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Abstract

Exposure to cocaine alters the structural and functional properties of medium spiny neurons
(MSNS) in the Nucleus Accumbens (NAc). These changes suggest a rewiring of the NAc circuit,
with an enhancement of excitatory synaptic connections onto MSNs. However, it is unknown how
drug exposure alters the balance of long-range afferents onto different cell types in the NAc. Here
we use whole-cell recordings, two-photon microscopy, optogenetics and pharmacogenetics to
show how repeated cocaine alters connectivity in the mouse NAc medial shell. We first determine
that cocaine selectively enhances amygdala innervation of D1-MSNs relative to D2-MSNs. We
then show that amygdala activity is required for cocaine-induced changes to behavior and
connectivity. Finally, we establish how heightened amygdala innervation can explain the structural
and functional changes induced by cocaine. Our findings reveal how exposure to drugs of abuse
fundamentally reorganizes cell-type and input-specific connectivity in the NAc.
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INTRODUCTION

Medium spiny neurons (MSNSs) in the Nucleus Accumbens (NAC) play a critical role in the
learning and expression of reward-related behaviors1-3. Repeated cocaine exposure both
induces behavioral sensitization, expressed as heightened locomotion in response to a drug
challenge, and alters the synaptic connections onto MSNs#10. After a short withdrawal,
cocaine increases the density of dendritic spines on these neurons'1-16, and the frequency of
their miniature excitatory postsynaptic currents (MEPSCs)4. These structural and functional
changes suggest that drug exposure enhances the number of excitatory synapses onto
MSNs8. However, it remains unknown how repeated cocaine redistributes the connections
between different inputs and cell types in the NAc.
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MSNss are segregated into two populations that express either the D1 or D2 subtypes of
dopamine receptorsl’-19. D1- and D2-MSNs project to distinct brain regions and play
opposing roles in goal-directed and motivated behaviors?29-22, By reorganizing their
excitatory inputs, drug exposure can fundamentally alter how these two cell types are
activated. Recent studies indicate that repeated cocaine selectively increases spine density
only at D1-MSNs1423_ This heightened innervation is thought to promote the activation of
these neurons and enable reward-related behaviors?4-26, However, the types of connections
involved in these synaptic rearrangements have not been determined.

Excitatory inputs to the NAc arise from the basolateral amygdala (BLA), ventral
hippocampus (VH) and prefrontal cortex (PFC)27-32, These long-range afferents carry
distinct functional signals and activate MSNs to dictate the output of the NAc1:2:33,
However, the ability of cocaine to redistribute different types of inputs onto D1- and D2-
MSNSs is unknown. One possibility is that cocaine-evoked synaptic plasticity involves a
subset of afferents and neurons®. Interestingly, VH connections are much stronger at D1-
MSNSs33, and can be preferentially enhanced by drug exposure?®. Thus, the observed
increase in spine density at D1-MSNs may reflect a selective heightening of VH inputs.

Here we study how repeated cocaine exposure alters cell-type and input-specific
connectivity in the NAc medial shell of young adult mice. We first use whole-cell
recordings, two-photon microscopy and optogenetics to show that, contrary to our
expectations, drug exposure selectively increases BLA inputs onto D1-MSNs. We then use
in vivo manipulations to demonstrate that BLA activity is required for sensitization and
synaptic rearrangements. Finally, we combine these approaches to show how enhanced BLA
innervation can explain the increase in spine density and mEPSC frequency at D1-MSNs.
Our findings establish how repeated cocaine reorganizes connectivity in the NAc medial
shell, highlighting how drug-evoked structural and functional plasticity in this circuit
depends on the types of neurons and their afferents.

Cocaine exposure alters synaptic connectivity in the NAc

We investigated how repeated exposure to cocaine alters cell-type and input-specific
connectivity in the NAc medial shell of young adult mice. For all experiments, we injected
mice with either cocaine (15 mg/ kg, i.p.) or control saline once a day for 5 consecutive
days!1-16:34 (Fig. 1a). After a short withdrawal, we then assessed either behavioral
sensitization or the synaptic properties of MSNs®. We first verified that drug exposure
induces sensitization by giving a single challenge injection of cocaine (15 mg / kg, i.p.) on
day 8. In response to this cocaine challenge, we found that cocaine-treated mice showed
enhanced locomotion compared to their saline-treated littermates (saline =28.7 + 4.4 m/ 10
min; cocaine = 57.9 £ 7.7 m / 10 min; Fig. 1b). Moreover, we found that repeated cocaine
progressively enhanced locomotion of mice on successive days (Supplementary Fig. 1).
Having established this change in behavior, we then focused on the associated functional
and structural changes that occur at D1- and D2-MSNs.
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To study how repeated cocaine alters the NAc circuit, we examined the synaptic properties
of neighboring D1- and D2-MSNs from cocaine- or saline-treated mice. We directly
compared these cell types using hybrid D1-tdTomato™/~ / D2-EGFP*/~ mice3538 (Fig. 1c).
We performed sequential whole-cell recordings from red-only D1-MSNs and green-only
D2-MSNs in the same field of view and depth in the slice33. We alternated the recording
order to avoid any potential bias due to changes in the preparation over time. Finally, in
order to directly relate cocaine-induced synaptic and behavioral changes, we performed all
recordings on day 8, without any challenge injection of cocaine (Fig. 1a).

We first examined the impact of drug exposure on mEPSCs recorded at —80 mV in the
presence of TTX (1 uM) to block action potentials and gabazine (10 pM) to block GABAA
receptors (Fig. 1d). We found that cocaine increased mEPSC frequency only at D1-MSNs
(saline: D1 = 1.67 + 0.23 Hz, D2 = 1.69 £ 0.26 Hz; cocaine: D1 = 2.68 + 0.35 Hz, D2 = 1.43
+ 0.19 Hz; Fig. 1e). To further compare the two cell types, we also computed the ratio of
responses at pairs of neighboring D1- and D2-MSNs (D1/D2 ratio). We found that cocaine
caused an increase in the D1/D2 ratio of mEPSC frequency, indicating a bias towards D1-
MSNs (D1/D2 ratio: saline = 1.30 + 0.25, cocaine = 2.73 £ 0.70; Fig. 1e). In contrast,
cocaine did not change mEPSC amplitude, which was similar at D1- and D2-MSNs after
saline or cocaine (saline: D1 =20.5+ 1.4 pA, D2 =19.9 + 1.5 pA; cocaine: D1 =21.0+ 1.3
pA, D2 =19.7 £ 1.7 pA; D1/D2 ratio: saline = 1.13 + 0.12, cocaine = 1.13 £ 0.07; Fig. 1f).
These findings indicate that cocaine increases mEPSC frequency at D1-MSNs, which may
reflect greater numbers of excitatory inputs®.

We then assessed whether these functional changes were accompanied by structural
alterations at MSNs. We filled neighboring D1- and D2-MSNs with a fluorescent dye
(Alexa Fluor 594, 30 uM) via the patch pipette, used two-photon microscopy to image
dendritic segments, and generated high-resolution, three-dimensional reconstructions that
allowed us to compare spine density (in um=1) and volume (in um?3) (Fig. 1g). Consistent
with our mEPSC data, we found that cocaine selectively increased spine density only at D1-
MSNSs (saline: D1 = 1.40 + 0.09 pm~2, D2 = 1.45 + 0.09 pm~1; cocaine: D1 = 1.74 + 0.09
pum=1, D2 =1.20 + 0.06 pm~1; D1/D2 ratio: saline = 1.02 + 0.08, cocaine = 1.47 + 0.07; Fig.
1h). In contrast, cocaine caused no change in spine volume across all experimental
conditions (saline: D1 = 0.42 + 0.05 um3, D2 = 0.34 + 0.02 um3; cocaine: D1 = 0.34 + 0.03
pm3, D2 = 0.34 + 0.02 pm3; D1/D2 ratio: saline = 1.25 + 0.14, cocaine = 1.06 + 0.12; Fig.
1i). These findings indicate that cocaine selectively increases spine density at D1-MSNs,
which may reflect greater numbers of excitatory connections8. Together, these results
confirm that behavioral sensitization is strongly associated with changes to the functional
and structural properties of D1-MSNs.

