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Changes in patterns of activity within the medial prefrontal cortex enable rodents,
non-human primates and humans to update their behaviour to adapt to changesin
the environment—for example, during cognitive tasks' . Parvalbumin-expressing
inhibitory neurons in the medial prefrontal cortex are important for learning new
strategies during a rule-shift task®™8, but the circuit interactions that switch prefrontal
network dynamics from maintaining to updating task-related patterns of activity
remain unknown. Here we describe amechanism that links parvalbumin-expressing
neurons, anew callosal inhibitory connection, and changes in task representations.
Whereas nonspecifically inhibiting all callosal projections does not prevent mice from
learning rule shifts or disrupt the evolution of activity patterns, selectively inhibiting
only callosal projections of parvalbumin-expressing neurons impairs rule-shift
learning, desynchronizes the gamma-frequency activity that is necessary for learning®
and suppresses the reorganization of prefrontal activity patterns that normally
accompanies rule-shift learning. This dissociation reveals how callosal parvalbumin-
expressing projections switch the operating mode of prefrontal circuits from
maintenance to updating by transmitting gamma synchrony and gating the ability of
other callosal inputs to maintain previously established neural representations. Thus,

callosal projections originating from parvalbumin-expressing neurons represent
akey circuit locus for understanding and correcting the deficits in behavioural
flexibility and gamma synchrony that have beenimplicated in schizophrenia and

related conditions®™.

Organisms must continually update their behavioural strategies to
adaptto changesinthe environment. Inappropriate perseveration on
outdated strategies is a hallmark of conditions such as schizophrenia
and bipolar disorder, and classically manifests in the Wisconsin card
sorting task™ (WCST). Itis well documented that the prefrontal cortex
is responsible for such flexible cognitive control, by providing active
maintenance of rule or goal representations? ™, adaptive gating of
these representations®, and the top-down biasing of sensory process-
ing via extensive interconnectivity with other brain regions'®". Studies
have shown that within the medial prefrontal cortex (mPFC), normal
parvalbumin-expressing (PV) interneuron functionis required for mice
to perform ‘rule-shift’ tasks, which, similar to the WCST, involve iden-
tifying uncued rule changes and learning new rules that use cues that
were previously irrelevant to trial outcomes®’. Moreover, PV interneu-
rons have akeyroleingenerating synchronized rhythmicactivity inthe
gamma-frequency (around 40 Hz) range'®". Indeed, during rule-shift
tasks, the synchrony of gamma-frequency activity between PVinterneu-
ronsintheleftand right mPFCincreases after error trials—thatis, when
mice receive feedback that a previously learned rule has become
outdated—and optogenetically disrupting this synchronization causes

perseveration®. Nevertheless, the basic relationships between circuits
(synaptic connections), network dynamics (interhemisphericgamma
synchrony) and neural representations (task-dependent changes in
activity patterns) remain unknown.

Callosal projections from PFC PV neurons

Gamma synchrony is commonly assumed to be transmitted across
regions by excitatory synapses?, which are the predominant form of
long-range communication in the cortex. However, we explored an
alternative hypothesis suggested by recent descriptions of long-range
y-aminobutyric-acid-releasing (GABAergic) connections originating
from PV neurons in mPFC?. Specifically, we first demonstrated that
PV-expressing neurons in the mPFC give rise to callosal GABAergic
synapsesin the contralateral mPFC (Fig.1). We identified this anatomi-
callink by injecting AAV-EF1a-DIO-ChR2-eYFP into one mPFC of PV-cre
mice and observed virally labelled PV terminalsin the contralateral PFC,
particularlyindeep layers 5and 6 (Fig.1a). To characterize this callosal
PV projection and its recipient neurons, we performed recordings in
the contralateral mPFC (Fig. 1b). We found that callosal PV projections
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Fig.1| CallosalmPFCPV projections preferentially target pyramidal
neurons. a, Injection of AAV-DIO-ChR2-eYFP in one (ipsilateral (ipsi)) mPFC of
PV-cre mice enabled visualization of eYFP* terminalsin the contralateral (contra)
mPFC.Scalebars: 250 um (a, left) and 100 pm (a, right). b, Experimental design
schematic. Whole-cell recordings were made contralateral to the virusinjection
in prefrontal brainslices. ¢, Example current-clamp responses from potential
recipient neurons duringinjection of hyperpolarizing or depolarizing current.
d, During optogenetic stimulation of callosal PV terminals, we observed synaptic
responsesin pyramidal (Pyr) neuronsbut notin fast-spiking (FS) interneurons
(two-sided chi-square test, P=0.0008; n =93 cells, 14 mice). e, Rhythmic trains
ofbluelight flashes (5 ms, 470 nm; denoted as blue bars) delivered through the
40x objective were used to optogenetically stimulate callosal PV terminals.
Examplerecordings fromarecipient pyramidal neuron showing optogenetically
evoked IPSPsinthe presence of CNQX and APV that are abolished with gabazine.
f,IPSPs are blocked by gabazine application (two-tailed paired ¢-test, P= 0.0419;
n=5cells,4 mice).*P< 0.05,***P<0.001.

innervate pyramidal neurons (identified on the basis of their mor-
phology and non-fast spiking physiology; 31 out of 75 connected) but
not fast-spiking neurons (0 out of 18 connected) (Fig. 1d). Rhythmic
trains of PV-terminal optogenetic stimulation elicited time-locked
inhibitory postsynaptic potentials (IPSPs) in ChR2-negative pyrami-
dal neurons (Fig. 1e), which were not blocked by the glutamatergic

receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione disodium
salt (CNQX) (10 pM) and D-2-amino-5-phosphonopentanoic acid (APV)
(50 uM), but were completely abolished by bath application of the type
Ay-aminobutyric acid (GABA,) receptor antagonist gabazine (10 pM;
Fig.1e,f). To further characterize the specific targets of callosal mPFC
PV synapses, we injected fluorescent dye-conjugated cholera toxin
subunit B (CTb) into four downstream targets of mPFC, thenrecorded
fromretrogradely labelled mPFC neurons that project to the contralat-
eral mPFC (thatis, contralateral to where recordings were performed
andipsilateral to the AAV-DIO-ChR2 injection), dorsal striatum, medi-
odorsal (MD) thalamus, or nucleus accumbens (NAc) (Extended Data
Fig.1b-k). After a single 5-ms light pulse to optogenetically activate
callosal PV* terminals in the presence of glutamatergic antagonists
(20 uM 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 50 uM APV), we
observed time-locked IPSPs in 22 out of 22 MD-projecting pyramidal
neurons, compared with 0 out of 18 callosally projecting pyramidal
neurons, 0 out of 21 accumbens-projecting pyramidal neurons, and 7
out of 24 dorsal striatum-projecting pyramidal neurons.

Rule-shift learning

Although we identified along-range inhibitory anatomical connection
between the prefrontal cortices, the function of this input was not
defined. We next explored the role of these callosal mPFC PV* projec-
tions as mice performed a task involving the type of behavioural adapta-
tions involved in the WCST. Variants of this task have previously been
characterized®’? inwhich mice are first required to associate one set of
sensory cues with the location of ahidden food reward (initial associa-
tion). After learning theinitial association, the mice must thenlearnto
attend to aset of sensory cues that were previously present, butirrel-
evantto the outcome of each trial, and make decisions based on these
previouslyirrelevant cues (rule shift) (Fig.2a and Extended Data Fig. 2).
Because cross-hemispheric gamma synchrony between PV interneu-
rons is essential for learning the rule shift®, callosal PV* projections
may beagood candidate to effectively coordinate activity across hemi-
spheres. Toinvestigate this, weinjected AAV-EF1a-DIO-eNpHR-mCherry
or control virus into one mPFC of PV-cre mice, then optogenetically
silenced callosal PV* terminals in the contralateral mPFC during the
rule-shift portion of the task (Fig. 2b-fand Extended Data Figs. 2b and
5).Selective inhibition of callosal PV* terminals is sufficient to impair
rule-shift learning and induce perseveration (relative to PV-cre mice
injected with a control virus; Fig. 2e,f and Extended Data Figs. 3a and
5a-h).Notably, nonspecificinhibition of all callosal projections (both
GABAergicand excitatory connections) did not affect rule-shift perfor-
mance (Fig. 2g-j and Extended Data Figs. 3b and 5i-p). As controls, we
verified that selective inhibition of callosal PV+terminals did not affect
gross motor behaviour duringrule shifts (Extended Data Fig.4a-c,j-m
and Supplementary Video 1) or performance in an intra-dimensional
rulereversal (which has similar task mechanics to the rule shift but dif-
fersinthatit does not depend onmPFC gamma synchrony?®) (Extended
DataFig. 6).

Next we tested whether the behavioural deficitsinduced by inhibit-
ing callosal PV* projections might be persistent and reversible. For this,
we took advantage of an intersectional strategy that used a Flp- and
Cre-dependent AAV in PV-cre mice to drive NpHR3.3 (NpHR) and ChR2
expression specifically in callosally projecting PV neurons®. To label
and manipulate callosal PV* projections, we injected AAVretro-Flpinone
mPFC of PV-cre mice, and in the contralateral mPFC we implanted an
optical fibre andinjected the NpHR and ChR2 Flp- and Cre-dependent
AAVs (Extended Data Fig. 7). Once again, silencing callosal PV* pro-
jections impaired rule-shift performance on day 1 (Extended Data
Fig. 7h-j). Unexpectedly, the impairments in rule-shift performance
persisted on day 2, in the absence of any further optogenetic inhibi-
tion. On day 3, 40-Hz stimulation of callosal PV* projections rescued
perseveration and these effects persisted in the absence of further
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Fig.2|Optogeneticinhibition of callosalmPFCPV projectionsimpairs
cognitive flexibility. a, Schematic of the rule-shift task. On each trial, amouse
chooses one of two bowls, each scented with adifferent odour (Ol or 02) and
filled witha different textured digging medium (TA or TB), to find a food
reward. Micefirstlearnaninitial associationbetween one of these sensory cues
(forexample, O1) and food reward (the cue associated with reward is indicated
inorange). Once mice reach thelearningcriterion (8 out of 10 consecutive trials
correct), thisassociation undergoes an extra-dimensional rule shift (RS; for
example, from Olto TAbeing rewarded). b, Representative images showing AAV-
DIO-eNpHR-mCherry (DIO-eNpHR) expressioninipsilateral mPFC and callosal
PVterminalsincontralateralmPFC. Scale bars: 100 um (left) and 50 pum (right).
c,g, Experimental design with DIO-eYFP or DIO-eNpHR (c) or Syn-tdTomato or
Syn-eNpHR (g) mice. Day1, no light delivery; day 2, continuouslight for inhibition
duringtheruleshift.d, Representative image showing DIO-eNpHR expression
inonemPFCand afibre-optic cannulaimplanted in contralateral mPFC. Scale
bar,100 pm.e,f, Optogenetic inhibition of mPFC callosal PV terminals impairs
rule-shift performancein DIO-eNpHR mice (n = 8) compared with controls (n=7)
(two-way ANOVA (task day x virus); interaction: P< 0.0001). e, Performance of
DIO-eYFP controls did not change (P = 0.11).f, Inhibition disrupts rule-shift
performancein DIO-eNpHR mice (P<0.0001). h, Representativeimage showing
Syn-eNpHR expressioninone mPFC and afibre-optic cannulaimplantedin
contralateral mPFC. Scalebar,100 pm. ,j, Performance of Syn-tdTomato
controls (n=4) is similar to Syn-eNpHR mice (n = 6; two-way ANOVA (task

day x virus); interaction: P= 0.38). Two-way ANOVA with Bonferroni post hoc
comparisons. ****P<0.0001; NS, not significant.

optogenetic manipulations on day 4 of testing (which occurred at least
1week later). In ChR2-negative controls (PV-cre mice injected with Flp-
and Cre-dependent NpHR but mCherry instead of ChR2), rule-shift
deficitsinduced by inhibiting callosal PV* projections persisted across
days (Extended Data Fig. 7e-g). These results identify callosal PV*
projections as powerful bi-directional drivers of network plasticity.
Notably, long-range GABAergic projections have been hypothesized
to have arole in the temporal coordination of neuronal activity**%.
On this basis, we hypothesized that the behavioural deficits that we
observed may reflect the fact that when callosal PV* projections are
selectively inhibited, callosal communication (mediated largely by
excitatory connections) becomes uncoordinated, disrupting normal
information processing.
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Gammasynchrony

To test this possibility, we studied how callosal PV* projections influ-
ence the cross-hemispheric gamma synchrony in PV interneurons
that we previously found to be essential for re-appraising the behav-
ioural salience of sensory cues during rule shifts. For this, we injected
AAV-EF1a-DIO-eNpHR-BFP or control virus into one mPFC of PV-cre
Ail4 mice (Fig. 3a,b and Extended Data Fig. 8a,b). To track transmem-
brane voltage activity patterns of PV neurons, we also injected virus
expressing the Cre-dependent, genetically encoded voltage indicator
Ace-mNeon (AAV-DIO-Ace2N-4AA-mNeon) into both mPFCs. We then
implanted multimode optical fibres to excite and measure fluorescence
fromboth Ace-mNeon and a control fluorophore (tdTomato) expressed
inPVinterneuronsin the left and right mPFC as well as to optogeneti-
callysilence PV callosal terminals (Fig. 3a,b and Extended Data Fig. 2c).
Using this method, we had previously found that gamma synchrony
between PV interneurons in the left and right mPFC increases during
rule shifts when mice make errors—thatis, whenthey do not receive an
expected reward and therefore receive feedback that the previously
learned association is no longer valid®. We confirmed this result on
day1(Fig.3c-g),inthe absence of any optogenetic silencing. Onday 2,
optogeneticinhibition of callosal PV*terminals disrupted performance
in the rule-shift task, compared with PV-cre Ail4 mice given control
virus (Fig.3c-eand Extended Data Fig. 8a-h). This behavioural deficit,
which was consistent with our earlier experiments, correlated with defi-
citsin cross-hemispheric gamma synchrony: specifically, the increase
in cross-hemispheric PV neuron gamma synchrony observed after
rule-shifterrorsondaylwasabolished onday 2 (Fig.3f-g). Moreover, the
impairmentsinboth rule-shift performance and gammasynchrony per-
sisted onday 3, in the absence of any additional optogenetic inhibition
(Fig. 3e,g).

Giventhatinhibitingall callosal projections, using the synapsin pro-
moter, does not affect rule-shift performance, we tested how it would
affect gamma synchrony. Again, we observed that this manipulation
did not affect rule-shift performance (Fig. 3h-1and Extended Data
Fig. 8i-p). Notably, silencing all callosal communication did disrupt
normal increases in interhemispheric gamma synchrony following
error trials on day 2 (Fig. 3m-n). However, this deficit did not persist
inthe absence of further optogenetic inhibition on day 3 (Fig. 3m-n).
This is consistent with our model, in which the function of long-range
GABA projections and gamma synchrony is not to facilitate essential
inter-regional communication, but rather to prevent such communica-
tionfrom occurringinan aberrant manner that deleteriously impacts
the normal evolution of prefrontal network activity during rule shifts.
Inthis model, the transient loss of gamma synchrony that occurs dur-
ing nonspecificinhibition of all callosal projectionsis not problematic
becauseall callosal communicationis suppressed. Furthermore, in this
case, deficitsingamma synchrony do not persist, indicating that these
persistent deficits reflect circuit plasticity that is triggered by inhibiting
callosal PV* projections but requires the presence of activity in other
callosal projections. Inaddition, inhibiting callosal PV* projections also
disrupts increases in gamma synchrony occurring during inter-trial
intervals (ITI) following rule-shift errors (Extended Data Fig. 9e).

