Instruments). The camera timestamps were recorded through a PXle-6341 card
installed within the same chassis (National Instruments) at 25 kHz to synchronize the video with the neural recordings.

QUANTIFICATION AND STATISTICAL ANALYSIS

Markerless pose estimation

DeeplLabCut (DLC®®) software v.2.3.5 was used to track the positions of the mice during various tasks. The training set included 2379
frames (sampled at 30 fps) from 6 out of 20 sessions. The following body parts were marked manually, by a single experimenter
(ANM), in each frame of training data: Left_ear, Right_ear, Nose, Center (of the neck), Lateral_left (of the body), Lateral_right (of
the body), Tail_base, and Tail_end. The model was trained by 2 million iterations with the default DLC parameters (training frames
selected by K-means clustering of each of the six videos, trained on 95% of labeled frames, initialized with dicrnet_ms5, batch
size of 8). The subject’s position was estimated using the center of the head (“Head_Center”), which was calculated as the center
of the triangle composed of three body parts: the left ear, the right ear, and the nose.

Spike detection and sorting

Spiking band data acquired from SpikeGLX (high-pass filtered binary files, 0.3-10 kHz) were sorted into spike clusters automatically
using Kilosort 2.5 (KS 2.5, https://github.com/MouselLand/Kilosort). The sorted spikes were manually curated, and noise clusters
were removed using phy (https://github.com/cortex-lab/phy). Single-unit candidates were identified by eye according to the
following criteria: Less than 0.1% of spikes had ISIs shorter than 2 ms, and spike waveforms appeared to be consistent with a single
unit. Waveforms, auto-correlation histograms, and cross-correlation histograms of nearby units were compared to verify visually that
no two clusters corresponded to the same neuron. Units that did not pass these criteria were tagged as multi-units. Out of the initial
databases of 4189, the manual curation process yielded 2975 single-unit candidates.

Cell quality analysis
Next, to quantify the isolation quality of the single-unit candidates, we employed four metrics (Figure S1).

(1) Mean firing rate. The mean firing rate during the entire session (15 min) was required to be at least 0.1 spikes/s, corresponding
to at least 90 spikes per session.

(2) Trough-to-peak magnitude. We only considered units with a trough-to-peak of at least 50 pV. If the unit was a positive uni
we considered peak-to-trough magnitude instead.

(3) Temporal isolation. We quantified temporal isolation using the ISI-index,?® where ISI1 and ISI2 are the edge values of 2 ms and
20 ms, respectively. Thus, this value was used as a clear refractory period threshold (count in the first 2 ms below 0.2 of the
expected count given the counts in the first 20 ms). A threshold of below 0.2 was applied to the ISI index.

(4) Morphological isolation. We quantified waveform isolation using the L-ratio.?” For that, we used the principal component co-
efficients calculated by phy, three per channel. A threshold of below 0.05 was used for the L-ratio.

t57

Overall, a total of 2140/2975 units passed all four criteria.

Histology and probe track imaging

Following the termination of experiments, each implanted mouse was anesthetized with isoflurane (induction 3%, 0.5%-0.8%
maintenance in 200 mL/min air) and attached to the stereotaxic device. The NP1 probe was carefully removed from the head
and cleaned with 2% Targazyme for one hour, followed by rinsing three times with distilled water for reuse. The mouse was
removed from the stereotactic device and injected with Ketamine (90 mg/kg) and Xylazine (10 mg/kg) intraperitoneally to prepare
for perfusion. The mouse was then perfused with 0.1 M/pH 7.4 phosphate-buffered saline (PBS) and fixed using a 4% paraformal-
dehyde (PFA, Sigma) solution. The brains were harvested and placed in PFA (4%) for 48 h and sectioned at 50 pm in the coronal
plane (VT1200s, Leica). The slices were mounted onto microscope slides with DAPI (F6057, Merck). Images of subject brain slices
were acquired to locate probe tracks in an epifluorescence microscope (Ti2 eclipse, Nikon) equipped with a blue filter for DAPI
staining and TRITC for Dil marks.
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Brain area registration based on histology

Using the software Universal Probe Finder (UPF®%), each recorded unit was registered with respective brain regions according to the
Common Coordinate Framework (CCF; Allen Institute®®). The histology images were overlaid using the UPF GUI with CCF outlines,
and probe tracks were drawn to mark the recorded regions. The UPF outputs included the probe implant location, as well as the
depth and the location of every spike cluster. The original UPF code was modified to extract the spike data as well as the camera
strobe timestamps using UPF outputs, SpikeGLX outputs (LF and nidq meta files), probe map, KS 2.5, and phy sorted data.