Changes in connectivity are cell-type and input-specific

MSNSs in the NAc receive diverse long-range excitatory inputs from the BLA, VH and
PFC27-32, Cocaine-induced synaptic plasticity could reflect the selective strengthening of a
specific input onto D1-MSNs8. Alternatively, these changes could reflect a more global
enhancement of multiple inputs onto this cell-type®. We next explored these possibilities by
assessing cocaine-induced changes to cell-type and input-specific connectivity.

Nat Neurosci. Author manuscript; available in PMC 2015 March 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

MacAskill et al. Page 4

To activate long-range excitatory inputs, we used in vivo injections of AAV9-CAG-ChR2-
mCherry to express Channelrhodopsin-2 (ChR2) in the BLA, VH or PFC. After allowing for
expression and axonal transport, we observed prominent labeling of afferents in the NAc
medial shell (Fig. 2a,d and Supplementary Fig. 1). To study synaptic responses, we used
wide-field illumination to trigger glutamate release from axons containing ChR2, and
measured light-evoked excitatory post-synaptic currents (EPSCs) in voltage-clamp
recordings from neighboring D1- and D2-MSNs held at —=80 mV/33, As there are no recurrent
excitatory connections in the NAc?, all light-evoked EPSCs must derive from targeted brain
regions. Because the absolute amplitude of these EPSCs depends on the number of activated
fibers, we focused our analysis on the relative strength at neighboring D1- and D2-MSNs at
the same depth and field of view. For BLA inputs, we found that light-evoked EPSCs were
similar at D1- and D2-MSNss in saline-treated mice (D1/D2 ratio = 1.46 + 0.69; Fig. 2b,c).
However, cocaine selectively enhanced EPSCs at D1-MSNs compared to D2-MSNs (D1/D2
ratio = 7.61 £ 3.21). These differences in strength were observed at multiple stimulus
intensities, suggesting that they are a robust consequence of repeated cocaine
(Supplementary Fig. 2). These findings indicate that drug exposure strongly biases BLA
inputs towards D1-MSNs in the NAc medial shell.

Interestingly, when we examined VVH inputs, we observed the opposite changes to synaptic
connectivity. In saline-treated mice, light-evoked EPSCs were larger at D1-MSNSs relative to
D2-MSNs (D1/D2 ratio = 3.59 + 1.82; Fig. 2e,f and Supplementary Fig. 2), similar to
baseline conditions in the NAc core33. However, this preference was no longer apparent in
cocaine-treated mice, as EPSCs became equivalent at D1- and D2-MSNs (D1/D2 ratio =
1.01 £ 0.41). These findings reveal that, contrary to our initial expectations, repeated
cocaine dampens VH inputs onto D1-MSNSs relative to D2-MSNSs.

Finally, when we examined PFC inputs, we found smaller light-evoked EPSCs that were
unbiased at D1- and D2-MSNs in saline-treated mice (Supplementary Fig. 3), again similar
to baseline conditions in the NAc core33. Moreover, we found that these EPSCs remained
unbiased in cocaine-treated mice. Together, these results indicate that repeated cocaine
exposure has unique effects on different long-range afferents onto D1- and D2-MSNSs in the
NAc medial shell. More broadly, they indicate that cocaine-induced changes to this circuit
reflect both cell-type and input-specific synaptic rearrangements.

Alterations in the number and strength of connections

Previous results indicate that cocaine-evoked synaptic plasticity can involve postsynaptic
and presynaptic alterations*®. To begin to distinguish between these possibilities, we next
recorded light-evoked, input-specific quantal events (QEPSCs) in the presence of
extracellular strontium33 (Fig. 3a-c). This approach provides a direct estimate of
postsynaptic efficacy (QEPSC amplitude), and an indirect estimate of the number of
connections (QEPSC frequency). As the frequency of qEPSCs depends on the number of
activated fibers, we again focused our analysis on the relative values at neighboring D1- and
D2-MSNs. In contrast, because the amplitude of gEPSCs depends on receptor properties, we
were also able to assess changes across saline and cocaine conditions.
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When we examined BLA inputs, we found that gEPSC frequency was initially similar at
D1- and D2-MSN:ss in saline-treated mice (D1 =5.64 + 1.32 Hz, D2 = 4.38 £ 0.77 Hz,
D1/D2 ratio = 1.15 + 0.13; Fig. 3d). However, cocaine caused an increase in gEPSC
frequency at D1-MSNs compared to D2-MSNs (D1 = 6.27 £ 0.64 Hz, D2 = 3.63 + 0.75 Hz,
D1/D2 ratio = 3.34 + 1.55). In contrast, the gEPSC amplitude was similar in saline-treated
mice, but unaltered by cocaine (saline: D1 =19.8 + 2.2 pA, D2 = 19.2 £ 1.5 pA; cocaine: D1
=241+32pA,D2=21.14+3.0pA,; D1/D2 ratio: saline = 1.03 £+ 0.07, cocaine = 1.23 +
0.13; Fig. 3e). These findings are consistent with those observed at the whole-cell level,
indicating that changes also occur at single synapses. Interestingly, the increased frequency
of BLA gEPSCs also mirrors changes to non-specific mMEPSCs, suggesting an increase in the
number of synapses onto D1-MSNs.

For VH inputs, we found that gEPSC frequency was also similar at D1- and D2-MSNs in
saline-treated mice, but unaltered by cocaine (saline: D1 =5.03 + 1.08 Hz, D2 = 4.23+1.14
Hz; cocaine: D1 =7.61 £ 0.96 Hz, D2 = 6.22 + 1.06 Hz; D1/D2 ratio: saline = 1.35 + 0.14,
cocaine = 1.68 * 0.66; Fig. 3f). However, the gEPSC amplitude was initially higher at D1-
MSNSs in saline-treated mice, and this difference was no longer apparent after cocaine, due
to a decrease in the amplitude of events on D1-MSNs (saline: D1 =29.1 + 2.0 pA, D2 =
175+ 1.4 pA; cocaine: D1 =22.1 £ 1.9 pA, D2 =25.3 + 1.8 pA; D1/D2 ratio: saline = 1.80
+ 0.23, cocaine = 0.87 £ 0.05; Fig. 3g). These results are also consistent with those at the
whole-cell level, with smaller VH qEPSCs suggesting postsynaptic effects at D1-MSNs,
which are not apparent in the non-specific mEPSCs.

Together, these results suggest that repeated cocaine exposure enhances BLA inputs and
suppresses VH inputs onto D1-MSNs. However, the increased frequency of BLA qEPSCs
could also be due to increased probability of release. We also examined the paired-pulse
ratio (PPR) of BLA and VH EPSCs at neighboring D1- and D2-MSNs, but observed no
differences in PPR for either input in saline- and cocaine-treated animals (Supplementary
Fig. 4). Therefore, we conclude that the observed changes in the frequency of BLA qEPSCs
most likely reflect differences in the number of connections.

Changes in the subcellular properties of connections

Our results suggest that repeated cocaine exposure alters BLA and VH inputs onto MSNs in
the NAc medial shell. We next used two-photon mapping to determine if these changes are
reflected in the structural properties of these neurons33:37:38 (Fig. 4a,b). This technique
reveals the density and volume of spines contacted by different inputs onto D1- and D2-
MSNSs. For these experiments, we filled neurons via the patch pipette with a fluorescent dye
(Alexa Fluor 594, 30 uM) to image morphology and a calcium indicator (Fluo-4FF, 1 mM)
to measure synaptic calcium signals. In voltage-clamp recordings at 0 mV, we isolated
dendritic segments containing multiple spines, and triggered presynaptic release from ChR2-
containing axons with a pulse of focused blue laser light. We measured light-evoked
synaptic calcium signals at spines, which allowed us to detect functional connections,
independent of spine volume or distance from the cell body (Supplementary Fig. 5). After
sampling dendritic segments at each pair of D1- and D2-MSNs, we generated high-
resolution reconstructions of spines and dendrites. We calculated the volume of identified
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spines (in pm3), which provides an indirect measure of postsynaptic efficacy33-39. We also
determined the number of active spines in each dendritic segment, which provides an
estimate of synapse density (in segment )38, As in our physiology experiments, recording
from neighboring D1- and D2-MSNs allowed us to assess differences in cell-type and input-
specific connectivity.

