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Balance Between Projecting Neuronal
Populations of the Nucleus Accumbens Controls
Social Behavior in Mice

Julie Le Merrer, Bérangére Detraux, Jorge Gandia, Aurélie De Groote, Mathieu Fonteneau,
Alban de Kerchove d’Exaerde, and Jérome A.J. Becker

ABSTRACT

BACKGROUND: Deficient social interactions are a hallmark of major neuropsychiatric disorders, and accumulating
evidence points to altered social reward and motivation as key underlying mechanisms of these pathologies. In the
present study, we further explored the role of the balance of activity between D; and D, receptor-expressing striatal
projection neurons (D1R- and D2R-SPNs) in the control of social behavior, challenging the hypothesis that excessive
D2R-SPN activity, rather than deficient D1R-SPN activity, compromises social behavior.

METHODS: We selectively ablated D1R- and D2R-SPNs using an inducible diphtheria toxin receptor-mediated cell
targeting strategy and assessed social behavior as well as repetitive/perseverative behavior, motor function, and
anxiety levels. We tested the effects of optogenetic stimulation of D2R-SPNs in the nucleus accumbens (NAc) and
pharmacological compounds repressing D2R-SPN.

RESULTS: Targeted deletion of D1R-SPNs in the NAc blunted social behavior in mice, facilitated motor skill learning,
and increased anxiety levels. These behaviors were normalized by pharmacological inhibition of D2R-SPN, which also
repressed transcription in the efferent nucleus, the ventral pallidum. Ablation of D1R-SPNs in the dorsal striatum had
no impact on social behavior but impaired motor skill learning and decreased anxiety levels. Deletion of D2R-SPNs in
the NAc produced motor stereotypies but facilitated social behavior and impaired motor skill learning. We mimicked
excessive D2R-SPN activity by optically stimulating D2R-SPNs in the NAc and observed a severe deficit in social
interaction that was prevented by D2R-SPN pharmacological inhibition.

CONCLUSIONS: Repressing D2R-SPN activity may represent a promising therapeutic strategy to relieve social

deficits in neuropsychiatric disorders.
https://doi.org/10.1016/j.biopsych.2023.05.008

When conditions are favorable, interactions with conspecifics
in social animals are pleasurable (1-3), which in turn fuels so-
cial motivation. Compromised social interactions are a hall-
mark of major neuropsychiatric disorders, such as autism
spectrum disorder (ASD), schizophrenia, and depression.
Although altered social reward and motivation appear as key
underlying mechanisms in these pathologies (4-7), the
neuronal and molecular underpinnings of social abilities remain
scarcely known.

The identification of brain regions and specific networks
underlying social processing in social animals has emerged
and consolidated over the past 30 years (8-10). Interestingly,
this social brain widely overlaps with the brain reward circuit
(11-13). Within this circuit, the nucleus accumbens (NAc)
works as a hub structure (14-16) and, as such, plays a unique
role in reward processing and approach (15,17,18). The view of
the NAc as a key substrate for modulating social behavior is
supported by imaging studies revealing NAc activation in
response to various social stimuli in humans (19,20), which is
blunted in patients with ASD, depression, or schizophrenia

(21-23). Consistently, anomalies in the volume and/or con-
nectivity of the NAc have been evidenced in patients with
autism, schizophrenia, or depression (4,24-27) as well as in
preclinical models of these pathologies (28-33). Dopamine
(34), serotonin (35), opioid (36-38), and oxytocin (39,40) re-
ceptor activation in the NAc was shown to stimulate/drive
social behavior in rodents. Thus, the NAc appears to be a key
brain structure for the control of social abilities under physio-
logical and pathological conditions. How the two main
neuronal populations in the NAc, Dy and D, receptor-
expressing striatal projection neurons (D1R- and D2R-SPNs),
modulate social behaviors, however, remains poorly
understood.

D1R- and D2R-SPNs differ in their transcriptional and pro-
jection patterns. D1R-SPNs also express Pdyn (coding for
prodynorphin) and Tac? (for substance P), whereas D2R
expression is associated with Penk (for proenkephalin),
Adora2a (for adenosine A2a receptor), and Gpr6 (for orphan
receptor GPR6) (41-44) expression. D1R- and D2R-SPNs
project to distinct brain areas. In the dorsal striatum (DS),
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D1R-SPNs project to the substantia nigra pars reticulata (SNr)
and internal globus pallidus (or entopeduncular nucleus in ro-
dents), forming the direct pathway; D2R-SPNs project to the
external globus pallidus that projects to the subthalamic nu-
cleus, which in turn innervates the SNr and internal globus
pallidus/entopeduncular nucleus, forming the indirect pathway
(45). In the NAc, D1R-SPNs project to the ventral tegmental
area (VTA) or SNr, while D2R-SPNs project to the ventral pal-
lidum (VP); VP neurons then innervate the subthalamic nu-
cleus, which in turn connects to the SNr (45). Clear-cut
segregation, however, is not always verified, and a significant
proportion of D1R-SPNs project to the VP (31,46,47).

D1R- and D2R-SPNs of the NAc play contrasting roles in
modulating behavior, with the former proposed to drive pro-
reward/pro-approach responses and the latter considered to
inhibit these responses (45,48,49), although with some
amendments (45,50-52). Indirect evidence argues for similar
opposing roles of D1R-SPNs and D2R-SPNs in modulating
social behavior. In typical mice, social interaction was asso-
ciated with an activation of NAc D1R-SPNs (47), and recipro-
cally, optogenetic stimulation of these neurons increased
social approach (13,53). In depressive-like mice, social avoid-
ance increased with D2R-SPN excitability; repeated opto-
genetic stimulation of D1R-SPNs in the NAc restored their
social interaction (31). Manipulating the expression of candi-
date genes in striatal SPNs has provided further evidence for
their role in controlling social behavior. Deletion of Erbb4 in
both populations of NAc SPNs produced social impairment
(54). Knocking down neuroligin-2 in D1R-SPNs led to a deficit
in social interaction and dominance, while such manipulation in
D2R-SPNs increased defensive response to social aggression
(55). Suppressing endocannabinoid 2-AG 2-
arachidonoylglycerol) signaling in all D1R-SPNs or locally in
DS also blunted sociability (56). Finally, knocking down the
Shank3 gene in NAc D1R-SPNs impaired social preference
(53). Together, these results have led to the view that D1R-
SPNs, notably in the NAc, drive prosocial behavior, whereas
activation of D2R-SPNs promotes social avoidance. In path-
ological context, stimulating D1-SPNs thus appears to be the
best strategy to restore social behavior.

