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MHC class I in dopaminergic neurons suppresses
relapse to reward seeking
Gen Murakami,1,2,3* Mitsuhiro Edamura,1 Tomonori Furukawa,4 Hideya Kawasaki,2 Isao Kosugi,2
Atsuo Fukuda,4 Toshihide Iwashita,2 Daiichiro Nakahara1,5*

INTRODUCTION

Major histocompatibility complex class I (MHCI) is a cell surface protein
that is responsible for antigen presentation to immune cells. Antigen
peptides are transported into the endoplasmic reticulum via transporter
associated with antigen processing (TAP). In mouse endoplasmic reticulum, antigens bind to the light chain [b-2 microglobulin (b2M)]
and a heavy chain (for example, H2D or H2K) of MHCI. This complex
is then transferred to the cell surface and recognized by appropriate
T cells. Double-knockout (KO) mice of b2M and TAP are defective in
stable assembly and intracellular transport of MHCI, which results in
impaired surface expression of MHCI (1). Consequently, these doubleKO mice are often used as functional MHCI KO mice. Although MHCI
is expressed in nearly all nucleated cells, including neural cells, the brain
has traditionally been considered an immune privileged region. However, MHCI plays an important role in synapse elimination in addition
to its immune system role in mammalian brain (2). Recently, the neuronspecific role of MHCI has gained much attention, particularly in brain
regions related to learning and memory, such as the hippocampus and
cerebral cortex (3–5). In these brain regions, MHCI binds and signals via
a key MHCI receptor, paired immunoglobulin-like receptor B (PirB),
which is expressed in neuronal subsets throughout the brain, including
glutamatergic neurons (6, 7). PirB also functions as a b-amyloid receptor, and its activation leads to interaction with cofilin, an actin-severing
protein that facilitates actin depolymerization, and results in altered
synaptic plasticity and synaptic loss associated with Alzheimer’s disease
(5). Furthermore, in functional MHCI KO mice, elimination of longterm depression and enhancement of long-term potentiation leads to
extensive synaptic transmission in the hippocampus and cerebral cortex
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(8, 9), which ultimately results in learning and memory deficits (10).
Although MHCI is highly expressed in the dopaminergic neuron-rich,
ventral tegmental area (VTA), a region important for brain reward
functions, the contribution of MHCI to this function has not previously
been considered.
Addiction is a homeostatic disorder of brain reward function that is
characterized by vulnerability to relapse of reward-seeking behavior
even after long abstinence (11). Although drug addiction remains a serious public health problem worldwide, there are still no effective pharmacological drugs available. Hence, further understanding of the
mechanisms underlying drug addiction is important for identifying
novel factors that can be targeted for pharmacological treatment. In a
previous study, we established a novel, drug self-administration system
for mice, using an intrathecal microdialysis technique (12). Our method
enabled daily 24-hour unlimited access to addictive drugs (13), which
models human drug addiction (14). We applied this system to various
transgenic mice to identify genes involved in the pathogenesis of drug addiction. Accordingly, we found that MHCI expressed in dopaminergic neurons plays a key role in decreased glutamatergic synaptic transmission and
reward-seeking behavior. Moreover, repeated cocaine intake persistently
reduced MHCI expression in dopaminergic neurons, and this deficiency
contributed to the underlying mechanism of relapse to cocaine seeking.

RESULTS

Enhanced reward-seeking behavior in functional MHCI
KO mice
We used our novel drug self-administration system on adult male wild-type
(WT) and double-KO mice of b2M and TAP1 (b2M−/−TAP1−/−), both
of which are necessary proteins for MHCI function (1), for analysis of
cocaine (Coc) or vehicle (Veh) self-administration. Upon a nose-poke into
the active hole (active nose-pokes), mice received an intrathecal cocaine
infusion (Fig. 1A), paired with a brief tone and light illumination
as the conditioned stimulus (Fig. 1B). This protocol enabled WT and
b2M−/−TAP1−/− mice to acquire similar cocaine self-administration behavior during the 10-day acquisition period (fig. S1A). After a 10-day
extinction period, active nose-poke reinstatement in response to the conditioned stimulus without cocaine was used to measure relapse to cocaineseeking behavior (15).
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Major histocompatibility complex class I (MHCI) is an important immune protein that is expressed in various
brain regions, with its deficiency leading to extensive synaptic transmission that results in learning and memory
deficits. Although MHCI is highly expressed in dopaminergic neurons, its role in these neurons has not been
examined. We show that MHCI expressed in dopaminergic neurons plays a key role in suppressing reward-seeking
behavior. In wild-type mice, cocaine self-administration caused persistent reduction of MHCI specifically in dopaminergic
neurons, which was accompanied by enhanced glutamatergic synaptic transmission and relapse to cocaine seeking.
Functional MHCI knockout promoted this addictive phenotype for cocaine and a natural reward, namely, sucrose.
In contrast, wild-type mice overexpressing a major MHCI gene (H2D) in dopaminergic neurons showed suppressed
cocaine seeking. These results show that persistent cocaine-induced reduction of MHCI in dopaminergic neurons is
necessary for relapse to cocaine seeking.
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Although both genotypes displayed relapse, the degree of increased
active nose-pokes induced by cocaine cues was higher in b2M−/−TAP1−/−
mice than WT mice (Fig. 1C). The groups exhibited no differences in
nose-poke frequency into a dummy hole with no reinforcement (inactive nose-pokes), locomotor activity during this period, or active
nose-pokes during other periods, suggesting that increased active
nose-pokes are due to enhanced cocaine seeking rather than general
hyperactivity (fig. S1, B to D). In contrast, cocaine-induced locomotor
activity was enhanced in b2M−/−TAP1−/− mice, particularly during
the acquisition period (fig. S1D), indicating that MHCI also contributes to cocaine-induced behavioral sensitization. Consistent with
this, b2M−/−TAP1−/− mice showed greater behavioral sensitization after
seven daily cocaine injections than WT mice, and this enhancement was
significantly larger in b2M−/−TAP1−/− mice than single-KO mice of b2M
or TAP1 (fig. S1E).
Next, we analyzed the contribution of MHCI to reward-seeking
behavior for a natural reward such as sucrose (fig. S2A). Although
much larger increases in active nose-pokes were observed for sucrose
than vehicle in both genotypes during the acquisition period, active
nose-pokes during reinstatement were similar between sucrose and
vehicle groups in WT mice (Fig. 1D and fig. S2B), showing transient
reinforcement of sucrose, consistent with another report (16). In contrast, b2M−/−TAP1−/− mice showed more active nose-pokes for sucrose
than vehicle during the reinstatement period. However, because an ascending fixed-ratio (FR) schedule of reinforcement during the acquisition period amplifies cue-induced sucrose reinstatement, it is possible
that increasing FR may augment sucrose reinstatement in WT mice in
this experiment (17). The numbers of inactive nose-pokes and locomotor activity in all periods, active nose-pokes during other periods (fig. S2,
B to D), and sucrose preference (fig. S2, E and F) were similar between
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Fig. 2. Cocaine-induced decrease of MHCI expression in the VTA. (A) Experimenteradministered cocaine injection procedure. (B) Locomotor activity in WT mice injected
with Veh or Coc. (C) H2D mRNA levels in the hippocampus (Hip), NAc, VTA, prefrontal
cortex (PFC), and amygdala (Amy) of WT mice injected with Veh or Coc (Student’s t test,
P < 0.05; n = 8 for Veh and n = 8 for Coc). (D) H2D protein in the VTA of WT mice injected
with Veh or Coc (Student’s t test, P < 0.05; n = 8 for Veh and n = 6 for Coc). All data are
represented as means ± SEM and labeled as in (B). *P < 0.05.

