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Closed-loop recruitment of striatal 
interneurons prevents compulsive-like 
grooming behaviors

Sirenia Lizbeth Mondragón-González    1,2, Christiane Schreiweis1,2 & 
Eric Burguière    1 

Compulsive behaviors have been associated with striatal hyperactivity. 
Parvalbumin-positive striatal interneurons (PVIs) in the striatum play 
a crucial role in regulating striatal activity and suppressing prepotent 
inappropriate actions. To investigate the potential role of striatal PVIs in 
regulating compulsive behaviors, we assessed excessive self-grooming—a 
behavioral metric of compulsive-like behavior—in male Sapap3 knockout 
mice (Sapap3-KO). Continuous optogenetic activation of PVIs in striatal 
areas receiving input from the lateral orbitofrontal cortex reduced 
self-grooming events in Sapap3-KO mice to wild-type levels. Aiming to 
shorten the critical time window for PVI recruitment, we then provided 
real-time closed-loop optogenetic stimulation of striatal PVIs, using a 
transient power increase in the 1–4 Hz frequency band in the orbitofrontal 
cortex as a predictive biomarker of grooming onsets. Targeted closed-loop 
stimulation at grooming onsets was as effective as continuous stimulation 
in reducing grooming events but required 87% less stimulation time, paving 
the way for adaptive stimulation therapeutic protocols.

Compulsive behaviors consist of pathological repetitive behaviors exe-
cuted despite negative consequences. They are a core feature of various 
neuropsychiatric disorders, including obsessive–compulsive disorder 
(OCD). Increasing evidence in studies of neuropsychiatric disorders 
with repetitive behaviors points toward malfunctioning corticobasal 
ganglia circuits, which are key players in the formation and regulation of  
actions1,2. In particular, altered frontostriatal circuits including the 
orbitofrontal cortex (OFC) and its primary striatal input site have been 
observed in OCD patients3,4, as well as in rodent models expressing 
pathological repetitive behaviors, including, in particular, pathologi-
cally frequent self-grooming5–7. Electrical deep brain stimulation (DBS) 
of these striatal areas has proven efficient in reducing symptoms of OCD 
patients8. Striatal hyperactivity has surfaced as one of the prominent 
physiological characteristics during compulsive episodes6,7,9, and the 
reduction of striatal activity correlates with symptom alleviation in 
OCD patients10,11. However, the neuronal abnormalities that underlie 

this striatal hyperactivity in compulsive behaviors remain to be char-
acterized. Under normal conditions, fast-spiking PVIs receive strong 
afferents from the cortex and regulate the activity of striatal medium 
spiny neurons (MSN) through a powerful feedforward inhibition, given 
their earlier and low activation threshold relative to MSN10,12–15. These 
physiological properties have been proposed to adapt and regulate 
behavioral output via the orchestration and tuning of MSN activity16–19. 
Postmortem studies in patients and mouse models suffering from path-
ological repetitive behaviors have reported a consistent decrease in PVI 
density in medial striatal areas20–23. This previous evidence suggests a 
crucial link between decreased PVI function and pathological repeti-
tive behaviors, but a causal link has been lacking to date. To study the 
contributions of PVI in regulating compulsive behaviors, we used the 
Sapap3-KO mouse model that displays compulsive-like self-grooming, 
striatal hyperactivity and a decreased density of PVI in medial striatal 
areas6,24,25. To prove and precisely define their role in the emergence of 
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neuromodulation and in vivo electrophysiology (Supplementary 
Fig. 2a–e). We videoed naïve freely moving Sapap3-KO/PVCre mice 
on three separate days while delivering optogenetic stimulation (5-ms 
pulses at 20 Hz, 10 mW). The experimental paradigm consisted of a 
10- to 15-min habituation period, followed by ten alternating trials of 
3 min of active blue-light stimulation (ON) and 3 min without blue-light 
stimulation (OFF; Fig. 1d). During periods of PVI optogenetic activa-
tion, Sapap3-KO/PVCre mice exhibited a significant 55.8% decrease in 
grooming bouts and 46.25% decrease in the experimental time spent 
grooming (Wilcoxon matched-pairs signed-rank tests, PON–OFF, onsets =  
0.004, PON–OFF, duration = 0.002), reducing their grooming activity to levels 
comparable with those of wild-type (WT) baselines (Mann–Whitney 
test, Ponsets = 0.93, Pduration = 0.78) (Fig. 1e,f). This effect was consistent 
across trials (upper panels; Fig. 1e,f) and sessions (generalized linear 

transient and spontaneous compulsive-like self-grooming behaviors, 
we have established a closed-loop (CL) optogenetic approach with 
a real-time response system triggered by the detection of a reliable, 
symptom-predictive biomarker.

Results
Striatal PVI control compulsive-like grooming behavior
We injected Sapap3−/−::PVCre/Wt (Sapap3-KO/PVCre) mice (n = 10) bilat-
erally with a Cre-dependent adeno-associated viral vector expressing 
channelrhodopsin-2 (AAV5-hChR2(H134R)-mCherry) into the stri-
atal areas receiving input from the lateral OFC (Fig. 1a,b)26–30. Bilateral 
implantation of optic fibers at the injection site allowed us to selectively 
recruit PVIs in the targeted striatal area (Fig. 1c and Supplementary 
Fig. 1) via a customized implant designed for simultaneous optogenetic 
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Fig. 1 | Optogenetic activation of striatal PVIs reduces compulsive-like 
self-grooming behavior in Sapap3-KO mice. a, Schematic illustration of 
the experimental design and simplified model of the bilateral optogenetic 
neuromodulation of PVI microcircuitry in the striatal areas receiving main lOFC 
input. b, Representative post hoc histological image illustrating striatal optic 
fiber placement and specific opsin expression in PVI. Fiber placement and opsin 
expression were verified in all animals, including n = 10 Sapap3-KO/PVCre mice 
and n = 5 WT mice. c, Spike raster plot (top) and peristimulus time histogram 
(bottom) confirming optogenetic recruitment of an hChR2-expressing PVI 
during the light stimulation period (cyan rectangles) over resting state.  
d, Experimental setup and optogenetic stimulation paradigm with alternating 
3-min blocks of OFF (red bars) and ON (cyan bars) stimulation (20 Hz, 5 ms, 
10 mW) trials (T). e,f, Optogenetic activation of PVI in the described striatal 
area reduces the number of grooming onsets (e) and the percentage of total 

experimental time spent grooming (f) in Sapap3-KO/PVCre mice expressing 
hChR2 (n = 10, Wilcoxon matched-pairs signed-rank, two-tailed tests,  
**PON–OFF, onsets = 0.004, **PON–OFF, duration = 0.002) to WT levels (n = 5) (Mann–Whitney, 
two-tailed tests, Ponsets = 0.93, Pduration = 0.78). The same injection and stimulation 
protocol did not alter grooming behavior either in Sapap3-KO/PVCre mice 
injected with a control virus, expressing only the fluorophore marker mCherry 
(n = 6, Wilcoxon matched-pairs signed-rank two-tailed test, PON–OFF, onsets = 1, 
PON–OFF, duration = 0.31), or in WT mice (n = 5, Wilcoxon matched-pairs signed-rank 
two-tailed tests, PON–OFF, onsets = 0.81, PON–OFF, duration = 0.81). Optogenetic treatment 
was effective across trials and sessions (right panels). g, Optogenetic stimulation 
did not affect the average duration of individual grooming events in Sapap3-
KO/PVCre mice (n = 10, Wilcoxon matched-pairs signed-rank two-tailed tests, 
P = 0.21). Datapoints, single mice; bars, mean values ± s.e.m.; NS, nonsignificant.
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mixed model (GLMM)—Type II Wald chi-square test: Chisqonsets = 6.913, 
d.f.onsets = 1, Ponsets = 0.009; ChisqON–OFF duration = 18,848, d.f.ON–OFF duration = 1, 
PON–OFF, duration < 0.0001) (lower panels; Fig. 1e,f and Extended Data 
Fig. 1a,b). On the contrary, under the same protocol, age-matched 
control groups including Sapap3-KO/PVCre mice expressing a virus 
with a fluorescent reporter only (AAV5-mCherry) (n = 6) and WT 
(Sapap3+/+::PVCre/wt) expressing hChR2-mCherry (n = 5) did not decrease 
their grooming activity significantly during the blue-light stimulation 
trials (Wilcoxon matched-pairs signed-rank test: Sapap3-KO/PVCre 
expressing mCherry: PON–OFF, onsets = 1, PON–OFF, duration = 0.31; WT mice  
expressing hChR2-mCherry: PON–OFF, onsets = 0.81, PON–OFF, duration = 0.81) 
(Fig. 1e,f). We looked at individual grooming bouts to further under-
stand the reduction in grooming activity upon optogenetic excita-
tion of striatal PVI in Sapap3-KO/PVCre expressing hChR2-mCherry. 
We found that the average duration of individual grooming events 
was consistent between ON and OFF trials (Fig. 1g; n = 10 animals, 
averaged across three sessions and five ON–OFF trials per session; 
Wilcoxon matched-pairs signed-rank tests, P = 0.21). Hence, the 
overall decrease in grooming duration (Fig. 1f) cannot be explained 
by a reduction in the duration of individual grooming events, but 
rather by a reduction in the number of grooming bout initiations. 
In contrast to the observed decrease in self-grooming behavior in  

Sapap3-KO/PVCre mice during ON stimulation periods, general activity 
(Wilcoxon matched-pairs signed-rank tests, PON–OFF = 0.13), phases of low  
and high activity (Wilcoxon matched-pairs signed-rank tests:  
PON–OFF, low = 0.56; PON–OFF, high = 0.13), walking behavior (Wilcoxon  
matched-pairs signed-rank tests: PON–OFF, number walking events = 0.27;  
PON–OFF, relative time spent walking = 0.7) and repetitive behaviors other than self- 
grooming remained unaltered (Wilcoxon matched-pairs signed-rank 
tests: PON–OFF, number scratching events = 0.58; PON–OFF, relative time spent scratching = 0.43) 
(Fig. 2a–e and Extended Data Fig. 2a,b). Our findings show that selective 
stimulation of striatal PVI activity alleviates excessive self-grooming 
whereas other behaviors remained unaltered. In particular, striatal PVI 
stimulation reduces the number of grooming onsets (GO), suggesting 
their implication in regulating grooming initiations.