Firing rate by position maps
From this point onwards, all analyses were carried out using custom code written in MATLAB. The “Head_Center” coordinates from
DLC, given in pixels, were converted to a position in the arena in cm units. Times during which the mouse moved slower than 1 cm/s
were discarded, leaving a median [IQR] of 12.29 [11.67 13.1] min for every session (N = 20 sessions). Then, the trajectory and spike
positions were binned using a 3 x 3 cm grid and smoothed using a symmetric 2D Gaussian kernel (SD, 3 cm) to obtain occupancy and
spike count maps. A bin-by-bin division of the smoothed spike count matrix by the smoothed occupancy matrix yielded a firing rate
map for every unit. The firing rates, which depend on occupancy times, were employed as opposed to the spike counts to enable
comparable analyses even when the investigation times of the two stimuli were not time-matched.

For presentation purposes (Figures 4B, 5H, and S4A-S4D, and S5E-H), the rate maps were color-coded from zero (dark blue) to the
maximal firing rate of each unit (dark red). In some cases (Figures 41, 5B, S4E-S4H, and S5A-S5D), the same color code was used for
multiple rate maps to better visualize the results. Bins in which the mouse spent less than 1 s were colored white in the figures.

Inter-spike interval shuffling test

We performed an ISI-shuffling test for each unit to compare some of our observations to what may be observed by chance. First, we
derived a statistic (e.g., spatial Ml, social MI, RMC) from the original spike train. Then, we obtained 5,000 shuffled spike trains from the
original spike train of the unit, without changing the behavioral data. In every repetition, we randomly permuted the ISls of the unit and
created a new, ISI-shuffled spike train. We then applied the exact same analysis, deriving a shuffled statistic. We then determined the
empirical probability to obtain the original statistic from the distribution of the shuffled statistics.

Asterisks definitions
In all statistical tests throughout this paper, asterisks denote p-value thresholds as follows: *: p < 0.01; **: p < 0.001; ***;p < 0.0001;
ns: p > 0.05.

Behavioral vs. neuronal preferences in socio-spatial space
The duration of the investigation bouts of each subject with every stimulus was estimated using the TrackRodent software®"). Cor-
responding durations were extracted for the pre-encounter epoch, based on the interaction times with the empty stimulus chambers.
The procedure yielded four duration values, two for the pre-encounter epoch (next to each empty chamber; T1 and T2 in Figure S2A),
and two for the encounter epoch (next to each stimulus chamber; T1’ and T2’ in Figure S2A). These values across mice and tasks are
shown in Figure S2B. These were then used to calculate each unit’s behavior contrast index (BCI) as described below. As additional
behavioral statistics, we also show the total distance traveled and the number of transitions between stimulus chambers (Figures S2C
and S2D).

First, for each epoch separately, we calculated the Kullback-Leibler divergence (Dx,) between the distributions of the observed
times spent next to each chamber and uniformly distributed durations. Specifically, for the pre-encounter epoch, the observed dis-

T T2
T1+T2’ T1+T,

encounter epoch, Dy, Pee"°°U"e" was calculated using:

DKLPre —encounter —_ 22: pi . / o 92 (% )

i=1

tribution was: p = [ ] For the same epoch, the uniform prior was g = [0.5,0.5]. Then, the KL divergence for the pre-

A corresponding value was estimated for the encounter epoch, namely Dy, ®"°°“"®". The two were then averaged, yielding the
Dk, 5P3%, quantifying “how spatially-oriented was the behavior”. This estimate quantifies how the investigation durations of the stim-
ulus chambers differed between the pre-encounter and the encounter epochs. For instance, if a specific chamber was investigated
for a similar, longer fraction of the investigation durations during the two epochs, it is considered a spatial behavior independent of
stimuli in the chambers.