genotypes. These results indicate that MHCI plays a crucial role in suppressing reward-seeking behavior, and its deficiency contributes to relapse to reward seeking for cocaine as well as a natural reward.
Cocaine-induced persistent reduction of MHCI in
dopaminergic neurons
We found that MHCI, an immune protein, plays a key role in suppressing reward-seeking behavior. Given that previous studies have
demonstrated cocaine-induced modulation of immune signaling (18),
it is possible that cocaine intake may impair MHCI function, causing
relapse to cocaine-seeking behavior. Therefore, we analyzed MHCI
expression levels in brain regions associated with cocaine addiction in
WT mice (19, 20). First, we used an experimenter-administered cocaine
injection procedure (Fig. 2A). Seven daily cocaine injections caused
behavioral sensitization (Fig. 2B) that persisted for at least 10 days of
abstinence (21). On the day after abstinence, mice were decapitated for
mRNA analysis by quantitative real-time polymerase chain reaction
(RT-PCR). In the brain regions examined, mRNA levels of H2D [a
classical MHCI gene (22, 23)] were specifically reduced in the VTA of
cocaine-injected mice after abstinence (Fig. 2C). H2D protein levels were
also decreased in VTA (Fig. 2D). Alternatively, cocaine-induced interferong mRNA elevation in VTA returned to control levels during abstinence (fig.
S3A), suggesting that persistent H2D mRNA reduction is unlikely due
to a transient inflammatory response induced by cocaine injection.
Next, we analyzed H2D mRNA levels in VTA of WT mice used for
behavioral analysis of cocaine self-administration on the day after reinstatement. Repeated cocaine intake led to decreased H2D and H2K [another classical MHCI gene (8, 22)], concomitant with altered expression
of MHCI-related genes (fig. S3B). Furthermore, we observed statistically
significant negative correlation between H2D mRNA and the number
of active nose-pokes divided by the number of inactive nose-pokes during the reinstatement period in WT mice (R2 = 0.26, P < 0.05) (fig. S3C).
Conversely, H2D reduction was not observed with the sucrose selfadministration protocol (fig. S3E). Collectively, these findings indicate
that cocaine persistently reduced MHCI expression in the VTA, which
possibly contributed to relapse to cocaine-seeking behavior.
We also compared cocaine-induced increases in expression of dopamine transporter (DAT), tyrosine hydroxylase (TH), and dopamine
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Fig. 1. Cocaine- and sucrose-seeking behavior in WT and functional MHCI
knockout (KO) mice. (A) Computed tomography image showing a mouse with
a microdialysis probe implanted into the supracerebellar cistern. Arrows indicate
perfusion tubing. (B) Cocaine self-administration procedure. (C) Active nose-pokes
in WT and b2M−/−TAP1−/− mice that self-administered vehicle (Veh) or cocaine
(Coc) during the reinstatement period [two-way analysis of variance (ANOVA);
genotype: F(1,77) = 4.2, P < 0.05; treatment: F(1,77) = 17.2, P < 0.001; genotype ×
treatment: F(1,77) = 5.9, P < 0.05; n = 21 for WT-Veh, n = 19 for WT-Coc, n = 21 for
KO-Veh, and n = 20 for KO-Coc). (D) Active nose-pokes of WT and b2M−/−TAP1−/−
mice that self-administered Veh or sucrose (Suc) during the reinstatement period
[two-way ANOVA; treatment: F(1,27) = 5.5, P < 0.05; genotype × treatment: F(1,27) =
4.5, P < 0.05; n = 8 for WT-Veh, n = 8 for WT-Suc, n = 7 for KO-Veh, and n = 8 for
KO-Suc]. All data are represented as means ± SEM. *P < 0.05, **P < 0.01, and
***P < 0.001.
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Enhanced cocaine-induced increase in glutamatergic
synaptic transmission in dopaminergic neurons of
functional MHCI KO mice
Given the role of MHCI in decreased glutamatergic synaptic transmission (8, 9, 21), persistent cocaine-induced reduction of MHCI expression at postsynaptic dopaminergic neurons may lead to long-lasting
potentiation of glutamatergic synaptic inputs, a candidate mechanism
for enduring cocaine-seeking behavior (16). Thus, we performed ex vivo
whole-cell patch-clamp recordings in dopaminergic neurons of freshly
prepared VTA slices from WT and b2M−/−TAP1−/− mice after a 10-day
extinction period in the cocaine self-administration experiment.
Cocaine-induced modulation of spines was also compared between
genotypes (31). First, we examined the ratio of a-amino-3-hydroxy5-methyl-4-isoxazole propionic acid receptor (AMPAR)– to N-methylD-aspartate receptor (NMDAR)–mediated excitatory postsynaptic
currents (EPSCs) in VTA dopaminergic neurons as a measure of the
strength of glutamatergic synaptic transmission to these neurons (32).
Similar magnitudes of cocaine-induced increases in the AMPAR/NMDAR
ratio were observed in WT and b2M−/−TAP1−/− mice (Fig. 4A). This
increase was also observed after a 3-week extinction period in WT mice
Murakami et al., Sci. Adv. 2018; 4 : eaap7388
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Fig. 3. Immunohistochemical analysis of MHCI localization in the VTA. (A) Immunohistochemistry with an antibody against H2D to detect cell surface–expressed
protein in the VTA of WT and b2M−/−TAP1−/− mice. SNR, substantia nigra reticulata. (B) Western blot analysis of H2D protein in microsomal fractions prepared
from the whole brain of WT and b2M−/−TAP1−/− mice. (C) Double staining of
H2D and TH, a marker of dopaminergic neurons, in the VTA of WT mice. Arrows
indicate colocalization between H2D and TH. (D) Double staining of MHCI/H2D
with postsynaptic (PSD-95) and presynaptic (synaptophysin) markers in the VTA
of WT mice. Arrows indicate colocalization between MHCI and PSD-95. (E) Pearson’s
correlation coefficient to quantify the degree of colocalization between MHCI
and PSD-95 or synaptophysin. Costes’ test showed statistically significant correlation between MHCI and PSD-95. Data are represented as means ± SEM. Student’s
t test, **P < 0.01.

