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Signaling through N-methyl-p-aspartate-type glutamate receptors
(NMDARs) is essential for the development of behavioral sensitiza-
tion to psychostimulants such as amphetamine (AMPH). However,
the cell type and brain region in which NMDAR signaling is required
for AMPH sensitization remain unresolved. Here we use selective
inactivation of Grin1, the gene encoding the essential NR1 subunit
of NMDARs, in dopamine neurons or their medium spiny neuron
(MSN) targets, to address this issue. We show that NMDAR signal-
ing in dopamine neurons is not required for behavioral sensitiza-
tion to AMPH. Conversely, removing NMDARs from MSNs that
express the dopamine D1 receptor (D1R) significantly attenuated
AMPH sensitization, and conditional, virus-mediated restoration
of NR1 in D1R neurons in the nucleus accumbens (NAc) of these
animals rescued sensitization. Interestingly, sensitization could also
be restored by virus-mediated inactivation of NR1 in all remaining
neurons in the NAc of animals lacking NMDARs on D1R neurons, or
by removing NMDARs from all MSNs. Taken together, these data
indicate that unbalanced loss of NMDAR signaling in D1R MSNs alone
prevents AMPH sensitization, whereas a balanced loss of NMDARs
from both D1R and dopamine D2 receptor-expressing (D2R) MSNs is
permissive for sensitization.

In rodents, repeated amphetamine (AMPH) treatment results
in locomotor sensitization, which persists even after long peri-
ods of withdrawal. Although sensitization is not a measure of
addiction, it is a stable alteration of behavior that has been as-
sociated with addictive behaviors (1). The mechanism by which
repeated psychostimulant treatment leads to a sensitized loco-
motor response remains incompletely understood. However, it
has been proposed that stable alterations in the nucleus accum-
bens (NAc) are involved (1). Consistent with this hypothesis,
a large number of adaptations are observed in the NAc after
repeated psychostimulant treatment. These changes include in-
creased dopamine and glutamate release into the NAc upon
subsequent stimulant treatment (2, 3), increased dopamine D1
receptor (D1R) sensitivity (4), and changes in synaptic strength
onto NAc medium spiny neurons (MSNs) (5, 6). In addition to
the changes that occur in the NAc, there is an N-methyl-D-
aspartate—type glutamate receptor (NMDAR)-dependent po-
tentiation of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor currents in dopamine neurons in response
to psychostimulants (7).

Glutamate signaling through NMDARS is required for the
development of AMPH sensitization. Systemic NMDAR antag-
onism before AMPH treatment prevents sensitization (8).
NMDAR antagonists delivered directly to the ventral tegmental
area (VTA) block a sensitized response to subsequent AMPH
challenge, whereas NMDAR antagonism in the NAc has no ef-
fect on AMPH sensitization (9).

Genetic inactivation of functional NMDARs in specific neu-
ronal populations in mice by Cre-mediated recombination of the
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gene encoding the essential NR1 subunit of the NMDAR, Grinl, is
another approach to studying the role of these receptors in sensi-
tization. This approach was used to study the role of NMDARSs on
dopamine neurons in cocaine sensitization (10, 11), and revealed
that NMDAR signaling in dopamine neurons was not necessary
for sensitization. In contrast, NMDAR antagonists delivered
to the VTA prevent cocaine sensitization (12). These disparate
results have been recently reconciled by the observation that an
NMDAR antagonist injected into the VTA of mice lacking
NMDARSs on dopamine neurons still blocks cocaine sensitiza-
tion (13). Thus, NMDARs on nondopamine neurons of the VTA
appear to be the critical substrate for cocaine sensitization in this
brain region.