lOFC delta band activity predicts grooming events
To causally prove that striatal PVI recruitment is sufficient for grooming 
onset regulation, we sought a predictive biomarker to drive their activ-
ity before GO. To this end, we focused on one of the most prominent can-
didate regions implicated in compulsive-like behaviors, the OFC3,31–33. 
Its rodent homolog has also been shown to play a crucial neurophysi-
ological role in the Sapap3-KO mouse model of compulsive-like behav-
iors6,25,34,35. We investigated grooming-related local field potential (LFP) 
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Fig. 2 | Optogenetic neuromodulation of striatal PVIs specifically decreases 
compulsive-like grooming rather than general activity in Sapap3-KO mice. 
a, We used video recordings to track specific body parts of the mice, calculate 
body center and measure overall activity. px, pixel. b, Global activity did not 
change significantly between OFF and ON stimulation periods (MOFF = 118 ± 64.92, 
MON = 134.2 ± 78.61, POFF–ON = 0.1309). c, Likewise, no difference was detected  
when differentiating between low and high activity levels (MOFF, Low = 65.85 ± 11.33, 
MON, Low = 61.81 ± 14.81, POFF–ON, Low = 0.5566; MOFF, High = 25.87 ± 8.33, MON, High = 30.64 ±  
14.42, POFF–ON, High = 0.1309). The small proportion of experimental time, in which 
the body center could not be tracked by video analysis, was comparable for  
both experimental conditions (MOFF, N/A = 8.27 ± 12.12, MON, N/A = 7.55 ± 14.08,  

POFF–ON, NA = 0.6875). The video recording used had a frame rate of 25 fps and 
a frame size of 704 × 506 pixels. d, Neither the number (MOFF = 19.7 ± 14.33, 
MON = 16.80 ± 14.91, PON–OFF, walking onsets = 0.27) nor the relative time spent walking 
(MOFF = 6.66 ± 4.522, MON = 5.96 ± 5.441, PON–OFF, walking onsets = 0.7) was affected  
by optogenetic stimulation in Sapap3-KO mice. e, Optogenetic activation  
does not alter repetitive scratching (MOFF = 1.14 ± 0.9617, MON = 0.98 ± 1.209,  
PON–OFF, scratching = 0.5781) or the percentage of time spent scratching (MOFF = 1.737 ±  
1.099, MON = 1.226 ± 1.26, PON–OFF, Scratching % = 0.4258). Statistical analyses were done 
using Wilcoxon matched-pairs signed-rank two-tailed tests. Each datapoint in 
b–e represents one of the n = 10 Sapap3-KO/PVCre mice analyzed across five 
independent 3-min trials. Bars, mean values ± s.d.
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activity in freely moving Sapap3-KO/PVCre mice (n = 10) by performing 
in vivo extracellular tetrode recordings in the lateral OFC (lOFC) (Sup-
plementary Fig. 3). We manually annotated video frames of GO, which 
we defined as the first noticeable movement of front limbs engaging in 
a grooming event (Extended Data Fig. 3a). We selected grooming events 
with no preceding motor behaviors to exclude movement confound-
ers. We contrasted the power spectral density of average pregroom-
ing activity (−1 s to GO) with average resting activity (Fig. 3a). Despite 
the comparable stillness displayed by the animal during resting and 
pregrooming states, their corresponding power spectrum distribu-
tions differed, particularly within the delta frequency band (1–4 Hz) 
(Wilcoxon matched-pairs signed-rank test, P = 0.01). This low-frequency 
band power in pregrooming activity consistently increased towards 
GO (Fig. 3b). This ramping effect was characterized by an average ris-
ing point around 1 s before GO and average maximal power of around 
2 Hz (Fig. 3c–e). The narrow temporal power increase in the delta range 
frequency preceding GO was observed in individual Sapap3-KO/PVCre 
mice (Extended Data Fig. 3b). As the average rising point occurred about 
1 s before GO and the pregrooming maximal power fluctuates within 
the delta frequency band (1–4 Hz), this power increment embedded 
the predictive dimension required for driving PVI activity before GO by 
using CL neuromodulatory intervention. To that end, we developed a 
supervised learning method for automatically processing neural signals 
acquired across several tetrodes (Fig. 4) and predicted two possible 
output classes: either grooming (positive) or other (negative) behavior. 
To measure the probability of either event, we evaluated the two types 
of errors in a binary test (false positive and false negative errors) and 
the two correct results (true positive and true negative) (Fig. 4a). We 
then used these results to assess the performance of the algorithm by 
calculating sensitivity, specificity, precision and accuracy (Fig. 4b and 
Extended Data Tables 1 and 2). These four metrics were evaluated in a 
continuous experimental setup without the intervention of optoge-
netic stimulation. Using such an approach, our CL system achieved 
above-chance performance in predicting grooming activity from a 
cohort of Sapap3-KO/PVCre mice, comprising seven individuals (n = 7, 
10 min each, with the algorithm making a decision every 200 ms) with 

an average percentage of 88.8 ± 11.8 sensitivity, 74.9 ± 11.2 precision, 
98 ± 1.8 specificity and 94.2 ± 2.8 accuracy (mean ± s.d.). The meth-
odological challenge of this CL design (Fig. 4c) was to develop a com-
putationally lightweight LFP signal processing method for immediate 
feedback stimulation. Our technical innovation was thus to decompose 
unprocessed signals into a small representative matrix of coefficients 
reflecting the energy distribution of a given period. This was achieved 
by implementing triangular filter sets centered on the frequency band 
of interest, which allowed for capturing small fluctuations around a 
frequency band of interest while integrating broader information from 
adjacent frequency bands. This filter reduction step was essential to 
train and run a light feedforward artificial neural network (ANN) with 
one output layer giving two possible outcomes, one for pregrooming 
events and one for any other behavior, such as scratching, rearing, 
walking, standing and resting. Given the previously identified GO 
LFP signature, we designed a filter distribution for each mouse in the 
low-frequency range between 1 and 13 Hz (f-max mean = 10 ± 3.27) with 
seven filters. Taking advantage of such LFP filter decomposition, we 
drastically reduced the number of input variables for training to 0.01% 
of the original number of inputs; that is, by continuously processing 
1 s of 32 acquisition channels sampled at 20 kHz, we reduced the input 
data dimension to only 35 features. LED stimulation was triggered if LFP 
activity recorded on at least 50% of the electrodes was classified as preg-
rooming. With such an approach, our CL system achieved above-chance 
performance to predict grooming activity for each animal and with an 
average of 10,800 decisions per mouse (12 trials of 3 min each, with the 
algorithm taking a decision every 200 ms) (Fig. 4b).

CL prevention of compulsive-like grooming behavior
Taking advantage of the real-time detection of LFP signal in the lOFC 
predicting grooming onset, we designed a CL approach in Sapap3-KO/
PVCre mice expressing hChR2 (H134R)-mCherry. In this approach, 
the real-time prediction of GO would trigger an optogenetic con-
troller to deliver on-demand light stimulation bilaterally to specifi-
cally recruit striatal PVI when GO is predicted (Fig. 5a). We designed 
a three-dimensional (3D)-printed homemade headstage for this 

Fr
eq

ue
nc

y 
(H

z)

OFC 
0

2

4

6

8

10

Time from grooming onset (s)
–2 –1 0 1 2

OFC

2

3

4

5

60 s
–0.5 s
–1.0 s
–1.5 s

7

8

9

10

Fr
eq

ue
nc

y 
(H

z)

–2 –1  0  1  2

0 1.00.40.2 0.80.6

Normalized power

0

0.2

0.4

0.6

0.8

1.0

N
orm

alized pow
er

0 2 4 6 8 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Frequency (Hz)
N

or
m

al
iz

ed
 p

ow
er

Pre-onset
Resting state

*

Frequency (Hz)

N
or

m
al

iz
ed

 p
ow

er Po
w

er
 (a

.u
.)

0

0.2

0.4

0.6

0.8

0

0.1

0.2

0.3

0.41.0

2 4 6 8 10

a b c e

d

Fig. 3 | Low-frequency LFP signature in the OFC precedes grooming onset 
in Sapap3-KO mice. a, Average power spectral density of OFC LFPs recorded 
during 1-s periods before grooming onset and resting state in Sapap3-KO mice. 
The inset illustrates that average OFC LFP power in the 1.5–3 Hz range during 
pregrooming exceeds that of the resting state during the same period (n = 15 
events for each condition per animal; Wilcoxon matched-pairs signed-rank two-
tailed test, *P = 0.01). The box plots show medians (Mresting = 0.23, Mpre-onset = 0.31) 
and 25th (Q1resting = 0.18, Q1pre-onset = 0.24) and 75th (Q3resting = 0.27, Q3pre-onset = 0.33) 
percentiles, with whiskers at minimum (Minresting = 0.15, Minpre-onset = 0.19) and 
maximum (Maxresting = 0.33, Maxpre-onset = 0.34) values. b, Timecourse of average 
OFC power spectral density in incrementing 500-ms time windows before 
grooming onset of Sapap3-KO mice. c, The average spectrogram for continuous 

wavelet transform of OFC activity in Sapap3-KO mice displayed a progressive 
low-frequency power increase before grooming onset (vertical white line). 
The superimposed red trace represents the normalized power of the average 
1.5–4 Hz frequency band (right-hand y axis). d, Power rising points of the 1.5–4 Hz 
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experimental paradigm that allowed us to implant tetrodes in the lOFC 
and optic fibers bilaterally in the striatal areas receiving main input from 
the lOFC (Supplementary Fig. 2c–e). Similar to the continuous stimu-
lation procedure, the experimental paradigm included a habituation 

stage of 10–15 min, followed by alternating 3-min trials of ‘OFF’, ‘CL’ 
and ‘randomized’ stimulation (12 trials in total) (Fig. 5b). During ‘OFF’ 
trials, no stimulation was delivered. During ‘CL’ trials, grooming events 
were predicted automatically online, which triggered the delivery of 
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performed in an experimental design on continuous 10-min recordings from 
n = 7 Sapap3-KO/PVCre mice (average of 12.9 ± 5.1 grooming bouts per recording) 
to distinguish between TP and FP classifications. The results were compared with 
a uniform pseudorandom distribution; the results were found to be superior 
in terms of accuracy (94.2 ± 2.8 versus 50.1 ± 0.7, **P = 0.0078), sensitivity 
(88.8 ± 11.8 versus 50.1 ± 1.4, **P = 0.0078), precision (74.9 ± 11.2 versus 14.8 ± 7, 
**P = 0.0078) and specificity (98.0 ± 1.8 versus 50.1 ± 0.8, **P = 0.0078).  
c, Experimental implementation of the CL algorithm included (1) continuous 