(fig. S5A). In contrast, b2M−/−TAP1−/− mice showed a larger AMPAR/
NMDAR ratio than WT mice after cocaine administration. Furthermore, AMPAR/NMDAR ratio 24 hours after a single experimenter injection of cocaine (20 mg/kg body weight) resulted in a similar AMPAR/
NMDAR ratio between WT and b2M−/−TAP1−/− mice (fig. S9). Overall,
this indicates that cocaine-induced increase in AMPAR/NMDAR ratio
is enhanced by repeated cocaine intake in combination with MHCI
deficiency.
Alteration of AMPAR/NMDAR ratio can be attributed to modulation of AMPAR and/or NMDAR currents. In previous studies, NMDAR
currents were larger in b2M−/−TAP1−/− than WT mice (10, 33). We also
observed larger NMDAR currents in b2M−/−TAP1−/− than WT mice
after cocaine administration (fig. S5B). Because of these larger NMDAR
currents in b2M−/−TAP1−/− mice, the cocaine-induced increase in
AMPAR/NMDAR ratio of similar magnitude across genotypes (Fig.
4A) suggests that the magnitude of AMPAR current increase is larger
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Expression of MHCI in dopaminergic neurons
Because MHCI is expressed in the VTA and substantia nigra of the
midbrain, with dopaminergic neurons present in both regions (9, 25–27),
we performed immunohistochemistry to determine the VTA cell types
that express MHCI under normal conditions. First, we characterized the
specificity of antibodies against H2D using a detergent-free method to
stain only cell surface–expressed MHCI in VTA slices prepared from
WT and b2M−/−TAP1−/− mice (fig. S4A) (8). An antibody against
H2D produced specific staining in WT but not b2M−/−TAP1−/− mice
(Fig. 3, A and B, and fig. S4B).
Analysis of cell types expressing H2D showed that soma-like staining
of H2D predominantly colocalized with TH, a marker of dopaminergic
neurons, suggesting that H2D/MHCI is expressed in dopaminergic
neurons (Fig. 3C and fig. S4C). In contrast, staining of ionized calciumbinding adapter molecule 1, glial fibrillary acidic protein, and glutamic
acid decarboxylase (GAD67), markers of microglia, glial cells, and
GABAergic neurons, respectively, were predominantly observed in
the substantia nigra reticulata and did not overlap with H2D (figs.
S4D and S7). We next assessed subcellular localization of MHCI in
VTA dopaminergic neurons because postsynaptic MHCI localization
is reported in some brain regions (8, 28–30). In addition to soma-like
staining, higher-magnification images showed punctuate H2D/MHCI
immunostaining that extensively overlapped with the postsynaptic
marker postsynaptic density protein–95 (PSD-95) and not the presynaptic marker synaptophysin (Fig. 3, D and E). Together, these results
demonstrate that H2D/MHCI is localized at postsynaptic dopaminergic
neurons.