In the present study, we challenged the disruptive hypoth-
esis that compromised social behavior in mice with low/defi-
cient D1R-SPN function in the NAc would result from
excessive remaining D2R-SPN activity, rather than from
missing D1R-SPN outputs. To this aim, we used an inducible
diphtheria toxin receptor (iDTR)-mediated cell targeting strat-
egy (48,57) combined with pharmacological and optogenetic
approaches. Social behavior was assessed in mice bearing
D1R-SPN ablation in the NAc or DS or D2R-SPN ablation in the
NAc. We revealed a severe social behavior deficit following
ablation of D1R-SPNs in the NAc, but not in the DS, while
ablation of D2R-SPNs in the NAc facilitated social interactions.
Pharmacological repression of D2R-SPN activity relieved
behavioral deficits in NAc D1R-SPN-ablated mice and
repressed gene expression in the VP. Finally, we demonstrate
that long, but not short, optogenetic stimulation of NAc D2R-
SPNs induces a deficit in social interaction and increases Fos
transcription in the VP; furthermore, pharmacological inhibition
of D2R-SPNs prevented optogenetically induced social deficits
in mice. These results converge to demonstrate that repressing
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D2R-SPN activity represents a promising strategy for the
treatment of ASD, schizophrenia, and depression.

METHODS AND MATERIALS

Animal Care

All experimental procedures were conducted in accordance
with the European Communities Council Directive 2010/63/EU
and the Institutional Animal Care Committee guidelines. They
were approved by the Local Ethical Committees (Pole Santé
ULB). Animals were housed in groups (2-4 mice per cage) and
maintained on a 12-hour light/dark cycle (light on at 8:00 aw) at
a controlled temperature of 21 °C. Food and water were
available ad libitum, except when otherwise stated.

Behavioral Experiments

Detailed protocols for behavioral tests are described in the
Supplement. Experiments were conducted and analyzed blind
to genotype and experimental condition.

Statistics

Statistical analyses were performed using Statistica 9.0 soft-
ware (StatSoft). For all comparisons, values of p < .05 were
considered as significant. If normality was verified (Shapiro-Wilk
test), statistical significance in behavioral and immunohisto-
chemical experiments was assessed using a one- or two-way
analysis of variance, followed by the Newman-Keuls post hoc
test. If not, we used the nonparametric Mann-Whitney U test or
Kruskal-Wallis analysis of variance (followed by two-tailed t
test). When a parameter was measured repeatedly, an analysis
of variance with a repeated measure was performed, followed
by the Newman-Keuls post hoc test. Such analysis, however,
may have exaggerated statistical significance (see Tables S2,
S4, S6, S8, and S10 for statistical results). Significance of
quantitative real-time polymerase chain reaction (QRT-PCR)
results was assessed after transformation using a two-tailed t
test, as previously described (58,59); an adjusted p value was
calculated using Benjamini-Hochberg correction for multiple
testing. Outliers over 3 times the standard deviation were
excluded from calculations as technical errors. Unsupervised
clustering analysis was performed on transformed gRT-PCR
data using complete linkage with correlation distance (Pear-
son correlation) for drug, treatment, and brain region (Cluster
3.0 [https://www.encodeproject.org/software/cluster/] and
Java TreeView 3.0 [https://jtreeview.sourceforge.net/]). Results
for qRT-PCR analysis and discarded or missing (undetected)
values are detailed in Tables S3, S5, S7, and S9.

Details for mouse lines, drugs, toxin ablation and opto-
genetic manipulation, methods of gRT-PCR analysis, immu-
nohistochemistry, and cell counting are available in the
Supplement. The list of primers can be found in Table S1.

RESULTS

Ablation of D1R-SPNs in the NAc Negatively Affects
Social Behavior, Induces Motor Stereotypies, and
Increases Conflict Anxiety

We first evaluated the consequences of D1R-SPN ablation in
the NAc on social and stereotypic behavior, motor abilities,


https://www.encodeproject.org/software/cluster/
https://jtreeview.sourceforge.net/
http://www.sobp.org/journal

Striatofugal Balance and Social Behavior

and anxiety (Figure 1A; see also Figure S2). In the direct social
interaction test, lesioned mice displayed a severe deficit
(Figure 1B); in the three-chamber social preference test
(Figure 1C), these mice preferred to interact less with the living
interactor than with the toy. Regarding stereotypic behavior,
D1R-SPN-lesioned mice displayed more frequent sponta-
neous motor stereotypies (Figure 1D) and buried more marbles
(Figure 1E) than sham control animals. In the Y maze
(Figure 1F), however, they showed a similar number of
perseverative same arm entries. Regarding motor function,
nest building (Figure 1G) was impaired in ablated mice, but
motor skill learning was facilitated (Figure S2E). Finally,
lesioned mice showed reduced latency to feed in the novelty-
suppressed feeding test (Figure S2F) and reduced exploration
of the open arms in the elevated plus maze (EPM) (Figure S2G).

