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Abstract

Dopamine D2 receptors (D2R) are G protein—coupled receptors that modulate synaptic
transmission and play an important role in various brain functions including affect learning and
working memory. Abnormal D2R signaling has been implicated in psychiatric disorders such as
schizophrenia. Here we report a new function of D2R in dendritic spine morphogenesis.
Activation of D2R reduces spine number via GluN2B- and cAMP-dependent mechanisms in
mice. Notably, this regulation takes place only during adolescence. During this period, D2R
overactivation caused by mutations in the schizophrenia—risk—gene dysbindin leads to spine
deficiency, dysconnectivity within the entorhinal-hippocampal circuit and impairment of spatial
working memory. Notably, these defects can be ameliorated by D2R blockers administered during
adolescence. These findings uncover a novel age—dependent function of D2R in spine
development, provide evidence that D2R dysfunction during adolescence impairs neuronal circuits
and working memory, and suggest that adolescent interventions of aberrant D2R activity protect
against cognitive impairment.

D2R belongs to the D2-like (D2, D3 and D4 type) subfamily of dopamine receptors. D2R
Dysfuntions has long been recognized and targeted for the therapy in schizophrenia, a
debilitating mental disorder!. An increase in D2R density is consistently found in
schizophrenic brains?, and all antipsychotics antagonize D2R2. Genetic studies also show
that some genes associated with increased risks of schizophrenia encode proteins that
regulate D2R, such as dysbindin which controls trafficking of D2R to the cell surface3 4.

Although effective for psychosis, treatment with D2R antagonist has little effect on
cognitive impairment, a core symptom of schizophrenia and a major determinant of
disability? ®. Proper synaptic connections are essential for cognition. In schizophrenic
brains, however, interneuronal connections are impaired®. In both the prefrontal cortex and
hippocampus of schizophrenic patients, for instance, there is a reduction in the number of
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dendritic spines’19, small dendritic protrusions accomodating most excitatory synapses in
the brainl. Also, neurons derived from iPS (induced pluripotent stem) cells from
schizophrenic patients exhibit severe impairments of interneuronal connections2. The
pathogenic mechanisms underlying synaptic dysconnectivity, however, is still largely
unknown.

D2R activation is coupled to a number of signaling pathways. By coupling with Gj/q
proteins, activated D2R negatively regulates the cAMP-PKA pathway13, Activated D2R
also induces formation of the f—arrestin-2/Akt/protein phosphatase 2A signaling complex13,
In hippocampal, cortical, and striatal neurons, brief activation of D2R inhibits currents
mediated by N—-methyl-D-aspartate receptors (NMDAR)4-17, Alteration of synaptic
transmission is often accompanied by structural modification of synapses, such as formation,
elimination and morphological changes of dendritic spines. Whether D2R regulates the
structure of synapses, however, has not been experimentally tested.

Here we show that D2R modulates morphogenesis of dendritic spines in hippocampal
neurons via GIuUN2B- and cAMP—-dependent mechanisms. Intriguingly, D2R regulates
spines only during postnatal week 3-6,, and in mice with deficient expression of the
schizophrenia—risk—gene dysbindin, adolescent D2R hyperactivity causes a reduction in
spine number. Importantly, even transient suppression of spine development during
adolescence by hyperactive D2R adversely affects the entorhinal cortex—hippocampal
connectivity and working memory in adulthood. These findings identify a novel function of
D2R in spine development and a critical period during which dendritic spines are regulated
by D2R.

D2R regulates the morphogenesis of dendritic spines

To determine whether D2R regulates the development of neuronal connections, we
intraperitoneally injected male C57BL/6 mice (P21, during a period of active spine growth
and synaptogenesis!®) with vehicle, the D2R agonists quinpirole or bromocriptine, or the
D2R antagonist eticlopride. Hippocampal slices were prepared at 24 h after injection for
diolistic labeling of neurons. Notably, in mice injected with D2R agonists, spine density of
hippocampal CA1 neurons was reduced (Fig. 1a, ¢). Spine density of CA1 neurons was
unaffected by a single injection of eticlopride (data not shown), but was significantly
increased by 5 daily injections of eticlopride (Fig. 1a, c). Thus, D2R activation inhibits spine
development, while prolonged blockade of D2R activity promotes it.