Second, for each chamber separately, we calculated the Dy, with respect to a uniform prior for the duration of time spent next to
that specific chamber during each epoch, normalized by the total investigation time of that chamber in both epochs. E.g., for chamber
1 the observed distribution was: p = [T‘Z—‘n,%‘n] . For the same epoch, the uniform prior was g = [0.5,0.5]. Using these distributions,
we calculated Dy, “"*™°®"" . Then, a corresponding Dy *"™®™® value was estimated. These values were then averaged to obtain
D %°%@ quantifying “how socially-oriented the behavior was”. This estimate quantifies how much the exploration durations of
each stimulus chamber were modulated during the presence of the social stimuli, averaged for both stimuli. For instance, if both
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chambers were uniformly investigated with no stimuli in them (i.e., in the pre-encounter epoch), and one of them was investigated for
a longer duration during the social encounter, it is considered a social behavior independent of the specific stimuli position in the
experimental arena.

The BCI was defined as the contrast between the above two estimates, namely the difference between spatial Dk, and the social
Dk, divided by the sum. The BCI ranges from —1 for purely social behavior to 1 for purely spatial behavior. BCl was calculated for
each recording session separately, obtaining 20 BCI values, one for every session.

Then, to compare the behavioral preference with a corresponding neuronal metric, we calculated an equivalent index for the
spiking activity of every unit, the neuronal contrast index (NCI). For each epoch separately, we counted the number of spikes in prox-
imity to each stimulus chamber. These yielded four spike-count values for the two stimulus chambers and the two epochs (S1, S2,
S1°, and S2’ in Figure S2A). Then, the social and spatial Dy, values were calculated as described above for the BCI, measuring Dy,
between the observed spike count probabilities and a duration-based prior, derived from T1, T2, T1/, and T2'. Specifically, for

computing the neuronal Dy, *°2%' during the pre-encounter, we used p = [%,%] as the spike counts probability, and g =

[%, %} as the duration-based prior. Similar calculations were done to get the neuronal Dy, 5°°® for each chamber and for
each epoch as described for the BCI. This procedure yielded neuronal Dy, and neuronal Dy $°°? estimating “how spatially-ori-
ented” and “how socially-oriented” the neuronal activity was. The contrast between the neuronal Dy, 3°°® and Dy, S*2% values was
calculated for every unit, yielding the NCI. This value ranges from —1 to 1, corresponding to purely social to purely spatial neuronal
activity.

To quantify the relationship between the BCI and NCI (as shown in Figures 2A-2D), Spearman’s rank correlation coefficient (cc)
was calculated. Significance was determined using a permutation test.

Last, we assessed the dorsoventral slope of the BCI-NCI cc across PFC subregions (Figure 2E) and bins of distance from the brain
surface (Figure 2F). For the latter case, we divided the distances from the brain surface of all 2140 units into 24 equally-populated bins
(89 or 90 units per bin). Then, we calculated the mean and SEM of subregion- or bin-specific cc by bootstrapping the data 100
times.®® Then, we fitted a line to the mean values using the fit.m function of MATLAB, and calculated the slope of this line. To deter-
mine if the absolute value of the slope is larger than can be achieved by chance, we randomly permuted the labels (subregion or bin)
across units. Repeating the label permutation process 1000 times yielded a distribution of slopes, from which the empirical proba-
bility was derived.

spatial

Spatial preference analysis

To decide whether a unit had a spatial preference in proximity to one of the stimulus chambers, we calculated for each epoch sepa-
rately the spatial MI°° and compared it to shuffled values (ISI shuffling test; 5000 repetitions) to get a p-value for spatial modulation.
Because Ml is non-negative, it is necessarily biased when assessed using a finite sample. The mean of the shuffled Ml values was
used as an estimate of bias, which was subtracted from the raw estimate.®’ Units with an epoch-specific p-value below 0.05/3 (Bon-
ferroni correction for multiple comparisons) and spatial MI above 0.1 bits were considered spatially modulated during that epoch.
Then, for the spatially modulated units, a 2D Gaussian was fitted to the rate map of the relevant epoch (using fitgmdist.m,
MATLAB), and the fitted Gaussian mean was considered the center of mass of that place field. The spatial preference of the corre-
sponding unit and epoch was then noted according to which stimulus chamber was closer to that center of mass (an example is
shown in Figure 3A).