Biological
Psychiatry

To assess the efficiency and specificity of D1R-SPN ablation
in the NAc, we used qRT-PCR and measured in the NAc, medial
DS (mDS), and SN pars compacta/VTA the expression of 11
marker genes of striatal neurons: D1R-SPNs (Drd17a, Tac1, Pdyn,
Chrm4), D2R-SPNs (Drd2, Adora2a, Penk, Gpr6, Grm4), and
cholinergic interneurons (CINs) (Chat, Oprd1), as well as the
expression of Fos, as a marker of neuronal activity, 45 minutes
after a direct social interaction (Figure 1H; Table S2). Ablation of
NAc D1R-SPNs produced a significant decrease in NAc
expression of Tac1 and Pdyn, the two main marker genes of D1R-
SPNs, confirming ablation (Figure 1l). In contrast, the expression
of two marker genes of D2R-SPNs, Drd2 and Grm4, and markers
of CINs, Oprd1 and Chat, were increased in the NAc. NAc D1R-
SPN ablation produced a decrease in Pdyn expression (likely
along the injection track) but an increase in Drd7a expression in
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Figure 1. Behavioral and transcriptional consequences of ablating D1R-SPNs in the NAc. (A) Experimental design. Adult Drd7-Cre™~ iDTR™~ mice and
Drd1-Cre™~ iDTR*/~ control animals (n = 11-14 per group) were injected stereotaxically with DT in the NAc. Behavioral assays were performed successively
between D21 and D40. (B) In the Sl test, mice bearing D1R-SPN ablation (Drd7-Cre*’~ iDTR*/7) in the NAc displayed shorter time spent in nose contact
(F1,20 = 141.4, p < .0001), displayed reduced duration of these contacts (F; 2, = 96.9, p < .0001) and reduced number of following episodes (U = 40.5, p <
.0001), and groomed more often immediately after a social contact (U = 1.5, p < .0001) compared with sham control animals (Drd7-Cre*’~ iDTR*'™). (C) In the
three-chamber test, mice with NAc D1R-SPN ablation preferred to stay longer in nose contact with the toy than with the mouse (stimulus X ablation effect:
Fi20 = 40.9, p < .0001) and made longer-lasting contact with the toy (stimulus X ablation effect: Fy 5o = 18.21, p < .001), resulting in a decrease in their
interaction ratio compared with sham mice (F4 20 = 45.8, p < .0001). Compared with sham mice, lesioned mice (D) displayed more frequent grooming (F1 22 =
5.1, p <.05), circling (U = 5.5, p < .0001), and head shaking episodes (F1 2, = 0.5, p < .0001) and (E) buried more marbles in the marble burying test (U = 37.0,
p < .05) (F) without displaying perseverative same-arm entries in the Y maze. (G) Mice with NAc D1R-SPN ablation displayed lower nest-building scores than
control animals (U = 22.0, p < .05). (H) Gene markers of D1R-SPNs (in bold) and not of D2R-SPNs were downregulated in the NAc of ablated mice, (I) notably
the expression of the main markers Pdyn and Tac1 (see Table S1). Behavioral and transcriptional results (fold change compared with sham control animals) are
shown as scatter plots and mean = SEM. Solid stars indicate the ablation effect (one/two-way analysis of variance or Mann-Whitney U test), open stars
indicate ablation X stimulus interaction (two-way analysis of variance with repeated measures, mouse vs. object comparison). *o < .05, **p < .01, **p < .001.
More behavioral parameters are shown in Figure S1. 3-Ch, three-chamber test; AAR, alternate-arm returns; D, day; D1R-SPN, D¢ receptor—expressing striatal
projection neuron; DT, diphteria toxin; EPM, elevated plus maze; M, mouse; MB, marble burying; mDS, medial dorsal striatum; NAc, nucleus accumbens; Nest,
nesting; NSF, novelty-suppressed feeding; RR, rotarod; SAR, same-arm returns; Sl, social interaction; SN, substantia nigra; SPA, spontaneous alternation;
Stereo, stereotypies; T, toy; VTA, ventral tegmental area; Y-M, Y maze.
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the mDS. Finally, in the SNATA, Drd1a expression was also
upregulated, while Penk expression was downregulated, a
possible compensation for NAc D1R-SPN ablation.

Therefore, selective ablation of D1R-SPNs in the NAc, evi-
denced by reduced expression of specific gene markers Tac1
and Pdyn in this region, resulted in social interaction deficits
and stereotypic behavior, facilitated motor skill learning, and
increased anxiety levels in the EPM.

Ablation of D1R-SPNs in the DS Induces
Stereotypies, Impairs Motor Learning, and

Striatofugal Balance and Social Behavior

contrast, these animals displayed more frequent motor ste-
reotypies (Figure 2D) but unchanged marble burying
(Figure 2E), exploration in the Y maze test (Figure 2F), and
nest-building performance (Figure 2G). Nonetheless, this
lesion produced a severe impairment in learning a motor skill
on the accelerating rotarod (Figure S3E), as previously shown
(57). Finally, mice bearing D1R-SPN ablation in the DS dis-
played shorter latencies to eat in the novelty-suppressed
feeding test (Figure S3F) and explored the open arms more
than sham control animals in the EPM test (Figure S3G),

suggesting reduced levels of anxiety.

At the transcription level (Figure 2J-K; Table S3), deletion of
DS D1R-SPNs produced a significant decrease in Pdyn and
Tac1 expression in the mDS. In the NAc, the expression of
Drd1a, Oprd1, Adora2a, and Pdyn was upregulated; in the SN
pars compacta/VTA, Drd1a and Oprd? expression was
increased. These results indicate that D1R-SPN ablation in the
DS did not spread to the NAc and that adaptations in gene
expression developed in regions connected to DS.