data recorded from N electrodes (1.1) and segmented with a sliding window (1.2); 
(2) a feature reduction preprocessing where the power spectral density estimate 
is calculated for each analysis window and for each electrode (2.1), and where a 
set of filters decompose the frequency content of the signal and reduce it to M 
coefficients (2.2) that are decorrelated from each other (2.3); (3) a feedforward 
ANN with two output classes, namely ‘pregrooming’ and ‘other behavior’, which 
processes the data for each electrode; and (4) automatic optogenetic stimulation 
following a threshold policy (>50% of the ANNs had to agree on a positive 
prediction of a grooming event). The orange shading shows a specific data 
window from electrode 1 and how it is processed in the different steps. Overall, 
this approach allowed the representation of the energy distribution envelope to 
be reduced by 99.99%, enabling real-time signal processing. Datapoints, single 
Sapap3-KO/PVCre mice; bars, means ± s.d. All statistical tests were Wilcoxon 
matched-pairs signed-rank one-tailed tests.
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blue-light pulses for 4 s (5-ms pulses at 20 Hz and 10 mW). During ‘ran-
domized’ trials, the number of light stimulations equalled the preced-
ing ‘CL’ trial; however, they were assigned randomly across the 3 min. 
This protocol was repeated on three different days. We found that CL 
optogenetic stimulation significantly reduced GO in Sapap3-KO/PVCre 
mice (n = 5) compared with ‘OFF’ and ‘randomized’ trials (Page’s L-test 
for ordered alternatives, H = CL < randomized < OFF, L = 67, P = 0.02) 
(Fig. 5c). As in the continuous stimulation protocol, this effect was con-
sistent across trials and sessions (GLMM–Type II Wald chi-square test: 
Chisq = 7.49, d.f. = 2, P = 0.02) (Extended Data Fig. 4a–d) and observed 
across all animals (Fig. 5c, bottom). The number of bouts and the groom-
ing duration were reduced by 59.37% and 70.54%, respectively (Page’s 
L-test for ordered alternatives, H = CL < randomized < OFF, L = 68, 
P = 0.01; GLMM–Type II Wald chi-square test: Chisq = 12,292, d.f. = 2, 
P = 0.002) (Fig. 5d,e and Extended Data Fig. 5a). Thus, just as with con-
tinuous stimulation, CL optogenetic approach decreases the aberrantly 
high frequency of self-grooming events in Sapap3-KO animals to WT 
levels (Mann–Whitney U-test: P = 0.476). In line with results obtained in 
continuous optogenetic stimulation experiments, individual grooming 
sequences remained unaltered (Extended Data Fig. 5b). Just as continu-
ous stimulation, our ‘CL’ approach specifically affected self-grooming 
behavior, while other behaviors, including walking as general behav-
ior and hindpaw scratching as another form of repetitive behavior 
distinct from self-grooming, did not show evidence for a difference 
across stimulation conditions (Extended Data Fig. 6a,b). Finally, our CL 
stimulation was as efficient as the ‘continuous’ stimulation protocol in 

terms of reducing the number of grooming bouts (Fig. 5d) and groom-
ing duration (Fig. 5e), but with a tremendous reduction of stimulation  
time by 87.2% (Fig. 5f).

Discussion
By combining optogenetic neuromodulation with a CL stimulation 
protocol, we demonstrated in our study that the recruitment of striatal 
PVI before grooming onset was sufficient to regulate compulsive-like 
self-grooming behaviors in Sapap3-KO mice. We first showed that con-
tinuous optogenetic stimulation of the PVI network in the striatal areas 
receiving input from the lateral OFC immediately reduced the number 
of compulsive-like grooming events in Sapap3-KO mice to the level of 
matched WT controls while not affecting other types of behaviors. 
Building upon comprehensive, methodologically dedicated studies36,37 
our optogenetic stimulation protocol was designed to avoid thermal 
heating. Although we have not replicated such technical assessment in 
this study, we are confident that our neuromodulatory effect is not due 
to thermal heating given that control Sapap3-KO/PVCre mice express-
ing a control virus without opsin do not decrease their grooming levels. 
Next, when seeking a neurophysiological predictor of compulsive-like 
self-grooming events to define the critical period for the recruitment 
of the PVI network, we detected an increase in the spectral power of the 
delta band activity in the lateral OFC, which shortly and consistently 
preceded grooming onset. We report transient LFP events in the OFC 
that predict compulsive-like grooming episodes. Using this predic-
tor, we designed a CL approach based on an innovative supervised 
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Fig. 5 | CL optogenetic intervention alleviates compulsive-like grooming in 
Sapap3-KO/PVCre mice. a, Schematic representation of the CL experimental 
paradigm for on-demand optogenetic intervention. OFC LFPs are acquired in 
Sapap3-KO/PVCre mice via chronic implants for neural activity recording and 
light stimulation. OFC LFPs are digitalized and processed using the novel online 
feature decomposition and reduction methods described above (purple arrow). 
If the supervised classification algorithm detected the low-frequency biomarker 
predictive of grooming onset through categorizing the processed OFC LFPs, 
a control signal (orange arrow) was sent to activate a stimulation controller 
to deliver blue-light pulses during 4 s. b, Illustration of the CL optogenetic 
stimulation protocol alternating ‘OFF’ (red), ‘CL ON’ (cyan) and ‘Random’ (blue) 

stimulation trials. c, The CL optogenetic stimulation reduced the average 
number of grooming onsets of Sapap3-KO/PVCre relative to OFF and randomized 
trials (top panel) (Page’s L-test for ordered alternatives, H = CL < randomized 
< OFF, *P = 0.02; GLMM, *P = 0.02). The histograms display the distribution of 
grooming onsets for each animal throughout the experimental period under 
different conditions (bottom panel). d,e, Percentage of reduction in grooming 
bouts (d) and in grooming duration (e) for continuous and CL conditions.  
f, Comparison of relative stimulation time between continuous and CL 
stimulation protocols. Data represent means ± s.e.m. Each graph depicts  
results of n = 5 Sapap3-KO/PVCre mice.
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machine-learning protocol to recruit the striatal PVI network before 
compulsive-like grooming onset. Via this CL system, we showed that 
brief optogenetic PVI excitation upon grooming event prediction was 
sufficient to prevent their occurrence and, as a consequence, to specifi-
cally reduce compulsive-like self-grooming behaviors in Sapap3-KO 
mice. Taken together, within the scope of the chosen mouse model, the 
restriction to the neurobiologically valid phenotype of compulsive-like 
self-grooming, and the general caution that needs to be applied to low 
sample sizes in the context of experimentally challenging designs, we 
believe these results will be valuable for understanding the neurobio-
logical mechanisms underlying repetitive behaviors; furthermore, they 
also open up new alleyways for designing therapeutic interventions 
for treating pathological repetitive behaviors.

Our study proposes that the temporal recruitment of striatal PVI 
shortly before the onset of compulsive-like behaviors is crucial for 
regulating their initiation. Indeed, our results showed that striatal PVI 
is essential in preventing the onset of compulsive-like self-grooming 
behaviors in Sapap3−/− mice, presumably by inhibiting hyperactive 
MSN projection neurons6,20. These observations align with previous 
studies that showed the implication of striatal PVI during the suppres-
sion of prepotent inappropriate actions, regulation of choice execu-
tion or generation of complex motor sequences16,38,39. We observed 
that CL or continuous stimulation decreased grooming behaviors of 
Sapap3-KO to comparable levels observed in WT mice. These findings 
suggest that optogenetic PVI recruitment is particularly efficient to 
prevent inappropriately frequent, that is, compulsive-like grooming 
events. However, we cannot exclude that our stimulation protocols 
might have also altered normal grooming behavior given that, in the 
Sapap3-KO mice, normal and exaggerated compulsive-like grooming 
are phenomenologically indistinguishable. The crucial role of striatal 
PVI in regulating compulsive-like grooming in the Sapap3-KO mice 
is also supported by recent studies describing abnormal synaptic 
properties of striatal PVI in this animal model40 as well as by obser-
vations in other mouse models suffering from pathological repeti-
tive behaviors where abnormally low PVI density in striatal areas was  
observed23.

However, the mechanisms by which the striatal PVI network could 
be recruited still need to be characterized. Interestingly, two recent 
studies have shown a coincidence in the emergence of delta oscilla-
tions in the prefrontal cortex and the recruitment of pyramidal cell 
assemblies41,42. In the context of our study, it would be interesting to 
investigate whether such recruitment of pyramidal cell assemblies 
occurs through the OFC delta oscillations observed here, which pre-
ceded compulsive-like grooming. Consequently, such cortical drive 
could allow for the temporally adjusted recruitment of the striatal PVI 
network, which in turn regulates the expression of compulsive-like 
grooming behaviors. This hypothesis is supported by the observation 
of a decreased spectral power in the low-frequency band in the OFC 
of Sapap3-KO compared with WT mice, including in the delta range34. 
Thus, a lower power of the LFP delta band in the OFC of Sapap3-KO 
mice may underlie impaired recruitment of downstream striatal 
PVI networks and, thus, a decreased regulation of compulsive-like 
self-grooming behaviors. Our findings also echo a recent study in OCD 
patients implanted with recording-capable DBS devices; the authors 
showed that LFP signals recorded in the striatum were co-occurring 
with OCD symptoms and detected a signature of interest in the delta 
band, as we observed in our study43.

Our findings also call for testing potential therapeutic strategies 
where striatal PVI could be specifically targeted in pathologies with 
compulsive behaviors. For instance, electrical DBS protocols have 
been used in severe, treatment-refractory OCD patients with good, 
but sometimes limited, efficiency in reducing compulsive symptoms 
depending on the brain structures targeted along the basal ganglia 
circuits44–46. Most efficient DBS protocols, with comparable clinical 
results, have targeted the associative domain of the anteromedial 

subthalamic nucleus or the anterior limb of the internal capsule8,46–49. 
However, improved stimulation protocols might leverage the potential 
of the associative striatum as DBS target structure8,50. Indeed, exclu-
sive targeting of the associative striatum is neurosurgically easier to 
achieve than in smaller subthalamic nucleus or anterior limb of the 
internal capsule areas, where side effects can be observed due to closely 
located limbic and sensorimotor domains. To improve conventional 
continuous electrical DBS, cell-type-specific stimulation protocols 
are required. A recent study in which the authors demonstrated that 
they could specifically recruit PVI in the globus pallidus by using brief 
bursts of electrical stimulation confirmed such a possibility51. Building 
upon these findings and our results, it will be interesting to test such 
optimized DBS procedures in the context of pathological repetitive 
behaviors to recruit striatal PVI specifically.

