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Fear memory is critical for animals to trigger behavioural adaptive responses to potentially threatening
stimuli, while too much or inappropriate fear may cause psychiatric problems. Numerous studies have
shown that the amygdala, hippocampus and medial prefrontal cortex play important roles in Pavlovian fear
conditioning. Recently, we showed that striatal neurons are required for the formation of the auditory fear
memory when the unconditioned stimulus is weak. Here, we found that selective ablation of striatal neurons
strongly diminished contextual fear conditioning irrespective of the intensity of footshock. Furthermore,
contextual fear conditioning was strongly reduced in striatum-specific dopamine D1 receptor knockout
mice. On the other hand, striatum-specific dopamine D2 receptor knockout mice showed freezing responses
comparable to those of control mice. These results suggest that striatal D1 receptor is essential for contextual
fear conditioning.

F
ear is one of the most potent emotional experiences. Learning about fearful experiences is critical for animals
to trigger a set of defensive mechanisms for adapting to dangerous environmental threats. The fear system
has been most systematically investigated using a Pavlovian fear-conditioning paradigm1. In a typical fear

conditioning protocol, animals receive pairing of an initially neutral conditioned stimulus (CS), such as tone or
the context of the conditioning chamber, and an aversive unconditioned stimulus (US), such as a footshock. After
learning this association, the CS elicits a set of defensive responses that typically occur when an animal encounters
a threating stimulus.

Numerous studies have shown the importance of the amygdala, hippocampus and medial prefrontal cortex for
Pavlovian fear conditioning. The amygdala is critical for learning about both contextual and discrete stimuli and
the hippocampus has a selective role in fear to contextual stimuli2–4. In addition, cortical areas including the
medial prefrontal cortex is involved in the extinction of contextual fear memories5–7.

Dopamine is one of the neurotransmitters most potently modulating the mechanisms underlying states of
fear8,9. Correspondingly, dopamine D1 receptor (D1R) and D2 receptor (D2R) are expressed in the hippocampus,
amygdala and prefrontal cortex that are involved in fear memory formation10, while there are high levels of D1R
and D2R in the striatum11. Systemic administration of antagonists for D1-like receptors reduced fear condition-
ing12–15. Systemic or amygdala-selective injections of antagonists for D2-like receptors were reported to block
expression or retention of fear conditioning, whereas others reported that these drugs exerted little effect on fear
conditioning12,13,15. There are analogous discrepancies among studies using agonists or antagonists for D2-like
receptors12,15–17. Since dopamine receptor antagonists vary widely in their selectivity among D2R, D3R and D4R18,
differences in the dose and choice of pharmacological agents or behavioural methodology may account for these
discrepancies.

We found that striatal neurons play roles in the formation of auditory fear memory when the unconditioned
stimulus is weak19. Furthermore, NMDA receptors and de novo protein synthesis in the striatum are crucial for
the consolidation of auditory fear memory formed with a low-intensity unconditioned stimulus20. Here, we
examined the role of striatal neurons in contextual fear conditioning. Selective ablation of striatal neurons in
the adult brain impaired contextual fear conditioning irrespective of the intensities of US (footshock). Since D1R
and D2R are highly expressed in the striatum11, we then generated striatum-specific D1R and D2R knockout mice
to investigate the contributions of these receptors in contextual fear conditioning. Striatum-specific D1R knock-
out mice showed significantly reduced freezing responses in contextual fear conditioning. On the other hand,
striatum-specific D2R knockout mice showed freezing responses comparable to those of control mice. These
results suggest that striatal D1R but not D2R is required for contextual fear conditioning. Our results provide
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evidence for the importance of the striatum as a key component of
brain systems controlling contextual fear memory.