Rate modulation contrast (RMC)
For each unit, we calculated the mean firing rate during every epoch. For each pair of epochs, we calculated the RMC, an index
defined as the difference divided by the sum of each pair of mean rates. The RMC values range from —1, if the second rate is
much larger than the first, to 1 in the opposite case. A value of 0 indicates that the means are equal. The RMC of every unit during
every pair of epochs was compared to 5000 corresponding ISI-shuffled RMCs, yielding an empirical p-value. Pairs of epochs with
p < 0.05/3 (Bonferroni correction for multiple comparisons) and with |RMC|>0.05 were considered as exhibiting inter-epoch rate
modulation.

For the “rate modulation” criteria (Figures 3F and S6), we used units in which the rate was modulated from the pre-encounter to the
encounter epoch, and from the encounter to the post-encounter epoch (according to the criteria above; i.e., the absolute value of
each RMC was above 0.05), with an absolute sum of the two RMC values smaller than 0.05.

Classification of units into groups

We looked for modulation patterns associated with the encounter epoch to classify units into groups. Using the above definitions for
spatial preference (spatial Ml) and inter-epoch rate modulation (RMC analysis), we classified 686 of the 2140 single units into one of
four mutually exclusive groups: (1) Units that exhibited spatial modulation during all three epochs (significant spatial Ml), a preferred
side during the encounter epoch, and preferred the opposite side during the two other epochs, were classified as “social-place-re-
mapping” (e.g., Figures 4A-4G, and S4A-S4D). (2) Units that exhibited spatial modulation only during the encounter epoch, and were
not spatially modulated during the two other epochs, were classified as “social-place-coding” (e.g., Figures 4H-4N and S4E-S4H).
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(3) “social-rate-modulation” units (e.g., Figures 5A-5F and S5A-S5D) were units that were classified to the “rate modulation” criteria,
and did not exhibit spatial modulation during any epoch. (4) Units that exhibited spatial modulation during all three epochs, and
preferred the same side during all epochs, were classified as units with "stable-spatial-preference" (e.g., Figures 5G-5M and
S5E-S5H).

For each of the four groups (except for the “social-rate-modulation” units), we calculated the probability of units to have a preferred
stimulus in a specified task (Figures 4E, 4L, and 5K) using the spatial preference analysis for the encounter epoch only. To test
whether the representations of each stimulus given a task were uniform, we used a Chi-squared test with a threshold of p < 0.05/
4 to correct for the multiple comparisons (4 tasks). A similar analysis compared the probability of the different stimuli being preferred
among the different PFC subregions regardless of cell group (Figures 3B-3E).

Brain subregion analysis
For each group of units, we calculated the probabilities of units among the different PFC subregions (Figures 4F, 4M, 5E and 5L). We
used Monte Carlo resampling to test whether the probability of observing units classified into a given group is expected by chance.
For each of the 2140 single units recorded, we ISI shuffled the spike times (20 iterations) and repeated the entire cell classification
process described above. Thus, we obtained the distribution of chance classification of the 2140 units into the four groups (or to
none) by chance. We used the mean Monte Carlo-derived prevalence as each group’s chance level, and used a normal approxima-
tion of the corresponding SD to obtain an empirical p-value (Pmc) indicating the chances to obtain the corresponding prevalence by
chance.

To determine whether units are distributed uniformly between PFC subregions, we performed a Chi-squared test, testing the null
hypothesis that the prevalence of units in a given group across subregions is uniform. The same approach was used to compare the
portions of units for specific subregion analyses: in the PL vs. the IL and the DP vs. the TTd.

Social and spatial information analysis
We performed the following analysis to evaluate and compare the social and spatial contributions to the social representation of
space.