For BLA inputs, we found that the density of synapses was initially similar at D1- and D2-
MSNss in saline-treated mice (D1 = 0.37 + 0.06 segment™, D2 = 0.57 + 0.16 segment™1,
D1/D2 ratio = 0.97 + 0.27). However, cocaine selectively enhanced synapse density at D1-
MSNs compared to neighboring D2-MSNs (D1 = 1.04 + 0.17 segment™1, D2 = 0.44 + 0.07
segment™1, D1/D2 ratio = 2.43 + 0.35; Fig. 4c). In contrast, there was no difference in spine
volume across all four of our experimental conditions (saline: D1 = 0.37 +0.13 um?3, D2 =
0.31 + 0.08 pm3; cocaine: D1 = 0.48 + 0.11 pm3, D2 = 0.44 + 0.12 pm3; D1/D2 ratio: saline
=1.71 £0.91, cocaine = 1.52 + 0.56; Fig. 4d). These findings are consistent with our gEPSC
recordings, and together suggest that repeated cocaine selectively enhances the number of
BLA connections onto D1-MSNs.

When we examined VH inputs, we observed that synapse density was similar at D1- and
D2-MSNs in both saline- and cocaine-treated mice (saline: D1 = 0.96 + 0.29 segment™1, D2
=0.92 + 0.27 segment™1; cocaine: D1 = 1.12 + 0.29 segment™1, D2 = 1.28 + 0.20
segment™1; D1/D2 ratio: saline = 1.12 + 0.20, cocaine = 0.88 + 0.17; Fig. 4e). However,
spine volume was initially much larger at D1-MSNs in saline-treated mice, and this
difference was abolished after repeated cocaine, due to a reduction in spine volume at D1-
MSNSs (saline: D1 = 0.65 + 0.19 pm3, D2 = 0.21 + 0.09 um3; cocaine: D1 = 0.30 + 0.14 pm3,
D2 = 0.43 + 0.06 pm3; D1/D2 ratio: saline = 5.27 + 1.79, cocaine = 0.70 + 0.30; Fig. 4f).
These findings are consistent with our gEPSC recordings, and support the idea that drug
exposure suppresses the strength of VH connections onto D1-MSNs.

Alterations in connectivity depend on NMDA receptors

Our physiology and imaging results suggest that cocaine reorganizes the NAc circuit in part
by enhancing BLA inputs onto D1-MSNs. We next sought to determine if this enhancement
can explain the increase in spine density and mEPSC frequency observed at D1-MSNs.
NMDA-R activation in the VTA and NAc is critical for the behavioral response to cocaine
and associated synaptic plasticity*®49. Thus, we examined whether activation of NMDA-Rs
is also required for the rebalancing of BLA inputs onto D1-MSNs.

We first used in vivo pharmacology to test whether NMDA-R activation is required for the
induction of behavioral sensitization. We pretreated mice by injecting either the NMDA-R
antagonist MK-801 (0.1 mg / kg, i.p.) or control saline 30 min before each cocaine injection
on days 1 to 53441 (Fig. 5a). On day 8, we then assessed locomotion in response to a
challenge injection of cocaine alone. Consistent with a role for NMDA-Rs in the response to
cocaine, we found that MK-801 abolished sensitization (saline = 47.3 £ 6.9 m/ 10 min;
MK-801 = 29.0 + 3.1 m/ 10 min; Fig. 5b). In control experiments, MK-801 pretreatment
had no effect on mice receiving saline instead of cocaine on days 1 to 5 (Supplementary Fig.
6). MK-801 pretreatment also had no effect on baseline locomotion before the cocaine
challenge (Supplementary Fig. 6). Finally, acute MK-801 pretreatment before the cocaine
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challenge did not prevent subsequent locomotion (Supplementary Fig. 6). These results are
consistent with previous studies??, and confirm that NMDA-R antagonism inhibits the
induction of behavioral sensitization.

We then examined whether NMDA-Rs are also required for cocaine-induced synaptic
rearrangements. We again pretreated mice with either MK-801 or saline 30 min before each
cocaine injection on days 1 to 5. On day 8, we prepared slices and recorded BLA or VH
EPSCs from neighboring D1- and D2-MSNSs. As in our other physiology experiments, in
order to assess cocaine-evoked synaptic plasticity, we did not perform a challenge injection
of cocaine. We found that MK-801 pre-treatment blocked cocaine-induced changes to both
BLA EPSCs (D1/D2 ratio: saline = 4.76 + 2.23, MK-801 = 1.13 + 0.28; Fig. 5c,d) and VH
EPSCs (D1/D2 ratio: saline = 0.75 + 0.16, MK-801 = 5.08 + 2.74; Fig. 5e,f). These findings
indicate that NMDA-Rs are involved in cocaine-induced changes to BLA and VH
connections onto MSNs. However, they do not provide a method to dissociate changes to
BLA and VH connectivity in the NAc medial shell.

Specific rearrangements depend on amygdala activity

We next used in vivo pharmacogenetics to test the roles of afferent brain regions in this cell-
type and input-specific synaptic plasticity. We inhibited activity with hM4D, a Designer
Receptor Exclusively Activated by Designer Drugs (DREADD) that is activated by the inert
agonist clozapine-N-oxide (CNO)*2. To inhibit neural activity, we used in vivo injections of
AAV8-CaMKIla-HA-hM4D-IRES-mCitrine to express hM4D in the BLA, confirming no
spread to the VH (Supplementary Fig. 7). After allowing for expression, we recorded from
labeled projection neurons in slices, and found that CNO (10 pM) inhibited action potential
firing in response to current injections (Supplementary Fig. 7).

We first used this approach to assess whether BLA activity is required for the induction of
behavioral sensitization. We bilaterally expressed hM4D in the BLA, and pretreated mice
with CNO (0.5 mg / kg, i.p.) 30 min before each cocaine injection on days 1 to 5. On day 8,
we then assessed locomation in response to a challenge injection of cocaine alone (Fig. 6a).
Remarkably, we found that inhibiting BLA activity abolished sensitization (control = 60.2 +
6.8 m /10 min; hM4D = 33.4 + 7.8 m / 10 min; Fig. 6b). In control experiments, mice
expressing hM4D but pretreated with saline developed normal sensitization (Supplementary
Fig. 8). Moreover, CNO pretreatment had no effect on mice receiving saline instead of
cocaine on days 1 to 5 (Supplementary Fig. 8). Finally, CNO pretreatment also had no effect
on baseline locomotion before the challenge injection of cocaine (Supplementary Fig. 8).
Together, these results indicate that BLA activity plays and important role in the induction
of behavioral sensitization.

We then tested whether BLA activity is also necessary for cocaine-evoked synaptic
plasticity in the NAc medial shell. We performed bilateral injections to express hM4D in the
BLA, and unilateral injections to express ChR2 in the BLA (Fig. 6c) or VH (Fig. 6e). We
confirmed the selective expression of hM4D in the BLA and ChR2 in the same or different
brain regions (Supplementary Fig. 7). After allowing for expression, we pretreated mice
with CNO (0.5 mg / kg, i.p.) 30 min before each cocaine injection on days 1 to 5. On day 8,
and with no cocaine challenge, we prepared slices and recorded light-evoked EPSCs from
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neighboring D1- and D2-MSNs. We found that inhibiting BLA activity abolished cocaine-
induced changes to BLA EPSCs (D1/D2 ratio: control = 3.59 + 1.35, hM4D = 0.89 £ 0.21;
Fig. 6d). However, in parallel experiments, inhibiting BLA activity did not block changes to
VVH EPSCs (D1/D2 ratio: control = 1.25 £+ 0.42, hM4D = 1.11 + 0.34; Fig. 6f). These
findings indicate that alterations to BLA and VH EPSCs are dissociable, and that BLA
activity is only required for the reorganization of BLA inputs.