Although, to date, no genetic models lacking NMDARs in
MSNs have been tested for their ability to sensitize to psychos-
timulants, it appears that activity of D1R- and D2R-expressing
neurons may have opposing effects in mediating cocaine-induced
locomotion and sensitization (14-16). These studies are gener-
ally consistent with the model that activity of direct-pathway
MSNs (D1R-expressing) stimulates locomotion, whereas activity
of indirect pathway MSNs (D2R-expressing) inhibits locomotion
(17). In addition to evidence that D1R and D2R neurons have
antagonistic effects in psychostimulant sensitization, a growing
body of work suggests that convergence of NMDAR and D1R
signaling are required to mediate changes associated with re-
peated psychostimulant treatment (4, 18-20). These data led us
to hypothesize that inactivating NMDARs specifically on DIR
neurons, while leaving those on D2R neurons intact, might re-
veal a role for NMDAR signaling in the NAc in AMPH sensi-
tization. We report that inactivation of NMDAR signaling on
D1R-expressing MSNs prevents sensitization, whereas inacti-
vation of NMDARs in both MSN populations is permissive for
AMPH sensitization.

Results

NMDAR Signaling in Dopamine Neurons Is Not Required for Behav-
ioral Sensitization to AMPH. It has been reported that NMDARS in
the VTA are required for AMPH sensitization (9), but the cell
types involved are unknown. To determine whether NMDARSs
on dopamine neurons are required for AMPH sensitization, we
used animals that lack NR1 specifically in these cells. Mice with
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a floxed Grinl locus (Grinl"*) were crossed to animals in
which Cre recombinase expression is driven by the endogenous
dopamine transporter locus (Slc6a3“™/*;Grinl*'*) to generate
knockout mice with the genotype Slc6a3"“*;Grinl*"** (DAT:
NR1 knockouts) and controls with the genotype Slc6a3<"/*;
Grinl* (DAT:NRI1 controls) (10). We tested the development
of AMPH sensitization in these animals by monitoring their lo-
comotion in activity chambers after AMPH (2.5 mg/kg) admin-
istration for 5 consecutive days. This dose is in the range used in
AMPH sensitization paradigms in mice (21-23), and was chosen
because it resulted in a robust acute locomotor response (4.4-
fold increase compared with saline) across all control groups, as
well as profound locomotor sensitization (4.8-fold increase in
locomotion on AMPH treatment day 5 versus day 1) among all
control groups. The long-term maintenance of a sensitized re-
sponse was tested by challenge injections at 3 d of withdrawal (3
DW) and 21 DW (Fig. 14). DAT:NR1 knockouts and DAT:NRI1
controls developed comparable locomotor sensitization to
AMPH, which was maintained at both withdrawal time points
(Fig. 1B; all statistics are reported in figure legends). This finding
suggests that NMDAR signaling in dopamine neurons is not
required for AMPH sensitization.

Inactivating NMDAR Signaling Specifically in D1R-Expressing Neurons
Impairs AMPH Sensitization and Conditioned Place Preference. Due
to evidence that convergent D1IR and NMDAR signaling are
required for long-term cellular and behavioral adaptations to
repeated AMPH (4, 18-20), and studies supporting opposing
roles for activity in DIR- and D2R-expressing MSNs in AMPH
sensitization (14-16), we hypothesized that NMDARs on D1R
neurons are required for AMPH sensitization. To test this hy-
pothesis, we selectively removed NR1 from D1R-expressing neu-
rons. Mice with a floxed Grinl locus (Grinl'*"**) were crossed
to animals with Cre recombinase knocked into the DIR locus
(Drd1a““'*) to generate knockout mice with the genotype
Drd1a“**;Grin1*™* (DIR:NR1 knockout mice) and controls
with the genotype Drd1a“"*'*;Grin1'* (D1R:NR1 control mice).

As reported previously, D1R-Cre is expressed in the dorsal
striatum and NAc, which are the predominant sites of DIR ex-
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Fig. 1. NMDARs on dopamine neurons are not required for AMPH sensiti-
zation. (A) AMPH sensitization paradigm. On all days, animals were injected
i.p. after 90-min habituation in locomotion chambers, and locomotion was
measured for 90 min after injection. (B) Cumulative 90-min locomotor re-
sponse to AMPH in DAT:NR1 control (n = 13) and DAT:NR1 knockout (n = 13)
mice across days. DW, days of withdrawal. Two-way, repeated-measures
ANOVA: genotype effect, F(1, 24) = 0.01, P = 0.90; day effect, F(6, 144) =
14.41, P = 0.01; genotype x day effect, F(6, 144) = 0.79, P = 0.58.