A

Pearson’s correlation coefficient

receptor D2, candidate molecular markers associated with cocaine
addiction (24). Expression levels of DAT and TH were elevated in
VTA with the experimenter-administered cocaine injection procedure
(fig. S3A), whereas expression levels of all dopamine-related genes were
considerably higher in b2M−/−TAP1−/− mice with the cocaine selfadministration model (fig. S3D). With sucrose self-administration,
a similar but not significant pattern of dopamine-related gene expression was observed in b2M−/−TAP1−/− mice (fig. S3E). These results suggest that enhanced dopamine-related gene expression is also caused by
reduced MHCI expression.
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Fig. 4. Ex vivo whole-cell patch-clamp recordings and spine analysis in VTA
dopaminergic neurons after an extinction period of cocaine self-administration.
(A) AMPAR/NMDAR ratio in VTA dopaminergic neurons of WT and b2M−/−TAP1−/−
mice after an extinction period of Veh or Coc self-administration [two-way ANOVA;
genotype: F(1,42) = 5.3, P < 0.05; treatment: F(1,42) = 10.8, P < 0.01; n = 13 slices for
WT-Veh, n = 14 slices for WT-Coc, n = 9 slices for KO-Veh, and n = 10 slices for KO-Coc;
VTA slices were prepared from six mice in each group]. (B to D) Representative traces
(B), amplitude (C), and frequency (D) of mEPSCs in VTA dopaminergic neurons of WT
and b2M−/−TAP1−/− mice after an extinction period of Veh or Coc self-administration
[two-way ANOVA; amplitude: treatment: F(1,29) = 10.8, P < 0.001; genotype × treatment: F(1,29) = 5.1, P < 0.05; frequency: genotype: F(1,29) = 4.6, P < 0.05; treatment:
F(1,29) = 6.6, P < 0.05; n = 8 slices for WT-Veh, n = 9 slices for WT-Coc, n = 8 slices
for KO-Veh, and n = 8 slices for KO-Coc; VTA slices were prepared from four mice
in each group]. (E to G) Three-dimensional images of dendritic spines (E) and
summary of spine density (F) and head diameter (G) in VTA dopaminergic neurons of WT and b2M−/−TAP1−/− mice after an extinction period of Veh or Coc selfadministration [two-way ANOVA: spine density: genotype: F(1,80) = 5.5, P < 0.05;
treatment: F(1,80) = 17.3, P < 0.001; n = 27 slices for WT-Veh, n = 18 slices for WT-Coc,
n = 13 slices for KO-Veh, and n = 26 slices for KO-Coc; diameter: treatment: F(1,83) =
12.7, P < 0.01; genotype × treatment: F(1,83) = 3.9, P < 0.05; n = 27 slices for WT-Veh,
n = 21 slices for WT-Coc, n = 13 slices for KO-Veh, and n = 26 slices for KO-Coc; VTA
slices were prepared from six mice in each group]. All data are represented as means ±
SEM and labeled as in (A). *P < 0.05, **P < 0.01, and ***P < 0.001.

in b2M−/−TAP1−/− mice. Corroboratively, compared with WT mice,
b2M−/−TAP1−/− mice exhibited a higher degree of cocaine-induced increases in AMPAR-mediated miniature EPSC (mEPSC) amplitude
(Fig. 4, B and C, and fig. S5C) and spine head diameter (Fig. 4, E and
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G, and fig. S5E), both of which are associated with AMPAR expression
levels (34). These interactive effects between MHCI and cocaine show
that functional MHCI KO enhances cocaine-induced increases in
AMPAR-mediated synaptic transmission to dopaminergic neurons,
as observed in the nucleus accumbens (NAc) (21).
Conversely, WT and b2M−/−TAP1−/− mice showed similar magnitudes of cocaine-induced increases in spine density, with higher values
in b2M−/−TAP1−/− than WT mice after cocaine administration (Fig.
4F). A similar but not significant pattern was also observed in mEPSC
frequency (Fig. 4D and fig. S5D), showing a noninteractive effect between MHCI and cocaine, as observed for NMDA-induced currents
(fig. S5B). Spine density is associated with mEPSC frequency and
NMDAR expression levels (34); therefore, NMDAR-associated
functions may mediate this noninteractive effect of MHCI with cocaine. Altogether, these results indicate that by enhancing AMPARand NMDAR-associated functions, the respective interactive and
noninteractive effects of MHCI and cocaine lead to strongest glutamatergic synaptic transmission in VTA dopaminergic neurons from
b2M−/−TAP1−/− mice that have self-administered cocaine (fig. S5G).
Suppressed relapse to cocaine seeking by H2D
overexpression in VTA dopaminergic neurons
To confirm that cocaine-induced reduction of MHCI expression in
VTA dopaminergic neurons is necessary for relapse to cocaine seeking,
we overexpressed H2D specifically in these neurons of WT mice using
recombinant adeno-associated virus type 2 (rAAV-2) encoding H2D
[or enhanced green fluorescent protein (EGFP) as a control] under control of the TH promoter (Fig. 5A) (35, 36). rAAV-2 microinjection into
VTA caused specific expression of these genes in VTA dopaminergic
neurons (4.1 ± 1.3–fold for H2D), as observed by fluorescence immunohistochemistry (Fig. 5B and fig. S6A). Enhanced expression of H2D
protein and mRNA were confirmed by immunoblotting and RT-PCR,
respectively (Fig. 5, C and D). This was accompanied by a moderate
increase in MHCI-related genes supporting H2D function without
alteration of TH mRNA in VTA (fig. S6B).
Although WT mice expressing EGFP and overexpressing H2D
showed similar acquisition of cocaine self-administration (fig. S6C),
the number of active nose-pokes during the reinstatement period was
reduced to almost half in H2D-overexpressing mice compared with
EGFP-expressing mice (Fig. 5E). Moreover, there were no differences in
active nose-pokes during other periods or inactive nose-pokes and
locomotor activity during all periods (fig. S6, D to F), suggesting that
reduced active nose-pokes in H2D-overexpressing mice during the
reinstatement period is due to suppressed cocaine seeking rather than
nonspecific changes in motor activity. Thus, persistent cocaine-induced
reduction of MHCI in VTA dopaminergic neurons is necessary for relapse to cocaine seeking.