Results
Impairment of contextual fear conditioning by ablation of striatal
neurons. We previously developed an inducible ablation system of
striatal neurons in a transgenic mouse line carrying Gng7-promoter-
driven Cre recombinase-progesterone receptor fusion (CrePR) and
Cre-dependent Diphtheria toxin A (DTA) genes19. Induction of
CrePR-mediated DTA expression by RU-486 injection successfully
ablated almost completely the medium-sized spiny neurons (MSNs)
that comprise approximately 90% of the NeuN-positive striatal
neurons within 13 days. In the present investigation, we examined
the effect of striatal neuron ablation on contextual fear conditioning
using transgenic mice treated with RU-486 as striatal neuron-ablated
mutant mice and corresponding mock-injected littermates as
controls. Fourteen days after RU-486 or mock treatment, mice
were placed in the conditioning chamber for 1 min and then given
a scrambled electrical footshock (0.3, 0.5 or 1.0 mA for 1 s) (Fig. 1A).
One minute after footshock, the mice were returned to their home
cage. On the next day, mice were placed in the chamber for 3 min.
There were significant differences in the freezing responses of control
and mutant mice to fear conditioning with 0.3-mA footshock
(control, 33.7 6 3.9%, n 5 5; mutant, 16.5 6 3.3%, n 5 6; F(1,27)

5 11.9; p , 0.01, repeated measures ANOVA) (Fig. 1B). Freezing
responses to fear conditioning with 0.5-mA footshock were also
significantly reduced in mutant mice than in control mice (control,
28.8 6 4.1%, n 5 7; mutant, 13.1 6 1.8%, n 5 6; F(1,33) 5 12.2; p ,

0.01, ANOVA) (Fig. 1C). Furthermore, there were significant
differences in freezing responses of control and mutant mice even
to fear conditioning with 1.0-mA footshock (control, 31.8 6 5.0%, n
5 6; mutant, 13.5 6 2.4%, n 5 7; F(1,33) 5 13.2; p , 0.01, ANOVA)
(Fig. 1D). There was no significant difference in the pain sensitivity
between control and striatal neuron-ablated mutant mice19. Thus,
contextual fear conditioning was strongly diminished by the
selective ablation of striatal neurons irrespective of the intensity of
footshock.

We further examined whether the ablation of striatal neurons
affects the retention of previously acquired contextual fear memory.
Mice were first trained with 1.0-mA footshock and placed back in the
home cage. Twenty-four hours after conditioning when long-term
memory was formed, the animals were treated with RU-486 to
induce the ablation of striatal neurons (Fig. 2A). When tested 14
days after the drug treatment, freezing responses were comparable
between mutant and mock-injected control mice (control, 43.1 6

4.3%, n 5 8; mutant, 38.4 6 4.5%, n 5 9; F(1,45) 5 0.54; p 5 0.47,
ANOVA) (Fig. 2B). These results suggest that striatal neurons are
dispensable for the retention of contextual fear memory.

Generation of striatum-specific D1R and D2R knockout mice on
the pure C57BL/6 genetic background. The striatal projection
neurons are MSNs that are classified into two subpopulations, i.e.,
striatonigral neurons in the direct pathway and striatopallidal
neurons in the indirect pathway21–23. The striatonigral neurons
selectively express D1R, while the striatopallidal neurons show the
confined expression of D2R23–25. To examine whether the direct or
indirect pathway is responsible for contextual fear conditioning, we
generated striatum-specific D1R and D2R knockout mice.

Figure 1 | Effect of striatal neuron ablation on contextual fear
conditioning. (A) Experimental design to examine the acquisition of

contextual fear memory. Doubly transgenic mice were injected with RU-

486 or vehicle. Fourteen days after treatment, the animals were subjected to

contextual fear conditioning. (B) Freezing responses of control (open, n 5

5) and mutant (filled, n 5 6) mice to fear conditioning with 0.3-mA

footshock. (C) Freezing responses of control (open, n 5 7) and mutant

(filled, n 5 6) mice to fear conditioning with 0.5-mA footshock. (D)