Decreases Anxiety Without Impacting Social
Behavior

We then assessed the effects of D1R-SPN ablation in the DS
(Figure 2A; see also Figure S3). Selective lesions of D1R-SPNs
had no detectable impact in the direct social interaction test
(Figure 2B). Accordingly, DS D1R-SPN-ablated mice showed a
similar preference to interact with a mouse in the three-
chamber test as sham control animals (Figure 2C). In
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Figure 2. Behavioral and transcriptional consequences of ablating D1R-SPNs in the DS. (A) Experimental design. Adult Drd7-Cre™’~ iDTR"'~ mice and D1-
Cre™’~ iDTR*'~ control animals (n = 15 per group) were injected stereotaxically with DT in the mDS. Behavioral assays were performed successively between
D21 and D40. Mice with D1R-SPN ablation (Drd7-Cre™’~ iDTR™~) in the mDS showed similar (B) Sl and (C) social preference to sham control animals (D7-
Cre*’~ iDTR*'"). (D) D1R-SPN ablation in the mDS increased spontaneous stereotypic grooming (U = 16.0, p < .0001), circling (U = 0.0, p < .0001), and head
shaking (U = 41.0, p < .001), but ablated mice did not (E) bury more marbles in the marble burying test or (F) exhibit perseverative same-arm entries in the Y
maze. (G) D1R-SPN ablation in the mDS failed to significantly affect nest building. (H) Gene markers of D1R-SPNs (in bold) were downregulated in the mDS of
ablated mice, (l) notably the expression of the main markers Pdyn and Tac1 (see Table S2). Behavioral and transcriptional results (fold change compared with
sham control animals) are shown as scatter plots and mean + SEM. Solid stars indicate the ablation effect (one/two-way analysis of variance or Mann-Whitney
U test) and asterisks indicate the stimulus effect (two-way analysis of variance with repeated measures). *p < .05, **p < .01, **p < .001. More behavioral
parameters are shown in Figure S2. 3-Ch, three-chamber test; AAR, alternate-arm returns; D, day; D1R-SPN, D, receptor-expressing striatal projection
neuron; DS, dorsal striatum; DT, diphteria toxin; EPM, elevated plus maze; M, mouse; MB, marble burying; mDS, medial dorsal striatum; NAc, nucleus
accumbens; Nest, nesting; NSF, novelty-suppressed feeding; RR, rotarod; SAR, same-arm returns; Sl, social interaction; SN, substantia nigra; SPA, spon-
taneous alternation; Stereo, stereotypies; T, toy; VTA, ventral tegmental area; Y-M, Y maze.
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Together, these data indicate that the selective ablation of
D1R-SPNs in the DS, confirmed by reduced expression of
Pdyn and Tac1 in this region, did not alter social behavior in
mice, but rather increased spontaneous stereotypies, impaired
motor skill learning, and decreased anxiety-like behavior.

Ablation of D2R-SPNs in the NAc Increases Social
Approach and Impairs Motor Learning

Finally, we assessed the behavioral phenotype of mice bearing

interaction (Figure 3B) and preference for interacting with a
mouse over a toy in the three-chamber test (Figure 3C). Ab-
lated mice showed an increased number of spontaneous
circling episodes (Figure 3D) but buried fewer marbles
(Figure 3E). When exploring the Y maze, D2R-SPN-lesioned
mice made more frequent alternations between two arms but
fewer same-arm entries than control animals (Figure 3F); they
showed normal performance in building a nest (Figure 3G) but
impaired motor learning on the accelerating rotarod
(Figure S4E). Finally, ablation of D2R-SPNs in the NAc had no

Biological
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D2R-SPN ablation in the NAc (Figure 3A; see also Figure S4). detectable effect in the novelty-suppressed feeding
Remarkably, D2R-SPN lesions increased direct social (Figure S4F) and EPM (Figure S4G) tests.
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Figure 3. Behavioral and transcriptional consequences of D2R-SPN ablation in the NAc. (A) Experimental design. Adult D2-Cre*’~ iDTR*'~ mice and D2-
Cre™~ iDTR*'~ control animals (n = 10 per group) were injected stereotaxically with DT in the NAc. Behavioral assays were performed successively between
D21 and D40. (B) In the Sl test, mice bearing D2R-SPN ablation (Drd2-Cre™’~ iDTR*/~) in the NAc spent more time in nose contact (Fy 17 = 74.8, p < .0001) and
made longer nose contacts (F4,17 = 6.5, p < .05) with the unfamiliar conspecific; they displayed more frequent following episodes (U = 33.5, p < .0001) and
groomed less after social contact (U = 13.5, p < .01) than sham control animals (Drd2-Cre*’~ iDTR*'*). (C) In the three-chamber test, mice with NAc D2R-SPN
ablation showed exacerbated social preference, as shown by a longer time spent in nose contact (stimulus X ablation effect: F; 17 = 39.3, p < .0001) and a
longer mean duration (stimulus X ablation effect: F4 47 = 9.7, p < .01) of these contacts with the mouse over the toy than sham control animals, resulting in an
increased interaction ratio (F1,17 = 16.7, p < .001). D2R-SPN ablation in the NAc resulted in (D) an increased number of spontaneous circling episodes (U =
20.7, p < .001) and (E) a decreased number of buried marbles in the marble burying test (U = 3.5, p < .001). Mice with NAc D2R-SPN ablation (F) made more
AARs (U =7.0, p <.001) and fewer SARs (U = 5.0, p < .001) in the Y maze and (G) displayed nesting scores similar to those of sham control animals. (H) Gene
markers of D2R-SPNs (in bold) were downregulated in the NAc of ablated mice, as well as in the mDS, likely along the track of the injection cannula. (I) The two
main gene markers of D2R-SPNs, Penk and Adora2a, were downregulated in the NAc of D2R-SPN-ablated mice, as was the CIN marker Oprd1 (see Table S3).
Behavioral and transcriptional results (fold change compared with sham control animals) are shown as scatter plots and mean = SEM. Solid stars indicate the
ablation effect (one-way analysis of variance or Mann-Whitney U test) and open stars indicate the ablation X stimulus interaction (two-way analysis of variance,
mouse vs. object comparison), (a) indicates the ablation X stimulus interaction (comparison with sham mouse condition, p < .001). *p < .05, **p < .01, *p <
.001. More behavioral parameters are shown in Figure S3. 3-Ch, three-chamber test; AAR, alternate-arm returns; CIN, cholinergic interneuron; D, day; D2R-
SPN, D, receptor—expressing striatal projection neuron; DS, dorsal striatum; DT, diphteria toxin; EPM, elevated plus maze; M, mouse; MB, marble burying;
mDS, medial dorsal striatum; NAc, nucleus accumbens; Nest, nesting; NSF, novelty-suppressed feeding; RR, rotarod; SAR, same-arm returns; Sl, social
interaction; SN, substantia nigra; SPA, spontaneous alternation; Stereo, stereotypies; T, toy; VTA, ventral tegmental area; Y-M, Y maze.
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At the transcription level (Figure 3H, |; Table S4), D2R-SPN
ablation in the NAc decreased the expression of the D2R-SPN
marker genes Penk, Adora2a, Drd2, and Gpr6 and the CIN
marker gene Oprd1; Fos expression was increased. In the
mDS, the expression of Penk, Adora2a, Gpr6, and Drd2 was
downregulated, likely along the cannula track, as well as the

B

Nucleus accumbens

DT
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expression of CIN markers Chat and Oprd1. In the VTA, the
expression of Grm4 was upregulated.