Beutler et al.

pression in adult animals (24). Consistent with another model
lacking NMDAR signaling in striatal D1R-expressing neurons
(19), these knockout mice exhibited normal 24-h locomotion (Fig.
2A4). To confirm a lack of functional NMDAR signaling in DIR
Cre-positive striatal neurons of D1R:NR1 knockout mice, control
and knockout animals carrying a conditional, Cre-activated
TdTomato reporter (mouse line Ail4) were generated (25).
Whole-cell, voltage-clamp recordings from red-fluorescing cells in
knockout and control mice were obtained from brain slices
through the ventral striatum. Application of the NMDAR antag-
onist D-(-)-2-amino-5-phosphonopentanoic acid (APV) signifi-
cantly attenuated excitatory postsynaptic currents (EPSCs) in
control mice relative to knockout mice (inhibition in controls:
66.9% =+ 6.3% vs. knockout: 15.2% + 9.4%; P < 0.01 by unpaired ¢
test; Fig. 2B). Six of seven knockout cells were completely un-
responsive to APV, but one neuron had an intact APV-sensitive
component of the EPSC.

The acute AMPH response in D1R:NR1 knockout mice was
intact (fold increase in locomotion on AMPH relative to saline in
controls: 4.9 + 1.8 vs. knockout: 3.9 + 1.1; P = 0.60 by unpaired
t test). However, the ability of D1R:NR1 knockout mice to un-
dergo AMPH sensitization was impaired compared with controls
(Fig. 2C). To explore whether the failure to sensitize observed in
D1R:NR1 knockout mice was due to an inability to achieve lo-
comotion comparable to control animals, we treated both groups
of animals with the NMDAR antagonist MK-801, a drug known
to induce locomotion via a dopamine-independent mechanism
(26). D1R:NR1 knockout mice showed a robust locomotor re-
sponse to MK-801 [distance traveled in 90 min after 0.5 mg/kg
MK-801 by D1R:NR1 control mice: 8,647 + 961.6 cm (n = 11);
knockout mice: 16,344 + 3,884 cm (n = 11); P = 0.07 by un-
paired ¢ test]. Thus, the failure to manifest sensitization as ro-
bustly as control animals is not due to impaired locomotor
ability. Moreover, the locomotor response to MK-801 does not
depend upon NMDAR antagonism of cells expressing DIR.
Finally, we measured conditioned place preference (CPP), an-
other conditioned behavioral response to AMPH. After 1 d of
AMPH pairing (1.5 mg/kg), DIR:NRI1 control animals showed
a significant preference for the AMPH-paired context, whereas
D1R:NR1 knockout mice failed to do so (Fig. 2D).

Restoration of NMDAR Signaling to D1R-Expressing Neurons in the
NAc Is Sufficient to Rescue Sensitization. D1R:NR1 knockout mice
lack NMDARSs in several brain regions; therefore, the anatom-
ical location of the NMDARs on D1R-expressing cells required
for AMPH sensitization is not discernable. Because a variety of
long-lasting changes associated with sensitization are observed in
the NAc (6, 27, 28), we hypothesized that restoring NMDAR
signaling to this brain region in D1R:NR1 knockout mice might
be sufficient to rescue AMPH sensitization in these animals. To
address this hypothesis, we used a conditional virus-mediated
restoration approach. An adeno-associated virus containing
a cDNA cassette of rat NR1 with a floxed-stop cassette followed
by an HA tag inserted after amino acid 31 (AAV1-fsNR1) was
generated (Fig. 34). A Western blot against HA confirmed that
full-length NR1 was expressed in the NAc of virus-injected ani-
mals in a Cre-dependent manner (Fig. 3B).

To test whether restoration of NMDAR signaling to the NAc
would be sufficient to rescue sensitization in D1R:NR1 knockout
mice, AAV1-fsNR1 was bilaterally injected into the NAc of naive
D1R:NR1 knockout and control mice. Subsequently, both groups
of animals were subjected to our AMPH sensitization protocol.
AAV1-fsNR1 injection into the NAc completely restored AMPH
sensitization to D1R:NR1 knockout mice (Fig. 3C).