Another interesting aspect of our study was developing an innova-
tive supervised machine-learning approach for the automated delivery 
of on-demand optogenetic stimulation. The technical innovation 
of our approach for continuous processing of electrophysiological 
brain signals was to develop a decomposition stage for the drastic 
reduction of online-handled variables. Thus, the following signal pro-
cessing stages require less computing power and allow for simpler 
architectures that could be implemented in general-purpose comput-
ers, as we did in our experiments. We believe that this methodology 
would be of great interest for exploiting neurophysiological signals 
in a real-time manner to reach greater temporal specificity, such as in 
adaptive DBS51 and, more generally, in brain–machine interface pro-
cesses52,53. However, it should be mentioned that our machine-learning 
approach based on an ANN may present more implementation chal-
lenges compared with more classical alternatives, such as, for example, 
a threshold-crossing method. Our choice was based on the necessity to 
detect subtle changes of LFP pattern activity, essential for intervening 
before self-grooming onset. The predictive capability of this approach 
is crucial, especially since the peak in LFP biomarker power occurs only 
after grooming onsets—a scenario where threshold-crossing methods 
might be less effective. Our CL approach was as efficient in decreasing 
compulsive-like grooming as our continuous approach, with a reduc-
tion of the stimulation time by 87%, a crucial parameter in DBS therapy 
for battery saving. Even more interesting than this technical advantage 
is investigating potential long-term therapeutic effects such as recently 
observed using patterned neuromodulation protocols51. Finally, we 
believed that the implemented predictive approach might serve as a 
platform to further explore other brain targets for therapeutic pur-
poses in a CL manner.
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Methods
Mice
All experimental procedures were approved by the French Ministry 
of Higher Education, Research and Innovation (APAFIS reference nos. 
1418-2015120217347265 and 31141-2021042017105235). Mice were main-
tained in a 12-h light/dark cycle with ad libitum food and water, main-
taining recommended temperature at 20 °C to 26 °C (68 °F to 79 °F) 
and humidity at 40% to 60%. The Sapap3-KO mouse line was provided 
by G. Feng and A. M. Graybiel (Massachusetts Institute of Technology) 
(B6.129-Dlgap3tm1Gfng/J; Jackson Laboratory stock, catalog no. 008733) 
and backcrossed on C57BL/6 background strain ( Jackson Laboratory) 
every five to ten generations. Heterozygous male and female Sapap3+/− 
mice from this breeding were used at the age of 3–4 months to be 
crossed with mice from the (Pvalb)-Cre line. Sapap3+/− were crossed 
with parvalbumin (PV) (Pvalb)-Cre line (B6;129P2-Pvalbtm1(cre)Arbr/J; 
Jackson Laboratory stock, catalog no. 008069; males and females, 
3–4 months old; provided by A. Bacci, Paris Brain Institute, France) 
to obtain Cre-positive Sapap3+/+ and Sapap3-KO mice. Biopsies for 
genotyping were taken during weaning and at the end of all experi-
mental procedures to verify the absence or presence of the Sapap3 and 
Cre-recombinase proteins, respectively, according to genotyping rec-
ommendations of the Jackson Laboratory (standard PCR assay protocol 
nos. 24678 and 27783 for PV-Cre and Sapap3-KO line, respectively). 
For experimental procedures, we used 17 male Sapap3−/−::PV-Cre/wt  
(average initial age = 8.6 ± 1.4 months, average weight = 30.5 ± 3.7 g) 
and 5 age-matched male Sapap3+/+::PV-Cre/wt (average initial age = 9.1 ± 1 
months, average weight = 39.3 ± 4 g). Although data collection was not 
performed blind to the conditions of the experiments, the selection 
of animals was based solely on matched age and weight ranges and 
the expression of the overgrooming phenotype in Sapap3-KO mice. 
The group allocation was then decided according to animal genotype 
and/or the treatment previously administered to the animal, that is, 
the type of virus injected. Although no statistical methods were used 
to predetermine sample sizes, our sample sizes were selected for each 
experiment based on variance observed in previous experiments of a 
similar nature and practical considerations25,54,55.

Viral vectors
Viral vectors expressing either an excitatory opsin and a fluoro-
phore reporter (AAV5-hEF1a-dlox-hChR2(134 R)-mCherry(rev)-dlox- 
WPREhGHpA) or a fluorophore reporter only (AAV5-hSyn
1-dlox-mCherry(rev)-dlox-WPRE-hGHpA) were purchased from the 
Viral Vector facilities of the Neuroscience Center Zurich (University 
of Zurich and ETH Zurich) and Addgene Viral Service facilities. Viral 
vectors were generated from Addgene plasmids catalog nos. 20297 
and 50459, and titers were determined via fluorometric quantification 
(Neuroscience Center Zurich) or by real-time quantitative PCR com-
bined with SYBR green technology (Addgene). Respective titers were 
>9.1 × 1012 vector genomes ml−1 (Neuroscience Center Zurich, opsin con-
struct), >1.3 × 1013 vector genomes ml−1 (Neuroscience Center Zurich, 
control construct) and 1.4 × 1013 genome copies ml−1 (Addgene, opsin 
construct). Until stereotaxic injection surgeries, the viral vectors were 
aliquoted and stored at −80 °C until stereotaxic injection surgeries.

Headframe implant
Homemade implants were designed and constructed around a trans-
parent plastic core—a modified version of the Open Ephys flexdrive56 
(Supplementary Fig. 2a). The implant was designed with SolidWorks 
3D CAD software (Dassault Systèmes SolidWorks Corporation) and 
printed via stereolithography using the 3D printer Form2 (Formlabs) 
with clear resin. The plastic drive body core held eight independently 
mobile tetrodes and two fixed flat optic fiber stubs (Plexon Inc.) of 
200/230 µm (core/core + cladding) inserted in a zirconia ferrule (Sup-
plementary Fig. 2c–e). Tetrodes were made from 17.78-µm (0.0007 
inches) Formvar-coated nichrome wire (A-M Systems), twisted (Tetrode 

Assembly Station, Neuralynx) and heated to form tetrodes. Tetrodes 
were fixed to laser-cut plastic springs (polyethylene terephthalate, 
25 mm, Weber Metaux) and driven individually via miniature screws 
(0.7 M Micro-modele). Electrodes were attached to an electrode 
interface board (Open Ephys Production Site) with gold pins (Neu-
ralynx). Individual electrodes were gold-plated to an impedance of 
200–350 kΩ. Ground connections were made using 50.8-µm (0.002 
inches) Formvar-coated tungsten wires (A-M Systems). The fully assem-
bled implant (drive body, cap and cone) weighed less than 3 g.

Surgical procedures
Each mouse received an injection of analgesics (buprenorphine 
0.1 mg kg−1; subcutaneously) 30 min before deep anesthesia (induc-
tion at 2.5% isoflurane; maintenance during surgery at 0.9–1.2% iso-
flurane). The animals were mounted gently into a digitally equipped 
stereotaxic frame (David Kopf Instruments) via ear bars adapted for 
mouse stereotaxic surgeries. The animal’s temperature was maintained 
at 37 °C through a heating pad coupled to an anal sonde. Scalp hair 
was removed using depilation cream (Veet) diluted with sterile 0.9% 
saline, and the skin was disinfected three times with 70% ethanol and 
betadine solution (Vétédine, Vétoquinol) before skin incision. Skull 
and skin were maintained humid during the entire surgery using sterile 
0.9% saline. Four small burr holes were drilled around the perimeter 
of the exposed skull surface to accept steel anchor screws. Two addi-
tional small burr holes were drilled behind the estimated implant 
volume to insert two separate ground wires. For all mice, cranioto-
mies and durotomies (1.0 mm diameter) were made bilaterally at the 
following coordinates: AP = +1.0 mm, ML = +1.5 mm. For mice with 
in vivo tetrode recordings in the lOFC, an additional cranio-/durot-
omy (0.8 mm diameter) was performed at the following coordinates: 
AP = +2.8 mm, ML = +1.5 mm. The brain surface was maintained humid 
with sterile 0.9% saline throughout viral injections until headframe 
implantation. Adeno-associated virus constructs were injected bilat-
erally at a constant rate of 50 nl min−1 (0.4 µl per site) into the striatum 
(DV = −2.4 mm, AP = +1.0 mm, ML = +1.5 mm) using a motorized micro 
pump (Legato 130, KD Scientific) with a precision syringe (Hamilton 
Gastight Series, catalog no. 1701, 10 µl) and respective needles (Hamil-
ton, 33Ga, bevelled end). Before virus injection, the needle was lowered 
to DV = −2.5 mm and retracted to DV = −2.4 mm immediately, where 
the needle was allowed to settle for 2 min. After injections, the needle 
was maintained in the same position for 10 min, then retracted by 
300 µm (DV = −2.1) and maintained at that position for another minute. 
Afterwards, the needle was removed slowly from the brain. After each 
injection, to exclude needle clogging during intracranial procedures, 
correct flux was tested by visually checking the continuous formation 
of a droplet using the same injection speed as during intracranial injec-
tions. A drop of surgical lubricant was applied to each cranial opening. 
The implant was lowered carefully so that the bottom polyamide tubes 
containing either tetrodes or smaller tubing to hold the optic fibers 
touched the brain surface. The implant was fixed to the skull and screws 
with dental acrylic ( Jet Denture Repair, Fibred Pink powder + liquid, 
Lang Dental). Ground wires were formed into tiny loops inserted below 
the skull to make surface contact with the brain. Ground wires were then 
fixed to the implant frame and connected to the electrode interface 
board. Optic fibers were lowered carefully to a depth of 2 mm into the 
brain and glued into position in the opening provided in the electrode 
interface board. Tetrodes were advanced individually directly after 
surgery in the OFC (DV = 1.0 mm) or the striatum (DV = 1.5–2 mm) dur-
ing the following 3–5 postoperative days. A protective 3D-printed cap 
was screwed to the implant to keep out bedding debris. Animals were 
injected with analgesics (buprenorphine, 0.1 mg kg−1; subcutaneously) 
directly after surgery and every 12-h postsurgery on the following day; 
they were monitored closely until awake in a heating chamber set to 
37 °C. Animals were then placed into a clean home cage equipped with 
materials adapted for implanted animals (for example, no hanging food 
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grids to avoid bumping the implant). Animals were closely monitored 
postsurgery twice a day, including veterinary care, taking into account 
changes in weight, body score, nesting and overall locomotor activity 
as indicators of surgery recovery.