To test whether the D1-like subfamily of dopamine receptors (D1R-like) also regulate spine
development, we injected vehicle, the D1R-like agonist SKF38393 or the D1R-like
antagonist SCH23390 into P21 male C57BL/6 mice, and prepared hippocampal slices for
diolistic labeling at 24 h after injection. Spine density of CA1 neurons was comparable in
mice injected with these chemicals (Fig. 1a, ¢). Thus D1R-like receptors do not regulate
spine development in hippocampal neurons.
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To corroborate the results of our pharmacological experiments, we overexpressed or
knocked down D2R in vivo. The CAL region of male C57BL/6 mice (P21) were injected
with lentivirus expressing enhanced green fluorescent protein (EGFP) along with siRNAs
against D2R (D2R siRNA-1) or D1R (Supplementary Fig. la—e€), or co—injected with the
EGFP virus and the D1R or D2R virus. At 7 d after injection, brain sections were prepared
from injected mice. In CA1 pyramidal neurons transduced with D2R virus, spine density
was reduced, while in those transduced with D2R siRNA virus, it was increased (Fig. 1b, d).
Transduction of virus expressing D1R or D1R siRNA, by contrast, left the spine number
intact (Fig. 1b, d). These results confirm the findings from our pharmacological
experiments.

The change in spine number may affect synaptic transmission. To test this possibility, we
measured miniature excitatory postsynaptic currents (MEPSCs) in mice injected with the
D2R or D2R siRNA lentivrus. While mEPSC amplitude was not changed by overexpressing
or knocking down D2R, mEPSC frequency (which positively correlates with synapse
number) was reduced in D2R virus transduced, but increased in D2R siRNA virus
transduced neurons (Fig. 1e, f; Supplementary Fig. 1f). The change in mEPSC frequency is
consistent with that in spine number in viral injected mice.

Taken together, these results indicate that D2R activation inhibits spine development.

D2R regulates maturation and growth dynamics of spines

Dendritic spines are generally categorized into three groups: mushroom spines with a large
head and a constricted neck, thin spines with a small head and a long neck and stubby spines
without constriction between the tip and the neck®. Mushroom and thin spines are the major
type of spines in adult brains, while stubby spines are primarily found in immature
neurons!8 20, To determine the effect of D2R activation on spine morphology, we
conducted a detailed spine analysis in primary hippocampal neurons.

To visualize spines, we transfected neurons at 14 days in vitro (DIV14) with a construct
expressing Venus (a mutant of yellow fluorescent protein2l). At 3 d after transfection,
neurons were treated with D2R agonists quinpirole or bromocriptine, the D2R antagonist
eticlopride, the D1R-like agonist SKF38393 or the D1R-like antagonist SCH23390 for 24
h. Consistent with our in vivo results, the density of total spines (including mushroom, thin
and stubby spines) was not changed by treatment with the D1R-like agonist or antagonist
(Supplementary Fig. 2a, b), but was decreased in both quinpirole and bromocriptine treated
cells (Supplementary Fig. 2c). Unlike in vivo, treatment with the D2R antagonist eticlopride
did not affect spine density in vitro (Supplementary Fig. 2c), likely because of the lack of
dopamine neurons and hence endogenous D2R activity in cultured hippocampal neurons.

We further analyzed the effect of D2R agonists on different types of spines and also on
filopodia, thin and pointy dendritic protrusions that may be spine precursors?2: 23, Due to
confocal microscopy’s limited spatial resolution, we classfied all spines with a narrow neck
and a head into a combined “mushroom/thin” spine group. Notably, quinpirole and
bromocriptine treatment reduced the density of mushroom/thin spines and increased
filopodium density, but did not affect stubby spine density (Fig. 2a, b). The neck of
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mushroom/thin spines in neurons treated with quinpirole or bromocriptine, moreover, was
elongated (Fig. 2a, c).