For each unit, we computed social and spatial Ml values, which were measured in units of bits. For each spike train, spikes from all
three epochs of the session were included. Spatial Ml was estimated between firing rates and position (binned into 3 x 3 cm,
smoothed by a Gaussian kernel of 3 cm in width, yielding a total of 30 bins on average for every unit). Social Ml was estimated be-
tween firing rate and a binary variable stating whether there were or were not stimuli in the arena (0 for the pre-encounter, 1 for the
encounter, and 0 for the post-encounter). We also estimated the speed MI between the firing rate and the speed of the mouse (based
on the magnitude of the first temporal derivative of the mouse’s position). For the latter case, we found the speed MI much lower than
the other Mls for almost all units and discarded speed from the analysis. Both the spatial and social MIs were de-biased by subtract-
ing from them the mean ISI-shuffled corresponding Mls to allow a fair comparison between them despite their different number of
bins (Figures 4G, 4N, 5F, and 5M).

This analysis was also for the feature-based classification of units into “socia predominantly social”, “spatial” and “predom-
inantly spatial” as shown in Figure 6. We used this feature-based classification to compute the prevalence of social and spatial units
across the different tasks (Figure 6B), subregions of the PFC (Figure 6C), and distance from the brain surface (Figure 6D). To simplify
the comparisons, we pooled together the “social” and “predominantly social” feature dependent units, as well as the “spatial” and
“predominantly spatial” units. The prevalence values were scaled by the total number of units in each pair of groups to obtain com-
parable measures, which were then compared using Chi-squared tests. Error bars indicate SEM and are estimated using the normal
approximation to the binomial error.

The extent of social effect on the population’s neuronal activity

The social aspect of spatial representation was observed in all four groups of units. Therefore, we wanted to quantify it on the pop-
ulation level. Thus, two categories were used to estimate the prevalence of social effect in the PFC: “place remapping” and “rate
modulation”. Place-remapping was defined in the same manner as in the “social-place-remapping” group, i.e., units that modulated
their spatial preference only during the encounter epoch compared with the two other epochs. Since rate modulations were observed
in all groups, the “rate-modulation” category was defined by the RMC analysis (Figure 3F), i.e., this category included units whose
firing rate during the encounter epoch was larger or smaller compared with the rates during the two other epochs. A total of 181
“place remapping” (Figure S6A, blue and purple) and 225 “rate modulation” (Figure S6A, orange and purple) units were used for
this analysis. Since 19 units (purple) passed both criteria, this yielded a total of 387 (18% of the recorded PFC units) units with a social
effect on the neuronal activity. Although many social effect units were observed in the ESP tasks compared with the other two tasks,
the null hypothesis that the distribution of the social units is uniform across tasks was not rejected (p = 0.07, Chi-squared test;
Figure S6B). The same null hypothesis was rejected across PFC subregions (p = 0.035; Figure S6C).

GLM analysis

As an independent procedure, we supplemented the Ml analyses by implementing a GLM analysis. We first calculated a single firing
rate map for each unit separately for the entire recording duration (pre-encounter, encounter, post-encounter). Second, we fit a 2D
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Gaussian model to that rate map using the nlinfit.m function of MATLAB. The model consisted of seven parameters (place field cen-
ter, width, amplitude, offset, and orientation):

Glx,y) = A'exp( [((X ~ #x)cos 022(2}/ — wy)sin0) 2 . (v — py)cos 62;2(x — p,)sin 6) 2
) y

Third, we reconstructed the firing rate from the 2D position (sampled at 30 fps) and the model, denoted as G(x(t), y(t)), which was
used for modeling the spatial component of the rate vector. For the social component, we simply used a binary vector (0/1) if there
was a social stimulus in the environment. The time vector for all variables was downsampled by taking each 10" sample to avoid time
correlations. The logarithm of the actual firing rate vector, R(t), was then fitted, using the gimfit.m of MATLAB, with baseline (ay),
spatial (a4), social (a,), and multiplicative interaction (as) coefficients:

log(R(t)) ~ a(0) +a(1)-G(x(t),y(t)) +a(2)-S(t) +a(3)-G(x(t),y(t))-S(t)

This procedure also yielded p-values for each of the four coefficients above, indicating the chance of getting a better fit by chance.
We used p < 0.05/4 as the threshold for significance for each of the coefficients above. Units were noted as “GLM Spatial” if only a,
was significant and “GLM Social” if only a, was significant. Units with significant a; were denoted as “GLM Mixed”. The latter case
was also subdivided into “GLM predominantly-social” if only a, and a3 were significant, and “GLM predominantly-spatial” if only a4
and az were significant.