In separate experiments, we used equivalent injections to express hM4D bilaterally in the
VH (Supplementary Fig. 9), but found that inhibiting VVH activity had no significant effect
on sensitization (Supplementary Fig. 10). We also used bilateral injections to express hM4D
in the VH, and unilateral injections to express ChR2 in the BLA or VH (Supplementary Fig.
9). After treating mice with CNO as described above, we found that inhibiting VH activity
had no effect on cocaine-induced changes to BLA EPSCs (Supplementary Fig. 10).
However, in parallel experiments, this manipulation abolished changes to VH EPSCs
(Supplementary Fig. 10). Together, these findings indicate that VH activity is only required
for the reorganization of VH inputs, and confirm that the cocaine-induced rearrangement of
BLA connections primarily depends on BLA activity.

Amygdala rearrangements account for enhanced connectivity

Our in vivo pharmacogenetics experiments indicate that BLA activity is needed to enhance
BLA inputs onto D1-MSNs in the NAc medial shell. We next used this approach to assess
whether this enhancement explains the effects of cocaine on mEPSC frequency (Fig. 7). We
again performed bilateral injections to express hM4D in the BLA, and pretreated mice with
CNO 30 min before each cocaine injection on days 1 to 5. On day 8, and with no cocaine
challenge, we prepared slices and recorded mEPSCs at neighboring D1- and D2-MSNs (Fig.
7a). We found that inhibiting BLA activity eliminated the cocaine-induced increase in
mEPSC frequency at D1-MSNs (control: D1 = 3.30 £ 0.47 Hz, D2 = 1.74 £ 0.24 Hz; hM4D:
D1=1.60 +0.33 Hz, D2 =1.84 +£ 0.29 Hz; D1/D2 ratio: control = 2.53 + 0.53, hM4D =
1.27 £ 0.37; Fig. 7b). However, this manipulation had no effect on mEPSC amplitude across
all conditions (control: D1 =21.0 + 1.0 pA, D2 =19.5+ 0.9 pA; hM4D: D1 =19.8+ 1.6
pA, D2 =23.0 £ 2.4 pA; D1/D2 ratio: control = 1.10 £+ 0.06, hM4D = 0.96 + 0.13; Fig. 7c).
Because inhibiting BLA activity only prevented changes to BLA EPSCs, these findings
indicate that enhanced BLA connectivity can account for the increase in mEPSC frequency.

Finally, we used two-photon imaging to determine whether enhanced BLA innervation also
explains the effects of cocaine on spine density (Fig. 7d). We found that inhibiting BLA
activity abolished the cocaine-induced increase in spine density at D1-MSNs (control: D1 =
1.81 £0.08 um™1, D2 = 1.05 + 0.06 um™1; hM4D: D1 = 1.31 £ 0.09 pm~1, D2 = 1.27 + 0.05
um‘l; D1/D2 ratio: control = 1.77 £ 0.13, hM4D = 1.03 £+ 0.06; Fig. 7e). However, this
manipulation had no effect on spine volume across all conditions (control: D1 = 0.36 + 0.03
um3, D2 = 0.48 + 0.08 pm?3; hM4D: D1 = 0.42 + 0.06 um?3, D2 = 0.37 + 0.03 um?3; D1/D2
ratio: saline = 0.91 + 0.20, cocaine = 1.22 + 0.23; Fig. 7f). These findings indicate that
enhanced BLA inputs onto D1-MSNs can also account for the increase in spine density.
Together, these results demonstrate that cocaine-evoked structural and functional plasticity
reflects heightened BLA innervation of D1-MSNs.
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DISCUSSION

We have determined how repeated cocaine exposure reorganizes cell-type and input-specific
connectivity in the NAc medial shell of young adult mice. We first used electrophysiology,
optogenetics and two-photon microscopy to show that drug exposure selectively heightens
BLA inputs onto D1-MSNs. We then used in vivo pharmacology and pharmacogenetics to
establish that both NMDA-Rs and BLA activity are required for these rearrangements.
Finally, we determined that this enhanced BLA innervation of D1-MSNs explains
commonly observed cocaine-induced synaptic alterations to this circuit.

Repeated cocaine followed by short withdrawal leads to robust changes in the structural1-16
and functionall*43 properties of MSNs in the NAc medial shell. We first found that
increases in mEPSC frequency and spine density occur at D1-MSNs, confirming that these
changes are cell-type specificl#44. We then performed three independent experiments to
establish which long-range excitatory inputs are involved in these synaptic changes. Our
EPSC experiments show that cocaine bidirectionally redistributes BLA and VVH inputs onto
D1-MSNs and D2-MSNs. Our gEPSC and two-photon mapping experiments indicate that
cocaine increases the number of BLA inputs onto D1-MSNSs. These experiments also
indicate that cocaine weakens the strength of individual VH connections onto these neurons.
Together, these findings underscore how cocaine-evoked synaptic plasticity in the NAc
circuit is both cell-type and input-specific.

Several of our physiology and imaging results suggest that drug exposure selectively
enhances BLA inputs onto D1-MSNs in the NAc medial shell. We asked if this
enhancement could account for the increase in spine density and mEPSC frequency
observed at D1-MSNs. Testing this hypothesis is challenging, because optogenetically
evoked synaptic responses depend on the number of activated fibers, which in turn depend
on the viral infection, slice orientation and light intensity. In many of our experiments, we
normalized for these effects using the ratio of responses at neighboring D1- and D2-MSNSs.
However, it is often difficult to directly compare synaptic responses between animals,
including cocaine- and saline-treated mice. Therefore, the greater D1/D2 ratio could reflect
either larger responses at D1-MSNs or weaker responses at D2-MSNs. In order to
distinguish between these possibilities, we used in vivo manipulations to selectively block
synaptic plasticity at BLA connections onto MSNE.

Using in vivo pharmacology and pharmacogenetics, we found that cocaine-induced changes
to BLA innervation depend on NMDA-Rs and BLA activity. Blocking NMDA-Rs during
the induction of sensitization prevented changes to both BLA and VVH inputs. In contrast,
inhibiting BLA activity during repeated cocaine exposure only prevented changes to BLA
inputs. This result allowed us to test if enhanced BLA connectivity underlies the increase in
mEPSC frequency and spine density. Consistent with our hypothesis, inhibiting BLA
activity also blocked increases in spine density and mEPSC frequency at D1-MSNs. Thus,
we conclude that these changes are due to a selective increase in BLA innervation of D1-
MSNSs. In the future, it will be interesting to assess the roles of other brain regions and
connections in these cocaine-induced rearrangements.
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While we primarily focused on cocaine-evoked synaptic plasticity, our results also have
implications for drug-related behavior. Goal-directed and motivated behavior is regulated by
the differential activation of D1- and D2-MSNs in both the NAc22:25.26 and other parts of
the striatum?%:21.24, Repeated cocaine exposure has been hypothesized to enhance D1-MSN
activity by increasing the number of excitatory inputs®-18. Under baseline conditions, our
results suggest that VH inputs are dominant onto these neurons. Drug exposure
fundamentally rebalances connectivity, allowing BLA inputs to assume this role. Thus, the
driver for motivated behavior may shift from VH inputs carrying contextual signals to BLA
inputs relaying more emotional signals?”-28:31.44 |n future studies, it will be important to
explore how these connections are reweighted in experimental paradigms that engage
varying degrees of contextual, emotional or goal-directed information.

We used an established drug paradigm to alter synaptic connectivity, but it is important to
note that neural circuits are constantly changing after drug exposure. Previous studies
investigating the impact of repeated cocaine usually fall into one of three categories: 1-3
days withdrawall1-16:45 10-14 days withdrawal?8:46, and 4045 days withdrawal29:44:47.48,
Each withdrawal time is associated with unique structural and functional alterations at
MSNSs in the NAc8. Consistent with our study, early withdrawal is associated with increases
in spine density!1-16:45 and mEPSC frequency#, as well as changes to excitability*3. After
medium withdrawal, further increases in mEPSC frequency are accompanied by alterations
to mEPSC amplitude?S. Finally, after prolonged withdrawal, there is also an increase in
calcium-permeable AMPA receptors2%:44:47.48 Notably, many of the structural and
functional changes observed at early time points are specific to D1-MSNs, and only become
apparent when these cell types are distinguished. Our results show that the synaptic
rearrangements associated with sensitization are cell-type and input-specific. In the future,
similar studies are needed at other withdrawal times to further characterize how drug
exposure reorganizes synaptic connectivity in the NAc.