Following completion of behavioral analysis, NR1 reexpression
and proper viral targeting were assessed by HA immunostaining
(Fig. 3D). These data indicate that NMDAR signaling in D1R-
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Fig. 2. Removing NMDARs from D1R-expressing neurons
impairs AMPH sensitization. (A) Baseline locomotion in D1R:
NR1 control and knockout mice; novelty response (distance
traveled in 60 min in a novel environment by D1R:NR1 control
mice: 230 + 80 cm vs. D1R:NR1 knockout mice: 200 + 60 cm),

P = 0.74; light cycle, P = 0.22; dark cycle, P = 0.45 by unpaired
t tests. (B) Representative traces of NMDAR and AMPAR EPSCs
from TdTomato-expressing neurons in the ventral striatum of
D1R:NR1 control and knockout mice. (C) Cumulative 90-min
locomotor response to AMPH in D1R:NR1 control (n = 9) and
knockout (n = 9) mice across days; two-way, repeated-
measures ANOVA: genotype effect, F(1, 16) = 9.51, P = 0.007;
day effect, F(6, 96) = 6.80, P < 0.0001; genotype x day effect,
F(6, 96) = 3.96, P = 0.0014 (*P < 0.01); **P < 0.01; ***P < 0.001
compared with AMPH day 1 within genotype. (D) Difference
between time spent in AMPH-paired and saline-paired com-
partments at baseline and after 1 d of AMPH pairing in D1R:
NR1 control (n = 9) and knockout (n = 10) mice. Two-way,
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expressing cells in the NAc is sufficient for the development of
AMPH sensitization.

Removing NMDAR Signaling Throughout the Striatum Allows AMPH
Sensitization. D1R:NR1 knockout mice lack a major excitatory
neurotransmitter receptor selectively in D1R neurons, poten-
tially favoring neuronal activity in D2R cells, a situation that
impairs psychostimulant-induced locomotion (14-16). Hence,
the unopposed activity of D2R-expressing MSNs might be re-
sponsible for the lack of AMPH sensitization, rather than there
being a strict requirement for NMDAR signaling by D1R-
expressing MSNs. To examine the possibility that AMPH sensi-
tization might require balanced NMDAR signaling in the two
populations of MSN, we performed three experiments.

First, we removed NMDAR signaling from the remaining NAc
neurons in D1R:NR1 knockout mice using a viral vector carrying
a Cre-GFP fusion gene (AAV1-Cre-GFP) (Fig. 44), the function
of which has been validated in a number of studies (10, 29).
AAV1-Cre-GFP was injected into the NAc of D1R:NR1 knock-
out and control mice. After recovering from surgery, both groups
of mice underwent the AMPH sensitization protocol. Both D1R:
NR1 control and knockout mice injected with AAV1-Cre-GFP
showed comparable AMPH sensitization, although the knockout
mice became sensitized more slowly than controls, and achieved
comparable locomotion on AMPH only at the withdrawal time
points (Fig. 4B). Following AMPH sensitization, viral targeting
to the NAc was verified by visualizing GFP in the NAc of these
animals (Fig. 4C). These data indicate that unbalanced NMDAR
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repeated-measures ANOVA: genotype effect, F(1, 17) = 0.78,
P = 0.39; day effect, F(1, 17) = 22.56, P = 0.0002; genotype x

Test day effect, F(1, 17) = 4.76, P = 0.04. *P < 0.05 vs. baseline.

signaling through D1R- and non-D1R-expressing neurons pre-
vents AMPH sensitization.

