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dependent on dopamine, we first tested whether this potentiation
occurred with other psychostimulants. Mice that were implanted
with 32-channel arrays in DMS were i.p. injected with d-
amphetamine (d-amph, n= 8 mice) or saline as controls (dSAL,
n= 8 mice). We observed that at the dose of 3 mg/Kg, d-
amphetamine increased locomotor activity (Fig. 4a), OFCe LFP
amplitudes (Fig. 4b, c), and the number of potentiated LFPs
(Fig. 4d) compared to saline. As with cocaine, a between-subject
analysis against saline revealed that d-amph increased averaged
responses per mouse as well (Supplementary Fig. 4a). Consider-
ing that cocaine and amphetamine both have multiple mechan-
isms of action48, we sought to selectively isolate the contribution
of dopamine to the potentiation of OFC-DMS connection
strength. To do this, we assessed whether an i.p. injection of a
selective dopamine transporter (DAT) blocker49, GBR13069,
recapitulated the effects induced by cocaine and amphetamine.
Although not as robust as cocaine and amphetamine, GBR13069
(n= 9 mice) significantly increased both locomotor activity
(Supplementary Fig. 4b) and OFCe LFP responses (Fig. 4e–h)

compared to saline controls (gSAL, n= 9 mice). Finally, we
blocked dopamine receptors to test the necessity of dopamine for
potentiating OFC-DMS connection. Mice received either an i.p.
injection of a mixture of antagonists for D1R (SCH23390; 0.15
mg/Kg) and D2R (sulpiride; 25 mg/Kg; Fig. 5a), named anti-DA
(n= 5 mice), or vehicle as control (n= 5 mice). Anti-DA injec-
tion caused a slight depression in OFCe LFP amplitude when
normalized to baseline (Fig. 5a), indicating that physiological
dopamine receptor activation controls OFC-DMS pathway input
strength under basal conditions. Compared to vehicle, pre-
treatment with anti-DA also blunted both the cocaine-induced
hyperlocomotion (Supplementary Fig. 4c) and the increase of
OFCe LFP amplitude (Fig. 5a–c), even when normalizing for the
anti-DA mediated reduction in OFCe LFPs (Fig. 5d). Finally, we
injected these mice with cocaine after pre-treating them with
either vehicle or a mixture of a lower dose of SCH23390 (0.03 mg/
Kg) and the same dose of sulpiride (25 mg/Kg), named “low anti-
DA”. Analysing the same wires as with the higher dose, we found
that reducing the dose of D1R antagonist was permissive for
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Fig. 4 Dopamine-dependent OFC-DMS input strengthening. a Time-course of norm. velocity for saline (dSAL) and d-amphetamine (d-amph) (RM two-
way ANOVA, time main effect: F(1.064,14.90)= 2.685, p= 0.1209; drug main effect: F(1,14) = 3.039, p= 0.1032; time Χ drug interaction: F(59,826)= 2.753, p
< 0.0001). b Time-course of normalized OFCe LFP responses (two-way ANOVA; time main effect: F(59,18780) = 10.90, p < 0.0001; drug main effect:
F(1,18780)= 744.80, p < 0.0001; time Χ drug interaction: F(59,18780)= 18.63, p < 0.0001). Scale bar: 20ms, 2 μV. c Binned OFCe LFP amplitude (two-way
ANOVA; time main effect: F(1,626)= 21.20, p < 0.0001; drug main effect: F(1,626)= 54.76, p < 0.0001; time Χ drug interaction: F(1,626)= 54.76, p < 0.0001,
followed by between-subject Bonferroni post-hoc test dSAL vs d-Amph; 1–30: t(626) = 0, p > 0.9999; 31–60: t(626)= 10.47). d Pie-charts with numbers of
significantly potentiated or depressed and not modulated OFCe LFP responses. e Time-course of normalized OFCe LFP responses for saline (gSAL) and
GBR13069 (GBR13) (RM two-way ANOVA; time main effect: F(119,56280)= 13.83, p < 0.0001; drug main effect: F(1,56280)= 415.1, p < 0.0001; time Χ drug
interaction: F(119,56280)= 16.61, p < 0.0001). Scale bar: 20ms, 2 μV. f Binned OFCe LFP amplitude (two-way ANOVA; time main effect: F(1,938)= 12.42, p=
0.0004; drug main effect: F(1,938)= 50.17, p < 0.0001; time Χ drug interaction: F(1,938)= 50.17, p < 0.0001; followed by between-subject Bonferroni post-
hoc test gSAL vs GBR13; 1–30: t(938)= 0, p > 0.9999; 31–60: t(938)= 10.02). g Pie-charts reporting the number of significantly potentiated or depressed and
not modulated OFCe LFP responses. h Percentage change in OFCe LFPs (one-way ANOVA, F(2,712)= 12.76, p < 0.0001, followed by one-sided t-test to
100%, cocaine: t(311)= 9.469; d-amph: t(164)= 6.421, GBR13: t(237)= 6.120). Data are represented as single points and/or as mean ± SEM. N,n indicate
number of mice and OFCe LFPs included in the analysis.
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OFCe LFP potentiation (Supplementary Fig. 4d), as no differ-
ences were detected compared to vehicle. Thus, we conclude that
psychostimulant-induced increase in OFC-DMS input strength
depends on dopamine and can be blocked by a D1-antagonist in a
dose-dependent manner in awake mice.