Experimental setup
The experimental setup consisted of a homemade arena (290 mm ×  
270 mm) in which the mouse was allowed to move freely. The setup 
structure included passive commutators for electrophysiology and 
optic stimulation, synchronization LEDs, and two cameras (704 × 576 
resolution; 25 frames per second (fps)) installed at opposite walls to 
allow for complementary views. After surgical recovery, the animals 
were habituated for 3 days to human handling, the electrophysiology 
acquisition system and the fiber patch cable tethering. The animals 
were left in the arena with ad libitum food and water for two nights 
(6 p.m. to 8 a.m.) of additional habituation to the setup. At the begin-
ning of each experimental session, the mice were carefully tethered and 
habituated to the arena for 10–15 min. Any noises and vibrations were 
avoided during experimentation. No water or food was provided dur-
ing the experimental sessions. After each experiment, the behavioral 
apparatus was cleaned using a disinfectant cleaning spray containing 
55% ethanol, washed with soap and water, and dried.

Behavioral assessment
Manual scoring was performed using a freely available video scoring 
software (Kinovea, v.0.8.15; https://www.kinovea.org/). Self-grooming 
activity was assessed by quantifying duration, number of grooming 
events and the percentage of grooming time. Grooming onset was 
defined as when the mouse started lifting its front paws to groom. 
The end of grooming was defined as the time point when the mouse 
stopped grooming for at least 1 s or when the grooming behavior was 
interrupted by another behavior. We discarded grooming-like phases 
of less than 1-s duration. Regarding the percentage of reduction in 
grooming bouts (Fig. 5d) and duration (Fig. 5e) for the CL condition, we 
considered the condition without stimulation (OFF) as our reference 
baseline of grooming activity. We then calculated the proportion of 
reduction in grooming activity in the CL condition as follows:

Reduction of grooming bouts (%) = 100 − GboutCL × 100
GboutOFF

Reduction of grooming duration (%) = 100 − GdurationCL × 100
GdurationOFF

with GboutOFF and GdurationOFF being the average grooming bouts and 
average grooming duration of the three recording sessions in our 
condition OFF, and GboutCL and GdurationCL the corresponding average 
values in our CL condition.

We implemented an inter-rater control to validate the manual 
annotation of video frames. Three naïve raters that were trained previ-
ously by an expert rater to recognize grooming using an instructional 
video were assigned to annotate five recording sessions. Each 36-min 
video corresponded to a Sapap3-KO mouse and a single session from 
the CL experiments (60 blocks of 3 min each with 90 grooming events 
in total). We then calculated the error percentage per trial in the CL 
session between the raters as follows:

Error (%) =
groomingexpert − groomingnaive

groomingexpert
× 100

The three raters consistently achieved an acceptable  
minimal error for the percentage of time spent grooming 
(Ms1 = 8.75 ± 4.37,Ms2 = 7.018 ± 3.107,Ms3 = 7.79 ± 4.618) and for the gro-
oming events (Ms1 = 6.88 ± 4.6,Ms2 = 5.804 ± 7.599,Ms3 = 8.122 ± 7.055), 
confirming the level of agreement among raters.

We annotated other behaviors, such as walking, rearing, sniffing, 
resting, stretching, heading up or freezing. Walking was defined as 

forward locomotion of the animal on all four paws. Hindpaw scratch-
ing was defined as rhythmic movement of the hind limbs interacting 
with more rostral parts of the body. The targeted body parts varied 
between individuals in snout, area around the eyes, upper forehead, 
neck, between shoulders and on the back57,58. The neural activity dur-
ing these behaviors was used to form a database for our supervised 
learning algorithm. For the analysis of the LFPs, we assessed resting 
behaviors. These were defined as behavioral activity in which the animal 
remained awake but did not engage in active behaviors such as walking, 
climbing, scratching, rearing and grooming. The head position was in 
extension of the spine, with the four limbs touching the ground and the 
mouse in a relaxed posture, that is, not hunched over with exaggerated 
breathing as in freezing behavior; the ears were not pulled back, and 
the eyes were open normally.

To quantify global motion in mice during ON and OFF stimulation, 
we used DeepLabCut (v. 2.2.1, with CUDA Toolkit v.11.0 and Tensorflow 
v.2.3.0)—an open-source Python toolkit for tracking body parts in 
videos59 following the protocol published in ref. 60. In summary, the 
DeepLabCut toolbox was used to extract frames from video recordings, 
manually label ten body parts of interest (snout, left ear, right ear, front 
center, middle back/hump, tail base, right paw, left paw, right limb and 
left limb) and train a deep-learning model to track the body parts auto-
matically. The recording design included two facing cameras at the level 
of the animal, simultaneously recording the inside of the experimental 
setup from opposite directions. We annotated 60 frames per video and 
per camera (18 videos in total) from 6–13-min videos. For the training 
process, 95% of the images were used to create a training database.  
A ResNet-50-based neural network61,62 was used with 500,000 itera-
tions. Validation was performed with a P cutoff value of 0.7, resulting in 
an average test error of 6.8 and 4.53 pixels and an average training error 
of 2.6 and 2.5 pixels for camera 1 and camera 2, respectively (image size 
was 704 × 576 pixels). Subsequently, this trained network was applied 
to analyze 1-h videos for the assessment of activity in the OFF/ON and 
CL protocols.

To estimate the global activity of the animal from the videos, the x 
and y coordinates of the tracked body parts obtained with DeepLabCut 
were processed with Matlab custom scripts (Matlab v.2022b). Within 
each video frame, we used the tracked body parts to draw a polygon rep-
resenting the contour of the body. We calculated its centroid, which we 
defined as the body center. During the experimental period, the camera 
that was the farthest from the subject was chosen as it captured more 
body parts and thus a better contour of the animal’s body. The instan-
taneous speed of the body center was determined between frames (25 
fps) by deriving the body center mark over time. We applied a median 
filter (order N = 21) to the instantaneous speed data and calculated the 
s.d. of the recording, which we use as a threshold value to distinguish 
between low and high locomotion, as we observed that this threshold 
separates well instances where mice are relatively stationary or do not 
move much. If more than three body parts were not detected by any 
camera, the frames were discarded and marked as NA (not applicable). 
These represent instants when tracing the polygon is unreliable. They 
correspond to situations where it was challenging to detect the animal 
because of its position in the camera’s field of view. We calculated the 
percentage of experimental time in which the animal exhibited low and 
high activity according to video analyses, as well as the percentage of 
the time that was marked as NA.

Optogenetics
Bilateral optogenetic neuromodulation in the striatal area receiv-
ing lateral orbitofrontal cortical projections was conducted at least 
2 weeks after stereotaxic viral injections, to allow for sufficient recov-
ery and viral expression. The implanted striatal fiber stubs were con-
nected to optical patch cables (200-µm core diameter and 20 mm 
length with 0.66 numerical aperture) via mating ferrules in a zirconia 
sleeve. Optical patch cables were connected to blue-light LED source 
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modules (465 nm) mounted on magnetic LED commutators. The light 
stimulation patterns were preprogrammed using Radiant Software 
(Plexon Inc.). Before experimentation, the output power was meas-
ured from the optical fiber tips with a light power meter (Thorlabs 
PM100D with S120C sensor) and calibrated to 10 mW. Unless otherwise 
stated, all devices for optogenetic modulations were purchased from  
Plexon Inc.

Continuous optogenetic stimulation. Each experimental session 
lasted 30 min and included ten interleaved OFF (no light stimulation) 
and ten ON trials (10 mW, 5-ms train light pulses at 20 Hz) of 3 min. This 
represents 10% stimulation duty cycle, which is within the range that 
minimizes the potential for tissue thermal heating and damage accord-
ing to refs. 36,37. Each experimental session lasted 30 min and included 
five interleaved OFF (no light stimulation) and ON trials (10 mW, 5-ms 
train light pulses at 20 Hz) of 3 min each.

CL optogenetic stimulation. Each experimental session lasted 36 min. 
In four repetitive cycles, we alternated OFF trials, trials with CL stimu-
lation and with randomized stimulation, each lasting 3 min. A custom 
Matlab (R2017b) algorithm triggered the light stimulation on demand 
for the CL trials. Each activation lasted 4 s (10 mW, 5-ms pulses at 20 Hz). 
In a randomized trial, the same number of stimulations delivered in 
the previous CL trial was pre-assigned randomly (rand function) by 
the algorithm.

Data acquisition and analyses
Electrophysiology. We performed extracellular recordings in awake, 
freely moving mice using tetrodes attached to a 32-channel connector 
in a mechanically adjustable drive. All signals were amplified, multi-
plexed and digitalized at a sampling frequency of 20 kHz using the 
Intan hardware acquisition system (RHD2000 USB Interface Board 
with the RHD 32-Channel Headstage, Intan Technologies) and either 
Intan Software (RHD USB Interface Board software) or Open Ephys 
GUI63. Recordings were analyzed offline. We used a custom Matlab code 
to record with Intan Libraries for the CL experiments. A blinking LED 
and a digital input activated simultaneously were used to synchronize 
video and extracellular recordings.

LFP analysis. Neural signals were synchronized with video recordings 
via transistor-transistor logic signals for LFP recordings. The spectral 
content of the LFP signals was analyzed using custom Matlab routines, 
the Chronux64 Matlab package (http://chronux.org) and the Matlab 
Signal Processing toolbox. For Fig. 3 and Extended Data Fig. 3, we 
decreased the broadband data sample rate by 40 and then low-pass 
filtered the data using a tenth-order Butterworth filter with a cutoff 
frequency of 10 Hz. We performed continuous wavelet transforma-
tion around grooming events (4 s before and after onset). We used the 
Morse wavelet with asymmetry parameter (γ) = 3 and a time-bandwidth 
product = 60.

Spike analysis. Spike sorting was performed offline using the 
valley-seeking prevalent method in Offline Sorter (v.3.3.5, Plexon Inc.), 
followed by visual screening. Each set of spike clusters was compared 
for cross-correlogram features and spike waveform. The spikes of each 
putative unit were assessed qualitatively regarding ISI-waveform, spike 
amplitude and waveform consistency. To quantify the effect of light, we 
used NeuroExplorer (v.4, Nex Technologies) rate histogram to display 
the firing rate versus time with a bin size of 0.05 s.

Feature selection and supervised classification
Dataset creation. We created a dataset of independently extracted 
samples (1-s windows) of OFC activity of two categories, either pre-
grooming onset events (between −2 s to grooming onset) or other 
types of behavior (walking rearing, resting and so on). The dataset was 

extracted from LFP recordings in Sapap3-KO freely moving mice from 
five 1-h recording sessions for each experimental animal on different 
days. Each dataset contained a minimum of 100 events. The dataset 
was shuffled and split randomly into a training dataset (70%) and a 
test dataset (30%).