Updating of activity patterns

We specifically hypothesized that the inhibition of callosal PV* projec-
tions and consequent deficitsingamma synchrony would disrupt the
changes in prefrontal activity patterns that normally serve to update
behavioural strategies®. In particular, during normal rule-shift learn-
ing, gamma synchrony increases specifically following rule-shift
errors. Therefore, we hypothesized that prefrontal activity patterns
might begin to diverge from previously established representations
specifically during this period, and that inhibiting callosal PV* projec-
tions would disrupt this process. First, using an alternative method
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to quantify gamma synchrony within TEMPO measurements on
shorter time frames (Methods), we confirmed that interhemispheric
gamma synchrony between mPFC PV neurons is higher specifically
after digging on error trials compared with correct trials, and that
inhibiting callosal PV* projections specifically disrupts increases in
gamma synchrony during this period (Extended Data Fig. 9f-i). Then,
to quantify the divergence of activity patterns during and immedi-
ately after this period of increased gamma synchrony, we measured
the similarity between activity patterns during the 10 s following a
choice on correct versus error trials. We measured these activity pat-
terns using microendoscopic calciumimagingin PV-cre miceinjected
with AAV-synapsin-GCaMP7f (Syn-GCaMP7f) and implanted with a
gradient-index (GRIN) lens in one mPFC, and injected in the other
mPFC with either AAV-EF1a-DIO-eNpHR-mCherry (DIO-eNpHR),
AAV-synapsin-eNpHR-mCherry (Syn-eNpHR) or a control virus
(AAV-DIO-mCherry in PV-cre mice or AAV-synapsin-mCherry in
wild-type mice) (Fig. 4a-c and Extended Data Fig. 10). We measured
Syn-GCaMP7ffluorescence while mice performed arule shiftonthree
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Ail4 mice had bilateral Ace-mNeoninjections, anipsilateral injection of
AAV-Syn-eNpHR-mCherry or AAV-Syn-mCherry (control), and fibre-optic
implantsinboth prefrontal cortices. i, Representative images of Syn-eNpHR,
Ace-mNeonand tdTomato expressioninipsilateral and contralateral mPFC.
Scalebars, 25 pm. j, Experiments using Syn-eNpHR with the same design as c.
k,1, Performance of controls (n =4 mice) and Syn-eNpHR mice (n = 5) did not
change across days. m, Gammasynchrony was higher after rule-shift errors
across daysin controls (n =4 mice). n, Gammasynchrony was higher after rule-
shifterrors for Syn-eNpHR mice on day 1 (no light). This was abolished with light
onday2,thenrestored onday 3 (nolight) (n=5mice). Full statistics are provided
inthe Methods. Two-way ANOVA followed by Bonferroni post hoc comparisons.
*P<0.05,**P<0.01.

consecutive days (Fig. 4a). On the second day, we also delivered red
light to activate eNpHR in callosal terminals (Extended DataFig. 2d). As
in previous experiments, specifically inhibiting callosal PV* terminals
significantly increased the number of trials needed to learn arule shift
in eNpHR-expressing mice (whereas there was no effect in controls)
(Fig. 4d,e and Extended Data Fig. 10f-i). This was accompanied by a
significant increase in the similarity between activity patterns occur-
ring after error trials and those after correct trials (by contrast, no
suchincrease occurredin controls) (Fig. 4d,e,h,i). To confirm that this
reflects a suppression of changes in activity patterns that normally
occur after rule-shifterrors, we alsocomputed the similarity between
activity patterns after rule-shift errors and those occurring after errors
during learning of the initial association (Fig. 4g,k-m and Extended
DataFigs. 3e,fand 10t,u). Activity patterns following rule-shift errors
alsobecame more similar to those observed during the initial associa-
tion. Finally, analysing activity on faster timescales (1 s), we found that
inhibiting callosal PV* projections also makes fast-timescale patterns
occurring afterincorrect decisions during the rule shift more similar to
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activity patterns. a, Mice had AAV-DIO-eNpHR-mCherry (in PV-cre mice) or
AAV-Synapsin-eNpHR-mCherry (in wild-type mice) or control viruses AAV-DIO-
mCherry (PV-cre mice) or AAV-Syn-mCherry (wild-type mice) injected in the
ipsilateralmPFC, AAV-synapsin-GCaMP7finjected in the contralateralmPFC,
and aGRIN lens (for microendoscope imaging) implanted in the contralateral
mPFC. Experimental design: day 1, nolight; day 2, continuous light for inhibition
duringtheruleshift; day 3, nolight. b, Left, representative images showing
DIO-eNpHRinipsilateral mPFC and Syn-GCaMP7fin contralateral mPFC. Right,
DIO-eNpHRin callosal PV*axonal fibres. ¢, Left, representative images of Syn-
eNpHRinipsilateralmPFC and Syn-GCaMP7fin contralateral mPFC. Right, Syn-
eNpHRincallosal axonalfibres. d,f, Performance of controls and Syn-eNpHR
mice (n=6 pergroup) did not change across days. e, Performance was impaired
inDIO-eNpHR mice (n=6) onday 2 and day 3.g, Overview of Ca** imaging analysis
and example datafrom one experiment. df/Ftraces for asubset of neurons and
10 min. We detected eventsin dF/F traces to generate abinary activity raster,
identify periodsimmediately following correct choices (c) or errors (e), compute
populationactivity vectors, and calculate the similarity between vectors.

h,j, For controls and Syn-eNpHR mice (n = 6 per group), the similarity of activity
vectors following rule-shift errors and those following rule-shift correct trials

those occurring after correct decisions during the rule shift (Extended
DataFig.10v-x). Furthermore, inhibiting callosal PV* projections also
disrupts the evolution of fast-timescale activity patterns that normally
occursover thecourse of asingle error trial (Extended Data Fig.10g-s).
This suggests thatinhibiting callosal PV* projections disrupts learning
thatoccurs, atleastin part, during each trial. Consistent with this, inhib-
iting callosal PV+ projections only during ITIs did not affect rule-shift
learning (Extended Data Fig. 21-0).

Asinprevious experiments, deficitsinlearning a rule shift observed
afterinhibiting callosal PV* projections persisted on the next day (day
3) without any additional light delivery to activate eNpHR (Fig. 4e).
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did notchange across days.i, InDIO-eNpHR mice (n = 6 mice), the similarity
betweenactivity vectors following rule-shifterrors and those following rule-
shift correct trials was higher on days 2 and day 3 than on day 1. k,m, In controls
and Syn-eNpHR mice (n= 6 per group) the similarity of activity vectors following
initial association errors and those following rule-shift errors did not change
acrossdays. I, InDIO-eNpHR mice (n = 6), the similarity of activity vectors
followinginitial association errors and those following rule-shift errors was
higheronday2and day3thanonday1.n, Controls (n = 6) had higher average
activity (fraction of active frames, averaged across neurons) during the10 s
following rule-shift errors compared with the 10 s following rule-shift correct
decisions onall days. Two-way ANOVA with Bonferroni post hoc comparisons.
0,InDIO-eNpHR mice (n = 6), theincreasein average activity after rule-shift
errors depends onthe day. Average activity increased after rule-shift errors on
day1, but not ondays 2 or day 3. Two-way ANOVA with Bonferroni post hoc
comparisons. p, InSyn-eNpHR mice (n = 6), thereisan overallincrease in average
activity following rule-shift errors. This occured on day 1and day 3, but not on
day 2. Two-way ANOVA with Bonferroni post hoc comparisons. Full statistics
areprovided inthe Methods. Two-way ANOVA followed by Tukey’s post hoc
comparisons unless otherwise noted. *P< 0.05, **P< 0.01, **P<0.0001.b,c, Scale
bars:100 pm (left) and 50 pm (right).

Theincreased similarity between activity patterns following rule-shift
errors and those following correct trials and between rule-shift errors
and initial association errors also persisted at this later time point
(Fig.4i,1). By contrast, there was no change inrule-shift performance nor
in the similarity of activity patterns after correct versus error rule-shift
trials across days in eNpHR-negative controls (Fig. 4d,h, k).
Consistent with our earlier findings, nonspecifically inhibiting all cal-
losal projections (using Syn-eNpHR) did not disrupt rule-shift learning
(Fig. 4f). Nonspecifically inhibiting all callosal projections also had no
effect on the similarity of activity after rule-shift errors to activity after
rule-shift correct trials (Fig. 4j) or initial association errors (Fig. 4m).



Thus, callosal inputs can inappropriately maintain previously estab-
lished neural representations, specifically when callosal PV* projec-
tions and gamma synchrony are suppressed. Furthermore, callosal
PV* projections and interhemispheric PV gamma synchrony seem to
be specifically involved in regulating callosal communication—whenall
callosalcommunicationis suppressed, there isno longer abehavioural
consequence of inhibiting callosal PV* projections and suppressing
gamma synchrony.

Discussion

Changes in patterns of activity within the prefrontal cortex are pre-
sumed to drive behavioural adaptation. However, the neural mech-
anisms that switch the mPFC from maintaining previously learned
representations and strategies to updating them have not been known.
Previous work had suggested the involvement of PV neurons and
long-distance gamma synchrony. Here we characterize anovel callosal
projection from prefrontal PV neurons, and reveal the multifaceted
mechanism whereby this specific synapse modulates particular targets
(that is, MD-projecting pyramidal neurons) and network dynamics
(gamma oscillations) to regulate circuit interactions (callosal commu-
nication) that shape emergent patterns of activity (population activity
vectors following error trials) and guide behaviour. Three aspects of
this mechanism are particularly notable.

First, the fact that neocortical GABAergic neurons give rise to long-
range connections capable of eliciting physiologically meaningful
postsynaptic responses has only recently become appreciated, and the
behavioural functions of these long-range GABAergic projections are
not well understood. Here we show that in mPFC, callosal GABAergic
projections from PV*neurons promote interhemispheric gammasyn-
chrony, which has previously been shown to be necessary for learning
rule shifts. This directly supports a hypothesized role of long-range
GABAergic projections in synchronizing rhythmic activity interhemi-
spherically?, and contrasts with earlier findings from hippocampal
slices which suggested that excitatory synapses on PV interneurons
synchronize gamma oscillations across long distances?. One limitation
isthat we cannot directly infer the number of PVinterneurons driving
theseincreasesinsynchrony, because they are based on bulk measure-
ments of fluorescence. However, these measures of synchrony increase
by around 50%, making it unlikely that they are driven solely by asmall
fraction of cells. Whereas many long-range GABAergic projections
target mainly downstream GABAergic neurons?, callosal PV* projec-
tionsinnervate alarge fraction of layer 5and layer 6 pyramidal neurons.
Furthermore, callosal PV* synapses have the same subtype-specificity
previously observed for local PV interneuron synapses?, preferen-
tially inhibiting thalamically projecting rather than callosally project-
ing pyramidal neurons. This specificity is particularly notable given that
we previously found that this mPFC output pathway to MD thalamus
is essential for behavioural flexibility®.

Second, inthis task, gamma synchrony does notappear toact viathe
most basic form of the ‘communication through coherence’ mecha-
nism?. The communication through coherence mechanism proposes
that when two regions are synchronized in a coherent manner, they
benefit from enhanced effective connectivity. However, in this case,
connectivity between the two hemispheres is not actually necessary
for rule-shift learning, as activity patterns evolve appropriately and
learning is unperturbed when we nonspecifically inhibit all callosal
projections. By contrast, when PV* callosal projections are selectively
inhibited, sparing excitatory callosal communication, mice become
perseverative and previously learned representations are inappropri-
ately maintained. Inthis scenario, excitatory communication between
the two hemispheresisintact, but gammasynchrony is lost (Fig. 3g).
We previously showed that optogenetically perturbing gamma
synchrony (using out-of-phase stimulation across hemispheres) dis-
rupts rule-shift learning®. Thus, inter-regional communicationis not

necessary for normalbehaviour; however, when gammasynchrony is
lost, inter-regional communication occurs in an aberrant manner that
interferes with normal learning. This could occur because, during a
gamma cycle, high levels of inhibition gradually fall, producing cor-
responding changes in excitatory neuron firing®. In this way, rhythmic
inhibition periodically resets network activity; this reset could allow
the emergence of new representations that diverge from the previously
established ones that are stored within patterns of recurrent connec-
tions. By contrast, when excitatory input fromthe contralateral cortex
is not appropriately synchronized by PV-driven inhibition, it could
arrive prematurely, inappropriately reinforcing previously learned
representations and thereby disrupting normal learning. Appropri-
ately timed callosal inhibition might also counterbalance the influence
of callosal and recurrent excitation on a specific neuronal population
(for example, mPFC-MD projection neurons) that otherwise maintains
previously learned associations.

Athird surprising feature is that inhibiting callosal PV* projections
leadsto persistent changesingammasynchrony, neural representations
and rule-shift performance. Furthermore, stimulating the same projec-
tions can thenreverse this behaviouralimpairment. This reveals a novel
formof network plasticity, whereby transiently disrupting connectivity
betweentwo brainregions leads to persistent deficitsin their ability to
synchronize, processinformationand contribute to behaviour. Notably,
the resulting network state, characterized by cognitive inflexibility
and deficient task-evoked gamma synchrony, captures key cognitive
and circuit endophenotypes of schizophrenia. In many respects, this
deleterious network plasticity represents the inverse of our earlier find-
ing that transiently enhancing gammasynchrony (using synchronizing
optogenetic stimulation) can persistently rescue rule-shiftlearningin
mutant (heterozygous for DIx5and Dix6) mice®®. Our new findings show
that prefrontal circuit plasticity resulting from transient modulations
of gammasynchrony is bi-directional, occurs evenin previously normal
mice, and can be triggered by a previously unappreciated long-range
GABAergicprojection. It willbeimportant to explore how this plasticity
depends on changes in callosal PV* projections, callosally projecting
PV* neurons, and/or additional circuit elements. Future studies could
also explore the role of callosal PV* projections (and potential plastic-
ity) using behavioural paradigms that differ from those used here in
key respects (for example, automated lever-press tasks).

In summary, our results show how a novel connection switches the
prefrontal cortex from maintaining to updating behavioural strategies
by gating the ability of callosal communication to maintain previously
established activity patterns. Furthermore, this connection cantrigger
anovel bi-directional form of network plasticity. Thus, callosal con-
nections originating from prefrontal PV neurons represent a critical
circuit locus for understanding and potentially correcting deficits in
gamma synchrony and behavioural flexibility that are major features
of schizophrenia®®,
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Methods

Mice

Allanimal care, procedures and experiments were conducted inaccord-
ance withNIH guidelines and approved by the Administrative Panels on
Laboratory Animal Care at the University of California, San Francisco
aswell as followed French and European guidelines for animal experi-
mentation and in compliance with the institutional animal welfare
guidelines of the Paris Brain Institute. Mice were group housed (2-5
siblings) inatemperature-controlled environment (22-24 °C), had ad
libitumaccess to food and water, and reared in normal lighting condi-
tions (12-h light-dark cycle), until rule-shift experiments began. All
experiments were done using PV-cre, wild-type C57/Bl6, and PV-cre
Ail4 lines (TheJackson Laboratory). Both male and female adult mice
(8-10 weeks and 10-20 weeks old at time of experiment) were used for
slice electrophysiology and behavioural experiments, respectively.