Optogenetic-mediated high-frequency stimulation depresses
OFC-DMS pathway and locomotion. As cocaine potentiated
OFC-DMS inputs, we asked whether targeted, plasticity-inducing
stimulation protocols could depress this input and block cocaine-
induced behaviour, building on similar approaches used by other
groups32,34,35,50. We tested the effect of multiple stimulation
protocols in vivo, based on those that have been shown to induce
plasticity ex vivo (Fig. 6a). To monitor circuit plasticity as it
occurs in vivo, we investigated the consequences of low-frequency
(LFS: 5 Hz for 15 min; n= 7 mice for noLFS and n= 7 mice for
LFS) and theta-burst (TBS: 10 repetitions of 40 stimulations
organized in trains of 50 Hz every 10.5 Hz; n= 8 mice for noTBS
and n= 13 mice for TBS) stimulation of OFC on the amplitude of
OFCe LFP responses in DMS. Surprisingly, both LFS and TBS
failed to induce an observable plasticity in our awake preparation
(Fig. 6b–e). Next, we sought to explore the effects of HFS at OFC-
DMS inputs, which induces LTD at cortico-striatal inputs in slice
preparations39 and anesthetized animals51. Because of constraints
related to Chronos-induced spike fidelity45, we limited our sti-
mulation to 60 Hz. Moreover, to understand whether HFS had
any short-/long-term or additive effects52, we delivered two 5-min
60 Hz periods (ON) interleaved by a 14-min pause (interHFS)
and followed by an OFF period (post HFS). Compared to noHFS
control, HFS strongly depressed OFCe LFP responses (during
the inter-HFS phase, Fig. 6f–h), which lasted through the post-
HFS with no further depression. The HFS-mediated OFC-DMS
pathway depression was also observed by comparing per-
mouse averaged responses from noHFS (n= 7 mice) and HFS
(n= 7 mice; Supplementary Fig. 5a) groups. Thus, protocols that
induce plasticity in ex vivo preparations may not induce the same
effects in vivo; and HFS can reliably depress OFC-DMS inputs in
awake animals.