In addition to the withdrawal time, the method of drug administration plays a critical role in
determining how cocaine alters neural circuits. We used an established procedure of 5 days
of cocaine injections11-16:34 byt related studies have used a single injection30 or repeated
blocks of injections2349, Interestingly, a single injection followed by 7 days withdrawal has
been shown to increase the strength of PFC inputs onto D1-MSNs30. In other studies, where
animals are allowed to self-administer cocaine, there can be dramatically different effects on
synaptic structure and function2%4447_ For example, the insertion of calcium-permeable
AMPA receptors after 45 days of withdrawal only occurs when cocaine is self-
administered?®. Despite these differences, recent results also indicate that the BLA is also
necessary for the synaptic changes associated with self-administered cocaine**. Thus,
reorganization of BLA afferents may be a common consequence of both experimenter- and
self-administered cocaine. In future studies, it will be particularly interesting to determine
whether cell-type specific changes also occur with cocaine self-administration. For example,
a recent study showed unique roles for VH and PFC connections onto D1-MSNs in the NAc
in a model of drug relapse?®.

The synaptic and functional changes in response to cocaine also depend on the exact
location within the NAc. We focused on synaptic connections in the NAc medial shell,
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which recent studies confirm to be intricately involved in the acquisition of drug-related and
motivated behaviors?8:31. This subregion has also been the primary focus of work on
cocaine-induced rearrangements at short withdrawal times11-15, In contrast, longer
withdrawal times are often required in order to see equivalent changes to synaptic
connectivity in the NAc core®®. This subregion receives distinct patterns of innervation,
including more prominent inputs from the PFC, and plays different roles in behavior:2:32, In
the future, it will be particularly important to assess how different inputs are redistributed
between D1- and D2-MSNs in other parts of the NAc and greater striatum.

With these factors in mind, a recent study investigated how repeated cocaine alters inputs to
the NAc medial shell after 10-14 days of withdrawal in adult mice28. Although this study
did not compare D1- and D2-MSNss, it provided a number of important observations.
Consistent with our findings, the main inputs to the NAc medial shell were from VH and
BLA, with a smaller contribution from PFC. Also consistent with our results, drug exposure
triggered changes to VH connections onto MSNs. However, cocaine increased the strength
of VH inputs, whereas we observed a weakening at D1-MSNs. Moreover, cocaine did not
alter BLA inputs onto MSNs, whereas we observed a strengthening at D1-MSNs. A likely
explanation is that additional reorganization occurs between short and long withdrawal from
cocaine8. Another possibility is age-dependent differences in the roles of BLA and VH
inputs to the NAc medial shell. A final consideration is that we compared EPSCs at
neighboring D1- and D2-MSNs in the same slices. We did not attempt to compare light-
evoked EPSCs between animals, because they strongly depend on the number of activated
inputs, as described above. However, we did compare the amplitudes of gEPSCs and the
volume of targeted spines, and these results supported our conclusion of weakened VH
connections onto D1-MSNS.

Finally, a common feature of many neuropsychiatric and neurodegenerative diseases is the
dramatic alteration in spine size and density that is reflective of aberrant synaptic
connectivity®0. Our findings highlight the importance of considering the types of neurons
and synapses involved in these alterations. We show that enhanced innervation of BLA
inputs onto D1-MSNs in the NAc medial shell helps to explain commonly observed synaptic
changes associated with repeated exposure to cocaine. Moreover, we show how these cell-
type and input-specific alterations are closely linked to the development of behavioral
sensitization. These results reveal how synaptic changes at the level of individual spines
help to explain complex responses to drugs of abuse. More generally, they provide a novel
perspective on the investigation of how neural circuits throughout the brain are reorganized
in diverse neuropsychiatric and neurodegenerative diseases.

ONLINE METHODS

Animals

Young adult mice (postnatal day (P) 29 to 35) of both sexes in a Swiss-Webster background
were used for all experiments. Wild-type mice were used for behavioral studies, and
hemizygous BAC D1-tdTomato36 and BAC D2-EGFP35 mice were used for physiology and
imaging studies. The use of hybrid D1-tdTomato*/~ / D2-EGFP*/~ mice expressing both
fluorescent reporters enabled a direct comparison of D1-MSNs and D2-MSNs in the same
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slices33. All animals were kept in a temperature and humidity controlled environment with a
12-hour light / dark cycle (lights on at 7 am). Mice were housed in groups of 2 to 5 animals
and underwent intraperitoneal (i.p.) injections between 2 pm and 7 pm in their home cage
with cocaine (15 mg / kg; Sigma), MK-801 (0.1 mg / kg; Tocris), or clozapine-N-oxide
(CNO) (0.5 mg / kg; Sigma), dissolved in 0.9% saline. All experiments followed guidelines
established by the New York University animal welfare committee.

Virus injections

Stereotaxic injections were performed on P10 mice, which were anaesthetized with
ketamine (40 mg / kg) and xylazine (5 mg / kg) administered intraperitoneally (i.p.). A
single incision was made along the midline to reveal the skull before mounting on a
stereotaxic apparatus. The head was leveled and injection coordinates determined relative to
bregma (Medial / Lateral, Dorsal / Ventral, Rostral / Caudal; BLA: +3.0, —4.8, -1.4, VH:
+2.8, -4.6, -3.1, PFC: +0.3, -2.3, +1.7). Long-shaft borosilicate pipettes with a tip diameter
of 5 to 10 um were backfilled with 0.8 pl of AAV9-CAG-hChR2-mCherry (titer = 7 x 1012
GC / ml, UPenn Vector Core), AAV8-CaMKIlla-HA-hM4D-IRES-mCitrine (titer = 4 x 1012
GC / ml, UNC Vector Core), or AAV8-CaMKIla-EGFP (titer = 4 x 1012 GC / ml, UNC
Vector Core). A small hole was created in the skull over the injection site using a fine
needle, and ten 14 nl measures of virus were injected over the course of 10 min, for a total
volume of approximately 140 nl. The pipette was left in place for an additional 10 min to
minimize diffusion and then slowly removed. The wound was sutured and sealed, and mice
recovered for ~30 min on a heat pad before returning to their home cage. Expression
occurred in the injected brain region for approximately two weeks until preparation of acute
slices for physiology experiments. The locations of injection sites were verified before each
recording session. For physiology and imaging experiments in Fig. 6, 7 and Supplementary
Fig. 10, GFP expression was used as a control for hM4D expression. For behavioral
experiments in Fig. 6 and Supplementary Fig. 8 and 10, control mice underwent a sham
surgery in which no virus was injected.