Surgery

Male and female mice were anaesthetized using isoflurane (2.5% induc-
tion, 1.2-1.5% maintenance, in 95% oxygen) and placed in a stereotaxic
frame (David Kopf Instruments). Body temperature was maintained
using a heating pad. Anincision was made to expose the skull for stere-
otaxic alignment using bregma and lambda as vertical references. The
scalp and periosteum were removed from the dorsal surface of the
skull and scored with a scalpel to improve implant adhesion. Viruses
were infused at 100-150 nl min™ through a 35-gauge, beveled injec-
tion needle (World Precision Instruments) using a microsyringe pump
(World Precision Instruments, UMP3 UltraMicroPump). After infusion,
the needle was kept at the injection site for 5-10 min and then slowly
withdrawn. After surgery, mice were allowed to recover until ambula-
tory on aheated pad, then returned to their home cage.

Forslice electrophysiology experiments using optogenetic opsins,
mice were injected unilaterally in the mPFC, near the border between
the prelimbic and infralimbic cortices (1.7 anterior-posterior (AP), +
or-0.3 mediolateral (ML), and -2.75 dorsoventral (DV) mmrelative to
bregma) with 0.4 pl of AAV5-EF1a-DIO-ChR2-eYFP (UNC Vector Core)
toselectively target neurons expressing Cre. To allow for virus expres-
sion, experiments began at least 3 weeks after injection. For retrograde
labelling of mPFC neurons that project callosally versus to mediodorsal
(MD) thalamus, cholera toxin subunit B (CTb) conjugated with Alexa
Fluor 488 (CTb-488, Invitrogen; 0.2% w/v, 400 nl) was injected in the
PFCipsilateral to the previous AAV-DIO-ChR2injection (1.7 AP,-0.4 ML,
and -2.5 DV mm relative to bregma) and Alexa Fluor 594-conjugated
CTb (CTb-594, Invitrogen; 0.2% w/v, 400 nl) was injected in the MD
thalamus (contralateral to the AAV-DIO-ChR2 injection) (-1.7 AP,
+0.35 ML, 3.5 DV mm relative to bregma). For retrograde labelling
of mPFC neurons projecting to the NAc versus dorsal striatum, CTb-
488 (0.2% w/v, 400 nl) was injected in the NAc (contralateral to the
AAV-DIO-ChR2 injection) (1.34 AP, 1.0 ML, and —4.6 DV mm relative
to bregma) and CTb-594 (0.2% w/v, 600 nl) was injected in the dorsal
striatum (also contralateral to the AAV-DIO-ChR2 injection) (+0.9 AP,
+1.16 ML, -3.0 DV mmrelative to bregma). To allow time for retrograde
transport of CTb, experiments began one week after CTb injection.

For behavioural experiments using eNpHR and control optogenetics,
mice were injected unilaterally in the mPFC, near the border between
the prelimbic and infralimbic cortices (1.7 AP, +or—0.3 ML, and -2.75 DV
mmprelative to bregma) with 1l of AAV2-EF1a-DIO-eNpHR3.0-mCherry
(UNC Vector Core), 1 pl of AAV5-EF1a-DIO-eYFP (UNC Vector Core),
AAV5-hSynapsin-eNpHR3.0-eYFP (UNC Vector Core) or AAV5-hSynapsin-
tdTomato (UNC Vector Core), to selectively target Cre-expressing cells
or non-selectively target prefrontal neurons. After injecting virus, a
200/240 pm (core/outer) diameter, NA = 0.22, mono fibre-optic cannula
(DoricLenses, MFC_200/240-0.22_2.3mm_FLT) was slowly inserted into
mPFC until the tip of the fibre reached a DV depth of -2.25. Implants
were affixed onto the skull using Metabond Quick Adhesive Cement

(Parkell). To allow for virus expression, behavioural experiments began
atleast five weeks after injection.

For behavioural experiments using both NpHR and ChR2 optogenet-
ics, mice wereinjected unilaterally inthe mPFC, near theborder between
the prelimbic andinfralimbic cortices (1.7 AP,-0.3 ML, and -2.75 DV mm
relative to bregma) with 0.75 pl of AAV8-nEF-Con/Fon-NpHR3.3-eYFP
(Addgene) and 0.75 pl of AAV8-nEF-Con/Fon-ChR2-mCherry (Addgene)
or 0.75 pl of AAV8-EF1a-Con/Fon-mCherry (Addgene) and contralat-
erally in PFC (1.7 AP, +0.3 ML, -2.75 DV mm relative to bregma) with
0.7 ul AAVrg-EF1a-FIpO (Addgene), to selectively target Cre-expressing
cellsinipsilateral PFC that send projections to contralateral PFC. After
injecting virus,a200/240 pm (core/outer) diameter, NA = 0.22, mono
fibre-optic cannula (Doric Lenses, MFC_200/240-0.22_2.3mm_FLT) was
slowly inserted into mPFC until the tip of the fibre reached aDV depth
of —2.25. Implants were affixed onto the skull using Metabond Quick
Adhesive Cement (Parkell). To allow for virus expression, behavioural
experiments began at least five weeks after injection.

For behavioural experiments that combined dual-site voltage indica-
torimaging with optogenetics, mice wereinjected bilaterally at 3 depths
(DV:-2.5,-2.25and-2.0) at thefollowing AP/ML for mPFC:1.7 AP,+0.3 ML
with 3 x 0.2 pl of AAV1-CAG-DIO-Ace2N-4AA-mNeon (Virovek). Mice
were alsoinjected unilaterally inthe mPFC (1.7 AP,-0.3 ML, and -2.75 DV
mmrelativetobregma)witheither1pulof AAV2-EF1a-DIO-eNpHR3.0-BFP
(Virovek) or 1 pl of AAV5-EF1a-DIO-mCherry (UNC Vector Core), 1 pl
of AAV2-hSynapsin-eNpHR3.0-mCherry (UNC Vector Core) or 1 ul of
AAV2-hSynapsin-mCherry (UNC Vector Core). After injection of virus,
two 400/430 pm (core/outer) diameter, NA = 0.48, multimode fibre
implants (Doric Lenses, MFC_400/430-0.48 2.8mm_ZF1.25_FLT) were
slowlyinsertedinto the mPFC ata+12° angle using the following coor-
dinates: 1.7 (AP), £0.76 (ML), -2.14 (DV). To allow for virus expression,
behavioural experiments began at least five weeks after injection.

For behavioural experiments that combined invivo calciumimaging
withoptogenetics, mice wereinjected unilaterally at4 depths (DV:-2.75,
-2.5,-2.25,-2.0) at the following AP/ML for mPFC:1.7 AP, +0.4 ML with
diluted (1:3; Addgene) 4 x 0.15 pl of AAV9-synapsin-jGCaMP7f-WPRE
(Addgene). Mice were also injected unilaterally in the contralat-
eral mPFC (1.7 AP, —-0.3 ML, and -2.75 DV mm relative to bregma)
with either 1 pul of AAV2-EF1a-DIO-eNpHR3.0-mCherry (UNC Virus
Core), 1 pl of AAV5-EF1a-DIO-mCherry (UNC Virus Core), 1 pl of
AAV2-hSynapsin-eNpHR3.0-mCherry (UNC Virus Core) or 1 pl of
AAV2-hSynapsin-mCherry (UNC Virus Core). After injection of virus,
a 0.5 mm x 4.0 mm-long integrated GRIN lens (Inscopix) was slowly
advancedinto the mPFC until the tip was placed at 1.7 AP, +0.4 ML, DV
-2.25 and cemented in place with Metabond Quick Adhesive Cement
(Parkell). To allow for virus expression, behavioural experiments began
at least five weeks after injection.

Slice preparation and analysis

Adult mice were anaesthetized using isoflurane and decapitated, and
their brains were rapidly removed. Coronal slices (250 um thick) were
cut from adult mice of either sex using a vibratome (VT1200S Leica
Microsystems) and a chilled slicing solutioninwhich Na*was replaced
by sucrose, then incubated in warmed artificial cerebrospinal fluid
(ACSF) at30-31°Cfor15minandthenatleast1hat roomtemperature
before being used for recordings. ACSF contained (in mM): 126 NaCl,
26 NaHCO,, 2.5KCl,1.25NaH,P0,,1MgCl,, 2 CaCland10 glucose. Slices
were secured by placing a harp along the midline between the two
hemispheres.

Somatic whole-cell patch recordings were obtained from ChR2-
negative neurons amid ChR2-positive axonal fibres in the mPFC
contralateral to the site of virus injection, on an upright microscope
(BX51WI; Olympus). Recordings were made using a Multiclamp 700A
(Molecular Devices). Patch electrodes (tip resistance =2-6 MOhms)
were filled with the following (inmM): 130 potassium gluconate, 10KClI,
10 HEPES, 10 EGTA, 2 MgCl,, 2 MgATP, and 0.3 NaGTP (pH adjusted to
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7.3 with KOH). All recordings were at 32.5 + 1 °C. Series resistance was
usually 10-20 MQ, and experiments were discontinued above 30 MQ.

Intrinsic properties were calculated based on the current-clamp
responses to aseries of 250 msec current pulse injections from-200 to
450 pA (50 pA perincrement). Spiking properties were calculated based
ontheresponse to acurrent pulse that was 100 pA above the minimal
level that elicited spiking. Neurons were classified as fast spiking if they
met 3 out of the 4 following criteria: action potential (AP) half-width
was < 0.5 ms, firing frequency > 50 Hz, fast after hyperpolarization
(FAHP) amplitude >14 mV, and spike-frequency accommodation (SFA)
index<2.

Invitro ChR2 stimulation

Stimulation of channelrhodopsin (ChR2) in callosal PV terminals was
performed using ~4-5 mW flashes of light generated by aLambda DG-4
high-speed optical switch with a300 W Xenon lamp (Sutter Instru-
ments) or by an LED (Cairn Research OptoLED Lite), and an excitation
filter set centred around 470 nm, delivered to the slice through a
40x objective (Olympus). lllumination was delivered across a full
high-power (40x) field. To measure IPSPs, current-clamp recordings
were performed while stimulating ChR2 using trains of light pulses
(5 ms light pulses at 5Hz, 20 Hz, and 40 Hz). In experiments in which
glutamatergic and GABA, receptors were blocked, drugs were bath
applied at the following concentrations (in tM): 10 CNQX (Tocris) or 20
DNQX (Tocris), 50 APV (Tocris), and 10 gabazine (Sigma). Drugs were
prepared as concentrated stock solutions and were diluted in ACSF on
the day of the experiment.

Rule-shift task

This cognitive flexibility task has been described previously®. In brief,
mice are singly housed and habituated to areverse light/dark cycle, and
food intake is restricted until the mouse is 80-85% of the ad libitum
feeding weight. After mice reached their target weight, they underwent
one day of habituation. On this day, mice were given ten consecutive
trials with the baited food bowl to ascertain that they could reliably
dig and that only one bowl contained food reward. All mice were able
to dig for the reward, and started the task the next day. At the start
of each trial, the mouse was placed in its home cage to explore two
bowls, each containing one odour and one digging medium, until it
dug in one bowl, signifying a choice. As soon as amouse began to dig
in the incorrect bowl, the other bowl was removed, so there was no
opportunity for ‘bowl switching’ (digging is defined as the sustained
displacement of the medium within a bowl). The bait was a piece of a
peanut butter chip (approximately 5-10 mg in weight) and the cues,
either olfactory (odour) or somatosensory and visual (texture of the
digging medium which hides the bait), were altered and counterbal-
anced. All cues were presented in small animal food bowls (All Living
Things Nibble bowls, PetSmart) that were identical in colour and size.
Digging media were mixed with the odour (0.01% by volume) and pea-
nut butter chip powder (0.1% by volume). All odours were ground dried
spices (McCormick or Alpi Nature garlic and McCormick or Albert
Ménés coriander), and unscented digging medium (Mosser Lee White
Sand Soil Cover or Scalare Sable de Riviére, Natural Integrity Clumping
Clay or Monoprix cat litter).

After mice reached their target weight, they underwent one day of
habituation. On this day, mice were given ten consecutive trials with
the baited food bowl to ascertain that they could reliably dig and that
only one bowl contained food reward. Specifically, the habituation
trials are used to train the mouse on the mechanics of the task, thereis
no association made between food reward and cue. All mice were able
to dig for the reward. Mice do not undergo any other specific training
before being tested on the task. Then, on days1and 2 (and in some
cases, on additional days as well), mice performed the task (this was
the testing done for experiments). After the task was done for the day,
the bowls were filled with different odour-medium combinations

and food was evenly distributed among these bowls and given to the
mouse so that no specific cue was rewarded greater than the other cues
present. The same stimuli were used across days—only the cue that is
associated with the food reward changed.

Mice were tested through a series of trials. The determination of
which odour and medium to pair and which side (left or right) con-
tained the baited bowl was randomized (subject to the requirement
that the same combination of pairing and side did not repeat on more
thanthree consecutive trials) using https://www.random.org. On each
trial, while the particular odour-medium combination presentin each
ofthe two bowls may have changed, the particular stimulus (for exam-
ple,aparticular odour or medium) that signalled the presence of food
reward remained constant over each portion of the task (initial asso-
ciationandrule shift). If the initial association paired a specific odour
with food reward, then the digging medium would be considered the
irrelevant dimension. The mouse is considered to have learned the
initial association between stimulus and reward if it makes eight correct
choices during ten consecutive trials. Each portion of the task ended
when the mouse met this criterion. Following the initial association,
the rule-shift portion of the task began, and the particular stimulus
associated with reward underwent an extra-dimensional shift. For
example, ifan odour had been associated with reward during the initial
association, then a digging medium was associated with reward dur-
ing the rule-shift portion of the task. The mouse is considered to have
learned this extra-dimensional rule shift if it makes 8 correct choices
during ten consecutive trials. When a mouse makes a correct choice
onatrial, itis allowed to consume the food reward before the next
trial. Following correct trials, the mouseis transferred from the home
cage to a holding cage for about 10 s while the new bowls were set up
(ITI). After making an error on a trial, a mouse was transferred to the
holding cage for about 2 min (ITI). For Extended Data Fig. 4p-z, theITI
following errors was 30 sin the holding cage. All animals performed the
initial association in a similar number of trials (average: 10-15 trials).
Experiments were performed blind to the virus injected. Videos were
manually scored with a temporal resolution of 1s.

For analyses (described below), the onset of digging was chosen as
the time of a decision for two reasons. First, as noted above, once a
mousebegantodigintheincorrect bowl, the other (correct) bowlwas
removed. Second, only upon the commencement of digging could a
mouse determine whether reward was presentinthe chosen bowl and
obtain feedback about whether or not it had made a correct choice.
Thetime windows used for analysis excluded periods when the mouse
moved from the home cage to the holding cage and vice versa.

Rule-reversal task

This cognitive flexibility task was described previously®®. Similarly to
the mechanics of the rule-shift task described above, after the initial
association, the rule-reversal portion of the task began, and the particu-
lar stimulus associated with reward underwent an intra-dimensional
reversal. For example, if an odour had been associated with reward
during the initial association, then the previously unrewarded odour
became associated with reward during the rule-reversal portion of the
task. Themouse was considered to have learned the intra-dimensional
rule reversal when it made eight correct choices out of ten consecu-
tive trials.

Invivo optogenetic stimulation

For behavioural experiments using optogenetic eNpHR stimulation:
A 532 nmgreen laser (OEM Laser Systems) was coupled to the mono
fibre-optic cannula (Doric Lenses) withazirconiasleeve (Doric Lenses)
through a200-um-diameter mono fibre-optic patch cord (Doric Lenses)
and adjusted such that the final light power was 2.5 mW. For behav-
ioural experiments using optogenetic ChR2 stimulation: A473 nm
blue laser (OEM Laser Systems) was coupled to the mono fibre-optic
cannula (Doric Lenses) with a zirconia sleeve (Doric Lenses) through
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a200 pum diameter mono fibre-optic patch cord (Doric Lenses, Inc.)
and adjusted such that the final light power was 0.5 mW. A function
generator (Agilent 33500B Series Waveform Generator) connected
to thelaser generated a40-Hz train of 5-ms pulses.