To confirm that the effects of quinpirole and bromocriptine on spines are mediated by D2R,
we transfected neurons (DIV14) with a construct expressing D2R siRNA along with the
Venus construct. At 3 d after transfection, we treated neurons with quinpirole for 24 h and
analyzed dendritic protrusions in transfected neurons. Only protrusions that did not contact
axons of transfected neurons were analyzed. While transfection with the D2R siRNA
construct did not influence spine density, spine dimension, filopodium density, or
quinpirole-induced elevation of filopodium density, it did abolish quinpirole’s effects on
both the density and length of mushroom/thin spines (Fig. 2d-f).

To test whether the effects of sSiRNAs are caused by D2R knockdown, we co-transfected
neurons with the D2R siRNA construct and a construct expressing D2R with silent
mutations in the siRNA binding region making it resistant to D2R siRNA (D2R-M,
Supplementary Fig. 1a, b). The effect of quinpirole on spines was restored in co-transfected
cells (Fig. 2d—f), confirming that quinpirole reduces spine density by activating D2R.
Because only D2R in postsynaptic neurons were knocked down, moreover, these results
indicate that postsynaptic D2R mediates quinpirole’s effects on mushroom/thin spines (but
not on filopodium).

D2R overexpression alone enhanced quinpirole’s effects on spine density (Fig. 2d-f),
suggesting that the level of D2R positively correlates with the effect size of quinpirole.
Spine density in neurons overexpressing D1R, however, was not affected by D1R agonist
SKF38393 (Supplementary Fig. 2a, b). Thus the ineffectiveness of SKF38393 on spines is
not due to inadequate D1R on hippocampal neurons.

Since long spines and filopodia are usually found in immature neurons?8, their increase by
D2R agonist suggests that D2R activation inhibits spine maturation. To test this possibility,
we imaged the same neurons (DIV17) before and 1 hr after quinpirole treatment. Quinpirole
treatment increased the rate of both spine addition and retraction and the conversion of
mushroom/thin spines to filopodia, but reduced the conversion of filopodia to mushroom/
thin spines (Fig. 2g—i). Thus D2R activation enhances the dynamics of spine growth, inhibits
the conversion of dendritic protrusions from immature to mature appearance, and
destabilizes mature spines. Taken together, our results from both in vivo and in vitro
experiments demonstrate that D2R activation restricts spine number during spine
development by inhibiting spine maturation.

D2R regulates spines via GIuN2B and cAMP

To explore the mechanisms by which D2R regulates spines, we first tested whether D2R
activation alters synaptic protein expression. Primary hippocampal neurons (DIV17) were
treated with quinpirole for 24 h, then stained for the AMPA receptor subunits GIluAl and
GluA2, and the presynaptic protein Bassoon and Synaptophysin. Expression of these
proteins was not affected by quinpirole (Supplementary Fig. 3a, b).
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We then tested whether NMDAR is involved in the regulation of spines by D2R, as
NMDAR is required for spine maturation in hippocampal neuronsl: 23, We treated primary
hippocampal neurons with quinpirole along with the NMDAR antagonist (2R)—amino-5-
phosphonovaleric acid (D, L-AP5). While AP5 did not affect either spine density or size, it
did abolish quinpirole—induced changes (Fig. 3a—c). For D2R to inhibit spine
morphogenesis, therefore, NMDAR activity is required.

To determine how NMDAR assists D2R to regulate spines, we tested whether prolonged
D2R activation (elicited in our experiments) modulates NMDAR-mediated synaptic
transmission, as brief D2R activation does®-17: 24 We analyzed evoked NMDAR-mediated
excitatory postsynaptic currents (EPSCnwmpa) in hippocampal slices taken from 3-week—old
mice intraperitoneally injected with quinpirole, bromocriptine or vehicle. EPSCs were
recorded from CAL neurons by stimulating the Schaffer collateral pathway. The input—
output relationship of EPSCnmpa Was indistinguishable between vehicle— and D2R-
agonist—injected mice (Supplementary Fig. 3c). Thus prolonged D2R activation does not
alter NMDAR-mediated currents.