The previous findings strongly suggests that genetically inac-
tivating NMDAR signaling throughout the NAc is permissive for
sensitization. However, because NMDAR signaling is inactivated
in D1R-expressing cells early in development in the D1R:NR1
knockout mice, it remains possible that the results obtained in
the previous experiment are due to a developmental alteration in
striatal circuitry. We addressed this issue in our second experi-
ment, in which we nonselectively inactivated NMDAR signaling
in the NAc of adult mice using the AAV1-Cre-GFP ap;)roach.
AAV1-Cre-GFP was injected into the NAc of Grinl®"** ani-
mals to generate NAc-specific Grinl knockout mice, and into
Grin1"¥ control animals. Two weeks after surgery, both groups
of mice underwent the AMPH sensitization protocol. There was
no significant difference between NAc knockout and control
mice in our AMPH sensitization paradigm (Fig. 4D). Following
behavioral analysis, NAc-specific viral targeting was confirmed
by visualization of GFP-positive neurons in that region (Fig. 4E).
This result suggests that NMDARs in the NAc as a whole are not
necessary for the development of AMPH sensitization.

Histological analysis revealed that viral injection only inacti-
vates Grinl in a fraction of cells in the NAc. Therefore, it is
possible that our failure to see a phenotype in Grin1'**** animals
injected with AAV1-Cre-GFP is due to an insufficient number of
cells transduced by virus. In addition, Grinl inactivation by
AAV1-Cre-GFP affects all neuronal types in the NAc; thus, it is
also possible that any phenotype observed in either the Grin1'

Cre +

Fig. 3. Restoring NMDAR signaling to the NAc of D1R:NR1
knockouts rescues AMPH sensitization. (A) Schematic diagram
of AAV1-fsNR1 virus construct. (B) Western blot of striatal
homogenates from two D1R-Cre (=) and two D1R-Cre (+) mice
that had received intra-NAc injections of AAV1-fsNR1, probed
with anti-HA antibody showing Cre-dependent expression of
full-length viral NR1. (C) Cumulative 90-min locomotor re-
sponse to AMPH from AAV1-fsNR1-injected D1R:NR1 control
(n = 5) and knockout (n = 5) mice across days; two-way,
repeated-measures ANOVA: genotype effect, F(1, 8) = 0.1246,
P =0.73; day effect, F(6, 48) =9.10, P < 0.0001; genotype x day
effect, F(6, 48) = 0.25, P = 0.96. **P < 0.01, ***P < 0.001
compared with AMPH day 1 within genotype. (D) Immuno-
histochemistry with anti-HA antibody showing NAc-specific
expression of viral NR1. NAc is outlined in white. A DAPI
counterstain was used.
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Fig. 4. Removing NMDAR signaling from both classes
of MSNs is permissive for AMPH sensitization. (A) Sche-
matic diagram of AAV1-Cre-GFP virus construct. (B) Cu-
mulative 90-min locomotor response to AMPH from
AAV1-Cre-GFP-injected D1R:NR1 control (n = 9) and
knockout (n = 5) mice across days; two-way, repeated-
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0.09; day effect, F(6, 72) = 22.08, P < 0.0001; genotype X
day effect, F(6, 72) = 4.23, P = 0.01 (*P < 0.01). *P < 0.05,
***P < 0.001 compared with AMPH day 1 within geno-
type. (C) GFP fluorescence showing NAc-specific injection
of AAV1-Cre-GFP into D1R:NR1 knockout mice. NAc is
outlined in white. A DAPI counterstain was used. (D) Cu-
mulative 90-min locomotor response to AMPH from
control mice (n = 14) and mice in which NR1 is inactivated
in the NAc (n = 12) across days; two-way, repeated-
measures ANOVA: genotype effect, F(1, 23) = 2.00, P =
0.17; day effect, F(6, 138) = 26.59; P < 0.0001; genotype X
day effect, F(6, 138) = 1.07, P = 0.39. *P < 0.05, ***P <
0.001 compared with AMPH day 1 within genotype. (E)
GFP fluorescence showing NAc-specific injection of AAV1-
Cre-GFP into Grin1""°* mice. NAc is outlined in white. A
DAPI counterstain was used. (F) Western blot of striatal
homogenates from two GPR88:NR1 control and two
GPR88:NR1 knockout animals probed with anti-NR1 an-
tibody. (G) Cumulative 90-min locomotor response to
AMPH from GPR88:NR1 control (n = 8) and knockout (n =
7) mice across days; two-way, repeated-measures ANOVA:
genotype effect, F(1, 13) = 4.163, P = 0.06; day effect, F(6,
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animals or the D1R:NR1 knockout mice may be due to disrupted
NMDAR signaling in striatal interneurons. These issues are
addressed in our third experiment, in which we generated mice
that lack NMDAR signaling selectively all MSNs. Grinl/®"*
mice were crossed to mice with Cre recombinase targeted to
the striatum-specific Gpr88 locus (Gpr88<™/*), a gene that is
expressed in both populations of MSNs throughout the dorsal and
ventral striatum but not in striatal interneurons (30). Striatal
dissections were performed on the resulting Gpr88<™/*;Grin 14"
(GPR88:NR1 knockout) and Gpr88“"*;Grin1"'* (GPR88:NR1
control) animals. A Western blot confirmed that GPR88:NR1
knockout mice lack nearly all NR1 throughout the dorsal and
ventral striatum (Fig. 4F). We tested the ability of GPR88:NR1
control and knockout mice to undergo AMPH sensitization, and
found that both groups were able to sensitize (Fig. 4G). The
sensitized response in GPR88:NR1 knockout mice appeared to
develop more slowly than in control mice, similar to what we
observed in D1R:NR1 knockout mice injected with AAV1-Cre-
GFP into the NAc. Taken together, these results indicate that
although loss of NMDARs in D1R neurons impairs sensitization,
NMDARSs in the NAc are not strictly required for AMPH sensi-
tization. Rather, balanced NMDAR-mediated activity in the two
antagonistic populations of MSNs is essential for behavioral
sensitization to occur.