Thus, D2R-SPN lesions in the NAc, likely associated with
CIN lesions, as evidenced by reduced Penk, Adora2a, and
Oprd1 expression in the NAc, facilitated social interaction and
preference, increased circling behavior but decreased marble
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burying and perseveration in the Y maze, and hindered motor
skill learning, with no effect on anxiety-like behavior.

Pharmacological Inhibition of D2R-SPN Activity
Relieves Behavioral Deficits and Represses VP
Gene Expression in Mice With D1R-SPN Ablation in
the NAc

We then tested whether administering pharmacological
compounds that dampen D2R-SPN activity may alleviate the
behavioral impairments of mice bearing NAc D1R-SPN
ablation. We chronically treated lesioned mice with the
positive allosteric modulator (PAM) of the mGlu4 receptor
VU0155041 (5 mg/kg, intraperitoneal) (Figure 4A), a repressor
of D2R-SPN activity (60). We then assessed social and ste-
reotyped behaviors. Chronic VU0155041 administration
normalized the social behavior of NAc D1R-SPN-ablated
mice (Figure 4B) in the direct social interaction and three-
chamber tests (Figure 4C), as well as normalized stereo-
typed circling and head shaking (Figure 4D; Figure S5).
Chronic mGlu4 PAM treatment was thus able to relieve
the deleterious behavioral effects of D1R-SPN ablation in
the NAc.

In search for molecular substrates modified by chronic
VU0155041 treatment, we assessed the expression of 24
genes in the NAc, mDS, VP/olfactory tubercle (VP/Tu), and SN
pars compacta/VTA in the mGlu4 PAM versus vehicle-treated
mice 45 minutes after a direct social interaction. These
genes included marker genes of D1R-SPNs (Drd7a, Tact,
Pdyn, Chrm4), D2R-SPNs (Drd2, Adora2, Penk, Gpr6, Grm4),
D1R/D2R-SPNs (Chrm1, Grm2, Grm5, Nrda1, Oprm1), or CINs
(Chat, Oprd1); genes of the oxytocin/vasopressin system (Oxt,
Oxtr, Avp, Avria), involved in social behavior (61,62); genes
coding for chloride and glutamate transporters (Sic12a2,
Slc12a5, Sic17a6); Fos as a marker of neuronal transcription;
and finally DIg4, Syp, and Vamp2 as marker genes of synaptic
function. As shown by cluster analysis (Figure 4E; Table S5),
chronic VU0155041 triggered a marked downregulation of
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gene expression in the VP/Tu (clusters b, c), in addition to that
produced by NAc D1R-SPN ablation (cluster c). To confirm our
hypothesis of excessive D2R-SPN activity as the main
contributor to altered behavior in mice bearing NAc D1R-SPN
ablation, we evaluated the behavioral effects of another phar-
macological repressor of D2R-SPN activity, the adenosine A2a
receptor antagonist istradefylline (Figure 4F) (63). Single istra-
defylline injection (0.3 mg/kg) restored direct social interaction
in mice bearing NAc D1R-SPN ablation (Figure 4G; Figure S5).

Thus, pharmacological treatments that repress the ac-
tivity of D2R-SPNs can relieve the deleterious behavioral
effects of NAc D1R-SPN lesions. Beneficial behavioral ef-
fects of the mGlu4 PAM VU0155041 in NAc D1R-SPN-
ablated mice were associated with transcriptional inhibition
in the VP/Tu.

Prolonged, and Not Short, Optical Stimulation of the
D2R-SPNs in the NAc Hampers Social Interaction in
Mice

To further challenge our hypothesis of a critical contribution of
excessive D2R-SPN output to behavioral deficits in NAc D1R-
SPN-ablated mice, we tested whether optical stimulation of
D2R-SPNs may affect social behavior in mice. Adora2a-Cre
mice were injected in the NAc with AAV5-EF1-DIO-h-ChR2-
YFP containing a Cre-dependent channelrhodopsin (ChR2) or
eYFP (Figure 5A). Based on a previous study showing differ-
ential outcomes on reward/aversion (64), we compared the
effects of short (1 second) versus prolonged (60 seconds)
optical D2R-SPN stimulation on direct social interaction in NAc
adeno-associated virus—injected mice. We then assessed the
effects of acute VU0155041 administration (10 mg/kg, 30 mi-
nutes before testing) on further long D2R-SPN optical
stimulation.