In hippocampal neurons, NMDAR is composed of GIuN1, GIuN2A and GIuN2B subunits2.
To determine whether a specific NMDAR subunit mediates D2R’s effects on spines, we
treated primary hippocampal neurons (DIV17) with quinpirole along with the GIUN2A
antagonist TCN201 or the GIuN2B antagonist ifenprodil or Ro 25-6891. While ifenprodil
and Ro 25-6891 obliterated quinpirole-induced changes in dendritic protrusions, TCN201
did not (Fig. 3d-f). Likewise, quinpirole—induced spine reduction was abolished in mice
(male, C57BL/6, P21) intraperitoneally injected with ifenprodil or Ro 25-6891, but not
TCN201 (Fig. 3g, h). Thus GIuN2B, but not GIUN2A, cooperates with D2R to control spine
number.

To determine how GIUN2B assist D2R to regulate spines, we first tested whether chronic
D2R activation, like acute D2R activation1®, induces GIuN2B dephosphorylation at
Ser1303. The level of phosphorylated GIuUN2B was comparable in quinpirole treated and
control cells (Supplementary Fig. 3d—e, 7¢). Likewise, after prolonged D2R activation,
phosphorylation of GIuA1 at Ser845, which is also reduced by acute D2R activationZ®,
remained unchanged (Supplementary Fig. 3d, e).

We next examined whether D2R activation influences GIUN2B expression. Total GIuN2B
expression and that of GIuN1 and GIuN2A was indistinguishable between quinpirole treated
and control cells (Fig. 3i, j). A surface biotinylation assay, however, showed that quinpirole
treatment greatly reduced surface GIUN2B, but not GIuN1 or GIuN2A (Fig. 3i-j,
Supplementary 7a, b).

To confirm the result of the biotinylation assay, we transfected cultured hippocampal
neurons (DIV17) with GFP-tagged GIuN2B and GIuN2A, treated them with quinpirole for
24 h, and stained surface—expressed, GFP-tagged NMDAR with an anti—-GFP antibody. On
the surface of quinpirole—treated cells, we detected normal GIUN2A but less GIuN2B
(Supplementary Fig. 3f-i). This change was likely due to excessive GIUN2B endocytosis,
because it was obliterated by treatment with dynasore, a dynamin inhibitor that blocks
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GIluN2B endocytosis!’ (Supplementary Fig. 3h, i). GIUN2B antagonist ifenprodil and Ro
25-6891 also blocked quinpirole-induced decrease in surface GIUN2B (Supplementary Fig.
3h, i). To test whether the change in surface GIUN2B is required for the effects of quinpirole
on spines, we treated hippocampal neurons (DIV17, transfected with the Venus construct for
3 d) with quinpirole along with dynasore. The effect of quinpirole on spines was abolished
by dynasore (Supplementary Fig. 3j, k). Hence, for D2R to regulate spine development,
GIuN2B internalization is required.

Since D2R activation reduces cAMP formation and Akt activity!3, we also tested whether
these molecular changes contribute to the effects of D2R activation on spines. We treated
primary hippocampal neurons (DIV17, 3 d after transfection with the Venus construct) with
quinpirole along with the adenyl cyclase activator forskolin or the PI3K activator 740 Y-P.
While forskolin blocked quinpirole-induced changes in dendritic protrusions, 740 Y-P did
not (Fig. 4). Treatment with either forskolin or 740 Y-P alone did not affect dendritic
protrusions (Fig. 4). Hence, D2R regulates spine development through the cAMP but not the
Akt cascade. Taken together, these results show that to affect spine development, both
GIuN2B internalization and cAMP down-regulation are required.

D2R—dependent spine deficiency in dysbindin mutant mice

Disturbances of the density and functions of D2R are consistently found in the brains of
schizophrenics®. To test whether D2R pathology contributes to spine abnormalities, we
examined dendritic spines in sandy (Sdy) mice, which harbor a spontaneous deletion in the
schizophrenia—risk—gene dysbindin, express no dysbindin protein, and have increased D2R
on the cell surface3 4. We analyzed spines in both cultured hippocampal neurons and slices
from sandy mice. While the density of mushroom/thin spines was decreased in primary
hippocampal neurons from sandy mice (DIV17, 3 d after transfection with the Venus
plasmid), that of filopodia was increased, and mushroom/thin spines were enlongated (Fig.
5a—c). Likewise, in the CA1 region of sandy mice injected with lentivirus expressing EGFP
(P28, 1 week after injection), spine density was less than in their wild—type (WT) littermates
(Fig. 5d, e).