Slice preparation

Medium spiny neurons (MSNSs) were studied in acute coronal slices of the Nucleus
Accumbens (NAc) medial shell. Mice were anaesthetized with a lethal dose of ketamine and
xylazine, and perfused intra-cardially with ice-cold external solution containing (in mM): 65
sucrose, 75 NaCl, 25 NaHCO3, 1.25 NaH,POy, 25 glucose, 2.5 KCI, 1 CaCl,, 5 MgCl,, 0.4
Na-ascorbate, and 3 Na-pyruvate, bubbled with 95% O, / 5% CO,. Coronal slices (300 ym
thick) were cut in this solution, and then transferred to ACSF containing (in mM): 119 NaCl,
25 NaHCOg3, 1.25 NaH,POy, 21 glucose, 2.5 KCI, 2 CaCly, 1 MgCl,, 0.4 Na-ascorbate, and
3 Na-pyruvate, bubbled with 95% O, / 5% CO,. After 30 min at 35°C, slices were stored for
30 min at 24°C. All experiments were conducted at room temperature (22 — 24°C), with 10
UM D-serine and 10 UM gabazine present to prevent NMDA-R desensitization and block
GABAA-Rs, respectively. For two-photon mapping experiments, the ASCF also contained 1
UM TTX, 100 uM 4-AP and 4 mM calcium to block action potentials, increase presynaptic
depolarization, and enhance release probability, respectively33:37:51 For experiments in Fig.
3, extracellular calcium was replaced with 2 mM strontium. All chemicals were from Sigma
or Tocris.
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Electrophysiology

Whole-cell recordings were made from red-only D1-MSNs and green-only D2-MSNs,
which were identified by their fluorescent cell bodies and targeted with IR-DIC, as
previously described33. For sequential recordings from D1-MSNs and D2-MSNSs, neurons
were identified within a single field of view at the same depth. The recording order was
alternated to avoid any potential complications that could be associated with rundown.
Borosilicate recording pipettes (2 to 3 M) were filled with (in mM): 135 Cs-gluconate, 10
HEPES, 10 Na-phosphocreatine, 4 Mg,-ATP, and 0.4 NaGTP (290 to 295 mOsm, pH 7.35
with CsOH). The internal solution also contained 10 mM TEA and 2 mM QX-314 to block
potassium and sodium channels, respectively. For two-photon mapping experiments, the
internal solution also contained 30 uM Alexa Fluor 594 to view morphology and 1 mM
Fluo-4FF to monitor calcium. The concentration of Fluo-4FF was chosen to maximize the
ability to detect synaptic calcium signals, which were sometimes outside the linear range of
the indicator®2. Neurons were filled via the patch pipette for at least 15 min before
commencing imaging. Recordings were made using a Multiclamp 700B amplifier, with
electrical signals filtered at 2 kHz and sampled at 10 kHz.

Optogenetics

Two-photon

Presynaptic glutamate release was triggered by illuminating ChR2 in the presynaptic
terminals of different long-range excitatory inputs in the NAc, as previously described33.
For whole-cell experiments, wide-field illumination was achieved with a 1 ms pulse of blue
light from an LED centered at 473 nm (ThorLabs). Light intensity was measured as 4 to 7
mW at the back aperture of the objective and was constant between all cell pairs. For
experiments in Fig. 2, 3, 5 and 6, light intensity was adjusted for each pair to achieve robust
responses, which precluded post-hoc omnibus testing. For two-photon mapping
experiments, focused illumination was achieved with a 3 ms pulse of blue light from a 473
nm laser, as previously described33. The power of the laser was always set to 3 mW at the
back aperture of the objective, which minimized photo-damage while maximizing ChR2
activation. The spot size of the laser was ~30 um, which allowed for local excitation while
avoiding stimulation of areas that were outside the imaging window. For PPR experiments
in Supplementary Fig. 4, focused laser illumination was used to activate distant axons, in
order to minimize any artifacts caused by direct presynaptic depolarization3.

microscopy

Two-photon imaging, mapping and uncaging was performed with a custom microscope, as
previously described>3. For two-photon imaging, 810 nm light from a Ti:Sapphire laser was
used to excite Fluo-4FF (green = G) and Alexa Fluor 594 (red = R). Synaptic calcium
signals were quantified as changes in green to red fluorescence (AG/R), normalized to
maximal green to red fluorescence (Gsa/R), giving final measurements in units of AG/
Gsa22. Reference frame-scans were taken between each acquisition in order to correct for
small spatial drift of the preparation. Baseline fluorescence was monitored and recordings
were discarded if any increase was detected, which could indicate photo-damage. At the end
of each recording, a high-resolution stack of the entire neuron and sampled dendrites was
taken for reconstruction of dendrite and spine morphology.
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Two-photon mapping was accomplished by combining two-photon imaging and
optogenetics, as previously described33:37:38, Within a given dendritic segment, active
spines were identified using 8 Hz frame-scans at 12.8 pm x 6.4 um. Each trial consisted of 7
baseline frame scans before a brief flash of focused 473 nm light, followed by 3 additional
frame scans to detect synaptic calcium signals. Synaptic responses were identified online
after each of ten trials, using custom software written in MATLAB (MathWorks). For each
segment, a high-resolution stack (x = 0.13 ym, y = 0.13 pm, z = 0.2 pm per voxel) of the
field of view was acquired for morphological analysis.

For two-photon uncaging, MNI-glutamate was bath applied at 2.5 mM, and glutamate was
photo-released using a brief (1 ms) pulse of 725 nm light from a Ti:Sapphire laser to the
microscope, as previously described®3. Uncaging location was at the tip of the spine head, in
a line directly perpendicular to the axis of the dendrite. Uncaging was restricted to the top 30
um of the slice, minimizing any depth effects on the uncaging power.

Spine morphology analysis

Histology

High-resolution three-dimensional reconstructions were generated and analyzed using
NeuronStudio®3, as previously described33. Spine size was quantified as head volume and
calculated using a rayburst algorithm®4. Images were deconvolved prior to head volume
measurements using custom routines written in MATLAB (MathWorks).

Mice were deeply anaesthetized with ketamine and xylazine, as described above. Brains
were removed, transferred to a solution containing 4% paraformaldehyde in 0.01 M
phosphate-buffered saline (PBS), and fixed for 24 to 48 hours at 4°C. 70 um coronal
sections were prepared using a Leica VT 1000S vibratome, placed on gelatin-coated
microscope slides, and sealed under glass coverslips using ProLong Gold antifade reagent
with DAPI mounting media (Invitrogen). For immunofluorescence staining, slices were
blocked in 1% BSA and 0.4% Triton X-100 in PBS for 1 hr before being incubated
overnight at 4°C with an anti-HA antibody (Cell Signaling, C29F4, 1:250) in block
solution®, Slices were then washed 3 times in PBS and incubated for 1 hour at room
temperature in Alexa Fluor 594 or Alexa Fluor 647 conjugated secondary antibody
(Molecular Probes) in block solution. Slices were washed 3 times in PBS and then mounted
as above. Images were acquired with a Leica SP5 upright confocal microscope using a 40x /
1.25NA oil-immersion objective, or with an Olympus VS120 slide scanner using a 10x /
0.25NA objective. Excitation wavelengths were 405 nm, 488 nm, 561 nm and 633 nm for
DAPI, mCitrine, mCherry / Alexa Fluor 594 and Alexa Fluor 647, respectively.

Animal behavior

Behavioral analysis was carried out in a Phenotyper test apparatus (Noldus), which consisted
of a 30 cm x 30 cm chamber. All behavioral testing was done between 3pm and 7pm in the
light phase of the light cycle. Before testing, mice were handled and habituated to the test
apparatus for 2 days. On test day, mice were placed in the test chamber and locomotion was
monitored automatically with a digital camera using EthoVision software (Noldus). After 15
minutes habituation to the chamber, mice were given an injection of saline or cocaine (15
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mg / kg) and locomotion was then monitored for the 20 minutes immediately after the
injection. Analysis was carried out on automatically tracked trajectories calculated using a
thresholding method, and plotted as the distance traveled in the 10 minutes immediately
after the injection of cocaine.

Data acquisition and analysis

Two-photon imaging and physiology data were acquired using National Instruments boards
and custom software written in MATLAB (MathWorks). Offline analysis was performed
using custom routines written in Igor Pro (WaveMetrics). The amplitudes of EPSCs are
averages over a 2 ms time window around the peak. Identification of mEPSCs and qEPSCs
was accomplished using the NeuroMatic plugin for Igor Pro. For this analysis, events were
identified within a 50 to 500 ms window after the stimulus, andthe minimal threshold was
setto 5 pA.

For each cage, treatment was randomly assigned (e.g., saline vs. cocaine). Where possible,
comparisons were made between littermates. In all cases, the experimenter was aware of the
conditions being tested, except for the behavioral experiments in Fig. 6 and Supplementary
Fig. 8 and 10, in which the experimenter was blind to the manipulation.