Brief optical D2R-SPN stimulation facilitated direct social
interaction (Figure 5B; Figure S6), while prolonged stimulation
inhibited social contacts in Adora2a-Cre-ChR2 mice; prior
VU0155041 treatment prevented the long stimulation-

Figure 4. Behavioral and transcriptional consequences of D2R-SPN pharmacological inhibition in mice bearing D1R-SPN ablation in the NAc. (A) Exper-
imental design. Mice bearing D1R-SPN ablation in the NAc and control animals were treated chronically with the mGlu4 PAM VU0155041 to rebalance the
D1R/D2R-SPN output activity balance. They received VU0155041 (5 mg/kg, i.p.) or vehicle (NaCl, 0.9%) daily from D21 after surgery to D31. Behavioral testing
was performed from D28 to D31 (cohort 1 [n = 6-8 per group]). In cohort 2 (n = 6 per group), mice were euthanized 45 minutes after direct Sl (D28), and brain
samples were collected for gRT-PCR analysis. (B) Chronic VU0155041 administration normalized S| parameters in NAc D1R-SPN-ablated mice, as illustrated
by rescued time spent in (treatment X ablation effect: F4 ¢ = 84.8, p < .0001) and mean duration of (treatment X ablation effect : Fy 56 = 43.7, p < .0001) nose
contact, number of subsequent episodes (H3 30 = 18.2, p < .001), and grooming after social contact (Hz 30 = 19.9, p < .001). (C) Similarly, in the three-chamber
test, chronic facilitation of mGlu4 activity restored the preference for spending more time (stimulus X treatment X ablation: F4 »7 = 56.3, p < .0001) and making
longer nose contacts (stimulus Xtreatment X ablation: Fy 57 = 146.4, p < .05) with the mouse over the toy in ablated mice, resulting in a normalized interaction
ratio (Hz 31 = 4.3, p < .001). (D) Finally, VU0155041 treatment suppressed spontaneous circling episodes (H3 31 = 11.7, p < .01) and head shakes (H3 31 = 15.9,
p < .01) in mice bearing D1R-SPN ablation. (E) Gene expression was not restored upon chronic VU0155041 administration in the NAc of NAc D1R-SPN-
ablated mice (cluster a) but was widely repressed in the VP/Tu of these animals (clusters b, ¢) compared with saline-treated sham control animals (see
Table S4). (F) Experimental design. Mice bearing D1R-SPN ablation in the NAc and control animals were treated acutely with the A2a adenosine receptor
antagonist istradefylline to rebalance D1R/D2R-SPN output activity balance. Istradefylline (0.3 mg/kg, i.p.) or vehicle (NaCl 0.9%) was administered acutely (n =
9 or 10 per group) 30 minutes before testing (D21 after surgery). (G) Acute istradefylline normalized the time spent in (Hz 37 = 20.0, p < .001) and duration of
(treatment X ablation: F; 33 = 48.9, p < .0001) nose contact, as well as the number of following (Hz 37 = 17.9, p < .001) and grooming (Hs 37 = 24.1, p < .0001)
episodes after social contact in NAc D1R-SPN-ablated mice. Behavioral results are shown as scatter plots and mean = SEM. Solid stars indicate the
ablation X treatment effect (two-way or Kruskal-Wallis analysis of variance, comparison with D7-Cre = iDTR*/~ mice treated with saline), open stars indicate
the ablation X stimulus effect (3-way analysis of variance, mouse vs. object comparison). *p < .05, **p < .001. Comparison with Drd7-Cre*’~ iDTR*/~ mice
treated with saline: (a) p < .001, (b) p < .01, (c) p < .05. More behavioral parameters are shown in Figure S4. 3-Ch, three-chamber test; D, day; D1R-SPN, D4
receptor—expressing striatal projection neuron; D2R-SPN, D, receptor-expressing striatal projection neuron; DT, diphtheria toxin; i.p., intraperitoneal; M,
mouse; MS, motor stereotypies; NAc, nucleus accumbens; PAM, positive allosteric modulator; qRT-PCR, quantitative real-time polymerase chain reaction; S,
social interaction; SN, substantia nigra; T, toy; Tu, olfactory tubercle; Veh, vehicle; VP, ventral pallidum; VTA, ventral tegmental area.
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Figure 5. Effects of optical stimulation of D2R-SPN in the NAc on social interaction and Fos expression in Adora2a-Cre mice. (A) Experimental design.
Adora2a-Cre mice (n = 9) were injected in the NAc with AAV5 EF1a-DIO-hChR2(H134R)-eYFP containing a Cre-dependent channelrhodopsin (ChR2) or eYFP,
and direct optical stimulation was applied to mimic excessive D2R-SPN activity. Social interaction of Adora2a-Cre-ChR2 mice and Adora2a-Cre-YFP control
animals (n = 8) was first assessed in the absence of light (D1), then under short stimulation conditions (light on 1 second, D4) and under long stimulation
conditions (light on 60 seconds, D7). On D10, all mice received VU0155041 (10 mg/kg) 30 minutes before being tested for social interaction under prolonged
stimulation conditions. After a week drug-free, all mice were again submitted to a social interaction test under prolonged stimulation conditions (D21) and
sacrificed 90 minutes later for Fos immunostaining experiments. (B) Brief optical D2R-SPN stimulation in the NAc facilitated direct social interaction, as shown
by increased time spent in nose contact and the number of following episodes in Adora2a-Cre-ChR2 mice. In contrast, prolonged stimulation markedly
decreased social interaction, as evidenced by reduced time spent in and mean duration of nose contact, as well as a reduced number of subsequent episodes
in Adora2a-Cre-ChR2 mice. The number of rearing episodes was also reduced under these conditions. Finally, chronic VU0155041 treatment opposed the
deleterious effects of prolonged stimulation on social interaction parameters, increasing the time spent in nose contact (viral construct X condition effect:
F3,45 = 42.8, p < .0001) and restoring nose contact duration (viral construct X condition effect: F5 45 = 80.4, p < .0001) and the number of subsequent episodes
(viral construct X condition effect: F5 45 = 11.0, p < .0001) without normalizing the number of rearing episodes. (C) We detected an increase in Fos expression
in the VP (F4 13 = 10.7, p < .01). (D) Representative microphotographs showing Fos-positive nuclei in the VP of Adora2a-Cre-YFP (upper panel) and Adora2a-
Cre-ChR2 (lower panel) after prolonged NAc D2R-SPN optical stimulation. Magnification = X6.25; scale bar = 100 um. Behavioral and immunohistochemical
results are shown as scatter plots and mean = SEM. Solid stars indicate optical stimulation X stimulus interaction (two-way analysis of variance, compared
with the no-light condition in Adora2a-Cre-YFP mice), open stars indicate optical stimulation X stimulus interaction (Student’s t test, compared with prolonged
stimulation condition in Adora2a-Cre-YFP mice). *p < .01, **p < .001. More behavioral parameters are shown in Figure S5. ACC, anterior cingulate cortex; D,
day; D1R-SPN, D4 receptor—expressing striatal projection neuron; D2R-SPN, D, receptor—expressing striatal projection neuron; Ins, insular cortex; IP, intra-
peritoneal; LH, lateral hypothalamus; LHb, lateral habenula; mDS, medial dorsal striatum; mdTh, medial dorsal thalamus; NAc, nucleus accumbens; VP, ventral
pallidum; VTA, ventral tegmental area.