Discussion

We have shown that NMDARs on dopamine neurons are not
required for AMPH sensitization. Furthermore, we demon-
strated that disrupting NMDAR signaling in D1R-expressing
cells prevents sensitization, but that a balanced loss of NMDARs
in both classes of MSNs is permissive for sensitization. The VTA
has been thought of as critical for the induction of psychosti-
mulant sensitization, whereas the NAc is required for its ex-
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pared with AMPH day 1 within genotype.

pression (9, 31, 32). Because the genetic models used in this
study lack NMDAR signaling throughout the behavioral para-
digm, it is not possible for us to draw conclusions regarding the
phase of sensitization at which these receptors are important,
only whether a lack of NMDAR signaling in particular cell types
and brain regions affects the behavioral output of the animal. It
would be possible to determine the role of NMDARS in in-
duction versus expression of AMPH sensitization by viral in-
jection between the induction phase and withdrawal time points
of this paradigm.

The finding that NMDARSs in dopamine neurons are not re-
quired for the development of AMPH sensitization is somewhat
surprising given previous pharmacological experiments exploring
the role of NMDARs in psychostimulant sensitization (9).
However, we and others have shown that DAT:NR1 knockout
mice also develop normal cocaine sensitization, similar to what
we describe here (10, 11, 13). There are multiple possible
explanations for this discrepancy. First, antagonists affect all cell
types in a region, whereas the genetic approach allows only
a particular cell type to be affected. Recent evidence strongly
suggests that nondopaminergic cells in the VTA are the critical
substrate in this region for mediating sensitization (13). Alter-
natively, it has been shown that not all dopamine neurons ex-
press DAT; therefore, Cre-mediated removal of Grinl in DAT:
NRI1 knockout mice may be incomplete (33). It has been shown
that application of NMDAR antagonists to the VTA of animals
lacking NMDARSs on dopamine neurons was able to block cocaine
sensitization, suggesting that NMDARSs on nondopaminergic cells
in this region are important in cocaine sensitization, or that the
NMDAR antagonist used has off-target effects (13). Finally, it is
possible that DAT:NR1 knockout mice are able to sensitize to
psychostimulants due to a compensatory mechanism. However, we
believe this is also unlikely, because inactivating Grinl in the do-
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pamine neurons of adult mice has been shown to leave cocaine
CPP intact (11).