DISCUSSION

In summary, functional MHCI KO in mice promoted relapse to cocaine
seeking and also showed enduring reward seeking for a natural reward,
which was not observed in WT mice. In contrast, H2D overexpression
in dopaminergic neurons suppressed the relapse to cocaine seeking. Dopaminergic neuronal activity is a primary reward signal in the brain
(37), which is regulated by glutamatergic synaptic input (16). MHCI
is necessary for decreased glutamatergic synaptic transmission (8, 9);
therefore, our findings suggest that postsynaptic MHCI expressed at dopaminergic neurons is critical for decreased glutamatergic synaptic
4 of 9
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Fig. 5. Cocaine-seeking behavior in WT mice overexpressing H2D in VTA dopaminergic neurons. (A) Recombinant AAV-2 constructs encoding EGFP and
H2D under control of the TH promoter (pTH). ITR, inverted terminal repeat;
hGHpA, human growth hormone polyA sequence. (B) Immunostaining of EGFP,
H2D, and TH in the VTA of mice expressing EGFP (upper) or H2D (lower). TH expression was identified in >90% of neurons expressing these genes. (C) Protein
levels of H2D in the VTA of EGFP- or H2D-expressing mice. (D) mRNA levels of
H2D in VTA of EGFP- and H2D-expressing mice (Student’s t test, P < 0.001; n =
7 for EGFP and n = 8 for H2D). (E) Active nose-pokes of EGFP- and H2D-expressing
mice during reinstatement of cocaine self-administration (Student’s t test, P <
0.05; n = 8 for EGFP and n = 8 for H2D). All data are represented as means ±
SEM and labeled as in (D). *P < 0.05 and ***P < 0.001.

input and suppressed relapse to cocaine seeking. Because MHCI consists of multiple genes with compensatory functions (8, 22, 23), we used
global KO b2M and TAP1 mice for functional MHCI KO. Although
H2D overexpression, predominantly in dopaminergic neurons, suppressed the relapse to cocaine seeking, it is important to confirm that
MHCI (particularly in dopaminergic neurons) contributes to the relapse to cocaine seeking using conditional KO mice. Furthermore, repeated cocaine intake persistently reduced MHCI expression, which
was accompanied by increased glutamatergic synaptic transmission to
VTA dopaminergic neurons, and ultimately, enduring cocaine-seeking
behavior. Altogether, these results suggest that cocaine-induced reduction of MHCI expression in VTA dopaminergic neurons may be an
underlying mechanism for relapse to cocaine seeking.
In our previous study, we developed intrathecal drug administration
as an alternative to intravenous administration to allow 24-hour unlimited access to cocaine in mice (2). We rigorously investigated cocaine
self-administration behavior and observed similar behaviors with intrathecal and intravenous self-administration methods, except for the
appearance of escalation and binge patterns. However, it is important
to compare the molecular effects of cocaine between these methods in
Murakami et al., Sci. Adv. 2018; 4 : eaap7388
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future studies because there may be differences due to the different
administration routes.
Among the brain regions examined, repeated cocaine intake
persistently reduced MHCI expression only in the VTA (Fig. 2C). This
suggests that MHCI plays a key role in reinstatement of cocaine-seeking
behavior particularly in this region. The VTA is an important region for
cue-induced (38) and drug-induced (39, 40) reinstatement, as well as the
initiation phase of cocaine self-administration (41). Here, we also show
that H2D overexpression specifically in VTA dopaminergic neurons
attenuates cue-induced reinstatement. In contrast, cocaine-induced
locomotor activity did not recover in mice overexpressing H2D in VTA
dopaminergic neurons (fig. S6, F to H), although it was enhanced in
b2M−/−TAP1−/− mice lacking MHCI function throughout the brain
(fig. S1D). These findings imply that MHCI expressed in other brain
regions, such as the NAc, contributes to cocaine-induced behavioral
sensitization (21).
Regarding the relapse mechanism for cocaine seeking, a persistent
increase in glutamatergic synaptic transmission to VTA dopaminergic
neurons has been suggested (16, 32). This persistent increase may be
attributable to enhanced potentiation and suppressed depression of
glutamatergic synaptic transmission to dopaminergic neurons. Accordingly, increased expression of genes for synaptic potentiation (for example, brain-derived neurotrophic factor) was identified after repeated
intake of addictive drugs (42–45). However, contribution of genes for
synaptic depression to drug addiction has not yet been demonstrated.
Here, we show that MHCI plays a key role in synaptic depression, with
cocaine intake causing persistent reduction of MHCI expression in
VTA dopaminergic neurons. These results support our idea that repeated cocaine intake induces persistently reduced MHCI expression
and leads to enduring enhancement of synaptic transmission in VTA
dopaminergic neurons, overall resulting in long-lasting cocaine-seeking
behavior.
Accompanied by increased glutamatergic synaptic transmission,
repeated cocaine intake also up-regulated dopamine-related gene expression. Because dopamine-related gene expression is regulated by
neuronal activity (46), this observed up-regulation may be attributable
to increased synaptic transmission induced by suppressed MHCI expression. A tendency of MHCI reduction was detected before abstinence
from cocaine intake, although up-regulation of dopamine-related gene
expression was observed after abstinence (fig. S3A). Hence, persistent
cocaine-induced reduction of MHCI expression may increase glutamatergic synaptic transmission, which possibly up-regulates dopaminerelated gene expression in VTA dopaminergic neurons.
Cocaine also has non-neuronal actions at immunocompetent cells
in the central nervous system. Activation of central immune signaling
pathways is considered to play a significant role in cocaine addiction via
modulation of neuronal-glial interactions, although this effect is
complementary and these pathways alone do not produce relevant
addictive phenotypes (18). It should be noted that immune activation generally induces MHCI expression, whereas cocaine intake
suppresses MHCI expression in dopaminergic neurons despite activation of immune signaling pathways. Thus, the effect of cocaine is
complex, contributing to the activation of central immune signaling
pathways and decreased MHCI expression, both of which may lead
to the establishment of neural circuits underlying cocaine addiction.
The detailed relationship between these two effects of cocaine on immune signaling factors should be investigated in future studies, although
significant contribution of immune signaling factors to cocaine addiction can be expected.
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Although our study focused on a role of MHCI in adults, MHCI is
highly expressed in the developing brain (2, 47) and contributes to neural circuit organization. Deficiency of MHCI function leads to abnormal
neural circuits such as strengthened projections from the retina to lateral geniculate nucleus (9), increased glutamatergic synaptic transmission to cortical and hippocampal neurons (8, 28), and lack of left-right
synapses and circuit asymmetry via NMDAR regulation (48). Given
that dopaminergic neurons are implicated not only in drug addiction
but also in neurodevelopmental disorders, MHCI in dopaminergic
neurons may be involved in these disorders. Recent clinical studies have
revealed strong association between the MHC locus and schizophrenia
(49, 50) and autism (51). Consequently, our finding that MHCI plays a
critical role in decreased glutamatergic synaptic transmission to dopaminergic neurons and reward-seeking behavior potentially provides a
novel landmark in the pathogenesis of drug addiction as well as insight
into the molecular basis of neurodevelopmental disorders.