provoked deficit in social interaction. The beneficial effects of blocked by prior administration of an mGlu4 PAM and asso-
VU0155041 treatment were independent of the effects on ciated with increased neuronal activity in the VP.

vertical activity. We evaluated the neuronal consequences of

long D2R-SPN stimulation by assessing Fos expression in

several NAc afferences/efferences after a last social interaction DISCUSSION

test (Figure 5C) and detected an increase in Fos expression in Based on the classical dichotomy between D1R-SPNs and

the VP (Figure 5D). D2R-SPNs in driving reward versus aversion (45,48,49,52),
Together, our data indicate that prolonged optical stimula- activation of the D1R-SPNs has been proposed to drive social

tion of NAc D2R-SPNs impedes social interaction, an effect approach, while activation of the D2R-SPNs leads to social
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withdrawal. In the present study, we observed a severe deficit
in social interaction and preference following selective ablation
of D1R-SPNs in the NAc. When D1R-SPN ablation targeted the
DS, no social deficit was detected. These findings are
consistent with a prosocial role of NAc D1R-SPNs, in agree-
ment with their activation during social encounter (47) and the
effects of their optogenetic stimulation in typically behaving
(13,53) or depressive-like (31) mice. In contrast, Shank3
knockdown in NAc D1R-SPNs increased their excitability and
concomitantly reduced social preference in mice (53), sug-
gesting that excessive D1R-SPN activity may also lead to
social avoidance, possibly by involving VP-projecting pop-
ulations (47). However, increased D1R-SPN excitability in
Shank3 mutant mice can coexist with decreased output ac-
tivity, as seen in mouse models of depression (31). Deleting
the diacylglycerol lipase o gene (Dagla) from D1R-SPNs
increased their spontaneous activity; when this deletion was
restricted to the mDS, but not to the NAc, social preference
was impaired (56), as observed following D1R stimulation (65),
indicating that DS D1R-SPNs likely participate in controlling
social behavior.

Mirroring the effects of D1R-SPN ablation, NAc D2R-SPN
ablation facilitated social behavior. Accordingly, mice lacking
the D2R, which inhibits the activity of D2R-SPNs, showed
deficient social behavior (65). Spontaneous activity of D2R-
SPNs was increased in the NAc of depressive-like mice,
correlating negatively with social interaction (31). These ele-
ments argue for a repressing role of D2R-SPNs, notably of the
NAc, on social behavior. Not only NAc D2R-SPNs were abla-
ted in our study (66), however, as revealed by decreased CIN
gene marker expression. Indeed, to drive iDTR expression, we
used a Drd2 promoter expressed in both striatal D2R-SPNs
and CINs (67,68). CINs have also been implicated in the con-
trol of social behavior. Total striatal ablation of CINs exacer-
bated social behavior in mice (69). In contrast, DS-restricted
CIN deletion reduced social interaction in male mice (70). Thus,
increased social behavior in NAc DT-injected Drd2-Cre™~
iDTR™~ mice may have resulted, at least in part, from CIN
ablation. The net effect of CIN ablation on striatal SPN output
activity has not yet been fully elucidated; in the DS, CIN acti-
vation by thalamic inputs increases D2R-SPN responsiveness
to corticostriatal inputs (71). If this was applied to NAc circuitry,
NAc CIN ablation would reduce D2R-SPN activity, resembling
D2R-SPN ablation; exacerbated social behavior following
D2R-SPN and/or CIN ablation in the NAc may then result from
reduced D2R-SPN output. However, the results from later
pharmacological and optogenetic experiments, targeting
selectively D2R-SPNs, suggest that the CIN contribution was
minimal.

In addition to social behavior, SPN ablation increased motor
stereotypies. Insufficient D1R-SPN output (72), excessive
D2R-SPN activity, and conversely, insufficient D2R-SPN ac-
tivity (73) were all reported to cause stereotypies. In contrast,
complete ablation of striatal CINs did not produce such an
outcome (69), suggesting a limited contribution of this neuronal
population. The impact of SPN ablation on social behavior was
well correlated with nest building, which is considered a social-
related motor response (74), but not with motor skill learning.
Therefore, social deficits in NAc D1R-SPN-lesioned mice were
likely not a consequence of motor dysfunction, even though
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NAc D1R-SPNs are involved in the control of motor skills
(48,57,75). Finally, modulation of emotional response following
SPN ablation was not predictive of modifications in social
behavior, making it unlikely that modified levels of anxiety
accounted for social behavior deficits or improvements.
Globally, our data point to a dominant role of NAc D1R-SPNs
in modulating anxiety-like behavior, in contrast to the tradi-
tional view (76-78). Of note, no retrograde ablation of neurons
outside the striatum, projecting to SPNs and expressing DTR
due to their expression of Drd1a or Drd2 (such as dopamine
neurons), was observed after D1R-SPN or D2R-SPN ablation,
which could account for the observed behavioral changes [see
(66)] (Table S2). Whether the effects of NAc D1R-SPN ablation
indeed reflected deficient D1R-SPN output, however, is an
intriguing question.