The findings that mice lacking NMDAR signaling in DIR
neurons are unable to sensitize, and that restoring NR1 to D1IR
neurons in the NAc of these animals rescues AMPH sensitiza-
tion, support other studies showing that cocaine-induced changes
in plasticity are both NMDAR and DIR dependent (34). In
addition, a number of adaptations in the NAc elicited by chronic
psychostimulant treatment, such as increased dendritic spine
density (27), are maintained selectively in D1R-expressing cells
of the NAc (35). Furthermore, there is a growing body of litera-
ture implicating the convergence of NMDAR and D1R signaling
in a number of forms of behavioral and cellular adaptation, in-
cluding AMPH sensitization (18-20, 36). Our work provides a
direct demonstration of the importance of convergent NMDAR
and D1R signaling within the NAc for behavioral sensitization to
AMPH. Remarkably, although only 30-40% of NAc cells in the
rescue experiment expressed the viral NR1 subunit (corre-
sponding to roughly 60-80% of D1 neurons in the region), the
behavioral rescue was complete. Therefore, it is possible that only
a fraction of D1R-expressing MSNs in the NAc is required for
AMPH sensitization. Alternatively, overexpression of the viral
NR1 in injected control and knockout mice might account for the
complete behavioral rescue. Furthermore, it is impossible to de-
termine from these data alone whether NMDARs in DIR-
expressing MSNs in the dorsal striatum are involved in AMPH
sensitization in a wild-type mouse.

Surprisingly, removing NMDARs from the remaining neurons
in the NAc of D1R:NR1 knockout mice also restores sensitiza-
tion, and inactivating NMDARs in all MSNs preserves AMPH
sensitization. We believe these observations are significant for
a number of reasons. First, they provide direct support for sev-
eral recent studies suggesting that activity of DIR MSNs is
crucial for the development of psychostimulant-driven behaviors,
whereas activity of D2 MSNs may play an inhibitory role in the
formation of these behaviors (14-16, 37, 38). In addition, these
findings shed light on previously seemingly contradictory findings
that NMDAR antagonism in the NAc does not affect AMPH
sensitization (9), but that a large number of NMDAR-dependent
changes occur in the NAc in association with sensitization (4, 36).

The finding that D1R and D2R neurons have opposing roles in
mediating AMPH sensitization can be explained using a classical
model of D1R and D2R MSN function (17, 39). Briefly, activity of
DI1R MSNs (direct pathway) promotes locomotion, whereas ac-
tivity of D2R MSNs (indirect pathway) inhibits locomotion. Do-
pamine, released by AMPH or relevant natural stimuli, positively
modulates DIR MSNs and negatively modulates D2R MSN ac-
tivity (40), thus promoting locomotion by its action on both
pathways. Consistent with this general model, both D1R antag-
onists (41) and D2R antagonists (42) have been shown to impair
AMPH sensitization, possibly by preventing AMPH-mediated
dopamine release from up-regulating D1IR MSN activity and
down-regulating D2R MSN activity, respectively. Removing
NMDARs, a major class of glutamate receptors, from D1R MSNs
in the D1R:NR1 knockout mice may cause a severe imbalance of
activity between the two classes of MSNs, favoring D2R MSNSs,
and in this way impair AMPH-mediated locomotor sensitization.
By contrast, a balanced loss of NMDAR signaling in both classes
of MSNs, as is present in the GPR88:NR1 knockout mice, may
dampen MSN activity but allow the opposite effects of AMPH-
induced dopamine efflux on the two classes of MSNs to remain
intact. This disruption in NMDAR signaling is therefore per-
missive of AMPH sensitization. Interestingly, all groups of ani-
mals in which NR1 was inactivated in both classes of MSNs
appeared to sensitize more slowly than controls. This delay in
sensitization was significant in the AAV1-Cre-injected D1R:NR1
knockout mice, the animals in which NMDAR signaling was most
skewed in favor of D2R neurons. These animals only exhibit

4210 | www.pnas.org/cgi/doi/10.1073/pnas.1101424108

sensitization comparable to that seen in controls after a period of
withdrawal, an interesting phenomenon that may merit further
study. It is not clear what leads to the slower onset of a sensitized
response in these animals. One possibility is that the neuronal
changes that underlie AMPH sensitization, which may normally
be induced by NMDAR signaling in the two classes of MSNs, are
now mediated by other neurotransmitter receptors; the residual
glutamate receptors are prime candidates.