Recently, it has been shown that reduced excitability of orbito-
striatal inputs between co-activated neuronal ensembles

attenuates cocaine-induced psychomotor responses24. To under-
stand whether opposite changes in orbito-striatal neuronal and
input function bidirectionally modulate locomotion, we mon-
itored animal’s velocity during and after Chronos-mediated
optogenetic HFS of OFC, in absence of psychostimulants. During
the first ON period (60 Hz stimulation for 5 min), we observed a
dramatic increase in mouse speed (Supplementary Fig. 5b, c),
confirming an association between heightened OFC-DMS path-
way activity and hyperlocomotion. This result is also consistent
with the OFC-DMS potentiation we observed with psychostimu-
lants. In contrast, velocity decreased immediately after HFS, while
it remained unaltered at the same time-point in the control group
(Supplementary Fig. 5d). Thus, these data suggest that strength-
ening or weakening the OFC-DMS pathway might exert a
bidirectional control over locomotion, even in the absence of
cocaine.

HFS of OFC-DMS blocks cocaine-induced potentiation and
hyperlocomotion. As cocaine potentiated the OFC-DMS con-
nection and HFS depressed it, we asked whether the HFS protocol
could block cocaine-induced increases in OFC-DMS connectivity,
and associated increases in DMS activity. When we tested the
effects of HFS applied to the OFC immediately after the cocaine
injection (n = 7 mice), we observed that HFS overpowered the
effect of cocaine and again depressed the OFCe LFP amplitude at
post-HFS (Fig. 7a–c). Interestingly, in the no HFS group (n= 9
mice) we replicated our earlier experiments showing that cocaine
increased the OFCe LFP amplitude (Fig. 7a–c). Again, this effect
was also apparent at a per-mouse level when comparing no HFS
vs HFS mice treated with cocaine (Supplementary Fig. 6a). HFS
also blocked the cocaine-mediated increase in the average firing
rate of striatal units (Fig. 7d), confirming a causal link between
the cocaine-mediated potentiation of the OFC-DMS pathway and
increases in neuronal activity in the striatum.

Finally, we examined the consequences of attenuating cortico-
striatal drive on the sensitization of psychomotor responses to
cocaine. For 5 consecutive days, mice bilaterally expressing either
ChR2 or eYFP in the OFC and implanted with optic fibers in
DMS (Fig. 7e) received i.p. injections of cocaine (20 mg/Kg)
immediately followed by HFS. Consistent with our recording
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experiments, at the first cocaine exposure (Coc1), HFS of OFC
inputs attenuated hyperactivity in ChR2- but not eYFP-
expressing mice (Supplementary Fig. 6b). Although individual
ChR2-expressing neurons likely cannot faithfully follow a 60 Hz
stimulation train, we confirmed that ChR2-mediated stimulation
increased power in the LFP at 60 Hz, confirming that the DMS
population activity was modulated at that frequency (Supple-
mentary Fig. 6c). Attenuation of locomotor responses was also
observed over the next four consecutive cocaine injections
(Fig. 7f). To test whether HFS at OFC-DMS was masking the
expression of cocaine sensitization, these same animals received a
cocaine challenge injection (without HFS) after 10 days of
withdrawal from cocaine. Without HFS, ChR2- and eYFP-
expressing mice displayed similar locomotor responses to this
cocaine challenge (Fig. 7g). Thus, we conclude that HFS at OFC-
DMS pathway acutely interfered with the expression of
psychomotor responses to cocaine but did not prevent the
acquisition of cocaine sensitization.

Discussion
In the present study, exposure to cocaine increased the activity of
both direct and indirect pathways in DMS. We linked these
changes to a dopamine-dependent OFC input strengthening and
a greater efficacy in driving the activity of DMS neurons. We

tested several optogenetic stimulation protocols and found that
high-frequency stimulation depressed OFC-DMS connectivity
and reduced locomotion. HFS also over-powered the cocaine-
induced OFC-DMS potentiation and, when applied at OFC-
terminals, attenuated cocaine-induced hyperactivity in vivo.