Previous studies have conceptualized a dualistic view of
striatal outputs in which D1R-SPNs drive reward/social
approach and D2R-SPNs trigger aversion/social avoidance.
Here, we propose that the main driver of social deficit in NAc
D1R-SPN-ablated mice is less related to the missing D1R-
SPN outputs than to the resulting excessive weight of D2R-
SPN outputs. In support of this hypothesis, our pharmaco-
logical experiments showed that facilitating mGlu4 activity or
antagonizing A2a activity, two interventions that repress D2R-
SPN activity, restored social behavior in NAc D1R-SPN-
lesioned mice. These results are consistent with the benefi-
cial effects of VU0155041 in the Oprm1 mouse model of ASD
(58,79); in Elfn2 null mice, displaying ASD-like behavioral fea-
tures (80); and in morphine-abstinent mice (60), in which NAc
D2R-SPN activity is excessive (81). Similarly, A2a antagonism
restored social behavior in mice exposed to social stress (82).
Importantly, A2a receptors are specifically expressed in the
D2R-SPN of the striatum (83), the only brain region where their
distribution overlaps with that of mGlu4 receptors (84). These
data point to an excess in D2R-SPN activity as the neuronal
substrate of social deficit in NAc D1R-SPN-ablated mice.
Beneficial effects of mGlu4 PAM treatment in these mice were
associated with a repression of gene transcription in the VP/Tu
region. Together, pharmacological and transcriptional data
suggest a beneficial inhibitory action of mGlu4 PAM treatment
on VP neurons in D1R-SPN-ablated mice.

The second piece of evidence supporting our hypothesis of
excessive D2R-SPN activity as the main contributor to
behavioral deficits in NAC D1R-SPN-ablated mice comes from
optogenetic experiments. Upon short activation, shown to be
rewarding (45,64,85), social investigation was facilitated in
Adora2a-Cre-ChR2 mice. Conversely, prolonged D2R-SPN
stimulation in the NAc, which demonstrated aversive effects
(64), produced a severe deficit in social interaction. Of note, the
use of the Adora2a promoter allowed us to specifically target
D2R-SPNs and not CINs. Long-lasting stimulation increased
neuronal activity in the VP, consistent with prior electrophysi-
ological evidence (64,86). Paradoxical increased activity in
brain targets of GABAergic (gamma-aminobutyric acidergic)
D2R-SPNs may involve enkephalin corelease, inducing delta
opioid receptor-mediated presynaptic long-term depression
(LTD) and decreasing GABA exocytosis (64,86). Increased VP
activity may have dampened the activity of VTA dopamine
neurons (64) and therefore contributed to supporting social
aversion. Finally, mGlu4 facilitation prevented the deleterious
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effects of prolonged NAc D2R-SPN stimulation on social
behavior, possibly by reducing presynaptic GABA release from
D2R-SPNs. Together, these results indicate that excessive
activity of D2R-SPNs in the NAc produces a deficit in social
behavior.

Converging preclinical data suggest that NAc D1R/D2R-
SPN output balance could be tilted toward excessive D2R-
SPN activity in depression, ASD, and schizophrenia. This has
been evidenced in mouse models of depression, in which D1R-
SPNs showed increased excitability and reduced output ac-
tivity (31,87), morphological atrophy (88), and decreased
excitatory inputs (31,87,89). Accordingly, elevated D1R-SPN
activity promotes resilience to depressive-like outcomes
(31,90). In contrast, D2R-SPNs showed increased excitatory
inputs and spine density in these models (31,91), and their
stimulation facilitated the development of depression-like
behavior (31). In mouse models of ASD, even though experi-
mental data consistently point to SPN dysfunction (65,92-96),
D1R/D2R-SPN balance has rarely been assessed. Synaptic
inhibition of D1R-SPNs but not D2R-SPNs is decreased in
neuroligin-3 mutant mice (75), but D1R/D2R-SPN output ac-
tivity has not been directly assessed. The excitability, dendritic
complexity, and capacity to induce endocannabinoid-
mediated LTD are reduced in D2R-SPNs from Shank3
mutant mice (73). Remarkably, blunted presynaptic LTD in
D2R-SPNs could facilitate their activity under sustained stim-
ulation, as seen at D2R-SPN/VP synapses (86). Decreased
endocannabinoid-mediated LTD was also observed in NAc
SPNs of Fmr1 knockout mice (94) and in DS SPNs of neuro-
ligin-3 mutant mice (93), although the affected SPN population
remains to be identified. Finally, striatal D2R availability is
increased under dopamine depletion in schizophrenia (97,98).
Blocking D2R activity with antipsychotics relieves positive
symptoms (hallucinations, delusions) but fails to improve
negative symptoms (anhedonia, social deficits), the severity of
which is instead negatively correlated with NAc D2R availability
in patients (97). An original therapeutic approach could thus be
to combine D2R antagonism (antipsychotics) with molecules
inhibiting D2R-SPN activity, ideally specifically in the NAc, to
alleviate negative symptoms in schizophrenia. Preclinical
assessment of D1R/D2R-SPN activity balance, not yet per-
formed, may challenge this hypothesis. If excessive D2R-SPN
activity represented a transnosographical feature between
ASD, depression, and schizophrenia, this may account for
shared deficits in social behavior and open novel therapeutic
avenues.

There are limitations to our study. The primary focus of
ablation experiments was NAc D1R-SPNs. We used D1R-SPN
ablation in the DS and D2R-SPN ablation in the NAc as control
experiments, but we did not explore the role of D2R-SPNs in
the DS. We used gRT-PCR to assess the efficiency of SPN
ablation. This technique has poor anatomical resolution but
allowed us to quantitatively measure the expression of multiple
genes in various brain regions, providing a wider picture of the
consequences of ablation at the circuit level. Finally, in opto-
genetic studies, we did not assess the consequences of pro-
longed D1R-SPN stimulation of social behavior, which may
result in social aversion (47,53). Further studies will be required
to investigate the consequences of D2R-SPN ablation in DS
and D1R-SPN stimulation in the NAc.
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In conclusion, pharmacological compounds developed to
repress D2R-SPN activity, such as mGlu4 PAMs or A2a an-
tagonists, likely represent promising candidates to relieve the
social deficit common to ASD, schizophrenia, and depression.
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