Feature reduction and supervised machine learning. To obtain the 
predictive value of low-frequency LFP components in the OFC related 
to the animal’s behavioral state (‘pregrooming’ and ‘other behavior’), 
we designed a preprocessing procedure for feature reduction that cap-
tures small changes in the energy distribution in a particular frequency 
band over time. A set of triangular filters predefined by a symmetrical 
distribution around the principal frequency of interest F (Fig. 3e) within 
the range from fA to fB is chosen to represent the shape and distribu-
tion of energy of the LFP biomarker in the frequency domain (in our 
case, fA = 1, fB = 10 ± 3.27, N = 5). The filter distribution is configured 
to have gradually decaying information concerning the portion of 
the spectrum to which they are applied. Indeed, the set of filters is 
predefined around a principal frequency of interest, allowing the 
detection of small changes around any frequency of interest, F, while 
integrating broader information from adjacent frequency bands. 
Since the features extracted depend on the distribution of the filter 
set, the distribution function and its sampling are suited to detect a 
variety of neural signatures for which a change in energy at a specific 
frequency band is observed. For each analysis window (subsegments 
of 1 s), we calculate the power spectral density estimate, and the set 
of filters is applied to obtain a vector of M coefficients whose values 
are furthermore decorrelated using the discrete cosine transforma-
tion. After P iterations, we create a matrix of M × P decorrelated coef-
ficients (M = 7, P = 5) that reflect the desired energy distribution in  
a period.

The feature matrix constituted the input for an ANN with a minimal 
architecture: one input layer with 35 neurons, two hidden layers, and an 
output layer with two neurons for each category, one for pregrooming 
behavior and the other for a collection of different types of behavior. 
Since each electrode was processed individually, we set a threshold 
policy to decide whether the output values of the neural network 
corresponded to a pregrooming event or not; only if more than 50% 
of these detections pointed to a pregrooming event it was counted  
as such.

CL implementation and assessment. For a CL implementation of the 
algorithm, extracellular signals in the OFC from freely moving mice 
were continuously acquired through 32 chronic drive implant record-
ing channels (20 kHz sampling frequency), amplified and digitalized. 
The data were segmented with a sliding window with 200-ms time-shift 
and the power spectral density estimate is calculated for each analysis 
window and for each electrode to be treated by the feature reduction 
and machine-learning stage.

Optogenetic stimulation feedback. When put into practice in the 
CL experiments, one positive outcome of pregrooming classification 
would trigger the optogenetic stimulator for 4 s—a period in which the 
algorithm would not make any further decisions. For each outcome of 
the ‘other behavior’ class, the stimulator would remain off, and the tests 
would continue every 200 ms.

To estimate the algorithm’s performance in a CL-like scenario, 
we tested the algorithm offline on continuous 10-min recordings per 
mouse, from n = 7 Sapap3-KO/PVCre mice, with decisions made by the 
algorithm at 200-ms interval bins. In this test dataset, there was no 
optogenetic stimulation provided, allowing for an assessment of the 
algorithm’s predictive accuracy for grooming behaviors, independ-
ent of neuromodulatory influences. We defined the ‘early detection 
period’ (Ep) as the time window between −2 s to grooming onset to 
half-duration of the grooming event. True positive (TP) classifications 
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were the predictions or light stimulations that fell within the Ep. False 
positives (FP) were all the other stimulations that did not fall inside 
the Ep. True negative (TN) results are the other behavior predictions 
outside Ep and grooming events and false negatives (FN) are all missed 
grooming events where no grooming prediction falls into the Ep as 
summarized in Supplementary Table 1.

In the test dataset, on average, recordings comprised 12.9 ± 5.1 
grooming bouts, with a total of 50.3 s ± 24.4 of grooming Ep activ-
ity. To contrast our results with that of a pseudorandom classifier, 
we used the same behavioral data collected in the previous experi-
ments test dataset (n = 7 Sapap3-KO/PVCre mice) and implemented 
a uniform pseudorandom number generator (1 for grooming and 
0 for other behavior) with the same result rate (200 ms). For each 
mouse’s dataset, we ran the pseudorandom algorithm five times and 
reported average metric results. We calculated the accuracy (the pro-
portion of all correctly categorized instances out of the total number 
of all correct and incorrect classifications), precision (proportion 
of true grooming predictions out of all grooming predictions; false 
and true), sensitivity (correct classification of LFP activity associated 
with the onset of self-grooming) and specificity (correct detection 
of the LFP signal associated with behaviors other than grooming) for 
both algorithms and each 10-min trial as described in Supplementary  
Table 2.

Histology
After experimental procedures, electrolytic mark lesions were 
made to confirm the localization of tetrode recording sites. Animals 
were anesthetized as described above, and 5 µA constant current 
was delivered to each electrode for 20 s using an isolated current 
stimulator (DS3, Digitimer Ltd). After 72 h, mice were anesthetized 
via an intraperitoneal injection of pentobarbital (200 mg kg−1) and 
perfused transcardially with 30 ml of 4 °C 0.9% sodium chloride 
solution followed by 60 ml of 4 °C 4% paraformaldehyde in 0.1 M 
phosphate buffer. Brains were postfixed in the same paraformal-
dehyde solution overnight at 4 °C, briefly rinsed three times in 1× 
PBS, and progressively dehydrated for cryosectioning by incuba-
tions in 15% and subsequently in 30% sucrose solution in 1× PBS for 
24 and 48 h, respectively. Next, brains were embedded in the OCT 
compound and sectioned into six series of 40-µm coronal sections 
(Microm HM, catalog no. 560, Thermo Scientific) into 1× PBS contain-
ing 0.1% sodium azide. Prefrontal sections were stained with a freshly 
filtered 1% cresyl violet solution and analyzed for the location of 
marked lesions under a brightfield microscope. Tetrode recording 
sites that were detected slightly outside of the lOFC were excluded 
from LFP analyses. Immunofluorescence stainings were performed 
on the striatal sections of one series in 4 °C solutions on an orbital 
shaker. Concretely, sections were washed three times for 10 min in 
1× PBS, followed by three washes of each 10 min in 1× PBS contain-
ing 0.1% Tween 20 and 0.2% Triton-X. Sections were next blocked 
for 2 h in 5% normal goat serum in 1× PBS containing 0.1% Tween 20 
and 0.2% Triton-X. Subsequently, sections were incubated in the 
same blocking buffer containing anti-red fluorescent protein (RFP) 
antibody (polyclonal rabbit anti-RFP, Rockland, catalog no. 600-
401-379, catalog no. 35634; dilution, 1:1,000) on an orbital shaker at 
4 °C overnight. Sections were then washed three times for 10 min in 
1× PBS with 0.1% Tween 20 and 0.2% Triton-X and incubated for 2 h 
in a blocking buffer containing a secondary antibody (polyclonal 
anti-rabbit Cy3-conjugated AffiniPure, produced in goat, catalog 
no. 106489; dilution, 1:400). Afterwards, sections were washed twice 
for 10 min in 1× PBS with 0.1% Tween 20 and 0.2% Triton-X, followed 
by one wash for 10 min in 1× PBS. Next, sections were incubated for 
2 min and 30 s in 4,6-diamidino-2-phenylindole solution (10 µg ml−1), 
washed three times for 10 min in 1× PBS and mounted in 0.1 M phos-
phate buffer onto Superfrost Plus slides and coverslipped using a 
fluorescence-protecting medium (Fluoromount, Sigma Aldrich).  

A selection of sections was incubated in the same buffer with an 
additional anti-parvalbumin antibody (polyclonal guinea pig anti-PV 
GP 72, Swant; dilution, 1:5,000) to verify viral infection of specifically 
parvalbumin-positive cells. The secondary antibody solution also con-
tained polyclonal anti-guinea pig Alexa488, produced in goats (Invit-
rogen, catalog no. 145863; dilution, 1:400). All striatal sections were 
imaged using a slide scanner (Axio Scan.Z1, Zeiss), and the sections 
were analyzed and mapped using ZEN software (Zeiss) and a mouse  
brain atlas65.

Statistical analyses
All statistical analyses using R were conducted using R v.4.1.1 (R Devel-
opment Core Team, 2021) and those using Prism were conducted using 
v.8.0.1 (GraphPad Software Inc.). All levels of statistical significance 
were set at P < 0.05.

Continuous stimulation analyses. We applied nonparametric statisti-
cal testing using Prism to assess the effect of optogenetic neuromodu-
lation in our continuous stimulation experiments. For within-animal 
comparisons, we applied Wilcoxon matched-pairs signed-rank tests 
(paired, nonparametric test, two-tailed, confidence level 95%) and 
for comparisons across animal groups, we applied Mann–Whitney 
testing (unpaired, nonparametric test, comparing ranks, two-tailed, 
confidence level 95%). In addition to evaluating the main effect of 
‘treatment’, we assessed the consistency of this effect across trials 
and sessions using a GLMM. Before conducting GLMM analyses with 
Poisson distribution, we verified all GLM assumptions to ensure that 
the Poisson regression accurately fitted the data using the R pack-
age DHARMa (v.0.4.6)66,67. This package applies a simulation-based 
approach to create interpretable scaled residuals for GLMMs, including 
Poisson GLM67. Concretely, linearity, uniformity and Poisson distribu-
tion of residuals were checked using the QQ-plot of residuals and sta-
tistically tested using a Kolmogorov–Smirnov test (D = 0.048, P = 0.47). 
Absence of autocorrelation was tested using Durbin–Watson test 
(DW = 2.51, P = 0.43) and the dispersion test on the variance-to-mean 
ratio (dispersion = 0.95, P = 0.96) did not indicate under- or overdisper-
sion of the count data. Taken together, assumption testing confirmed 
the applicability of a GLMM with Poisson distribution to both the 
continuous and the closed-stimulation data in our study. Hence, a 
GLMM using the Poisson family was fitted to explain the ‘number of 
grooming’ by the different ‘treatments’. Hereby, the model included 
‘MouseID’, ‘Trial’ and ‘Session’ as random effects. ‘Trial’ random effect 
was nested to ‘Session’ random effect to appropriately account for the 
trial effect within each session. The significance of the main effects of 
continuous ON/OFF stimulation (‘treatment’) was assessed based on 
Type II Wald chi-square tests. Please note that the ‘glmmTMB’ func-
tion (from glmmTMB package v.1.1.4) was used to model the GLMM 
because it is intended to handle zero inflation, unlike the glmer func-
tion. Finally, we fitted a linear mixed model to explain also the groom-
ing duration by continuous ON/OFF stimulation (‘treatment’). Again, 
the model included ‘MouseID’, ‘Trial’ and ‘Session’ as random effects. 
The ‘Trial’ random effect was nested to ‘Session’ as random effect. 
The square-root transformation was used on the grooming duration 
response variable to improve the model assumptions of linearity, 
normality and constant variance of residuals. The significance of the 
main effects of ON/OFF treatment was assessed based on Type II Wald 
chi-square tests from the ‘Anova’ R function (package ‘car’ v.3.1-0 with 
‘Anova’ function in R).