Extended Data Fig. 2 shows experiments designed to control for
potential behavioural effects of scattered light from one hemisphere
activating eNpHR in PV neuron cell bodies in the contralateral hemi-
sphere. These experiments used a final light power of 0.1 mW when
connected to the 532 nm green laser (OEM Laser Systems) or 638 nm
red laser (Doric Lenses). To determine the appropriate light power
for these experiments, a mouse was implanted with a dual fibre-optic
cannula (Doric Lenses; DFC_200/240-0.22 2.3mm_GSO0.7 FLT) without
virus injectionin order to measure light scattering from one mPFC to
the contralateral hemisphere. Using a dual fibre-optic patch cord (Doric
Lenses; DFP_200/240/900-0.22_2m_GSO0.7-2FC), light was delivered to
the mPFC on oneside, and the light coming through the other side was
measured using alight meter (ThorLabs, PM100D). The final light power
delivered to one mPFC was 2.5 mW, across wavelengths 532 nm, 594 nm,
and 638 nm—similar to what was used in the optogenetic and optoge-
netic and dual-site voltage indicator experiments. Measurements of
40 nW, 20 nW, and 50 nW at the contralateral fibre were observed,
respectively. Accounting for transmission loss of the patch cord
(forexample, only 80% of the light is transmitted fromend to end), the
scattered light power entering the fibre tip would be 50 nW, 25nW and
62.5nWrespectively. Thismeasurement likely overestimates the actual
light entering via the fibre tip located inbrain parenchymasince it will
include both scattered light within the brainand contamination from
ambient roomlight. Conversely, this measurement only includes light
locatedinthe vicinity of the fibre tip thatis traveling atan appropriate
angle to enter the fibre (which has numerical aperture 0.22 implying
a25.4°acceptance angle). Therefore, to be extremely conservative,
experiments in Extended Data Fig. 2 utilized a final light power of 0.1
mW, whichis>1,000 times stronger than the measured scattered light
power. Both 532 nm and 638 nm at this final light power ipsilateral to
the viralinjection site was used.

Experiments in Extended Data Fig. 21-o were similar to other
experiments using optogenetic eNpHR stimulation except in the
following respects: mice were injected with 0.7 pl of AAV2-EFla-
DIO-eNpHR3.0-mCherry (UNCVector Core) and 0.4 plof AAV5-EF1a-DIO-
ChR2-eYFP (UNC Vector Core), to selectively target Cre-expressing cells
(although ChR2 stimulation was not ultimately used in these experi-
ments). Light for optogenetic eNpHR stimulation was specifically
switched on on day 2 during ITIs (when the mouse was in the holding
cage) and switched off during the trial in the home cage.

For all optogenetic experiments, light stimulation began once mice
reached the 80% criterion during theinitial association portion of the
task. Micethen performed three additionalinitial association trials with
thelight stimulation before the rule-shift portion of the task began. The
light stimulation did not alter the performance or behaviour of the mice
during these three extra trials of the initial association. Experiments
were performed blind to virus injected.

Combined dual-site voltage indicatorimaging and optogenetic
eNpHR stimulation

High-bandwidth, time-varying bulk fluorescence signals were measured
ateach recording site using the dual-site voltage-indicator technique?,
with some modifications as described below.

Optical apparatus

A fibre-optic stub (400 um core, NA = 0.48, low-autofluorescence
fibre; Doric Lenses, MFC_400/430-0.48 2.8mm_ZF1.25 FLT) was
stereotaxically implanted in each targeted brain region. A match-
ing fibre-optic patch cord (Doric Lenses, MFP_400/430/1100-
0.48_2m_FC-ZF1.25) provided a light path between the animal and
a miniature, permanently aligned optical bench, or ‘mini-cube’

(Doric Lenses, FMCS5_E1(460-490)_F1(500-540)_E2(555-570)_F2(580-
600)_S). One fibre on the ipsilateral side of the viral injection of
either 1 pl of AAV2-EF1a-DIO-eNpHR3.0-BFP (Virovek) or 1 pl of
AAV5-EF1a-DIO-mCherry (UNC Vector Core) was used to both deliver
excitationlight toand collect emitted fluorescence fromthat recording
site. The fibre contralateral to the viral injection site was connected
to a separate mini-cube (Doric Lenses, FMC6_E1(460-490) F1(500-
540) E2(555-570) F2(580-600)_0(628-642) S) that was attached to a
638 nmlaser (Doric Lenses) and was used to deliver excitation light and
optogenetic stimulation to and collect emitted fluorescence from that
recordingsite. The far end of the patch cord and each 1.25 mm diameter
zirconiaopticalimplant ferrule were cleaned with isopropanol before
eachrecording, then securely attached via a zirconia sleeve.

For the first mini-cube sans laser port, optics allow for the simultane-
ous monitoring of two spectrally separated fluorophores, with dichroic
mirrors and cleanup filters chosen to match the excitation and emis-
sion spectra of the voltage sensor and reference fluorophores in use
(‘mNeon’ voltage sensor channel: excitation 460-490 nm, emission
500-540 nm; ‘red’ control fluorophore: excitation 555-570 nm, emis-
sion 580-600 nm). The mini-cube optics are sealed and permanently
aligned and all five ports (sample to animal, two excitation lines and
two emission lines) are provided with matched coupling opticsand FC
connectors to allow for amodular system design.

For the second mini-cube that contains a port for optogenetic stimu-
lation,a565 nm LED and 555-570 nm filter is used to excite tdTomato,
a580-600 nmi filter is used for tdTomato emission, and a 638 nm
laser with 628-642 nm filter is used to excite eNpHR. The light used
to excite eNpHR does not interfere with the genetically encoded volt-
ageindicator based measurements of synchrony, and the light used to
excite tdTomato does not activate eNpHR enough to affect rule-shift
performance. Thisis due to two factors. First, the eNpHR and tdTomato
excitation spectraare offset—for example, at 605 nm, eNpHR activation
isnearits peak whereasrelative excitation of tdTomatois <1%. Second,
theintensity used to excite tdTomatois just ~0.1mW, whichis ~50-fold
less than what was used to activate eNpHR and disrupt rule-shift perfor-
mance. The mini-cube optics are sealed and permanently aligned and
all six ports (sample to animal, three excitation lines and two emission
lines) are provided with matched coupling optics and FC connectors
to allow for amodular system design.

To perform dual-site voltage indicator recordings, excitation light
for each of the two colour channels was provided by a fibre-coupled
LED (Center wavelengths 490 nm and 565 nm, Thorlabs M490F3
and M565F3) connected to the mini-cube by a patch cord (200 pm,
NA =0.39; Thorlabs M75L01). Using a smaller diameter for this patch
cord than for the patch cord from the cube to the animal is critical
toreduce the excitation spot size on the output fibre face and thus
avoid cladding autofluorescence. LEDs were controlled by a4-channel,
10-kHz-bandwidth current source (Thorlabs DC4104). LED current
was adjusted to give a final light power at the animal (averaged dur-
ing modulation, see below) of approximately 200 pW for the mNeon
channel (460-490 nm excitation), and 100 pW for the Red channel
(555-570 nm excitation).

Each of the two emission ports on the mini-cube was connected to
an adjustable-gain photoreceiver (Femto, OE-200-Si-FC; Bandwidth
set to 7 kHz, AC-coupled, ‘low’gain of -5 x 10’ V W™) using a large-core
high-NA fibre to maximize throughput (600 pm core, NA = 0.48 (Doric
lenses, MFP_600/630/LWMJ-0.48_0.5m_FC-FC).

Note that, for dual-site voltage indicator recordings and optogenet-
ics experiments, two completely independent optical setups were
employed, with separate implants, patch cords, mini-cubes, LEDs, a
separate laser, photoreceivers, and lock-in amplifiers.

Modulation and lock-in detection
At each recording site, each of the two LEDs was sinusoidally mod-
ulated at a distinct carrier frequency to reduce crosstalk due to
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overlap in fluorophore spectra. The corresponding photoreceiver
outputs were then demodulated using lock-in amplification tech-
niques. A single instrument (Stanford Research Systems, SR860)
was used to generate the modulation waveform for each LED and to
demodulate the photoreceiver output at the carrier frequency. To
further reduce crosstalk between recording sites, distinct carrier
frequencies (2, 2.5,3.5 and 4 kHz) were used across sites. Low-pass
filters on the lock-in amplifiers were selected to reject noise above
the frequencies under study (cascade of 4 Gaussian FIR filters with
84 Hz equivalent noise bandwidth; final attenuation of signals are
approximately —-1dB (89% of original magnitude) at 20 Hz, -3dB (71%
of original magnitude) at 40 Hz, and -6dB (50% of original magnitude)
at60 Hz).

Invivo dual-site voltage indicatorimaging

Analogue signals were digitized by a multichannel real-time signal
processor (Tucker-Davis Technologies; RX-8). The commercial software
Synapse (Tucker-Davis Technologies) running on a PC was used to
control the signal processor, write data streams to disk, and to record
synchronized video fromagenericinfrared USB webcam (Ailipu Tech-
nology, ELP-USBI0OOWO5MT-DL36). Lock-in amplifier outputs were
digitized at 3 kHz.

Combined dual-site voltage indicatorimaging and optogenetics
analysis

Analysis of voltage indicator data was described previously® and was
facilitated using the signal processing toolbox and MATLAB (Math-
works), using the following functions: firl, filtfilt, and regress. All four
signals during the entire time series of the experiment (left mNeon, left
tdTomato, right mNeon, right tdTomato) were first filtered around a
frequency of interest. To quantify zero-phase lag cross-hemispheric
synchronizationbetween left and right mNeon signals, alinear regres-
sion analysis was performed to predict the right mNeon signal using
the following inputs: left mNeon signal, left tdTomato signal, and
right tdTomato signal. The goodness of fitis compared to how well the
regressionworksifthe left mNeon signalis shuffled, i.e.,ifarandomly
chosen segment of the original left mNeon signal is used, instead of
the segment recorded at the same time as the right mNeon signal.
R*values are calculated as a function of time using one second seg-
ments and compared to the 99th percentile of the distribution of R?
values obtained from 100 fits to randomly shuffled data. The fraction
of time points at which the R? obtained from actual data exceeds the
99th percentile of the R?values obtained from shuffled data was used
to measure zero-phase lag synchronization between the left and right
mNeon signals.

This analysis was performed at the time of the decision (for exam-
ple,immediately following the beginning of digging in one bowl, until
the end of digging), and smoothed measurements over a 5-min time
window following the time point of interest. The first five trials of the
rule shift were analysed. Experiments were performed, scored and
analysed blind to virus injected.

Shorter-timeframe resolution dual-site voltage indicatorimaging
and optogenetics analysis

For high temporal resolution quantification of synchrony between
signals from dual-site voltage indicator recordings, we first
bandpass-filtered Ace-mNeon and tdTomato signals as described
above. Then, we ‘corrected’ the filtered Ace-mNeon signal (to mini-
mize artefacts and noise) by fitting the ipsilateral filtered tdTomato
signal viarobust linear regression using the robustfit functionin Matlab
and a time windows of 250 ms. Then, we subtracted off this fit of the
tdTomato signal from the filtered Ace-mNeon signal to obtain a cor-
rected Ace-mNeon signal. We then calculated zero-lag cross-correlation
between the corrected Ace-mNeon signals from the left and right mPFC
across the whole session using 1-s windows.

Combined calciumimaging and optogenetics

Imaging data were collected using a miniaturized one-photon micro-
scope (nVoke2; Inscopix). GCaMP7f signals (calcium activity) were
detected using 435-460 nm excitation LED (0.1-0.2 mW), and optoge-
netic stimulation of eNpHR-expressing axons was performed using
asecond 590-650 nm excitation LED (1-2 mW light power). nVoke2
software (Inscopix) was used to control the microscope and collect
imaging data.Images were acquired at 20 frames per second, spatially
downsampled (4x), and were stored for offline data processing. An
input TTL from a separate ANY-maze computer (Stoelting Europe) to
the nVoke2 acquisition software were used to synchronize calcium
imaging and mouse behaviour movies.

Combined calcium-imaging and optogenetics analysis
Calcium-imaging movies were preprocessed using Inscopix Data Pro-
cessing Software (IDPS; Inscopix). The video frames were spatially
filtered (bandpass) with cut-offs set to 0.008 pixel™ (low) and 0.3 pixel*
(high) followed by frame-by-frame motion correction for removing
movement artefacts associated with respirationand head-unrestrained
behaviour. The mean image over the imaging session was computed,
and the df/F was computed using this meanimage. The resultant pre-
processed movies were then exported into MATLAB, and cell segmenta-
tion was performed using an open-source calcium-imaging software
(CIAPKG)™®. Specifically, a principal componentanalysis/independent
componentanalysis (PCA/ICA) approach was used to detect and extract
regions of interest (presumed neurons) per field of view®.. For each
movie, the extracted output neurons were then manually sorted to
remove overlapping neurons, neurons with low signal-to-noise ratio,
and neurons withaberrant shapes. Accepted neurons and their calcium
activity traces were exported to MATLAB for further analysis using cus-
tomscriptsas previously described®. In brief, the s.d. (o) of the calcium
movie was calculated and this was used to perform threshold-based
eventdetectiononthetraces by first detectingincreases in df/F exceed-
ing 2 (over 1s). Subsequently, events were detected that exceeded 10
for over2 sand had atotal area under the curve higher than 1500. The
peak of the event was estimated as the local maximum of the entire
event. For an extracted output neuron, active frames were marked
as the period from the beginning of an event until the calcium signal
decreased 30% from the peak of the event (up to amaximum of2s).

We calculated the similarity of population activity vectors using the
‘cosine similarity’, which is equivalent to computing the normalized
dot product between the two vectors, that is:

(foy,-]/ [(Z)(22)]”

where x;and y, represent the average activity of the ith neuronin the
two population activity vectors. Each vector was the average of activ-
ity during the 10 s immediately following a choice. We computed the
similarity between each pair of vectors, then averaged this similarity
across all the pairs from one mouse.

Thefirst five trials of the rule shift were analysed. For Extended Data
Fig.10t-u, thelastfiveinitial association trials and the additionalinitial
association trials during optogenetic inhibition were analysed.

Histology and imaging

Allmice used for behavioural and imaging experiments were anaesthe-
tized with Euthasol and transcardially perfused with 30 ml of ice-cold
0.01 M PBS followed by 30 ml of ice-cold 4% paraformaldehyde in PBS.
Brains were extracted and stored in 4% paraformaldehyde for 24 h at
4 °Cbeforebeingstoredin PBS. Slices 70-100 pm thick were obtained
onaleicaVT100S and mounted onslides. Allimaging was performed
on an Olympus MVXI10, Nikon Eclipse 90i, Zeiss LSMS510, Zeiss Axi-
oskop2, Zeiss ApoTome.2, and Keyence BZ-X All-in-One Fluorescence



Microscope. All mice were verified to have virus-driven expression
and optical fibres located in the mPFC. For mice used in parvalbumin
immunohistochemistry, 60-um slices from PV-cre mice injected with
AAV2-EF1a-DIO-ChR2-eYFP unilaterally in PFC were obtained onalLeica
VT100S and were rinsed twice at room temperature (10 min each) in
PBS and incubated overnight at 4 °C with 0.3% Triton X-1000, 0.1%
normal donkey serum (NDS) and monoclonal anti-PV antibody (1:1,000;
Sigma). Slices were then rinsed twice in PBS (10 min each) at room
temperature and incubated with Alexa 688 goat anti-mouse antibody
(1:500; Invitrogen) for 3 hat room temperature. Slices were then rinsed
twice in PBS (10 min each) at room temperature and coverslipped in
mounting medium. Immunofluorescence was then observed with Zeiss
ApoTome.2 and images were acquired.