To test whether elevated D2R activity in sandy mice contributes to the alteration in spines,
we injected lentivirus expressing D2R siRNA into the CAL region of sandy mice. Spine
density was increased in transduced cells (Fig. 5d, €). Thus the reduction in spine density in
sandy mice stems from overactive D2R.

Since mEPSC is affected by D2R activation in wild—type mice (Fig. 1e, f), we tested
whether it is also changed in sandy mice. mMEPSCs were recorded in the CAL region of
hippocampal slices. In sandy mice, mEPSC frequency was reduced, while mEPSC
amplitude was comparable to that in wild—type mice (Fig. 5f, g; Supplementary Fig. 4).
These results are consistent with previous findings from sandy mice2”. The change in
mEPSC frequency in sandy mice was abolished by injecting lentivirus expressing D2R
siRNA (Fig. 5f, g), indicating that it is caused by D2R overactivation. Moreover, D2R
knockdown in sandy mice caused an increase in mEPSC amplitude (Supplementary Fig. 4).
This effect is likely due to the intereaction of D2R with other molecules or signaling
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pathways altered in sandy mice, because in wild-type mice, D2R knockdown did not change
mEPSC amplitude (Supplementary Fig. 1f).

Consistent with elevated surface expression of D2R in sandy mice?, the level of cCAMP in
the hippocampus of sandy mice was reduced by 30.0% + 10.6 (p = 0.045). Moreover,
enhancing cAMP production by injecting forskolin rescued the spine deficiency in sandy
mice (Fig. 5i, j). Forskolin injection did not change spine density in wild—type mice (Fig. 5i,
j). These findings suggest that cCAMP reduction in sandy mice contributes to spine defects.

Taken together, these results suggest that overactivation of D2R caused by mutations of the
dysbindin gene impairs spine development.

D2R regulates spine number in an age—dependent manner

To test whether D2R also regulates spine number in mature hippocampal neurons, we
injected vehicle or quinpirole into 2— to 12—week—old male C57BL/6 mice, and prepared
hippocampal slices for diolistic labeling at 24 h after injection. In vehicle—injected mice,
spine density of CA1 neurons showed an upward trajectory from 2 to 8 weeks of age, then
dropped slightly at 12 weeks (Fig. 6a, b). Notably, quinpirole injection caused a reduction of
spine density only in mice aged 3-6 weeks, but not in those aged 2, 8, or 12 weeks (Fig. 6a,
b). To confirm the effect of quinpirole in adult mice, we injected 8—-week—old C57BL/6 mice
with lentivirus expressing EGFP alone or along with D2R, and analyzed spines in
hippocampal slices prepared from injected mice 1 week after injection. Spine density was
unaffected by overexpressing D2R in adult mice (Supplementary Fig. 5a, b). These results
indicate that D2R regulates spine number in an age—dependent manner.

Next, we examined whether spine deficiency in sandy mice is also age—dependent. While
spine density of CA1 neurons was lower in 3—-6—week-old sandy mice than in their wild-
type littermates, at ages 2, 8, and 12 weeks, spine density in the two groups was comparable
(Fig. 6c, d). To test whether spines in adult sandy mice are also regulated by D2R as in
adolescent sandy mice (Fig. 5d, e), we injected lentivirus expressing D2R siRNA along with
EGFP into the CA1 region of 8—-week-old sandy mice, and analyzed spines in hippocampal
slices at 1 week after injection. Spine density was comparable in virus—injected and control
mice (Supplementary Fig. 5a, b). Thus, the effect of genetic activation of D2R on spines is
also age—dependent.

As all antipsychotics are D2R blockers28, we tested whether antipsychotic treatment can
ameliorate the spine deficiency in sandy mice. We injected the typical antipsychotic
loxapine (a potent D2R blocker)2®: 30 and the atypical antipsychotic clozapine (a potent
serotonin receptor antagonist and a weak D2R blocker)30: 31 into sandy mice and their wild—
type littermates at P21. Hippocampal slices were prepared at 24 h after injection for diolistic
labeling of neurons. Remarkably, loxapine injection, which had no effect on spine density in
wild-type mice, increased spine density of CA1 neurons in sandy mice to a level comparable
to that in their wild—type littermates (Fig. 6e, f). Clozapine injection, by contrast, had no
effects on spine density in either sandy or wild—type mice (Fig. 6e, f). These results indicate
that typical antipsychotics acting on D2R, but not atypical antipsychotics with less affinity
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for D2R, can rescue spine defects in sandy mice if applied during the period when spines are
sensitive to D2R activity.