Freezing responses of control (open, n 5 6) and mutant (filled, n 5 7) mice

to fear conditioning with 1.0-mA footshock. *, p , 0.05; ANOVA Tukey’s

test.
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To investigate the roles of striatal D1R and D2R in the formation
of fear memory, we constructed targeting vectors in which two Cre
recombinase recognition (loxP) sites were inserted into the mouse
dopamine receptor D1A and D2 (Drd1a and Drd2) genes. The first
loxP site was in the upstream region of exon 2, and the second one
linked to the neomycin phosphotransferase (neo) gene flanked by
two Flp recognition target (frt) sites were in the downstream of exon
2. Using embryonic stem (ES) cells derived from the C57BL/6
strain26, we obtained recombinant Drd1a1/flox; 1/neo and Drd21/flox;
1/neo mice. Crossing to B6-Tg (CAG-FLPe) 36 mice of the C57BL/6
strain27 successfully eliminated the neo gene to yield Drd1a1/flox and
Drd21/flox mice with the Drd1a and Drd2 genes flanked by two loxP
sites (Fig. 3A–D). We crossed Drd1aflox/flox and Drd2flox/flox mice with
striatal MSN-selective Cre (Gng71/cre) mice19 to yield Drd1aflox/flox;
Gng71/cre and Drd2flox/flox; Gng71/cre mice, respectively (Fig. 3E and
F). Drd1aflox/flox; Gng71/1 and Drd2flox/flox; Gng71/1 littermates were
served as controls. These mutant and control mice were fed with
food pellets on the floor and grew to adulthood.

We examined the expression levels of the Drd1a and Drd2 mRNAs
by RT-PCR analysis. The amount of the Drd1a mRNA in the stria-
tum of Drd1aflox/flox; Gng71/cre mice was decreased to 7.9% of that of
control mice (t(4) 5 –8.4; p , 0.01) (Fig. 4A). Similarly, the amount
of the Drd2 mRNA in the striatum of Drd2flox/flox; Gng71/cre mice was
decreased to 15.4% of that of control mice (t(22) 5 –5.4; p , 0.01)
(Fig. 4B). On the other hand, the amounts of the Drd1a and Drd2
mRNAs in the cerebral cortex and hippocampus were comparable
between control and Drd1aflox/flox; Gng71/cre mice and between control
and Drd2flox/flox; Gng71/cre mice (Fig. 4A and B). Thus, the expression
of the Drd1a and Drd2 mRNAs was abolished selectively in the
striatum of Drd1aflox/flox; Gng71/cre and Drd2flox/flox; Gng71/cre mice,
respectively. Based on these results, Drd1aflox/flox; Gng71/cre and

Drd2flox/flox; Gng71/cre mice were named as striatum-specific D1R
and D2R knockout mice, respectively.

Immunohistochemical analysis with anti-D1R and anti-D2R anti-
bodies using coronal and sagittal brain sections showed that
immunostaining signals for D1R were diminished in the striatum
of Drd1aflox/flox; Gng71/cre mice and those for D2R were significantly
reduced in the striatum of Drd2flox/flox; Gng71/cre mice (Fig. 5A and B).
Western blot analysis showed that the amount of D1R protein in the
striatum of Drd1aflox/flox; Gng71/cre mice was decreased to 16.6 6 5.1%
of that of control mice (t(4) 5 4.3; p 5 0.01) (Fig. 5C). The amount of
D2R protein in the striatum of Drd2flox/flox; Gng71/cre mice was
decreased to 41.6 6 5.2% of that of control mice (t(10) 5 2.9; p 5

0.02) (Fig. 5D). On the other hand, the amounts of D1R and D2R
proteins in the cerebral cortex and hippocampus were comparable
between control and Drd1aflox/flox; Gng71/cre mice and between control
and Drd2flox/flox; Gng71/cre mice, respectively (Fig. 5C and D). D1R is
expressed at excitatory postsynapses28,29, while D2R is expressed in
both postsynaptic sites of MSNs and presynaptic terminals of neu-
rons projecting to the striatum30,31. Thus, most of residual D2R pro-
tein in the striatum of the mutant mice can be ascribed to presynaptic
D2R protein in afferent terminals.