Data analyses and statistics

Statistical analyses were performed using Prism 8 (GraphPad) and
detailed in the corresponding figure legends. Quantitative data are
expressed asthe meanand error bars represent the s.e.m. Group com-
parisons were made using two-way ANOVA followed by Bonferroni post
hoc tests to control for multiple comparisons unless otherwise noted.
Paired and unpaired two-tailed Student’s t-tests were used to make
single-variable comparisons. Similarity of variance between groups
was confirmed by the F test. Measurements were taken from distinct
samples and from samples that were measured repeatedly. *P < 0.05,
**P<0.01, **P<0.001, ***P < 0.0001. Comparisons with no asterisk
or ‘NS” had P> 0.05 and were considered not significant. No statisti-
calmethods were used to pre-determine sample sizes but our sample
size choice was based on previous studies®® and are consistent with
those generally employed in the field. Data distribution was assumed
to be normal, but this was not formally tested.

For Fig.3d,e k|, full statistics are: optogeneticinhibition of callosal
mPFC PV terminalsimpairsrule shifts in DIO-eNpHR mice (n = 5) com-
pared to DIO-mCherry controls (n = 4) ondays 2 and 3 (two-way ANOVA
(task day x virus); interaction: P=0.0009). d, DIO-mCherry perfor-
mance did not change (day 1to 2: P=0.28; day 1to 3: P= 0.094; day 2
to3:P>0.99).d,e kI, Two-way ANOVA (task day x virus) comparing
rule-shift (RS) performance across groups (interaction: P<0.0001),
showed no group difference on day 1but significantimpairment ondays
2and 3 for DIO-eNpHR compared to DIO-mCherry and Syn-tdTomato.
e, Optogenetic inhibition of mPFC callosal PV terminals impairs rule
shifts in DIO-eNpHR mice compared to DIO-mCherry controls (day 1
to2: P=0.014; day1to 3: P=0.012; day 2 to 3: P=0.075). For Fig. 3f,g,
full statistics are: 30-50 Hz synchronization is higher after RS errors
than after RS correct decisions across task daysin controls (n = 4 mice;
two-way ANOVA; main effect of trial type: P= 0.0056; day 1: P= 0.004;
day2:P=0.005;day 3: P=0.022).g, Gammasynchrony is higher after
RS errors than after RS correct decisions for DIO-eNpHR mice on day
1(nolight), but notdays2and 3 (n = 5mice; two-way ANOVA (trial type
x task day); interaction: P=0.0039; day 1: P=0.0056; day 2: P=0.16;
day 3: P=0.23). Differences in gamma synchrony between RS errors
and correct trials are also significantly lower in DIO-eNpHR mice
compared to controls on days 2 (two-way ANOVA (trial type x virus);
interaction: P=0.018) and 3 (two-way ANOVA (trial type x virus); inter-
action: P=0.034). We then performed two-way ANOVA (task day x
virus, type of error) comparing gamma synchrony across groups with
appropriate post hoc tests corrected for multiple comparisons; gamma
synchrony is lower for DIO-eNpHR mice compared to matched controls
on error (interaction: P=0.049), but not correct trials (interaction:
P=0.93) onboth days 2 (P=0.0089) and 3 (P=0.016). For Fig. 3k-n,
full statistics are: inhibiting callosal terminals does not affect rule
shifts in Syn-eNpHR mice (n =5) compared to controls (n = 4) across
days (two-way ANOVA (task day x virus); P=0.37). k, Performance of
controls did not change across days (day 1to 2: P=0.48; day 1to 3:
P>0.99;day 2to3: P>0.99).1, Performance of Syn-eNpHR mice did
not change across days (day 1to 2: P> 0.99; day 1to 3: P=0.96; day

2to 3: P=0.85).m, Interhemispheric 30-50 Hz synchronization is
higher after RS errors than RS correct decisions across days in controls
(n =4 mice; two-way ANOVA; main effect of trial type: P=0.020; day
1: P=0.015; day 2: P=0.049; day 3: P= 0.025). n, Gamma synchrony is
higher after RS errors than RS correct decisions for Syn-eNpHR mice
onday1(nolight). This was abolished with light on day 2, then restored
inthe absence of light onday 3 (n = 5mice; two-way ANOVA; (trial type
x task day); interaction: P=0.011; day 1: P= 0.037; day 2: P= 0.46; day 3:
P=0.021). Gammasynchrony is lower for Syn-eNpHR mice compared
tomatched controls on error (two-way ANOVA; interaction: P = 0.045)
but not correct trials (interaction: P= 0.74) on day 2 (P= 0.043), but
not on day 3 (P=0.58). Two-way ANOVA followed by Bonferroni post
hoc comparisons was used.

ForFig.4d-f, full statistics are: optogeneticinhibition of callosal PV
terminals impairs rule shifts in DIO-eNpHR mice (n = 6) compared to
controls (n = 6) and Syn-eNpHR mice (n = 6) on days 2 and 3 (two-way
ANOVA (task day x virus); interaction: P < 0.0001). d, Performance
of controls did not change (day 1to 2: P=0.057; day1to 3: P=0.12;
day2to3:P=0.67).e, Optogenetic inhibition of callosal PV terminals
impairsrule shifts in DIO-eNpHR mice (day1to 2: P= 0.020; day1to 3:
P=0.010; day 2t0 3: P> 0.99). f, Performance of Syn-eNpHR mice did
notchange (day1to2: P=0.58;day1to3:P=0.82;day2to3:P>0.99).
For Fig. 4h,j, full statistics are: optogenetic inhibition changes the
similarity of activity vectors specifically in DIO-eNpHR mice (two-way
ANOVA, main effect of task day: P= 0.017; task day x group interaction:
P=0.32). h, For controls (n = 6 mice), there is no change across days
in the similarity between activity vectors after RS errors and those
after correct decisions (day1to2: P=0.57; day1to 3: P=0.32; day 2 to
3:P=0.90).i, InDIO-eNpHR mice (n =6 mice), there is anincrease in
the similarity between activity vectors after RS errors and those after
correctdecisions fromday 1 (before optogeneticinhibition) to days 2
and 3 (during and after inhibition, respectively) (day1to 2: P=0.044;
day1to3: P=0.0067; day 2 to 3: P=0.71). j, For Syn-eNpHR mice
(n=6mice), there is no change across days in the similarity between
activity vectors after RS errors and those after correct decisions (day 1
t02:P=0.99;day1to3: P=0.93;day2to3: P=0.98). Two-way ANOVA
to compare the change in activity vector similarity fromday1to 2in
the DIO-eNpHR group to agroup consisting of the eNpHR-negative and
synapsin-eNpHR mice, using mouse, day, and day x group interaction
as factors revealed a significant day x group interaction (P = 0.040).
k-m, The similarity between activity vectors after decisions on error
trials during theinitial association (IA) and those during the RS. There
isincreased similarity across days in DIO-eNpHR mice (n = 6; two-way
ANOVA (task day x virus); interaction: P= 0.025).k, Thereisno changein
the similarity of population activity vectors after IAerrorsand RS errors
across days in controls (n=6; day1to 2: P=0.99; day1to 3: P=0.52;
day 2to 3: P=0.50).1, During and following optogenetic inhibition
ondays2and3inDIO-eNpHR mice, thereis anincrease in the similar-
ity of population activity vectors following IA versus RS error trials
(day1to2: P=0.0038;day1to3:P=0.0045;day2t03:P=0.95).m,
In Syn-eNpHR mice, there is no change in the similarity of population
activity vectors following IA versus RS errors trials across days (n = 6;
dayl1to2:P=0.41;day1to3:P=0.90; day2to3: P=0.24).n, Controls
haveincreasesinaverage activity (fraction of framesinwhich aneuron
isactive, averaged acrossall neurons) during the 10 s following RS errors
compared to the 10 s following RS correct decisions on all days (n = 6;
two-way ANOVA, main effect of trial type: P= 0.010; day 1: Bonferroni
P=0.022; day 2: Bonferroni P= 0.015; day 3: Bonferroni P=0.016).
0, DIO-eNpHR mice have an increase in average activity after errors
that depends onthe day (n = 6; two-way ANOVA (task day x trial type);
interaction: P=0.0003). This difference occurs on day 1 (Bonferroni
P<0.0001), butis abolished with light delivery on day 2 (Bonferroni
P>0.99),and continues to be absent even without further light delivery
onday 3 (BonferroniP>0.99).p, InSyn-eNpHR mice, thereis an overall
increaseinaverage activity following error trials (n = 6; two-way ANOVA,
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main effect of trial type: P=0.0088). This occurs on days 1 (Bonferroni
P=0.038) and 3 (Bonferroni P=0.016), but not with light delivery on
day 2 (Bonferroni P> 0.99). Two-way ANOVA followed by Tukey post
hoc comparisons was used unless otherwise noted.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1| Callosal PV+projectionsinnervate mPFC neurons
projecting to mediodorsal thalamus and dorsal striatum. a, Example
immunohistochemistry image showing staining for parvalbumin (PV, red)

and eYFP expression after a unilateral injection of AAV-DIO-ChR2-eYFP in the
mPFC of PV-Cremice. ChR2-eYFP expressionis 96.7% specific for PV colabeled
neurons. b, Experimental design: AAV-DIO-ChR2-eYFP wasinjected into one
mPFC of PV-Cre mice to express ChR2in callosal PV terminals. Toretrogradely-
label neurons that project to the contralateral mPFC or mediodorsal (MD)
thalamus, choleratoxin subunit B conjugated with Alexa Fluor 488 (CTb
Alexa-488) wasinjected inthe mPFCipsilateral to the AAV-DIO-ChR2injection,
and Alexa Fluor 594-conjugated choleratoxin subunit B (CTb Alexa-594) was
injected in MD thalamus (contralateral to the site of AAV-DIO-ChR2 injection)
(n=3mice). Whole-cellrecordings were made from labeled neurons
(contralateral to the AAV-DIO-ChR2injection) within prefrontal brainslices.
¢, Example current-clamp responses to hyperpolarizing or depolarizing
current pulsesinretrogradely-labeled pyramidal neurons projecting to
contralateralmPFC and MD thalamus. d, Experimental design: Injection of
AAV-DIO-ChR2-eYFPin one mPFC of PV-Cremice to express channelrhodopsin
incallosal PVterminals. Toretrogradely-label neurons that project to nucleus
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accumbens (NAc) or dorsal striatum, CTb Alexa-488 was injected inNAcand
CTb Alexa-594 was injected in dorsal striatum (both contralateral to the
AAV-DIO-ChR2injection) (n =3 mice). Whole-cell recordings were made from
labeled neurons within prefrontal brainslices. e, Example current-clamp
responses to hyperpolarizing or depolarizing current pulsesinretrogradely-
labeled neurons projecting to NAc or dorsal striatum. A small number of
fast-spiking (FS) neurons were presentamong retrogradely-labeled neurons
projectingto dorsal striatum. f, During optogenetic stimulation of callosal PV
terminals, we observed consistent synaptic responsesin allMD-projecting
neurons and afraction of dorsal striatum-projecting pyramidal neurons.

g, Representativeimages showing CTb labeling of mPFC neurons projecting to
the contralateral mPFC, ipsilateral MD thalamus, ipsilateral NAc, or ipsilateral
dorsalstriatum. h-k, Ablue light flash (5 ms, 470 nm; denoted as ablue bar)
delivered through the 40x objective were used to optogenetically stimulate
callosal PV terminals. Example recordings from mPFC pyramidal neurons
projecting to MD thalamus or dorsal striatum, showing optogenetically-evoked
inhibitory postsynaptic potentials (IPSPs) in the presence of DNQX and APV.
Scalebars,100 pm, unless otherwiseindicated.
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Extended DataFig.2|Rule shift task description and control experiments
using weak light delivery or weak viral expression. a, Trial timeline. A mouse
begins eachtrial whenitis placed in the home cage, then makes a decision,
indicated by digging in one bowl. If the mouseis correct, the food reward is
consumed. The mouseis then transferred to the holding cage until the next
trial. Theintertrialinterval (ITI) is longer after errors. b, For optogenetic
inhibition behavior experimentsinFig.2, Day1:nolightdelivery during the
initial association (IA), nor during the rule shift (RS); Day 2: no light is delivered
while micelearnthelA, but once mice meet the criterion forlearning (8/10
consecutive trials correct), we begin delivering continuous 532 nmlight and
test the animal for 3 additional IA trials, before switching to the RS portion of
thetask. ¢, For optogeneticinhibition dual-site voltage indicator experiments
inFig.3, Day1l:nolightdelivery duringthelA, nor during the RS; Day 2: no light
delivery during theIA, but continuouslightdelivery of 638 nmbegins during 3
additional IA trials, followed by the RS; Day 3: no light delivery during the A,
norduringtheRS. d, For optogeneticinhibition + microendoscopic calcium
imaging experimentsinFig.4, Day 1: nolight delivery during the IA, nor during
theRS; Day 2:nolight delivery during the IA, but continuous light delivery of
600 nmbegins during 3 additional A trials, followed by the RS; Day 3: no light
delivery duringthelA, nor during the RS. e, Control experiments to verify that
weak light delivery does not affect RS learning. Experimental design: Day 1, no
light delivery; Day 2, continuous 0.1mW 532 nm light is delivered during the
RS; Day 3, continuous light at 0.1mW 638 nm for inhibition during the RS.
f,Representative image showing AAV-DIO-eNpHR-mCherry (DIO-eNpHR)
expressionand afiber-optic cannulain the same mPFC hemisphereinaPV-Cre
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mouse. Scale bar,100 um. g, h, Performancein the rule shift task did not vary
acrossdaysineither controls (n=4), or DIO-eNpHR-injected mice (n =5; two-way
ANOVA (task day x virus); interaction: F, ;4= 0.01721, P= 0.983).1i, Experimental
design: Day1, nolightdelivery; Day 2, continuous 2.5 mW 532 nmlightis
delivered during theRS. j, Representative image showing diluted (200 nLin
800 nLsaline) DIO-eNpHR expression and afiber-optic cannulain the same
mPFC hemisphereina PV-Cre mouse. Scale bar, 250 pm. k, Light stimulation of
PV cellsinfected with lower virus titer did not alter RS performance across days
(n=2mice; two-tailed paired t-test, P=0.5000). 1, Experimental design: Day 1,
nolight delivery; Day 2, light delivery during the inter-trial interval (ITI) during
the RS for optogeneticinhibition of callosal PV terminals; Day 3, no light was
delivered; Day 4, continuous light during the RS. m, Representative image
showing DIO-eNpHR-mCherry (DIO-eNpHR) expressioninonemPFCand a
fiber-optic cannulaimplantedinthe contralateralmPFC. Scale bar, 100 pm.

n, 0, Optogeneticinhibition of mPFC callosal PV terminals impairs rule shift
performancein DIO-eNpHR-expressing mice only when delivered during both
thetrialandinter-trialintervals of the RS (n = 6) compared to controls (n =3;
two-way ANOVA (task day x virus); interaction: F; 55 = 23.31, < 0.0001).