Taken together, these findings indicate that the effect of D2R activation on dendritic spines
is age—dependent, and that adolescence is a critical period when D2R hyperactivity reduces
spine number.

GIuN2B determines the age—dependency of D2R’s function

During brain development, NMDAR in the forebrain is switched from predominant
GluN2B—containing to GIuN2A-rich receptors?®. Since we found that GIUN2B is required
for D2R-mediated spine regulation, we hypothesized that the developmental change in
NMDAR composition might account for the fact that D2R no longer affects spine number in
mature brains. To test this possibility, we first analyzed the temporal pattern of GIuN2B
expression in the hippocampus. Immunoblotting of hippocampal lysates showed that
GIuN2B was decreased and GIuN2A was increased in adulthood (Supplementary Fig. 5¢—d,
7d).

To test whether the changes in GIUN2A and GIuN2B expression influence the effects of
D2R activation on spines, we tranfected young hippocampal neurons (DIV18, expressing
more GIUN2B and less GIuN2A) with GIUN2A, and mature hippocampal neurons (DIV 56,
expressing less GIuUN2B and more GIuN2A) with GIuN2B. While mature neurons no longer
changed spine density following quinpirole treatment, overexpression of GIUN2B restored
their ability to respond to quinpirole (Fig. 7a—c). By contrast, deviating GIUN2A expression
from its normal developmental trajectory, either by overexpressing GIUN2A in young
neurons, or by blocking GIuN2A acivity with TCN201 in mature neurons, left quinpirole’s
effects on spines unchanged (Fig. 7). These results indicate that it is the decrease in GIuUN2B
rather than the increase in GIUN2A expression that makes mature neurons unable to change
spines following D2R activation.

Adolescent D2R hyperactivity impairs neural connectivity

Although spine density returns to normal in adult sandy mice which experienced spine loss
during adolescence due to D2R hyperactivity, given that adolescence is a period for the
refinement and maturation of neuronal circuits32 33, perturbation of dendritic spines during
this period may permanently alter these circuits. To test this possibility, we examined the
entorhinal cortex (EC)-CAL connection, as neurons in the layer 111 of the EC send mono-
synaptic projections to CA1 neurons3#: 35,

The retrograde tracer cholera toxin subunit B (CTB) was injected into the CA1 region of the
right hippocampus. At 24 h after injection, horizontal brain sections containing the EC were
prepared. In wild-type mice, neurons retrogradely labeled by CTB were found in both the
medial EC (MEC) and lateral EC (LEC) (Fig. 8a). By contrast, in sandy mice the number of
labeled neurons was drastically reduced in the MEC, but increased in the LEC, and thereby
the ratio of labeled MEC to LEC neurons was decreased (Fig. 8a—c). To test whether these
changes are caused by D2R hyperactivity during adolescence, sandy mice were
intraperitoneally injected with eticlopride from P21 to P35 (once daily), and injected with
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CTB at 8 weeks of age. Notably, eticlopride treatment restored the ratio of labeled MEC to
LEC neurons (Fig. 8a, b). We also tested the effect of feeding sandy mice water
supplemented with eticlopride (ad libitum from P21 to P35). Since feeding and injecting
eticlopride had comparable effects on the ratio of labeled MEC to LEC neurons
(Supplementary Fig. 6a), we merged the data from the injected and fed groups (Fig. 8b, c).

To test whether the effect of eticlopride on neuronal connectivity in sandy mice is age—
dependent, we fed adult sandy mice eticlopride from P56 to P70, and injected them with
CTB at 13 weeks of age. The ratio of labeled MEC to LEC neurons was comparable in
treated and untreated sandy mice (Fig. 8a—c). Hence, eticlopride treatment in adolescence
but not in adulthood can correct connectivity within the EC-hippocampal circuit in sandy
mice. These findings indicate that adolescent D2R hyperactivity causes perturbations of
adult neural circuits.