Here, cocaine significantly increased the expression of c-fos in
striatal regions, particularly in direct and indirect pathway DMS
neurons, as reported by other studies17,18. Although our in vivo
electrophysiology recordings showed a generalized increase in
striatal neuron activity, they also revealed a smaller neuronal
population that decreased its activity in response to cocaine,
which might confirm important cellular specializations within
striatal circuits53,54. However, this bidirectional change did not
appear to be related to the two output pathways since photometry
recordings revealed that cocaine increases the frequency of
population calcium events in both. Thus, our results diverge from
a classic model of striatal function by which psychostimulant-
induced dopamine increase would respectively enhance and
attenuate dMSN and iMSN activity via dopamine receptor acti-
vation. While this theory has been supported by evidence in
ventral striatum13 and anesthetized animals14, cocaine was also
reported to decrease population activity of both pathways in
dorsal striatum20. Despite the discrepancy in the direction of
change, our result is consistent with the Barbera et al.20 study in

125

100

75O
F

C
e 

LF
P

 A
m

p.
 (

%
P

re
)

OFCe LFPs

199

115

191

64

5

65

19

122

8070605040

Time (min)

Time (min)

i.p. Cocaine+HFS
i.p

. c
oc

ain
e

Cha
lle

ng
e

Coc
5

Coc
4

Coc
3

Coc
2

Coc
1

Sal3Sal2Sal1

Coc
5

Coc
4

Coc
3

Coc
2

Coc
1

Sal3Sal2Sal1

i.p. Saline

302010
8070605040

Time (min)

302010

# < 0.0001
# < 0.0001

p < 0.0001

p = 0.0415

+ HFS

ChR2 (N=10)
eYFP (N=9)

ChR
2

eY
FP

λ=465 nm
blue-light

OFC DMS

–30 0 30 80
Post

Post

Cocaine + noHFS (N=9)

C
oc

ai
ne

no
H

F
S

C
oc

ai
ne

H
F

S
C

hR
2

eY
E

P

Cocaine+ HFS
Coc1

Challenge
p = 0.7514

C
oc

ai
ne

no
H

F
S

C
oc

ai
ne

H
F

S

Cocaine + HFS (N=7)

Cocaine + noHFS (9,199)
Cocaine + HFS (7,191) Cocaine + noHFS (9,68)

Cocaine + HFS (6,59)

0.2 Hz OFC stim.

Hab. Pre

Pre
inter

Post

Pre
inter

Potentiated
Depressed
Not modulated

300

200

100

0

D
is

ta
nc

e 
m

ov
ed

 (
m

)

300

2000

2.5

Cocaine + noHFS
Avg. Pre: 0.10 Hz

Cocaine + HFS
Avg. Pre: 0.14 Hz

2.0
1.5
1.0
0.5
0.0

2.5
2.0
1.5
1.0
0.5
0.0

1 31 61 81
Time (min)

1 31 61 81

H
z

1500

1000

500

0

200

100

0

D
is

ta
nc

e 
m

ov
ed

 (
m

)

F
iri

ng
 fr

eq
ue

nc
y 

(%
P

re
)

a

e f g

b c d

Fig. 7 HFS overpowers cocaine-dependent OFC-DMS potentiation and attenuates hyperactivity. a Time-course of norm. OFCe LFP responses in mice
exposed to cocaine before high-frequency stimulation (HFS) or no HFS (RM two-way ANOVA; time main effect: F(69,26772) = 23.08, p < 0.0001; treatment
main effect: F(1,388)= 130.3, p < 0.0001; time Χ treatment interaction: F(69,26772)= 71.29, p < 0.0001). b Representative OFCe LFP traces. Scale bar: 20ms,
50 μV. c Pie-charts reporting the number of significantly potentiated or depressed and non-modulated OFCe LFP responses. d Time-course of norm. firing
frequency of striatal multi-units in mice exposed to cocaine before HFS or no HFS (RM two-way ANOVA; time main effect: F(73,9125)= 2.499, p < 0.0001;
treatment main effect: F(1,125)= 2.106, p= 0.1492; time Χ treatment interaction: F(73,9125)= 1.756, p < 0.0001). Top: representative rate histograms.
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are represented as mean ± SEM. N, n indicate number of mice and OFCe LFPs or units included in the analysis.
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