n, Performance of controls was not different from eNpHR-expressing mice
onDay1(posthoct g =0.3489,P>0.9999), Day 2 (posthoc 5 = 0.6978,
P>0.9999), nor Day 3 (post hoc ¢,5)= 0.4652, P> 0.9999). 0, Inhibition disrupts
rule shift performancein DIO-eNpHR-expressing mice compared to controls
whenlightis delivered continuously throughout the RS on Day 4 (post hoc

tos) = 9.886,P<0.0001). Two-way ANOVA followed by Bonferroni post hoc
comparisons wasused. ****P<0.0001.
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Extended DataFig. 3 |Initial association performance. a, Related to the
experimentsinFig.2, thereisno differenceinthe number of trialsneeded to
reach thecriterion for learning the initial association (1A) for DIO-eYFP controls
(n=7)vs.DIO-eNpHR-expressing mice (n = 8; two-way ANOVA (task day x virus);
interaction: F; ;5 =1.936, P= 0.1874). b, Related to the experimentsin Fig. 2,
thereis nodifferenceinthe number of IAtrials to reach thelearning criterion
for Syn-tdTomato controls (n =4) vs. Syn-eNpHR-expressing mice (n=6;
two-way ANOVA (task day x virus); interaction: F; g = 0.05424, P= 0.8217).
c,Related tothe experimentsin Fig. 3, thereis no difference in the number of IA
trialsneeded toreach thelearning criterion for DIO-mCherry controls (n=4)
vs.DIO-eNpHR-expressing mice (n =5; two-way ANOVA (task day x virus);
interaction: F; ;4 = 0.3027, P=0.7435).d, Related to the experiments in Fig. 3,

thereisnodifferenceinthe number of IAtrials needed toreachthelearning
criterion for Syn-mCherry controls (n = 4) vs. Syn-eNpHR-expressing mice
(n=5;two-way ANOVA (task day x virus); interaction: F, ;5)=2.131, P=0.1557).
e, Related to the experimentsin Fig. 4, thereisno difference in the number of
IA trialsneeded toreach the learning criterion for controls (DIO-mCherry or
Syn-mCherry) (n = 6) vs. DIO-eNpHR-expressing mice (n = 6; two-way ANOVA
(task day x virus); interaction: F, o) = 0.8831, P=0.4290).f, Related to the
experimentsinFig. 4, thereisno differenceinthe number of IAtrialsneeded to
reach thelearningcriterion for controls (DIO-mCherry or Syn-mCherry; n = 6)
vs. Syn-eNpHR-expressing mice (n = 6; two-way ANOVA (task day x virus);
interaction: F, 55, =1.372, P= 0.2764). Two-way ANOVA followed by Bonferroni
posthoccomparisons was used.



Article

a control eNpHR € DIO-mCherry DIO-eNpHR d control control e DIO-eNpHR DIO-eNpHR
PV-Cre +Ai14 100 200 4 40
80 80 z S S *
B I o150 150 = 30 30 = 30 ! 30
AR € S - -
ful ool I D
Day 1 § 20{° wf * 3% 190 2?0 20 g g 20 } 20
< c %} %)
ey 2 (RS GomsA ] G 2 5 s0 50 2@ 8 e & Lo 10| ®
O control L é % = = — *kkk
W eNpHR 0- - 0+ - 0+ I S 0+ 0+ y 0- 0+ y
S S »ow NS o A 0'&\?' o A o e o A 0'&\?' o A o 2
odor to texture  texture to odor odor to texture  texture to odor
f RS, first 5 trials 9 RS, next 5 trials h RS, first 5 trials ke i RS, next 5 trials
» 15 100 == - 100 100 100
(_U *k
£ 9
S 10 10 . g
s 501* £ 50 .
g5 5 g
€ (o]
2
0 T 0-+— v 0 0
D O 0 0 0 O P D N0 0 0 0 O P PSS SN RO RO
Change in perseverative choice Change in perseverative choice IAand RS cue  IAand RS cue IAand RS cue  IAand RS cue
from Day 1 to Day 2 (%) from Day 1 to Day 2 (%) in same location in different location in same location in different location
O DIO-mCherry B DIO-eNpHR
] control k DIO-eNpHR | control m DIO-eNpHR n_ control o DIO-eNpHR
- 08 0.8 - 80 80 X 100 100
= 2 38 .
% - o8
8
=2 0.4 0.4 % 40 40 § =3 50 50
O 0.0 . 0.0+ . W0l . o4 . 2 o . oA <
ooV o oot oa? et ot oot gt R L D LD D K P D ke RS L D L D kP D ke
1A RS 1A RS 1A RS 1A RS 1A RS 1A RS
P s DIO-eYFP t DIO-eYFP u Perseverative v Random
c 401 c 40 - 1
S 2 o
£ 301 230 g
5} G © 10 1 104
_ 2201 £ 90 S
Day 1 [RS, no stimulation, 30 sec ITl| ¥ 2 é g 9] 5 5
om— = Q b 1
Day 2 [ RS, constant, 30 sec ITI | = 101 F 10 A g M
Day 3 [RS, no stimulation, 30 sec ITl| < o 8& 2 o b4
- . k 0O+—— 0+
O DIO-eYFP A ARy A 2 D A NS
@ DIO-eNpHR o oo ot oo o ot o o o NABRCRE
q r WC DIO-eNpHR X DIO-eNpHR y Perseverative z Random
PV-Cre S 404 540' 151 frd 154
5 5 Fkkk @
£ 30 £ 30 £
o 5] @ 10 10 1
201 220 S
© = 25 51
+DIO-eYFP  + DIO-eNpHR-mCherry F 10 = 10 1 Sk g
< |t 5 = -
0 A 2 > = 0 A 2 > & A 2 > ) A v >
o o o o od oY ot o oY o ot oY

Extended DataFig. 4 |See next page for caption.



Extended DataFig.4|Motor and animalbehavior during optogenetic
manipulations. a, We compared behavior between PV-Cre + Ail4 mice injected
with control virus (AAV-DIO-eYFP, AAV-DIO-mCherry, AAV-Syn-tdTomato, AAV-
Syn-mCherry) vs. experimental eNpHR-expressing mice (injected with AAV-
DIO-eNpHR-BFP, AAV-DIO-eNpHR-mCherry, AAV-Syn-eNpHR3.0-eYFP, or AAV-
Syn-eNpHR-mCherry), for experimentsin whichlight for optogeneticinhibition
was delivered onDay 2.b, Thereisnobiasin the fraction of choices made that
wereipsilateral versus contralateral to the side of optogeneticinhibition
(n=28DIO-and Syn-controls, n = 41 DIO- and Syn-eNpHR mice; two-way ANOVA
(side bias x virus); interaction: F ¢;, = 0.7813, P= 0.3799). For this, we specifically
analyzed thefinal threeinitial association (IA) trials on Day 2. (On Day 2, after
micereachthelearningcriterion for theIA, we began delivering light for
optogeneticinhibitionand performed three additional IA trials, followed by
therule shift). ¢, Inexperiments that included time-stamped behavior (dual-site
voltage indicator and microendoscopic calciumimaging experiments), there is
nodifferenceinthe latency to dig (aka, ‘time to choice’) when mice receive
optogeneticinhibition during the first 5 rule shift (RS) trials vs. no optogenetic
inhibition during the first 51A trials (n = 8 DIO-mCherry controls, n=11DIO-
eNpHR mice; two-way ANOVA (type of task x virus); interaction: F; ;;,= 0.4236,
P=0.5239).d-e, RS performance as afunction of the type of cue shifts (odor to
texture, texture to odor), task day (Day 1: no light; Day 2: light on for optogenetic
inhibition), and group (n =17 eNpHR-negative controls, n =19 DIO-eNpHR
mice) (two-way ANOVA (virus x task day); interaction: F; ¢4 = 24.00, P < 0.0001);
there wasnodifference in performance for control mice on Day1vs. 2 for odor
to texture shifts (Tukey’s post hoc g4 =1.943, P= 0.5203); there wasnot a
significant differencein performance for control mice on Day 1vs. 2 for texture
to odor shifts (Tukey’s posthoc g4 =3.559, P= 0.0668); there was amarked
significant difference in performance for DIO-eNpHR mice on Day1vs. 2 for
odor to texture shifts (Tukey’s posthoc g, =16.16, P< 0.0001); there was a
marked significant difference in performance for DIO-eNpHR mice on Day 1vs.
2 for texture to odor shifts (Tukey’s post hoc g4 =13.3, P< 0.0001). f-g, To
determine whether the effects of optogeneticinhibition on the RS manifest
immediately vs. only accrue after prolonged light delivery, we calculated the
percentage of perseverative errors separately for the first SRS trials versus the
next5RStrials, across control and experimental cohorts. Optogenetic inhibition
of callosal PV projections causes mice to perseverate more on Day 2 compared
to Day1for both the first SRS trials (n =19 DIO-eNpHR mice; two-way ANOVA
(trial type x task day); interaction: F; 15, = 7.496, P= 0.0135; post hoc ¢4, = 2.581,
P=0.0376) and the next SRS trials (posthoc ¢ = 6.453, P<0.0001). By contrast,
there was no change from Day 1to Day 2 in the percentage of perseverative
choices within either the first 5 (n =15 controls; two-way ANOVA (type of trial
type x task day); interaction: F; ;,,= 0.09894, P=0.7577; posthoc ¢, =1.557,
P=0.2836) or next 5RS trialsin controls (post hoc ¢4, =2.002, P= 0.1302).

h, The proportion of correct vs. error decisionsis plotted as a function of
whether the cuesthat would berewardedinthelAand RS arelocated in the
same vs. differentbowls, during the first SRS trials (n = 7 DIO-mCherry
controls, n=8DIO-eNpHR mice; same location two-way ANOVA (trial type x
virus); interaction: F ;3 = 0.02208, P= 0.8842; same and correct post hoc
te)=0.1486,P>0.9999; same and incorrect post hoc ¢ ,,) = 0.1486, P> 0.9999;
differentlocation two-way ANOVA (trial type x virus); interaction: F ;3 = 13.87,
P=0.0026; differentand correct post hoc ) =3.724, P=0.0019; differentand
incorrect posthoc ¢, =3.724,P=0.0019).i, Same ash but for the next 5RS
trials (n =7 DIO-mCherry control mice; same location two-way ANOVA (trial
type x virus); interaction: F; ;3= 3.214, P=0.0963; same and correct post hoc
t6)=1.793,P=0.1693; same and incorrect posthoc ¢,, =1.793, P= 0.1693;

differentlocation two-way ANOVA (trial type x virus); interaction: F; ;5 = 8.948,
P=0.0104; different and correct post hoc ¢,,,=2.991, P= 0.0120; different
andincorrect posthoct,,=2.991, P=0.0120). j-k, The overall speed (meters
persecond) of mice during the first 51Aand RS trials across daysin the cohort
of mice used for microendoscopic Ca* imaging (n = 6 eNpHR-negative controls;
n=6DIO-eNpHR mice; two-way ANOVA (IA vs. RS x task day) for control mice:
interaction: F; ;5= 0.00271, P=0.9595; two way-ANOVA (IA vs. RS x task day) for
DIO-eNpHR mice: interaction: F; ;o,=1.378,P=0.2677).1-m, Thereisno
differencein the amount of time (seconds) mice spent exploring bowls

before makingadecision during the first 51Aand RS trialsacross daysin the
microendoscope experimental dataset (n = 6 eNpHR-negative controls;n=6
DIO-eNpHR mice; two-way ANOVA (IA vs. RS x task day) for control mice:
interaction: F; o= 0.5053, P=0.4934; two way-ANOVA (IA vs. RS x task day) for
DIO-eNpHR mice: interaction: F; ;o= 0.1147, P= 0.7419). n-o, The first move of
themouse toward the correct bowl (percent) during the first 51A and RS trials
across days in the Ca** imaging experimental dataset (n = 6 eNpHR-negative
controls; n=6 DIO-eNpHR mice; two-way ANOVA (IAvs. RS x task day) for control
mice:interaction: F ) =3.347,P=0.0973; two way-ANOVA (IA vs. RS x task day)
for DIO-eNpHR mice: interaction: F; ;o) = 0.1316, P= 0.7244). p-z, Effects of
inhibiting callosal PV+ projections during a version of the RS task using a
shorter (30 second) intertrial interval (ITI). p, Experimental design: Day 1, no
light delivery; Day 2, continuous light during the RS for optogeneticinhibition
of callosal PV terminals; Day 3, no light was delivered. q, Representative image
showing DIO-eYFP expressioninone mPFC and afiber-optic cannulaimplanted
inthe contralateralmPFCinaPV-Cremouse.r, Representative image showing
DIO-eNpHR-mCherry (DIO-eNpHR) expressionin one mPFCand afiber-
opticcannulaimplantedin the contralateralmPFCina PV-Cre mouse.s,w, IA
performancewitha30sITlin eNpHR-negative mice (n = 6) and eNpHR-
expressing mice (n = 8; two-way ANOVA (task day x virus); interaction: F, 5=
0.1585, P=0.8543). t,x, Optogenetic inhibition of mPFC callosal PV terminals
witha30 sITlimpairs ruleshift performance in DIO-eNpHR mice (n=8)
compared to controls (n = 6; two-way ANOVA (task day x virus); interaction:
Fi524=50.79,P<0.0001). t, Performance of DIO-eYFP controls did not change
fromDay1to Day 2 (Tukey’s posthoc g =1.606, P=0.5356), Day1to Day 3
(Tukey’s post hoc g5, =1.035, P=0.7567), nor Day 2 to Day 3 (Tukey’s post hoc
q(5y=0.4344,P=0.9498).x, Inhibition disrupts rule shift performance in DIO-
eNpHR mice from Day1to Day 2 (Tukey’s post hoc g;,=15.34,P<0.0001), Day 1
toDay 3 (Tukey’s posthoc g, =21.75,P < 0.0001), but not Day 2 to Day 3 (Tukey’s
posthocq;=2.679,P=0.2101).u,y, Optogeneticinhibition of callosal PV
terminalsincreases perseverative errorsin DIO-eNpHR mice (n =8 mice)
compared to DIO-eYFP controls (n = 6 mice; two-way ANOVA (task day x virus)
interaction: F; 5 =19.79,P< 0.0001). v, z, Optogeneticinhibition of callosal PV
terminals has no effect onrandomerrorsin DIO-eNpHR mice (n = 8) compared
to DIO-eYFP controls (n = 6; two-way ANOVA (task day x virus); interaction:
Fi524=1.079,P=0.3559).u,v, Light delivery does not affect the number of
perseverative (posthoc s =0.000-1.000, P>0.9999) or random (post hoc
t;s=0.4152-0.7906, P> 0.9999) errors in DIO-eYFP controls across days.