Analyses of the classification algorithm. To assess the performance 
of our supervised classification algorithm compared with a pseudor-
andom classification algorithm, we applied paired t-tests for each 
performance parameter, that is, accuracy, sensitivity, precision and 
specificity, after previous verification of the normal distribution of 
the data.
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CL stimulation analyses. To assess the statistical evidence for the 
increase in the ordinal ranks between three ‘treatments’ (CL, Yoked and 
OFF) in terms of the number of grooming, the repeated measure trend 
test—the nonparametric Page’s L-test for ordered alternatives68—was 
used with the PageTest R function in DescTools package (v.0.99.46), 
where the ordered alternative hypothesis H1, m_ClosedLoop<m_
Yoked<m_Off, was tested against the null hypothesis H0, m_CL = m_
Yoked = m_Off. Hereby, values were averages by animal and session. 
To assess consistency of main effect of ‘treatment’ across trials and 
sessions, we also fitted a GLMM using the Poisson distribution family 
to explain the ‘number of grooming’ and ‘grooming duration’ by the 
different stimulation ‘treatments’ (CL, Yoked and OFF). The model 
included MouseID, Trial and Day as random effects. The random trial 
effect was nested to day random effect to appropriately account for 
the trial effect within each session. A square-root transformation was 
used on grooming duration as a response variable to improve the 
model assumptions of linearity, normality and constant variance of 
residuals. Just as for continuous stimulation analyses, before con-
ducting GLMM analyses with Poisson distribution, we verified all GLM 
assumptions to ensure that the Poisson regression accurately fitted 
the data using the R package ‘DHARMa’ (refs. 66,67). This package 
applies a simulation-based approach to create interpretable scaled 
residuals for generalized linear mixed models, including Poisson GLM67. 
Compliance with the model assumptions was confirmed with the 
QQ-plot of residuals and by the Kolmogorov–Smirnov (D = 0.065, 
P = 0.415), Durbin–Watson (DW = 1.819, P = 0.1278) and dispersion 
tests (dispersion = 1.25, P = 0.208). Taken together, assumption test-
ing confirmed the applicability of a GLMM with Poisson distribution 
to the CL stimulation data. ‘Treatment’ effects were obtained through 
Type II Wald chi-square test. We then used the ‘emmeans’ package 
v.1.8.2 in R69 to conduct a two-sided Tukey’s honest significant differ-
ence test. P values resulting from the post hoc tests were obtained 
using Kenward–Roger’s approximation for degrees of freedom and 
were adjusted to control for the false discovery rate due to multiple  
comparisons.

Finally, to compare average grooming bout durations in the OFF, 
CL and Yoked stimulation conditions, we performed a one-way analysis 
of variance (Prism, GraphPad v.8.0.1).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting this study’s findings are available in the publicly 
accessible repository OSFHOME via https://doi.org/10.17605/OSF.IO/
KDMJT. Source data are provided with this paper.

Code availability
All custom MATLAB code generated in this work is openly 
available in the repository GitHub via https://github.com/
LizbethMG/2024_Mondragon-Gonzalez_NatureNeuroscience.
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Extended Data Fig. 1 | Detailed behavioural results of optogenetic 
stimulation of striatal PV interneurons in Sapap3-KO/PVCre mice in the 
striatal area receiving major lOFC projections. (a) Number of grooming onsets 

and (b) the percentage of grooming duration across individual consecutive trial 
blocks (T1-T5) and three separate sessions (1-3). Each graph depicts n = 10 Sapap3-
KO/PV-Cre mice results, and the data are presented as mean values + SEM.

http://www.nature.com/natureneuroscience


Nature Neuroscience

Article https://doi.org/10.1038/s41593-024-01633-3

0

20

40

60

80

100

Stimulation OFF

0

20

40

60

80

100

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

Low activity High activity NA

Stimulation ON

a

Ti
m

e 
(%

)
Ti

m
e 

(%
)

b

Extended Data Fig. 2 | Individual distribution into low and high activity 
phases during OFF and ON stimulation conditions in Sapap3-KO/PVCre 
mice. Percentage of time individual mice spent in phases of low and high activity 
during periods (a) without optogenetic stimulation and (b) under optogenetic 

stimulation. The black bars correspond to uncertain periods of tracking due to 
insufficient recognition of body parts from video analysis. Each bar corresponds 
to an individual Sapap3-KO/PV-Cre mice (M1:M10).
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Extended Data Fig. 3 | Low-frequency LFP signature in the OFC predicts 
grooming onset. (a) Example of consecutive image frames displaying grooming 
onset and the assignment of the exact time point labelled ‘grooming onset’ to 
the first frame showing the upwards locomotion of the anterior limbs towards 
the orofacial area to engage in a grooming bout. (b) Individual time-frequency 
wavelet spectrogram around grooming onset (-2 to +2 s peri-grooming 

onset) reveals an increase in low-frequency power in each recorded animal 
(n = 10 Sapap3-KO mice). Vertical magenta lines in each spectrogram indicate 
grooming onset as assigned in panel a. Each spectrogram represents the average 
normalised LFP activity of grooming events (M = 25 events, SD ± 5.25) for a single 
mouse extracted over different recording sessions; warmer colours represent 
higher energy.
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Extended Data Fig. 4 | Intra- and inter-session comparison of OFF, closed-
loop, and randomized optogenetic stimulation. (a) Detailed overview of 
the number of grooming onsets and the (b) percentage of grooming duration, 
segregated into individual repeated trials (T1-T4) of OFF (red), Closed-loop ON 
(cyan) and randomized (blue) optogenetic stimulation. Each dot represents the 
average of each individual mouse across three experimental sessions.  
(c) Detailed overview of the number of grooming onsets and the (d) percentage 

of grooming duration, segregated into sessions (1-3) and OFF (red), Closed-loop 
ON (cyan), and randomized (blue) optogenetic stimulation condition. Individual 
dots represent the average of each individual mouse across four different trials 
per session. All graphs depict the behaviour of n = 5 Sapap3-KO/PVCre mice. Data 
are presented as mean values + SEM. The grey line in panels (c) and (d) highlights 
the trend of average grooming number or onsets across the three stimulation 
protocols.
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Extended Data Fig. 5 | Closed-loop optogenetic stimulation effect on 
grooming duration. (a) Closed-loop optogenetic activation of PVI in the 
striatal regions receiving major lOFC input reduced the average percentage of 
grooming duration in Sapap3-KO/PV-Cre compared to ‘OFF’ and ‘randomized’ 
trials (Page’s L test for ordered alternatives, H=Closed-loop<randomized <OFF, 
L = 68, *P = 0.01). Grey dots and interconnecting lines represent the average of 

individual animals across trials and sessions. (b) The stimulation protocol did 
not affect the average duration of individual grooming events (s) in either the 
‘OFF’, ‘Closed-loop’, or the ‘randomized ‘ condition (repeated measures one-way 
ANOVA, P = 0.9). Data are depicted as means ( + SEM) in the n = 5 Sapap3-KO/
PV-Cre mice tested in the protocol.
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Extended Data Fig. 6 | No evidence of change in scratching or walking with 
different stimulation treatments. Walking events during periods without 
stimulation, as well as during closed-loop or random stimulation, did not 
show evidence of difference in terms of (a) their number (MOff= 17.40 ± SD 
3.578, MCL = 13.4 ± SD 9.127, MRND = 13.40 ± SD 7.66, Page’s L test for ordered 
alternatives, Closed-loop<Yoked<OFF, L = 57, P = 0.86) (left panel) and relative 
duration (MOff= 6.08 ± 1.89, MCL = 5.88 ± 3.46, MRND = 5.3 ± 2.95, Page’s L test for 
ordered alternatives, Closed-loop<Yoked<OFF, L = 61, P = 0.44) (right panel). 
(b) Similarly, scratching behaviour did not show evidence for a difference 

across these stimulation conditions regarding the number (MOff= 0.75 ± 0.81, 
MCL = 0.65 ± 0.86, MRND = 0.45 ± 0.33, Page’s L test for ordered alternatives, 
Closed-loop<Yoked<OFF, L = 59.5, P = 0.56) (left panel) and relative duration 
MOff = 3.05 ± 5.63, MCL = 1.72 ± 2.5, MRND = 0.51 ± 0.35, Page’s L test for ordered 
alternatives, Closed-loop<Yoked<OFF, L = 59.5, P = 0.56) (right panel). Each data 
point represents one of the n = 5 Sapap3-KO/PV-Cre mice analysed across (a) four 
and (b) twelve independent 3-minute trials. The bars indicate the mean values ± 
standard deviations.
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Extended Data Table 1 | Closed-loop algorithm performance across a cohort of Sapap3-KO/PV Cre mice

Other behaviour
(bin counts)

Grooming
(bin counts) Evaluation metrics (%)Mouse

number TP FN TN FP Accuracy Sensitivity Precision Specificity

1

2

3

4

5

6

7

Average

STD

397

70

194

202

170

353

131

216.7

117.5

4

0

13

117

72

24

14

34.9

43.4

1829

2126

919

1885

1726

888

1057

1490.0

517.5

37

39

90

36

51

82

87

60.3

25.0

98.19

98.26

91.53

93.47

93.91

92.13

92.16

94.2

2.8

99.00

100.00

93.72

74.43

70.25

93.63

90.34

88.8

11.8

91.47

64.22

68.31

82.14

76.92

81.15

60.09

74.9

11.2

99.78

100.00

98.61

95.34

96.00

97.37

98.69

98.0

1.8

Performance metrics for our closed-loop algorithm performed offline in Sapap3-KO/PVCre mouse (n = 7 mice in total). Each row represents the results of an individual mouse. Each experiment 
consisted of a 10-minute recording per mouse (without stimulation), with a decision made at 200-ms interval bins. On average, recordings contained 12.9 ± 5.1 grooming bouts. The results 
display the number of bins detected that were either True or False per category (‘Grooming’ or ‘Other behaviour’). Abbreviations: TP (True Positives), FN (False Negatives), TN (True Negatives), 
FP (False Positives), SD (Standard Deviation), nb (number).
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Extended Data Table 2 | Random algorithm performance across Sapap3-KO/PV Cre mice