Summary data are reported throughout the text and figures as the mean £ SEM. Physiology
and imaging data were assessed using a two-way ANOVA followed by Tukey’s post-hoc
test for multiple comparisons, or a two-sided t-test for paired data. Normality and equal
variance were assumed, but not formally tested. Summary comparisons were made using a
two-sided Mann-Whitney test, as this is more robust for ratiometric data. Significance was
defined as p < 0.05 (*). No statistical test was run to determine sample size a priori. The
sample sizes we chose are similar to those used in previous publications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Repeated cocaine enhances excitatory connectivity
a. Schematic of experimental protocol. Cocaine or saline was injected once a day for 5 days.

On day 8, animals either received a cocaine challenge to monitor behavioral sensitization
(b), or slices were prepared to study the impact on NAc circuitry (c — i). Note that no
cocaine challenge was given to animals used for electrophysiology.

b. (Left) Locomotion of saline (top) or cocaine (bottom) mice, measured for 10 min
immediately after a cocaine challenge on day 8. Scale bar = 5 cm. (Right) Summary of
distance traveled by saline (s) and cocaine (c) mice after the cocaine challenge. Note that
mice with previous exposure to cocaine show more pronounced locomotion (U =14, p =
0.006, Mann-Whitney; n = 11 (s), 9 (c) mice).

c. (Left) Coronal slice from a D1-tdTomato™/~ / D2-EGFP*/~ mouse, showing D1- (white)
and D2- (red) MSNs. Boxed region in NAc medial shell is magnified. Note the easily
identifiable cell bodies. Scale bar = 500 um. (Right) Two-photon images of D1- (top) and
D2- (bottom) MSN's filled via the patch pipette with Alexa Fluor 594. Scale bar = 20 um.
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d. mEPSCs at neighboring D1- (top) and D2- (bottom) MSNs from mice treated with saline
(left) or cocaine (right). Scale bars = 10 pA, 200 ms.

e. Summary of mEPSC frequency at D1- and D2-MSNs from saline (s) and cocaine (c)
mice. Raw data is shown on the left, and the ratio of mEPSC frequency at pairs of
neighboring D1- and D2-MSNs is shown on the right. Note that ratios are plotted on a log
axis. Cocaine increases the frequency of mEPSCs at D1-MSNSs, thereby increasing the
D1/D2 ratio (interaction between drug and cell-type, F1 g4) = 5.7, p = 0.02, two-way
ANOVA,; D1-cocaine p < 0.05 compared to D1-saline and D2-cocaine, Tukey’s post-hoc
test; D1/D2 ratio: U = 75, p = 0.02, Mann-Whitney; n = 16 (s), 18 (c) pairs).

f. Summary of mMEPSC amplitude at D1- and D2-MSNs from saline (s) and cocaine (c) mice.
Note that cocaine does not alter the amplitude of mEPSCs at D1- or D2-MSNs (no
significant effects, two-way ANOVA; D1/D2 ratio: U = 133, p = 0.72, Mann-Whitney).

g. Two-photon images of dendrites and spines at D1- (top) and D2- (bottom) MSNs from
saline (left) or cocaine (right) mice. Scale bar = 2 um.

h. Summary of spine density at D1- and D2-MSNs in saline (s) and cocaine (c) mice. Raw
data is shown on the left, while the ratio of spine density at pairs of neighboring D1- and
D2-MSNs is shown on the right. Cocaine increases the spine density at D1-MSNs, thereby
increasing the D1/D2 ratio (interaction between drug and cell type, F(1 46) = 12.1, p = 0.001,
two-way ANOVA,; D1-cocaine p < 0.05 compared to D1-saline and D2-cocaine, Tukey’s
post-hoc test; D1/D2 ratio: U = 14, p < 0.001, Mann-Whitney; n = 13 (s), 12 (c) pairs).

i. Summary of spine volume at D1- and D2-MSNs in saline (s) and cocaine (c) mice. Note
that cocaine does not alter the spine volume at D1- or D2-MSNs (no significant effects, two-
way ANOVA; D1/D2 ratio: U = 58, p = 0.29, Mann-Whitney).

Bar graphs show mean + SEM. * denotes p < 0.05.
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Figure 2. Synaptic plasticity is cell-type and input-specific

a. (Top) Schematic of AAV9-CAG-hChR2-mCherry injection into the basolateral amygdala
(BLA, purple) and projection to the NAc. (Bottom) Coronal section of the NAc medial shell
(dotted outline), showing distribution of BLA afferents. Scale bar = 100 pum.

b. Light-evoked BLA EPSCs at D1-MSNs (mean in black, error in grey) and D2-MSNs
(mean in red, error in pink) on day 8 from animals injected with saline (left) or cocaine
(right) on days 1 to 5. EPSCs at D1-MSNs are scaled to those at neighboring D2-MSNSs.
Scale bar = unity, 20 ms.

c. (Left) Summary of BLA EPSCs at D1- and D2-MSNs in saline (top) and cocaine (bottom)
mice. (Right) Summary of D1/D2 ratio of BLA EPSCs. Note that cocaine biases BLA
EPSCs towards D1-MSNs, thereby increasing the D1/D2 ratio (D1/D2 ratio: U =11, p =
0.002, Mann-Whitney; n = 10 (s), 10 (c) pairs).

d - f. Similar to (a — c) for ventral hippocampus inputs (VH, blue). Note that cocaine
normalizes VH EPSCs at D1- and D2-MSNs, thereby reducing the D1/D2 ratio (D1/D2
ratio: U = 25, p 0.02, Mann-Whitney; n = 11 (s), 11 (c) pairs).

Bar graphs show mean + SEM. * denotes p < 0.05.
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Figure 3. Changes to the number and strength of connections
a. (Top) Light-evoked basolateral amygdala (BLA) qEPSCs recorded in the presence of

strontium. Blue arrow indicates light pulse. Asterisks indicate gEPSCs. (Bottom) Raster plot
showing qEPSCs detected on individual trials. Scale bar = 30 pA, 100 ms.

b. Overlay of individual (grey) and average (black) onset-aligned gEPSCs from example in
(a). Scale bar = 10 pA, 2 ms.

¢. Histogram of gEPSC frequency (left) and amplitude (right) from example in (a).

d. (Left) Summary of the frequency of BLA qEPSCs at D1- and D2-MSNs in saline (s) or
cocaine (c) mice. (Right) Summary of D1/D2 ratio of BLA qEPSC frequency. Note that
cocaine increases BLA qEPSC frequency at D1-MSNs (t7y = 2.9, p = 0.02, paired t-test;
D1/D2 ratio: U = 16, p = 0.03, Mann-Whitney; n = 10 (s), 8 (c) pairs).

e. (Left) Summary of the amplitude of BLA qEPSCs at D1- and D2-MSNs in saline (s) or
cocaine (c) mice. (Right) Summary of D1/D2 ratio of BLA qEPSC amplitude. Note that
cocaine has no effect on BLA qEPSC amplitude (no significant effects, two-way ANOVA;
D1/D2 ratio: U = 25, p = 0.2, Mann-Whitney).
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f, g. Similar to (d, e) for ventral hippocampus inputs (VH). Note that cocaine has no impact
on the frequency of VH qEPSCs (D1/D2 ratio: U = 21, p = 0.53, Mann-Whitney; n =9 (s), 6
(c) pairs), but reduces their amplitude at D1-MSNs (interaction between drug and cell type,
F(1,26) = 162.7, p < 0.001; D1-saline p < 0.05 compared to D1-cocaine and D2-saline,
Tukey’s post-hoc test; D1/D2 ratio: U = 2, p = 0.002, Mann-Whitney).