y, z, Optogeneticinhibition of callosal PV terminals on Day 2 increased the
number of perseverative (posthoct; = 6.008, P=0.0016 from Day1to Day 2;
posthoct; =5.844,P=0.0019 from Day 1to Day 3; but not from Day 2 to Day 3:
posthoct;=1.111,P=0.9093) but notrandom (post hoc ;= 0.000 - 2.198,
P=0.1918 ->0.9999) errors compared to no stimulation. Two-way ANOVA
followed by Bonferroni post hoc comparisons was used unless otherwise
noted. Datawere expressed asmean +s.e.m.**P<0.01,****P<0.0001;
scalebar,100 pm.
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Extended DataFig. 5| Optogeneticinhibition of callosal PV terminals
(butnot nonspecificinhibition of all callosal terminals) increases errors
during ruleshifts. a, e, i, m, Experimental design: Day 1, no light delivery; Day
2, continuous light for optogeneticinhibition of callosal PV terminals during
theruleshift (RS).b, f,j, n, Representative image showing viral expression in
the mPFCipsilateral to theinjection (ipsi), and labeled callosal terminalsin the
contralateral mPFC (contra). ¢, g, Optogeneticinhibition of callosal PV terminals
increases perseverative errorsin DIO-eNpHR mice (n = 8 mice) compared to
DIO-eYFP controls (n =7 mice; two-way ANOVA (task day x virus); interaction:
Fu13=35.71,P<0.0001).d, h, Optogeneticinhibition of callosal PV terminals
has amarginal effectonrandomerrors in DIO-eNpHR mice (n =8 mice)
compared to DIO-eYFP controls (n =7 mice; two-way ANOVA (task day x virus);

interaction: F; ;;,=4.617, P=0.0511). ¢, d, Light delivery does not affect the
number of perseverative (post hoct,;=1.877,P=0.1662) or random (post hoc
ty3=0.0,P>0.9999) errorsin DIO-eYFP controls. g, h, Optogeneticinhibition
of callosal PV terminals on Day 2 increased the number of perseverative (post
hoct3=10.75,P<0.0001) and random (post hoc t;;, = 3.145, P= 0.0155) errors
compared to no stimulationon Day1.k, 1, 0, p, Optogeneticinhibition of all
callosal projections has no effect on perseverative errorsin Syn-eNpHR mice
(n=6) compared to controls (n =4; two-way ANOVA (task day x virus); interaction:
Fu5=0.0,P>0.9999) nor onrandom errors (two-way ANOVA (task day x virus);
interaction: F; 4= 0.07805, P=0.787). Two-way ANOVA followed by Bonferroni
posthoccomparisonswas used. *P<0.05,****P<0.0001; scale bars, 250 pm
and 100 pum, respectively.
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Extended DataFig. 6| Optogeneticinhibition of callosal PV terminals during
arulereversal does notimpairreversallearning orinduce persistent deficits
insubsequentruleshifts. a, Schematicillustrating the rule reversal task, in
which mice chose one of two bowls, each baited by an odor (Ol or 02) and texture
(TAor TB) cue, to find ahidden food reward (the stimulus associated with reward
isindicatedin orange). Micefirstlearnaninitial association (IA) between either
anodor or texture cue (odor Olin this case) and food reward. Once micereach
thelearningcriterion (eight correct out of ten consecutive trials), this association
undergoes anintra-dimensional rulereversal (RR; e.g., from O1to 02).b, There
isnodifferenceinthe number of IA trials needed to reach the learning criterion
for control (n=3 mice; AAV-DIO-eYFPinjected; DIO-eYFP) vs.eNpHR-expressing
(n=5mice; AAV-DIO-eNpHR-mCherry injected; DIO-eNpHR) mice across

days (two-way ANOVA (task day x virus); interaction: F; ) =1.127,P= 0.3292).

c, Experimental design: Day 1, continuous light for optogenetic inhibition of
callosal PV terminals during the RR; Day 2, no light delivery during the rule
shift (RS).d, e, Representative images showing viral expressioninthe mPFC
ipsilateral to theinjection (ipsi), and labeled callosal terminalsin the
contralateralmPFC (contra).Scale bars,250 umand 100 pm, respectively.
f,g, Performance of DIO-eYFP controls (n =3, f) is similar to DIO-eNpHR mice
(n=5,g) fromDay1to Day 2 (two-way ANOVA (task day x virus); interaction:
Fu6=0.4286,P=0.5370). h, i, Optogeneticinhibition of callosal PV terminals
does notchange the total number of errors (perseverative and random) in
DIO-eNpHR mice (n =5mice, i) compared to DIO-eYFP controls across days
(n=3mice, h); two-way ANOVA (task day x virus); interaction: F; ;,=1.095,
P=0.3358). Two-way ANOVA followed by Bonferroni post hoc comparisons
was used.
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Extended DataFig.7|Optogeneticinhibition of callosal PV terminals
induces persistent perseveration during rule shifts thatis reversed by

40 Hzstimulation ofthe same terminals. a, Experimental design: Day 1,
continuous green light was delivered for terminal inhibition during the rule
shift (RS); Day 2, no light delivery; Day 3,40 Hz blue light was delivered for
terminal stimulation during the RS; on Day 4, which occurred 1week later, no
light was delivered. b, Representative images showing AAV-nEF-Con/Fon-
NpHR3.3-eYFP (Con/Fon-NpHR-eYFP) and AAV-Con/Fon-mCherry (Con/Fon-
mCherry) expressioninone mPFC (ipsi) and callosal PV* fibers and terminals in
the contralateral mPFC (contra). ¢, Representative images showing AAV-nEF-
Con/Fon-NpHR3.3-eYFP (Con/Fon-NpHR-eYFP) and AAV-nEF-Con/Fon-ChR2-
mCherry (Con/Fon-ChR2-mCherry) expressioninone mPFC (ipsi) and callosal
PVterminalsinthe contralateralmPFC (contra).d, Thereisno differencein

the number of initial association (IA) trials needed to reach the learning
criterionbetween mice which express only NpHR (n =3) and those expressing
bothNpHR and ChR2 (n = 8; two-way ANOVA (task day x virus); interaction:
Fi27=1.317,P=0.2892).e,h, Inmice which express NpHR only (e; n=3),
optogeneticinhibition on Day1causes mice totakealarge number of trials to
learn the rule shift, and this does not change across subsequent days (post hoc
t=0.3941-1.732, P> 0.9999). By contrast, rule shift performance in mice
expressingboth NpHR and ChR2 (h; n = 8) is significantly different across days
than that of mice which express NpHR-only (two-way ANOVA (task day x virus);
interaction: F3 ,;) = 6.747, P=0.0015). Optogenetic inhibition of mPFC callosal
PV terminals causes NpHR+ChR2-expressing mice (n = 8) to take alarge number
oftrials tolearnrule shifts on Day1and this does not change on Day 2 (no light)
(posthoct; =1.446,P>0.9999). However, RS learning is rescued by 40 Hz
optogeneticstimulation on Day 3 (posthoc;=10.91, P< 0.0001) and this
improvement does not change on ‘Day 4’ of testing which occurs one week later
(posthoct; =0.6394,P>0.9999).f,i: Optogeneticinhibition followed by
stimulation of callosal PV terminals changes the number of perseverative
errorsinmice expressing both NpHR and ChR2 (n =8 mice) compared to
controls expressing only NpHR (n = 3 mice; two-way ANOVA; main effect of
task day: F; o1515.13 = 7.167, P= 0.0050; main effect of virus: F; 5, =14.31,
P=0.0043; interaction: F; ,;,=5.324, P=0.0052). By contrast, thereis no
differencein numbers of randomerrors (two-way ANOVA; main effect of task
day: Fj 4911342 = 1.706, P= 0.2189; main effect of virus: F; ) =1.523, P= 0.2483;
interaction: F3 ;= 0.2901, P= 0.8322).f, Once mice expressing NpHR only
receive optogeneticinhibition on Day1, the number of perseverative errorsis
stableacross days (n=3mice; Day1to Day 2: posthoc ¢, =1.222,P>0.9999;
Day1toDay3:posthoc ¢, =1.299,P>0.9999; Day1to Day 4: post hoc
t;=0.3111, P> 0.9999; Day 2 to Day 3: post hoc ¢, = 0.3780, P> 0.9999; Day 2
toDay4:posthoct,=1.606,P>0.9999; Day 3 to Day 4: posthoct,=2.000,
P>0.9999).g, Inmice thatexpress NpHR only (n =3 mice), numbers of random
errorsarealsostableacross days (Day 1to Day 2: posthoc ¢, =1.387,P>0.9999;
Day1toDay 3:posthoct,=1.732,P>0.9999; Day 1to Day 4: post hoc
t»=1.000,P>0.9999; Day 2 to Day 3: post hoc ¢, =1.000, P> 0.9999; Day 2 to
Day4:posthoct, =1.000,P>0.9999; Day 3 to Day 4: post hoc t,,= 0.3780,
P>0.9999).i,40 Hz stimulation of callosal PV terminals on Day 3 reduces the
number of perseverative errors in mice expressing both NpHR and ChR2
(n=8;Day1toDay2:posthoct;=0.6494,P>0.9999; Day1to Day 3: post hoc
t;=5.218,P=0.0074; Day 1to Day 4: posthoc ;)= 6.416, P=0.0022; Day 2 to
Day3:posthoct; =4.822,P=0.0115; Day 2 to Day 4: post hoc ¢;)=12.33,
P<0.0001; Day 3 to Day 4: posthoc ;= 0.4971, P> 0.9999).j,40 Hz stimulation
onDay3does not affect the number of random errors in mice expressing both
NpHR and ChR2 (n=8mice; Day1to Day2: posthoc ¢, =0.7061, P> 0.9999; Day
1toDay 3:posthoct;=0.6417,P>0.9999; Day 1to Day 4: posthoc ;) =1.210,
P>0.9999; Day 2to Day 3: posthoc ¢;)=0.3140, P> 0.9999; Day 2 to Day 4: post
hoct; =0.4237,P>0.9999; Day 3 to Day 4: posthoct;, = 0.7977,P> 0.9999).
Two-way ANOVA followed by Bonferroni post hoc comparisons was used.
*P<0.05,**P<0.01, **P<0.001, ***P< 0.0001; scale bars, 100 umand 50 um,
respectively.
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Extended DataFig. 8| Optogeneticinhibition of callosal PV terminals,
delivered while measuring signals from voltage indicators, increases errors
duringruleshifts (RS). a, PV-Cre Ail4 mice had bilateral AAV-DIO-Ace2N-4AA-
mNeon (Ace-mNeon) injections, anipsilateral AAV-DIO-eNpHR-BFP (DIO-
eNpHR) or AAV-DIO-mCherry injection and multimode fiber-opticimplantsin
both prefrontal cortices. b, Representative images frommiceinjected witha
control virus (DIO-mCherry), showing mCherry, Ace-mNeon, and tdTomato
expressioninthe mPFCipsilateral to the virusinjection (ipsi), and Ace-mNeon
and tdTomatoin the contralateral hemisphere (contra).c, f, Experimental
design: Day 1, nolight delivery; Day 2, continuous light for inhibition during the
ruleshift (RS); Day 3, nolightdelivery.d, e, g, h, Optogeneticinhibition of callosal
PV terminalsincreases perseverative errorsin DIO-eNpHR-expressing mice
(n=5mice, g-h) compared to DIO-mCherry-expressing controls (n = 4 mice,
d-e; two-way ANOVA (task day x virus); interaction: F, 4= 5.226, P= 0.0202),
buthasno effect onrandomerrors (two-way ANOVA (task day x virus);
interaction: F, ;)= 0.4552, P=0.6434).d, e, Light delivery does not affect the
number of perseverative (Day1to Day 2: posthoc ¢, =1.392,P=0.5566; Day 1
toDay 3:posthoc ¢y, =1.392,P=0.5566; Day 2 to Day 3: post hoc ¢, = 0.0,
P>0.9999) or random (Day 1to Day 2: post hoc ¢4 = 0.284, P> 0.9999; Day 1to
Day 3: posthocty,=0.284, P> 0.9999; Day 2 to Day 3: posthoct,,= 0.0,
P>0.9999) errorsincontrolsacross days. g, h, Optogeneticinhibition of
callosal PV terminalsinduces perseveration on Day 2 and Day 3 compared to
no stimulationon Day1(Day1toDay 2: posthocty,=4.092,P=0.0033; Day 1
toDay 3: posthoc ¢, = 6.405,P<0.0001; Day 2to Day 3: post hoc ¢, =2.313,
P=0.1094),but hasno effectonrandomerrors (Day 1to Day 2: post hoc
tuy=1.524,P=0.4493; Day1to Day 3: posthoct,, = 0.254, P> 0.9999; Day 2
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toDay3:posthoctyy =1.27,P=0.6744).i, PV-Cre Ail4 mice had bilateral
AAV-DIO-Ace2N-4AA-mNeon (Ace-mNeon) injections, anipsilateral
AAV-Synapsin-eNpHR-BFP (Syn-eNpHR) or AAV-Synapsin-mCherry (Syn-
mCherry) injectionand multimode fiber-opticimplantsin both prefrontal
cortices.j, Representative images from mice injected with a control virus
(Syn-mCherry), showing mCherry, Ace-mNeon, and tdTomato expressionin
themPFCipsito thevirusinjection,and Ace-mNeon and tdTomatoin the contra
hemisphere.k, n, Experimental design: Day 1, nolight delivery; Day 2, continuous
light for inhibition during the R; Day 3, no light delivery.l, m, o, p, Optogenetic
inhibition of callosal terminals does not change the number of perseverative
errorsinSyn-eNpHR mice (n=5mice, I-m) compared to Syn-mCherry controls
(n=4mice, I-m; two-way ANOVA (task day x virus); interaction: F, 14, =1.933,
P=0.1814), and has no effect onrandom errors (two-way ANOVA (task day x
virus); interaction: F, 4= 0.3789, P= 0.6914).1, m, Light delivery does not
affectthenumber of perseverative (Day1to Day 2: posthoc ¢;, =1.464,
P=0.7183; Day1to Day 3: post hoc ;= 0.8783,P>0.9999; Day 2 to Day 3: post
hoct;=0.4804,P>0.9999) or random (Day 1to Day 2: post hoc ¢, =1.732,
P=0.5451;Day2toDay 3: posthoct; =1.732, P= 0.5451) errorsin controls
across days. o, p, Nonspecific optogeneticinhibition of all callosal projections
does notaffect the number of perseverative (n =5mice; Day 1to Day 2: post hoc
t4)=0.6882,P>0.9999; Day1toDay 3: post hoc ¢,,=2.108, P=0.3081; Day 2to
Day 3:posthoct, =1.121, P=0.9752) or random (Day 1 to Day 2: post hoc
t4)=0.4082,P>0.9999; Day1to Day 3: posthoc t,,=1.000, P>0.9999; Day 2 to
Day 3:posthoct, =0.000,P>0.9999) errorsin Syn-eNpHR mice across days.
Two-way ANOVA followed by Bonferroni post hoc comparisons was used.
**P<0.01,****P<0.0001; scalebars, 50 pm.
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Extended DataFig.9|Additional analyses of gammasynchrony using
dual-site voltageindicators. a, Experimental design: Day 1, no optogenetic
inhibition; Day 2, continuous light for optogeneticinhibition during the rule
shift (RS); Day 3, no optogenetic inhibition (light for TEMPO was delivered on
all days).b-e, Gammasynchrony during theintertrial interval (ITI). b-c, Gamma
synchrony duringITIs does not change following correct or error trials during
theinitial association (1A) in either control (n = 4 mice; two-way ANOVA (trial
type x task day); interaction: F, ;) = 0.1143, P= 0.2111) or DIO-eNpHR mice (n=5
mice; two-way ANOVA (trial type x task day); interaction: F, 5 =1.903, P=0.1915)
across days.d, Gammasynchrony during ITlsis higher after rule shift (RS)
errorsthan after RS correct choices across days in control mice (n =4 mice; Day
1:posthocty=2.977,P=0.047; Day 2: posthoct =2.969, P=0.0472; Day 3:
posthoct =4.039,P=0.0088).e,InDIO-eNpHR mice, gammasynchrony
duringITlsis higher after RSerrorsthan after RS correct choicesonDay1(n=35
mice; Day 1: posthoc ¢, =2.914, P=0.039), but not on Day 2 when mice receive
optogeneticinhibition of callosal PV+terminals (post hoc ¢;, = 1.041, P= 0.9545)
noronDay 3 (posthoct,,=1.153, P=0.8136).f, We performed ashorter
timeframe re-analysis of TEMPO data collected from PV-Cre Ail4 injected in
one mPFC with AAV-DIO-eNpHR. This was originally collected for Fig. 3.
Gammasynchrony was calculated as the zero-phase lag cross-correlation
(‘x-corr’) between ‘corrected’ mNeon signals that had been filtered in the
30-50 Hzas described in the Methods. Synchrony was averaged over the 5 s
following correct choices or errors during the rule shift (RS). This measure of
interhemisphericgammasynchrony is higher after RS errors than RS correct
choicesonDay1, but was not different after errors vs. correct choices on Days 2
and 3 (n=5mice; two-way ANOVA; main effect of type of decision: F; 4 = 5.349,