Study design
The present study was designed to determine whether MHCI plays a
role in relapse to cocaine seeking. For this purpose, double-KO mice
for the genes b2M and TAP1 (b2M−/−TAP1−/−), which are both necessary for MHCI function, were compared to WT mice in terms of behavioral, molecular biological, electrophysiological, and biochemical end
points after cocaine or vehicle administration. No statistical methods
were used to predetermine sample size, but the sample sizes used are
similar to those reported in the literature. Mice were not excluded from
the study except those that died before and during analysis. The present
data show that MHCI plays a critical role in suppression of relapse to
reward seeking and is potentially a novel landmark in the pathogenesis
of drug addiction.
Reagents and animal models
Double-KO (b2M−/−TAP1−/−) and WT F1 mice were generated from
C57BL/6 b2M−/− and TAP1−/− single-KO mice, which were purchased
from the Jackson Laboratory. To prevent substrain divergence, we
obtained the F2–4 male offspring of b2M−/−TAP1−/− and WT mice
by breeding homozygous mice. Mice between 8 and 10 weeks were
used for experiments. Mice were screened by PCR-based analysis of
tail genomic DNA to identify WT and b2M and TAP1 homozygous
mutant or heterozygous mutant animals. There were no obvious phenotypic abnormalities in the VTA of b2M−/−TAP1−/− mice (fig. S7). All
mice were individually housed under a 12-hour light/12-hour dark
cycle (lights on at 7:00 and lights off at 19:00) in a temperaturecontrolled environment (23° to 25°C) with food and water available
ad libitum in a specific pathogen–free environment (52). Cocaine
hydrochloride (Dai-Nihon) was dissolved in Ringer’s solution [138 mM
NaCl, 2.4 mM KCl, and 1.2 mM CaCl2 (pH 7.0)] for cocaine selfadministration or saline (0.9% NaCl) for experimenter-administered
injection. Solutions were filter-sterilized before use. All procedures were
approved by the University Committee on the Use and Care of Experimental Animals at the Hamamatsu University School of Medicine.
All efforts were made to minimize the number of animals used and
their suffering.
Cocaine self-administration procedure
See the Supplementary Materials for the surgery method and chamber
for cocaine self-administration. Daily 24-hour sessions of cocaine selfMurakami et al., Sci. Adv. 2018; 4 : eaap7388
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Experimenter-administration procedure
After acclimation to the testing chamber and saline injections over
4 days, WT mice were intraperitoneally injected daily with vehicle
(0.9% NaCl) or cocaine hydrochloride (20 mg/kg body weight) during
the light phase for seven consecutive days (Fig. 2A). For motor activity
tests, vehicle or cocaine was intraperitoneally injected at 10 ml/kg body
weight, and locomotor activity was measured over 60 min. During the
following 10 days of abstinence, all mice were individually housed in the
colony room.
Sucrose self-administration procedure
Sucrose self-administration was conducted in the same operant chamber but with addition of a spout above the active nose-poke hole for oral
delivery of sucrose solution (fig. S2A). The sucrose self-administration
procedure was nearly identical to the cocaine self-administration
protocol except that the acquisition period consisted of a 10-day FR1
schedule because of the relatively slow acquisition of sucrose selfadministration. Mice received a 50-ml volume of 10% sucrose solution
delivered over 1 min upon one active nose-poke. Nose-pokes were
allowed for the first 2 hours of the dark phase for each day of the
acquisition and extinction periods, and for all 12 hours of the dark phase
during reinstatement. All mice were food-restricted to 85 to 90% of their
body weight during all periods. See the Supplementary Materials for the
sucrose preference test.
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administration were conducted without any initial priming under unlimited drug-access conditions. Mice were first subjected to a cocaine
acquisition period, where a nose-poke into the active hole (active
nose-poke) led to a single cocaine infusion under an FR for one schedule
of reinforcement for 5 days (Fig. 1B). This was followed by an FR2
schedule for 5 days, during which two active nose-pokes were required for cocaine infusion. Each response was reinforced by 12 mg
of cocaine infusion over 30 s through the dialysis membrane. We had
previously confirmed that this dose is suitable for unlimited cocaine
self-administration sessions (13). As conditioned stimuli, an active
nose-poke was accompanied by a brief tone, with each cocaine infusion
signaled by illumination of a light above the hole that remained on for
60 s, during which nose-pokes were still counted but no cocaine infused.
Nose-pokes in the inactive hole (inactive nose-pokes) were also recorded but had no consequences. In b2M−/−TAP1−/− and WT mice,
the number of active nose-pokes for cocaine but not vehicle almost
doubled when the schedule was changed from FR1 to FR2, confirming
similar motivation for cocaine self-administration (fig. S1A). In the
following 10-day extinction period, neither cocaine nor conditioned
stimuli resulted from active nose-pokes. This extinction period was
followed by a reinstatement period where conditioned stimuli
without cocaine infusion were activated by active nose-pokes. On
the last day of each period, behaviors were analyzed against data
during the 12-hour dark phase. In this analysis, no criteria were
implemented for exclusion of mice that did not show addictive
phenotypes. When criteria were similarly implemented in our previous work (53) (at least 10 reinforcers per day, with a minimum of
70% responding on the active hole and <20% variability in the
number of reinforced responses for 3 days on the FR2 schedule),
11 WT- and 5 b2M−/−TAP1−/−-cocaine treated mice were excluded.
Almost the same result was observed, with a slight increase in
active nose-pokes, for cocaine during reinstatement in both WT and
b2M−/−TAP1−/− mice (from 79 to 81 in WT-Coc, from 116 to 124 in
b2M−/−TAP1−/−-Coc).
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Quantitative RT-PCR analysis
RNA was prepared from isolated brain regions, as described previously
(54). Briefly, after behavioral studies, mice were deeply anesthetized and
decapitated. Brains were quickly removed and stored at −80°C. Coronal
brain slices (1 mm in thickness) were prepared from the entire brain
using a mouse brain matrix, with specific brain regions isolated using
razor blades. Total RNA was isolated from each region using TRI Reagent according to the manufacturer’s instructions (Funakoshi). Complementary DNA (cDNA) was reverse-transcribed from the total RNA
using a High-Capacity cDNA Archive Kit (Applied Biosystems)
according to the manufacturer’s instructions. Quantitative RT-PCR
was performed using the StepOne Real-Time PCR System (Applied
Biosystems). All primers used in this experiment are described in the
Supplementary Materials.