To corroborate the results obtained with sandy mice, we examined the effect of adolescent
D2R hyperactivity on the EC-hippocampal connection in wild-type mice. Wild—type mice
were fed qunipirole from P21 to P28, and injected with CTB at 8 weeks of age. Quinpirole
treatment caused a decrease in the number of retrogradely labeled cells in the MEC, and in
the ratio of labeled MEC to LEC neurons (Fig. 8a—c, Supplementary Table 1). By contrast,
quinpirole treatment in adult mice (from P56 to P63 and injected with CTB at 12 weeks of
age) did not change the ratio of labeled MEC to LEC neurons (Supplementary Fig. 6b).
These results confirm that adolescent D2R hyperactivity adversely affects the EC—
hippocampal connectivity.

Taken together, these findings indicate that adolescent D2R hyperactivity disturbs the
establishment of adult patterns of neural connectivity, and that treatments need to be
administrated during adolescence to alleviate this effect.

Adolescent D2R hyperactivity impairs working memory

The EC-hippocampal circuit is essential for spatial working memory34 36-38_ To test
whether D2R hyperactivity affects spatial working memory, we conducted behavioral tests
with sandy mice fed eticlopride and wild—-type mice fed quinpirole during adolescence. At 8
weeks of age, we conducted the spontaneous Y-maze test to analyze spontaneous spatial
working memory, and the open field test to measure locomotor activity. Wild-type and
sandy mice given untreated water were used as controls. In the Y—maze test, sandy mice had
a lower alternation score, corresponding to poorer spatial working memory, than wild-type
control mice (Fig. 8d). The performance of wild—type mice fed quinpirole in the Y-maze
was also reduced (Fig. 8d), suggesting that overactivation of D2R impairs working memory.
Intriguingly, the alternation score of sandy mice was improved by eticlopride treatment
during adolescence (Fig. 8d).

In the open field test, sandy mice traveled longer distances than wild-type mice (Fig. 8e),
consistent with their reported hyperactivity3% 40, Eticlopride treatment during adolescence,
however, did not change sandy mice’s locomotor activity (Fig. 8e). For wild—type mice,
locomotion tested at 4 weeks after feeding with quinpirole during adolescence was
comparable to that in untreated mice (Fig. 8e, Supplementary table 2), suggesting that
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hyperactivity might be caused by acute but not long—lasting effects of D2R activation on
brains.

To test whether eticlopride treatment in adult sandy mice can also improve working
memory, we fed 8-week—-old sandy mice eticlopride—supplemented water for 2 weeks, and
conducted behavioral tests at 13 weeks of age. In contrast to the improvement seen when
eticlopride was applied in adolescence, working memory performace was not changed (Fig.
8d). Hyperactivity in sandy mice, by contrast, was ameliorated by eticlopride treatment in
adulthood (Fig. 8e), excluding the possibility that eticlopride treatment in adulthood was
ineffective on behavior.

Taken together, these findings indicate that overactivation of D2R during adolescence
causes impairments of spatial working memory in adulthood. Blocking D2R during this
critical period in sandy mice, moreover, improves their spatial working memory thereafter.

DISCUSSION

In this study, we uncovered an age—dependent function of D2R in controlling spine
development. We provided evidence that D2R hyperactivity during the critical period when
spines are subject to regulation by D2R impairs the establishement of the entorhinal—
hippocampal circuit and working memory in adult mice.

Our results from a series of pharmacological, molecular genetic, and gene knockout
experiments consistently confirmed that overactivation of D2R during adolescence impairs
spine development, neural circuits and working memory. We excluded D2R and D1R
knockout mice from our study for fear that their retarded growth, reduced body weight,
smaller brains, and shorter dendrites in cortical neurons*1-44 indicate global developmental
defects.

The effect of intraperitoneal injection of D2R agonist on spine density of hippocampal
neurons could be caused by activation of D2R on postsynaptic neurons, on presynaptic
neurons or in extra—hippocampal areas. Our results from transfect