Bar graphs show mean + SEM. * denotes p < 0.05.
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Figure 4. Alterations to structural connections at dendritic spines
a. Two-photon image of MSN filled with Alexa Fluor 594 and Fluo-4FF via the patch

pipette, showing dendrites and spines.

b. Boxed areas in (a) are enlarged to show before (top) and after (bottom) light stimulation
of ChR2-expressing VH inputs. Synaptic connections are detected by calcium signals
(green) at individual dendritic spines. Scale bars = 20 um and 2 pym.

c. (Left) Summary of density of BLA synapses at D1- and D2-MSNs in saline (s) or cocaine
(c) mice. (Right) Summary of D1/D2 ratio of BLA synapse density. Cocaine increases BLA
synapse density at D1-MSNs (interaction between drug and cell type, F(; 18y = 10.0, p =
0.005, two-way ANOVA,; D1-cocaine p < 0.05 compared to D1-saline and D2-cocaine,
Tukey’s post-hoc test; D1/D1ratio: U = 2, p = 0.02, Mann-Whitney; n = 6 (s), 5(c) pairs).
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d. (Left) Summary of volume of spines contacted by BLA inputs at D1- and D2-MSNs in
saline (s) or cocaine (c) mice. (Right) Summary of D1/D2 ratio of BLA spine volume. Note
that cocaine does not alter BLA spine volume (no significant effects, two-way ANOVA,;
D1/D2 ratio: U = 13, p = 0.79, Mann-Whitney).

e, f. Similar to (c, d) for VH inputs. Note that cocaine has no effect on VH synapse density
(no significant effects, two-way ANOVA; D1/D2 ratio: U = 8, p = 0.41, Mann-Whitney; n =
5 (s), 5 (c) pairs), but decreases VH spine volume at D1-MSNs (interaction between drug
and cell type, F(1 99y = 11.1, p = 0.001, two-way ANOVA; D1-saline p < 0.05 compared to
D1-cocaine and D2-saline, Tukey’s post-hoc test; D1/D2 ratio: U = 1, p = 0.02, Mann-
Whitney).

Bar graphs show mean + SEM. * denotes p < 0.05.
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Figure 5. Synaptic reorganization depends on NMDA-Rs
a. Schematic of experimental protocol. Mice were pretreated with MK-801 or saline 30 min

before each cocaine injection on days 1 to 5, followed by either a cocaine challenge on day 8
to monitor behavioral sensitization (b), or electrophysiology on day 8 without a cocaine
challenge to assess synaptic connectivity (c — f).

b. (Left) Locomotion of saline- (top) or MK-801- (bottom) pretreated mice, measured for 10
min immediately after a cocaine challenge on day 8. Scale bar = 5 cm. (Right) Summary of
distance traveled by saline- (s) and MK-801- (m) pretreated mice after the cocaine
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challenge. Dashed line indicates saline control. Note that MK-801 abolishes behavioral
sensitization (U = 10, p = 0.01, Mann-Whitney; n = 8 (s), 9 (m) mice).

c. (Top) Schematic of AAV-hChR2-mCherry injection in basolateral amygdala (BLA,
purple) and projections to the NAc. (Bottom) Light-evoked BLA EPSCs at D1- (black) and
D2- (red) MSNs from saline- (left) and MK-801- (right) pretreated mice. BLA EPSCs at D1-
MSNSs are scaled to neighboring D2-MSNs. Scale bar = unity, 20 ms.

d. (Left) Summary of BLA EPSCs at D1- (top) and D2- (bottom) MSNs in saline- (s) and
MK-801- (m) pretreated mice. (Right) Summary of D1/D2 ratio of BLA EPSCs. Note that
MK-801 prevents the biasing of BLA EPSCs onto D1-MSNs (D1/D2 ratio: U =34, p =
0.02, Mann-Whitney; n = 12 (s), 13 (m) pairs).

e, f. Similar to (c, d) for ventral hippocampus inputs (VH). Note that MK-801 also prevents
the normalization of VH EPSCs at D1- and D2-MSNs (D1/D2 ratio: U = 25, p = 0.01,
Mann-Whitney; n = 13 (s), 11 (m) pairs).

Bar graphs show mean + SEM. * denotes p < 0.05.
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Figure 6. Enhancement of BLA inputs depends on BLA activity
a. Schematic of experimental protocol. (Top) Mice were injected with AAVSs to bilaterally

express hM4D in the basolateral amygdala (BLA). (Bottom) Two weeks later, mice were
pretreated with CNO 30 min before each cocaine injection on days 1 to 5, followed by a
cocaine challenge on day 8 to monitor behavioral sensitization (b), or electrophysiology on
day 8 without a cocaine challenge to assess synaptic connectivity (c — f).

b. (Left) Locomotion of control (top) or hM4D-expressing (bottom) mice, measured for 10
min immediately after a cocaine challenge on day 8. Scale bar = 5 cm. (Right) Summary of
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distance traveled by control or hM4D-expressing mice after the cocaine challenge. Dashed
line indicates saline control. Note that inhibiting BLA activity abolishes behavioral
sensitization (U = 6, p = 0.02 Mann-Whitney; n = 8 (Ctrl), 6 (hM4D) mice).

c. (Top) Schematic of AAV injection to express hM4D or control GFP bilaterally in the
BLA, and ChR2 unilaterally in the BLA. (Bottom) Light-evoked BLA EPSCs at D1- (black)
and D2- (red) MSNs from control (left) and hM4D-expressing (right) mice. EPSCs at D1-
MSNSs are scaled to neighboring D2-MSNs. Scale bar = unity, 20 ms.

d. (Left) Summary of BLA EPSCs at D1- (top) and D2- (bottom) MSNs in control (top) and
hM4D-expressing (bottom) mice. (Right) Summary of D1/D2 ratio of BLA EPSCs. Note
that inhibiting BLA activity prevents the biasing of BLA EPSCs onto D1-MSNs (D1/D2
ratio: U = 32, p = 0.01, Mann-Whitney; n = 11 (Ctrl), 14 (hM4D) pairs).

e, f. Similar to (c, d), with hM4D or control GFP expressed bilaterally in the BLA, and
ChR2 expressed unilaterally in the ventral hippocampus (VH). Note that inhibiting BLA
activity does not reverse the normalization of VH EPSCs at D1- and D2-MSNs (D1/D2
ratio: U = 53, p = 0.92, Mann-Whitney; n = 10 (Ctrl), 11 (hM4D) pairs).

Bar graphs show mean + SEM. * denotes p < 0.05.
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Figure 7. Enhanced connectivity reflects BLA innervation
Mice were injected with AAVs to express hM4D or control GFP bilaterally in the

basolateral amygdala (BLA). Two weeks later, mice were pretreated with CNO 30 min
before each cocaine injection on days 1 to 5, followed by electrophysiology on day 8
without cocaine challenge.

a. mEPSCs from neighboring D1- (top) and D2- (bottom) MSNSs in control (left) or hM4D-
expressing (right) mice. Scale bar = 10 pA, 200 ms.

b. Summary of mEPSC frequency at D1- and D2-MSNs in control and hM4D-expressing
mice. Note that inhibiting BLA activity blocks the cocaine-induced increase in mEPSC
frequency at D1-MSNs (interaction between treatment and cell type, F(; 48) = 5.7, p = 0.02,
two-way ANOVA,; D1-control p < 0.05 compared to D1-hM4D and D2-control, Tukey’s
post-hoc test; D1/D2 ratio: U = 41, p = 0.04, Mann-Whitney; n = 16 (Ctrl), 10 (hM4D)
pairs).
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c. Summary of mEPSC amplitude at D1- and D2-MSNs in control and hM4D-expressing
mice. Note no difference in mEPSC amplitude across conditions (no significant effects, two-
way ANOVA; D1/D2 ratio: U = 58, p = 0.26, Mann-Whitney).

d. Two-photon images of dendrites and spines at neighboring D1- (top) and D2- (bottom)
MSNSs in control (left) or hM4D-expressing (right) mice. Scale bar = 2 ym.

e. Summary of spine density at D1- and D2-MSNs in control and hM4D-expressing mice.
Note that inhibiting BLA activity blocks the cocaine-induced increase in spine density at
D1-MSNss (interaction between treatment and cell type, F(; 28) = 23.4, p < 0.001, two-way
ANOVA,; D1-control p < 0.05 compared to D1-hM4D and D2-control, Tukey’s post-hoc
test; D1/D2 ratio: U = 1, p < 0.001, Mann-Whitney; n = 7 (Ctrl), 9 (hM4D) pairs).

f. Summary of spine volume at D1- and D2-MSNs in control and hM4D-expressing mice.
Note no difference in spine volume across conditions (no significant effects, two-way
ANOVA,; D1/D2 ratio: U = 21, p = 0.3, Mann-Whitney).

Bar graphs show mean + SEM. * denotes p < 0.05.
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