Immunohistochemistry
Immunohistochemistry was performed as described before, but with a
slight modification (55). Briefly, mice were deeply anesthetized and
transcardially perfused with 4% paraformaldehyde for 5 min. Whole
brains were removed, and slices were prepared on a cryostat (HM550,
Thermo Fisher Scientific). Brain slices were incubated for 2 hours at
room temperature in blocking buffer containing phosphate-buffered
saline (PBS), 5% normal goat serum (Wako), 10% bovine serum albumin (BSA) (Sigma-Aldrich), and 0.5% Triton X-100. Next, slices were
incubated at 4°C overnight with primary antibodies in staining buffer
(3% BSA and 0.5% Triton X-100 in PBS). For double staining, brain
slices were sequentially incubated with individual primary antibodies.
Images were captured by confocal microscopy (FV1000-D; Olympus).
For higher-magnification images (Fig. 3D), a high digital zoom (×2.0)
with 100× objective lens was used, which allowed resolution of pre- and
postsynapses. All antibodies and their dilutions are described in the
Supplementary Materials.
Cell surfaces expressing MHCI and H2D were immunostained
using a detergent-free method (8) without Triton X-100 (Fig. 3A and
fig. S4B). Brains were weakly perfusion-fixed with 4% paraformaldehyde
at 2.0 ml/min, with freshly prepared slices used for staining because
strong fixation interferes with MHCI-antibody binding (25). GAD67GFP knock-in mice were immunostained with anti-GFP antibody for
identification of GABAergic neurons (fig. S4D) (56).
Whole-cell patch-clamp recordings
Whole-cell patch-clamp recordings were performed as described
previously, but with some modifications (57). Briefly, 250-mm horizontal slices including the VTA were prepared from mice the day after
the end of the cocaine self-administered extinction period. Mice were
deeply anesthetized and transcardially perfused with 25 ml of ice-cold
sucrose solution containing 220.0 mM sucrose, 2.5 mM KCl, 1.25 mM
NaH2PO4, 10.0 mM MgSO4, 0.5 mM CaCl2, 26.0 mM NaHCO3, 30.0 mM
glucose, 3.0 mM pyruvate-Na, and 1.0 mM ascorbic acid–Na. Brains
Murakami et al., Sci. Adv. 2018; 4 : eaap7388
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Spine analysis
After electrophysiological recordings, slices were fixed in 4% paraformaldehyde at 4°C overnight. Biocytin was detected with Alexa Fluor
488 conjugated to streptavidin (1:500; Molecular Probes). Imaging was
performed as described before, but with a slight modification (55). Briefly, sequential z-series scans were acquired using a confocal microscope
(FV1000-D, Olympus) at high zoom (×2.0) with a 100× oil immersion
lens. For analysis of spine morphology, three-dimensional information
was acquired every 0.5 mm from approximately 10 sequential z-series
sections. In each slice, two to three secondary dendrites (80 mm in length
on average) were analyzed. Spine density, spine head diameter, and
spine neck length were analyzed using Neurolucida (MBF Bioscience).
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Western blotting
Mice were deeply anesthetized, and whole brains were removed and
quickly frozen at −80°C. Coronal brain slices (1 mm in thickness) were
prepared for the entire brain using a mouse brain matrix, and the VTA
was isolated using razor blades. Western blotting was performed as described before, but with a slight modification (55). Protein was detected
with a primary antibody against H2D (28-14-8, diluted 1:500; Thermo
Fisher Scientific). Immunolabeling was analyzed using a LAS3000
Image Analyzer (Fujifilm).