P=0.0495; Day1: post hoc ¢, =2.619, P=0.0451; Day 2: post hoc ¢,,) = 0.04492,
P>0.9999; Day 3: posthoct,,=1.763, P=0.2717). g-i, We also re-analyzed the
TEMPO data collected from PV-Cre Ail4 miceinjected in one mPFC with DIO-
eNpHRtoidentify specific times when optogeneticinhibition of callosal PV+
projections disrupts gammasynchrony. We measured the change in gamma
synchrony (calculatedin1s windows for various time points relative to
behavioral events) between Day 1(control) and Day 2 (optogenetic inhibition)
forbotherrors (filled circles) and correct choices (open circles) during the
first SRS trialsin PV-Cre mice expressing DIO-eNpHR. g, This change in gamma
synchrony (change =Day 2 - Day1) is not significantly different for error vs.
correcttrialsaround the time of trial start (n = 5 mice; two-way ANOVA (time
point x error vs. correct); interaction: F;5 44 =1.642, P=0.0874). h, This change
ingammasynchrony is more negative for error vs. correct trialsaround the
start of digging (n = Smice; two-way ANOVA (time point x error vs. correct);
interaction: F5 44 =1.931,P=0.0360). 1, This change ingammasynchrony is
more negative for error vs. correct trialsaround the end of digging (n = 5mice;
two-way ANOVA (time point x error vs. correct); interaction: F 44y = 2.096,
P=0.0454).j, Exampletraces of left (L) and right (R) Ace2n-4AA-mNeon
(Ace-mNeon) traces (greenandred, respectively), from 0-10 s after dig start
onRScorrectanderror trialsina DIO-eNpHR-expressing mouse and k, zoomed
inonthe period 6-7 s after dig start.l, The time course of gamma synchrony
(correlation values calculated from filtered and cleaned Ace-mNeon signals)
from 0-10 s after dig start for these two example trials. Two-way ANOVA
followed by Bonferroni post hoc comparisons was used. Data were expressed
asmeants.e.m.*P<0.05,**P<0.01.
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Extended DataFig.10|Optogeneticinhibition of callosal terminals,
delivered during concomitant calciumimaging, increases errors during
rulesshifts (RS). Finer timescale analysis of how optogeneticinhibition
affects changesinactivity patternsduringRS. a, f,j, PV-Cre or WT mice had
AAV-DIO-eNpHR-mCherry (DIO-eNpHR) or AAV-Syn-eNpHR-mCherry (Syn-
eNpHR) virus or acontrol virus (AAV-DIO-mCherry in PV-Cre mice or AAV-
Synapsin-mCherry) injected in one mPFC and AAV-Synapsin-GCaMP7f (Syn-
GCaMP7f) injected in the contralateralhemisphere. AGRIN lens, connected to
amicroendoscope, wasimplanted in contralateral to the site of eNpHR/ control
virusinjection. Experimental design: Day 1, no light delivery for optogenetic
inhibition; Day 2, continuous light forinhibition during the rule shift (RS); Day
3,nolightdelivery for optogeneticinhibition (light was delivered for calcium
imaging on all days). b, Left: Representative image showing AAV-DIO-mCherry
(DIO-mCherry) injected in the ipsilateral mPFC (ipsi) and Syn-GCaMP7fin the
contralateral hemisphere (contra). Right: DIO-mCherry expressionin callosal
PVaxonalfibers.c, Left: Representative image showing AAV-Syn-mCherry
(Syn-mCherry) injected in theipsilateral mPFC (ipsi) and Syn-GCaMP7fin the
contralateral hemisphere (contra). Right: Syn-mCherry expressionin callosal
axonalfibers.d, e, h,i,1, m, Optogeneticinhibition of callosal PV terminals
increases perseverative errorsin DIO-eNpHR-expressing mice (n = 6 mice,
panel h) compared to controls (n = 6 mice, panel d) and Syn-eNpHR-expressing
mice (n=6 mice, panell) (two-way ANOVA (task day x virus); interaction:
F430)=11.74,P< 0.0001). However there is no effect on randomerrors (compare
panelse, i, m) (two-way ANOVA (task day x virus); interaction: F, 30, =1.377,
P=0.2654).d, Light delivery does not affect the number of perseverative errors
in control mice across days (Day 1to Day 2: posthoc g5, =2.936, P=0.1896; Day 1
toDay 3:posthocg =3.457,P=0.1235; Day 2to Day 3: posthoc g5, =1.257,
P=0.6700). e, Similar tod, thereisnochangeinrandomerrorsin control mice
(n=6mice; Day1to Day 2: posthoc g, =1.118, P=0.7245; Day 1to Day 3: post
hoc g =2.828,P=0.2072; Day 2to Day 3: posthoc g, = 0.7670, P= 0.8547).

g, Left: Representative image showing AAV-DIO-eNpHR-mCherry (DIO-eNpHR)
injectedin the ipsimPFC and Syn-GCaMP7finthe contrahemisphere. Right:
DIO-eNpHR-mCherry expressionin callosal PV axonalfibers. h, Optogenetic
inhibition of callosal PV terminals increases the number of perseverative errors
onDay2and Day 3 compared to no stimulation on Day 1(Day 1to Day 2: posthoc
g =7.156,P=0.0090; Day1to Day 3: posthoc g, = 8.181, P=0.0050; Day 2 to
Day 3: posthoc g, =3.240, P= 0.1476). i, Optogenetic inhibition of callosal PV
terminals has no effectonrandomerrors (n = 6 mice; Day 1to Day 2: post hoc
q5y=1.225,P=0.6825; Day 1to Day 3: posthoc g5, = 0.3147, P= 0.9732; Day 2 to
Day 3: posthoc g, =1.414, P=0.6083).k, Left: Representative image showing
AAV-Synapsin-eNpHR-mCherry (Syn-eNpHR) injected in the ipsimPFC and Syn-
GCaMP7finthe contrahemisphere. Right: Syn-eNpHR-mCherry expressionin
callosal axonalfibers. 1, In Syn-eNpHR mice, optogenetic inhibition of all
callosal terminals does not affect the number of perseverative errors across
days (Day1to Day 2: post hoc g, = 2.739, P=0.2231; Day 1to Day 3: post hoc
q(s)=0.4939, P=0.9358; Day 2 to Day 3: post hoc g5, = 0.8687, P= 0.8190).

m, Similar tol, in Syn-eNpHR mice, optogeneticinhibition of all callosal
terminals does notaffect randomerrors (n =6 mice; Day 1to Day 2: post hoc
qsy=2.236,P=0.3350; Day1to Day 3: posthoc q5,=1.257, P=0.6700; Day 2 to
Day 3: posthoc g5,=1.651, P=0.5192).n, The number of cells in control (DIO-
mCherry and Syn-mCherry) mice did not differ across days (n = 6 mice; one-way
ANOVA; P=0.3100; Day1to Day 2: posthoc g;,=2.068, P=0.3818; Day 1to Day
3:posthocgg =1.155,P=0.7101; Day 2 to Day 3: post hoc g5, = 1.421, P= 0.6057).

0, Thenumber of cells in DIO-eNpHR-expressing mice did not differ across days
(n=6mice; one-way ANOVA; P=0.7050; Day 1to Day 2: posthoc g5, = 0.1767,
P=0.9914; Day 1to Day 3: posthoc g5,= 0.7532, P=0.8594; Day 2 to Day 3: post
hoc g =1.131,P=0.7192). p, The number of cells in Syn-eNpHR mice decreased
slightly from Day 1 (no optogeneticinhibition) to Day 2 (optogenetic inhibition
ofall callosal projections) (n = 6 mice; one-way ANOVA; P=0.0921; Day 1to Day
2:posthoc g =4.836,P=0.0419; Day1to Day 3: post hoc g, = 4.254,
P=0.0653; Day 2to Day 3: posthoc g5, = 0.8008, P= 0.8431). q-s, To quantify
how activity evolves over the course of each RS error trial, we measured the
similarity between population activity vectors (computed usinga2.5s
window) occurring at the beginning of the 10 s period following the start of
digging, and those at the end of this period on the same trial, for each mouse on
Day1versusDay2.q, Thesimilarity of activity patterns from the beginning to
end of the post-dig period on RS error trials does not change fromDay1to 2 in
controls (two-tailed paired t-test, £, =1.332, P= 0.2403; n = 6); ¥, however this
similarity increases from Day1to 2 for DIO-eNpHR mice (two-tailed paired
t-test, {5, =3.921, P=0.0112; n= 6 mice); s, this similarity does not differ from
Day1to2for Syn-eNpHR mice (two-tailed paired t-test, t5) = 0.9724, P= 0.3755;
n=6mice).t, Optogeneticinhibition of callosal PV terminals does not affect
thesimilarity between population activity vectors measured during correct

IA trials preceding the rule shift. Mice had AAV-DIO-eNpHR-mCherry (DIO-
eNpHRin PV-Cre mice) or acontrol virus (AAV-DIO-mCherry in PV-Cre mice or
AAV-Syn-mCherry in WT mice) injected into one mPFC, and AAV-Synapsin-
GCaMP7finjected and a GRIN lensimplanted in the contralateral hemisphere.
Experimental design: Day 1, no light for optogeneticinhibition; Day 2,
continuous light for optogenetic inhibition was delivered during the rule shift
(RS); Day 3, nolight delivery for optogeneticinhibition (light was delivered for
calciumimagingonall days).u, On Day 2, after mice reach the learning criterion
forthelA, we begandeliveringlight for optogeneticinhibition and performed
three additional IA trials, followed by the rule shift. Optogenetic inhibition of
callosal PV terminals did not affect the similarity between activity vectors
recorded after correct choices during these three additional IA trials, and those
recorded during the preceding five IA trials (n = 6 mice ineach group; two-
tailed, unpaired t-test, ¢, = 0.4958, P=0.6307). Thus, the effect of inhibiting
callosal PV terminals to suppress changesin activity does not occur prior to the
rule shift. v-x, The change from Day 1to 2 (change =Day 2 value - Day 1 value) in
the similarity of population activity vectors between correct trialsand errors
duringthe first 5RS trials calculated using 1 s windows, for various time points
relative totrial start (v), dig start (w), or digend (x). v, There is amain effect of
virus (two-way ANOVA; F, 555 = 16.95; P< 0.0001) between groups in the change
inthe population activity vector similarity from Day 1to Day 2 around the time
oftrial start (n = 6 micein each group). Tukey’s post hoc tests reveal statistically
significant differences at specific time points.w, Thereis adifference between
groups (main effect of virus) for the change in population vector similarities
following the start of digging (n = 6 micein each group; two-way ANOVA;
F5285=23.86,P<0.0001). Tukey’s post hoc tests reveal statistically significant
differences at specific time points. x, Thereis a difference between groups
(n=6miceineach group; main effect of virus, two-way ANOVA; F 555, =11.63,
P<0.0001) for the change in population vector similarities around the end of
digging. Tukey’s post hoc tests reveal statistically significant differences at
specific time points. Two-way ANOVA followed by Tukey post hoc comparisons
was used unless other noted. Datawere expressed as mean +s.e.m. *P< 0.05,
**P<0.01;scalebars,100 pmand 50 pm, respectively.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|Z| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
2N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[X] A description of all covariates tested
|Z| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
2N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection Synapse 84 (Tucker-Davis Technologies), nVoke2 (Inscopix, Inc.), ANY-maze (Stoelting Europe), pClamp (Molecular Devices).

Data analysis Statistical analyses were performed in Matlab (Mathworks) and Prism 8 (GraphPad). OpenScope (Tucker-Davis Technologies) was used
for behavioral scoring. Image processing was performed using ImageJ. Adobe lllustrator was used for assembling figures.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding author upon reasonable request. The underlying physiological data (trial-by-
trial measurements of synchrony and population activity vectors) and associated MATLAB code are available on Zenodo at https://doi.org/10.5281/
zenodo.7709805.

=
Q
—t
-
=
()
=
D
wv
D
Q
=
(@)
o
=
D
o
¢}
=.
>
(e]
wv
e
)
Q
=
A




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size, but sample size choice was based on previous studies (Cho et al., 2015) and
are consistent with those generally employed in the field.

>
Q
—
C
=
(D
=
()
wn
(D
Q
=
e
o
=
(D
©
]
=
>
(e}
%)
c
=
Q
=
<

Data exclusions  In all behavioral experiments (slice electrophysiology, optogenetics, dual-site voltage-indicator photometry, in vivo calcium imaging), we
verified that viral expression and/or fiber tip placement was in the target structure. No data was excluded.

Replication All key findings were replicated in new cohorts, and all attempts at replication were successful.
Randomization  Animals were randomly assigned numbers and tested blind for the experimental condition.

Blinding All behavioral experiments were performed, scored, and analyzed blind to the virus injected.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male and female mice of the following C57/BI6 strains were used, at 10-25 weeks of age: PV-Cre, Ail4 (all from The Jackson
Laboratory).

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight All animal care, procedures, and experiments were conducted in accordance with the NIH guidelines and approved by the

Administrative Panels on Laboratory Animal Care at the University of California, San Francisco as well as followed French and
European guidelines for animal experimentation and in compliance with the institutional animal welfare guidelines of the Paris
Brain Institute.

Note that full information on the approval of the study protocol must also be provided in the manuscript.




	Long-range inhibition synchronizes and updates prefrontal task activity

	Callosal projections from PFC PV neurons

	Rule-shift learning

	Gamma synchrony

	Updating of activity patterns

	Discussion

	Online content

	Fig. 1 Callosal mPFC PV projections preferentially target pyramidal neurons.
	Fig. 2 Optogenetic inhibition of callosal mPFC PV projections impairs cognitive flexibility.
	Fig. 3 Optogenetic inhibition of callosal mPFC PV projections disrupts interhemispheric gamma synchrony.
	Fig. 4 Optogenetic inhibition of callosal PV projections disrupts prefrontal activity patterns.
	Extended Data Fig. 1 Callosal PV+ projections innervate mPFC neurons projecting to mediodorsal thalamus and dorsal striatum.
	Extended Data Fig. 2 Rule shift task description and control experiments using weak light delivery or weak viral expression.
	Extended Data Fig. 3 Initial association performance.
	Extended Data Fig. 4 Motor and animal behavior during optogenetic manipulations.
	Extended Data Fig. 5 Optogenetic inhibition of callosal PV terminals (but not nonspecific inhibition of all callosal terminals) increases errors during rule shifts.
	Extended Data Fig. 6 Optogenetic inhibition of callosal PV terminals during a rule reversal does not impair reversal learning or induce persistent deficits in subsequent rule shifts.
	Extended Data Fig. 7 Optogenetic inhibition of callosal PV terminals induces persistent perseveration during rule shifts that is reversed by 40 Hz stimulation of the same terminals.
	Extended Data Fig. 8 Optogenetic inhibition of callosal PV terminals, delivered while measuring signals from voltage indicators, increases errors during rule shifts (RS).
	Extended Data Fig. 9 Additional analyses of gamma synchrony using dual-site voltage indicators.
	Extended Data Fig. 10 Optogenetic inhibition of callosal terminals, delivered during concomitant calcium imaging, increases errors during rule shifts (RS).