We found similar and overlapping results with the Ml analysis for most units (Table S2B), with some differences related to the
different definitions of these analyses. For the main examples presented in Figures 4 and 5, the GLM analysis yielded the expected
results. Specifically, the “social-place-remapping” unit (Figures 4A-4G) was identified as “mixed” (social and spatial); the “social-
place-coding” unit (Figures 4H-4N) was identified as “predominantly social”; the “social-rate-modulation” unit (Figures 5A-5F)
was identified as “social”’; and the “stable-spatial-preference” unit (Figures 5G-5M) was identified as “spatial”.

) + Baseline
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Supplementary Figure 1 | Unit quality analysis. (A) Empirical CDF for the total spike count per session of
all 2140 single units recorded. Dashed lines are IQR. (B) Temporal isolation test: empirical CDF of ISl index
for all units. Among them, 107 had an ISl index > 0.2 (the red line is the threshold) and were discarded
from the analysis. (C) Morphological isolation test- empirical CDF of L-ratio for all units. A threshold of
below 0.05 was applied (red line) (D) Thresholds (red lines) were applied to the ISl index and to the L-ratio.
A total of 2140 units passed both temporal (ISl index) and morphological (L-ratio) isolation thresholds and
were considered well-isolated single units. (E) Left-sorted and scaled ACH of all units (30 ms range, 1 ms
bins), and right-corresponding ISI index of each unit. Red line- ISI index threshold. (F) Waveform shape:
left- mean spike shape over time for all units (normalized, sorted according to trough time, and color-
coded from peak (yellow) to trough (blue) amplitude (uV). Right- corresponding peak to trough difference

(nV) for all units.
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Supplementary Figure 2 | Mice behavior analyses. (A) Left- schematics showing the parameters (T-
durations, S- spike counts, and R- firing rates) used for the BCI-NCI analysis in Fig. 2. Right- corresponding
examples of parameter combinations that will yield socially-oriented or spatially-oriented behavior or
neuronal activity in that analysis. (B) Investigation times of the different stimuli across tasks (indicated as x-
labels) during the pre-encounter (left panel) and encounter (right panel) epochs (note the different Y-axis
scales of the two panels). Dots and lines are the corresponding paired stimulus-exploration times for a given
mouse during each task. Each individual is represented with a different shade of gray. Box plots are the
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Supplementary Figure 3 | Waveform and autocorrelation histogram (ACH) of example units. Each
panel presents: Top- meantsd waveform shapes across the main channel in which each unit was
recorded (red) and eight neighboring channels. Indicated are the unit's name, total spikes recorded, and
L-ratio. Bottom- ACH of the ISI vector of the corresponding unit. Indicated are the ISl index and mean
firing rate (FR). The examples are corresponding to the units presented in (A) Fig. 4 A-D, (B) Fig. 5 A-D,
(C) Fig. 6 A-D, and (D) Fig. 7 A-D.
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Supplementary Figure 4 |Additional examples of social-place-remapping and social-place-coding units. In
association with Fig. 4, social-place-remapping units (A-D) were recorded during the (A) SP, (B) SxP, (C) ESPi and
(D) ESPs tasks. For each panel presented are the task’s schematics (top panels) and corresponding rate maps.
Each line of heatmaps is a single session example composed of three epochs. Same conventions for the
social-place-coding units (E-H) recorded during the (E) SP, (F) SxP, (G) ESPi and (H) ESPs tasks.
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Supplementary Figure 5 |Additional examples of social-rate-modulation and stable-spatial-preference units. In
association with Fig. 5, social-rate-modulation units (A-D) were recorded during the (A) SP, (B) SxP, (C) ESPi, and
(D) ESPs tasks. The task's schematics (top panels) and corresponding rate maps are presented for each panel. Each
line of rate maps is a single session example composed of three epochs. Same conventions for the stable-spatial-
preference units (E-H) recorded during the (E) SP, (F) SxP, (G) ESPi and (H) ESPs tasks.
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Supplementary Figure 6 | The extent of social effect on population neural activity. (A) The extent of rate
modulation (orange) and place remapping (blue) units in the population. (B-C) Distribution of the units in (A)
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