were rapidly removed and submerged in cold oxygenated sucrose solution for 1 min. After removing the forebrain, cerebellum, and top of the
brain with razor blades, slices were cut into sucrose solution using a
linear slicer (PRO 7, Dosaka) with a ceramic blade (7550/1/C, Campden
Instruments Limited). Slices were placed in an interface storage chamber (BSC3; Scientific Systems Design Inc.) containing standard artificial
cerebrospinal fluid (ACSF) consisting of 125 mM NaCl, 2.5 mM KCl,
1.25 mM NaH2PO4, 1.0 mM MgSO4, 2.0 mM CaCl2, 26.0 mM NaHCO3, 1.0 mM ascorbic acid–Na, and 20.0 mM glucose, aerated with 95%
O2 and 5% CO2 at 33°C for 2 hours. Slices were kept at room temperature until recordings.
Patch electrodes were fabricated from 1.5-mm diameter borosilicate
capillary tubing (GD-1.5; Narishige) using a P97 horizontal puller
(Sutter Instruments). Electrode resistance ranged from 3 to 6 megohms
when filled with solution containing 117 mM cesium methanesulfonic
acid, 20 mM Hepes, 0.4 mM EGTA, 2.8 mM NaCl, 5.0 mM TEA-Cl,
2.5 mM MgATP, and 0.25 mM NaGTP. The pH was adjusted to 7.2
with CsOH. For spine analysis, the pipette solution also included
0.2% biocytin. Individual slices were transferred to a recording chamber,
perfused at 2 ml/min with aerated standard ACSF containing 100 mM
picrotoxin, and maintained at 32°C. Dopaminergic neurons in the medial terminal nucleus of the VTA were identified in current clamps by
the presence of large hyperpolarization-activated currents (Ih) during
hyperpolarizing pulses from −70 mV (fig. S8). A tungsten bipolar
electrode was placed approximately 100 mm rostral to the recording site,
and EPSCs were evoked by 300-ms subthreshold stimuli at 0.1 Hz.
Neurons were held at −70 or 40 mV as indicated for recordings. Recorded currents were filtered at 2 kHz and digitized at 1 to 10 kHz using
DigiData1322A and pCLAMP9 software (Molecular Devices).
For analysis of AMPAR/NMDAR ratio, dopaminergic neurons were
voltage-clamped at +40 mV. After observing stable EPSCs for several
minutes, EPSCs were recorded in the absence and presence of 50 mM
D(−)-2-amino-5-phosphonopentanoic acid (AP5) to measure total and
AMPAR currents, respectively. For analysis, 10 to 20 EPSCs were averaged for each recording. NMDAR currents were calculated by subtracting the AMPAR current from total current. AMPAR/NMDAR ratio
was estimated by dividing peak AMPAR-mediated EPSC by peak
NMDAR-mediated EPSC. It should be noted that the effect of functional MHCI KO on AMPAR/NMDAR ratio was observed after daily cocaine self-administration for 10 days (Fig. 4A), but not 24 hours after
single experimenter injection (20 mg/kg body weight) (fig. S9). NMDAinduced currents were recorded by perfusing 50 mM NMDA for 10 min
at +40 mV. For mEPSC analysis, neurons were held at −70 mV in the
presence of 50 mM AP5 and 0.5 mM tetrodotoxin, and spontaneous activity was recorded for 20 min. Detection criteria were set at >7 pA. Data
were analyzed using Clampfit 9 (Molecular Devices).
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There was no effect of genotype or treatment (cocaine/vehicle selfadministration) on neck length (fig. S5F).

Statistical analysis
All data are presented as means ± SEM. Group means of WT and
b2M−/−TAP1−/− mice administered cocaine or vehicle were compared
using two-way ANOVA (genotype × treatment) followed by least
significant difference post hoc analysis. mRNA levels before and after
abstinence (fig. S3A) were compared using one-way ANOVA followed
by Bonferroni post hoc analysis. Paired t tests were used to compare
cocaine versus vehicle and EGFP versus H2D expression groups.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/3/eaap7388/DC1
Supplementary Materials and Methods
fig. S1. Cocaine-seeking behavior in WT and b2M−/−TAP1−/− mice.
fig. S2. Behavioral analysis of WT and b2M−/−TAP1−/− mice in sucrose self-administration and
sucrose preference.
fig. S3. mRNA analysis of dopamine-related genes and MHCI-related genes in the VTA.
fig. S4. MHCI immunostaining in the VTA.
fig. S5. Extended electrophysiological analysis.
fig. S6. Analysis of mice overexpressing H2D in VTA dopaminergic neurons.
fig. S7. Comparison of VTA cellular organization between WT and b2M−/−TAP1−/− mice.
fig. S8. Identification of dopaminergic neurons in whole-cell patch-clamp recordings.
fig. S9. AMPAR/NMDAR ratio after single cocaine injection.
fig. S10. Histological verification of inserted needle placement after behavioral analysis of H2Dand EGFP-expressing mice.
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