Interestingly, baseline locomotion in all knockout animals stud-
ied here was normal. Therefore, it appears that altered NMDAR
signaling throughout the striatum, specifically in D1R-expressing
MSN:s, disrupts hyperlocomotion evoked by hyperdopaminergia
without affecting basal ambulatory activity. Basal ambulatory ac-
tivity is likely to be more dependent on D2R signaling because
D2Rs have a higher affinity for dopamine than D1Rs; hence, they
may be preferentially occupied under normal conditions (43).

Taken together, our results indicate that D1R- and D2R-
expressing neurons have opposing roles in mediating sensitization
to AMPH. Specifically, D1R neuron activity promotes whereas
D2R neuron activity inhibits AMPH sensitization. Unbalancing the
contribution of the direct and indirect pathways, by in our case
compromising the glutamatergic activation of the D1R-expressing
MSNs, prevents sensitization. This conclusion has cautionary
implications regarding the interpretation of the role of dopamine in
other behavioral experiments in which only D1R or D2R signaling
were manipulated by either genetic or pharmacological means.
Furthermore, our findings suggest that differentially modulating
the activity of the two classes of MSNs to favor D2R neuron activity
might have potential therapeutic benefit in combating addiction.

Materials and Methods

Mice. All animal protocols were approved by the University of Washington
Institutional Animal Care and Use Committee. The generation and mainte-
nance of all mouse lines are described in SI Materials and Methods.

AMPH Sensitization. On days 1-3, animals were habituated to activity
chambers (Columbus Instruments). On days 4-8, day 12 [3-d withdrawal
(DW)], and day 30 (21 DW), animals received i.p. AMPH (2.5 mg/kg; Sigma),
and their locomotion was monitored for an additional 90 min. A more de-
tailed protocol can be found in S/ Materials and Methods.

AMPH Conditioned Place Preference. Baseline compartment preference was
measured, and mice were paired using an unbiased paradigm (22). Animals
received 1 d of AMPH (1.5 mg/kg) and saline pairing. A more detailed par-
adigm description can be found in S/ Materials and Methods.

MK-801-Induced Locomotion. Mice received i.p. MK-801 (0.5 mg/kg; Sigma) in
activity chambers, and their locomotion was monitored for 90 min. For a more
detailed description, see S/ Materials and Methods.

Overnight Locomotion. Animals were placed in locomotion chambers with ad
libitum access to food and water for 48 h. Distance traveled in the first hour is
reported as a novelty response. Distance traveled during the second light and
dark cycles are reported.

Viral Injections. All viruses were injected bilaterally at the coordinates (x =
+1.35 mm; y = 1.70 mm; z = —3.75 mm) from bregma. Details of viral con-
structs and preparation can be found in S/ Materials and Methods.

Immunohistochemistry. After behavioral experiments, all stereotactically
injected animals were euthanized and perfused as described (44). Immu-
nostaining with an anti-HA antibody and visualization of GFP were per-
formed as described in S/ Materials and Methods.

Electrophysiology. Mice were anesthetized with pentobarbital (200 mg/kg
i.p.), and coronal brain slices (300 pm) were prepared. Whole-cell patch-
clamp recordings in voltage clamp mode were obtained from MSNs. d-APV
(100 pM) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 pM) were
used to block NMDA and AMPA receptor currents, respectively. Detailed
methods can be found in S/ Materials and Methods.
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Western Blots. Western blots for HA, NR1, and p-actin were performed as
described elsewhere (45) and in S/ Materials and Methods.

Statistics. Sensitization and CPP data were analyzed using two-way, repeated-
measures ANOVA. Fisher LSD post hoc tests were performed. Acute MK-801
and APV responses were compared using unpaired t tests.
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