Other behaviour
(bin counts)

Grooming
(bin counts) Evaluation metrics (%)Mouse

number TP FN TN FP Accuracy Sensitivity Precision Specificity

1

2

3

4

5

6

7

Average

STD

197

34.6

106.6

159.6

115

192.4

74.4

125.7

60.7

924.8

1085.8

519.2

944.8

904.2

481.6

566.8

775.3

244.8

941.2

1079.2

489.8

976.2

872.8

488.4

577.2

775.0

249.3

204

35.4

100.4

159.4

127

184.6

70.6

125.9

61.3

49.48

50.13

51.46

49.3

50.48

50.04

49.74

50.1

0.7

49.13

49.43

51.5

50.03

47.52

51.03

51.31

50.0

1.4

17.31

3.11

17.87

14.05

11.65

28.25

11.41

14.8

7.7

49.56

50.15

51.46

49.18

50.88

49.65

49.55

50.1

0.8

Comparative analysis of key performance metrics on the same recordings than in Extended Data Table 1, but from a random algorithm. Abbreviations: TP (True Positives), FN (False Negatives), 
TN (True Negatives), FP (False Positives), SD (Standard Deviation), nb (number).

http://www.nature.com/natureneuroscience
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

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 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

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) 

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 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection (1) Extracellular recordings were either acquired using the commercial Intan hardware acquisition system (RHD2000 USB Interface Board with 

the RHD 32-Channel Headstage, Intan Technologies, CA, USA) and the commercial software by Intan (RHD USB Interface Board software, 

Version 1.5.4,) or the open-source software Open Ephys G.U.I. (v0.5.5.3). 

(2) For the closed-loop experiments, we used the open-source library RHD Matlab Toolbox for Windows (Version 1.2.2) 

(3) Histology: striatal sections were imaged using a slide scanner (Axio Scan.Z1, Zeiss) with its commercial software ZEN.  (ZEN. Blue 3.1, ZEISS). 
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Data analysis 1. Local field potential analysis: custom Matlab routines that use the Chronux Matlab package (http://chronux.org ) and the Matlab Signal 

Processing toolbox.  

2. Spike analysis: Spike sorting was performed offline using the valley-seeking prevalent method in Offline sorter (Version 3.3.5, Plexon Inc.) 

and NeuroExplorer (Version 4, Nex Technologies, Colorado, U.S.A.)  

3. Statistical analysis: All statistical analyses were performed using either Prism (GraphPad Software Inc, version 8.0.1) or R (R Development 

Core Team, 2021, version 4.1.1) with the following packages: DHARMa (v0.4.6), glmmTMB (v1.1.4), car (v3.1-0), DescTools (v0.99.46, for 

PageTest), emmeans (v1.8.2).  

4. Histology: Striatal sections were analyzed and mapped using ZEN software (ZEN. Blue 2.3, ZEISS) 

5. Closed-loop experiments used the commercial Matlab R2019b Signal Processing toolbox and custom algorithms described in Figure 3 of the 

present manuscript.   

6. Body parts tracking and behaviour annotation: For tracking body parts in videos we used the open-source Python toolkit DeepLabCut 

(version 2.2.1, with CUDA Toolkit 11.0 and Tensorflow 2.3.0) and Matlab custom scripts (Matlab 2022b). For video scoring we used the 

software Kinovea (version 0.8.15) 

All custom MATLAB code generated in this work is openly available in the repository:  https://github.com/LizbethMG/2024_Mondragon-

Gonzalez_NatureNeuroscience

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 and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The data supporting this study's findings are available in the publicly accessible repository: (DOI 10.17605/OSF.IO/KDMJT). 

 Source data are provided with this paper.
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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 The sample size for all experiments was determined based on the variance observed in previous similar experiments and practical 

considerations (DOI: 10.1038/nn.3269, DOI: 10.1038/s41386-021-01161-9, DOI: 10.1038/s41467-023-41026-x). Specifically, the sample size 

for animal experiments was as follows: 

On/Off optogenetic stimulation experiment: N=10, Sapap3-KO/PVCre mice expressing hChR2; N=6 Sapap3-KO/PVCre mice injected with a 

control virus (i.e. only expressing the fluorophore marker mCherry) with N=3 putative PV interneurons for opto-tagging demonstration. N=5 

wildtypes mice expressing hChR2. 

LFP analysis: N=10 Sapap3-KO/PVCre expressing either hChR2 or mCherry only. 

Algorithm validation: N = 7 Sapap3-KO/PVCre mice injected with hChR2; the validation was performed during phases without light stimulation. 

Closed-loop experiment: N=5 Sapap3-KO/PVCre mice injected with hChR2.

Data exclusions Six out of 45 tetrode recording sites that were detected slightly outside of the lOFC were excluded from LFP analyses.

Replication All experiments were successfully replicated as follows:  

1. All optogenetic ON-OFF experiments were replicated in intra-sessions (5 repetitions per condition and animal) and inter-sessions (3 

repetitions per animal). 

2. All optogenetic Closed-loop experiments were replicated in intra-sessions (5 repetitions per condition and per animal) and inter-sessions (3 

repetitions per animal). 

3. All grooming related LFP recordings were replicated (mean 25 observations per animal with ten animals). 

4. All experiments to test the algorithm performance were replicated in N = 7 animals (10 minutes per animal). 

Randomization Animals were chosen based on having the appropriate range of age and weight at the moment of the experiment.  Given the heterogeneity of 

the phenotype expression (Manning et al., Sci Reports, 2021), we very briefly screened randomly in the cages for Sapap3-KO mice with 

overexpression of the self-grooming phenotype but without skin lesions.  The order of testing ON/OFF optogenetic stimulation in Sapap3-KO/

PVCre mice expressing either hChR2 or control virus expressing only mCherry, or wildtypes mice expressing hChR2 was randomized.  Further 

randomization was not relevant to this study as each animal served as its control in ON/OFF stimulation conditions and the Closed-Loop 

stimulation paradigm in ON/OFF/Yoked conditions (5 replications within one session, three sessions on different days; see "Replication" 



3

n
atu

re p
o

rtfo
lio

  |  rep
o

rtin
g

 su
m

m
ary

M
a

rc
h

 2
0

2
1

paragraph).  For the LFP study, randomization was also not required as each animal again served as its own control, i.e. each per-grooming 

LFP was compared to its baseline activity.

Blinding For data collection, the selection of animals was based solely on matched age and weight ranges and the expression of the overgrooming 

phenotype in Sapap3-KO mice. The group allocation was then decided according to animal genotype and/or the treatment previously 

administered to the animal, i.e. the type of virus injected. 

All data analyses were conducted either offline (manual behavioural quantification with blind scoring of events, including grooming, 

scratching, and walking, across all experiments) or were fully automated, not requiring group assignment or susceptible to human bias. These 

include LFP analysis, closed-loop code routines, and the global activity analysis, as detailed in the Behavioural Assessment section; thus, 

blinding was not necessary. For manual behavioural quantification, we implemented inter-rater control to validate the manual annotation of 

video frames. Three naïve raters, trained by an expert to recognize grooming using an instructional video, were assigned to annotate five 

recording sessions. Each 36-minute video represented a Sapap3-KO mouse in a single session from the closed-loop experiments, consisting of 

60 blocks of 3 minutes each, for a total of 90 grooming events.

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

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies

Antibodies used We used the following primary and secondary antibodies and dilutions: 

1. anti-red fluorescent protein antibody (anti-RFP; polyclonal rabbit, Rockland, #600-401-379, Lot #35634; dilution: 1:1000) 

2. anti-parvalbumin antibody (anti-PV GP 72; polyclonal guinea pig, Swant, dilution 1:5000) 

3. goat-anti-rabbit Cy3-conjugated antibody (AffiniPure, polyclonal, Lot 106489; dilution 1:400) 

4. goat-anti-guinea pig Alexa488 antibody (Invitrogen, polyclonal, Lot #145863, dilution: 1:400). 

Validation Antibodies were validated in coronal brain sections (section thickness 40µm as all coronal samples of the presented study) of a 

mouse, expressing virally transfected mCherry in the dorsal striatum.  Specificity of fluorescent labelling was achieved through 

verification of expected expression patterns as well as negative control sections, which were incubated only in secondary but not in 

primary antibody blocking solution.  Optimal dilutions yielding bright specific signal and low background fluorescence were 

determined from a series of dilution tests (Rockland anti-RFP #600-401-379: dilutions of 1:1000, 1:1000; Swant anti-PV GP 72: 

dilutions of 1:3000, 1:5000, 1:10.000; all tested dilutions fell into the range corresponding to manufacturer's recommendations for 

histological immunofluorescence labelling).

Animals and other organisms

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

Laboratory animals Mice were maintained under a consistent 12-hour light cycle (from 6:00 a.m. to 6:00 p.m.) and a 12-hour dark cycle (from 6:00 p.m. 

to 6:00 a.m.), in a temperature-controlled environment ranging from 20°C to 24°C and humidity levels between 40% and 60%. They 

had unlimited access to standard chow and water.  

Breeding: 

-The Sapap3-knockout (Sapap3-/-) mouse line on C57BL6/J background (B6.129-Dlgap3tm1Gfng/J ; Jackson Laboratory stock 

#008733) was provided by Drs. G. Feng and A.M. Graybiel (Massachusetts Institute of Technology, Cambridge, U.S.A.) and 

backcrossed on C57BL/6 background strain (Jackson Laboratory) every 5-10 generations. Heterozygous male and female Sapap3+/- 

mice from this breeding were used at the age of 3-4 months to be crossed with mice from the (Pvalb)-Cre line. 

-Sapap3+/− were crossed with parvalbumin (PV) (Pvalb)-Cre line (B6;129P2-Pvalbtm1(cre)Arbr/J; Jackson Laboratory stock #008069; 

males and females, 3-4 months old; provided by Dr A. Bacci, Paris Brain Institute, France) to obtain heterozygous Cre-positive Sapap3

+/+ and Sapap3-/- mice.  

Experimental studies: 

We used 17 male Sapap3-/- :: PV-Cre/wt (average initial age = 8.6 ±1.4 months, average weight = 30.5 ±3.7 g) and 5 age-matched  

Sapap3+/+::PV-Cre/wt (average initial age = 9.1 ±1 months, average weight = 39.3 ±4 g).

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

Ethics oversight The French Ministry of Higher Education, Research and Innovation (APAFIS #1418-2015120217347265 and 

#31141-2021042017105235) has approved all experimental procedures.

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