Reduced pain could result in less freezing32. We first tested
whether the striatum-specific ablation of D1R or D2R might alter
nociceptive reactions to electric shock, namely flinch, vocalization
and jump33. We measured current thresholds for these three reac-
tions of mice. There were no significant differences between control
and striatum-specific D1R knockout mice in current thresholds for
flinch (control, 0.11 6 0.01 mA, n 5 8; striatum-specific D1R KO,
0.11 6 0.01 mA, n 5 8; t(14) 5 0.61; p 5 0.55), vocal (control, 0.13 6

0.01 mA, n 5 8; striatum-specific D1R KO, 0.14 6 0.01 mA, n 5 8;
t(14) 5 0.72; p 5 0.48) and jump reactions (control, 0.23 6 0.01 mA,
n 5 8; striatum-specific D1R KO, 0.24 6 0.02 mA, n 5 8; t(14) 5

0.85; p 5 0.41) (see Supplementary Fig. S1A online). There were also
no significant differences between control and striatum-specific D2R
knockout mice in pain thresholds for flinch (control, 0.10 6

0.01 mA, n 5 8; striatum-specific D2R KO, 0.09 6 0.01 mA, n 5

8; t(14) 5 –0.42; p 5 0.68), vocal (control, 0.11 6 0.01 mA, n 5 8;
striatum-specific D2R KO, 0.12 6 0.02 mA, n 5 8; t(14) 5 0.31; p 5

0.76) and jump reactions (control, 0.21 6 0.02 mA, n 5 8; striatum-
specific D2R KO, 0.23 6 0.02 mA, n 5 8; t(14) 5 1.1; p 5 0.31) (see
Supplementary Fig. S1B online). These results suggest that the stria-
tum-specific ablation of D1R and D2R exerted little effect on the pain
sensitivities of respective mutant mice.

Effect of striatum-specific ablation of D1R and D2R on contextual
fear conditioning. To examine whether D1R and D2R in the striatum
are involved in the formation of contextual fear memories, we first tested
the freezing responses of striatal D1R knockout mice. Striatum-specific
D1R knockout and control mice were given a foot shock (US; 0.5 mA)
on the conditioning day. Twenty-four hours after the conditioning,
striatum-specific D1R knockout mice showed much smaller freezing
responses than control mice (control, 35.7 6 2.5%, n 5 13; striatum-
specific D1R KO, 11.7 6 1.7%, n 5 13; F(1,144) 5 67.3; p 5 0.001,
ANOVA) (Fig. 6A). There was no significant difference in the
locomotor activity measures as a total distance travelled during the 3-
min preshock period between control and striatum-specific D1R
knockout mice (control, 204 6 9.9 cm, n 5 13; striatum-specific D1R
KO, 240 6 18.7 cm, n 5 13; t(24) 5 –1.68; p 5 0.11) (see Supplementary
Fig. S2 online). Since freezing responses of wild-type and Gng71/cre mice
were comparable (wild type, 44.4 6 2.3%, n 5 13; Gng71/cre, 41.0 6

2.4%, n 5 14; F(1,150) 5 1.1; p 5 0.29, ANOVA) (Fig. 6B), Gng7cre

exerted little effect on the fear responses. These results suggest that
striatal D1R is required for contextual fear conditioning.

We next examined the contextual fear responses of striatum-spe-
cific D2R knockout mice. Twenty-four hours after the conditioning,
the mutant mice showed freezing responses comparable to those of

Figure 2 | Effect of striatal neuron ablation on the retention of contextual
fear memory. (A) Experimental design to examine the retention of

contextual fear memory. Mice were subjected to contextual fear

conditioning with 1.0-mA footshock. Twenty-four hours after

conditioning, the conditioned mice were injected with RU-486 or vehicle.

Their freezing responses were measured 14 days after drug treatment. (B)

Freezing responses of control (open, n 5 8) and mutant (filled, n 5 9)

mice.
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control mice (control, 52.4 6 2.4%, n 5 9; striatum-specific D2R KO,
55.6 6 2.1%, n 5 12; F(1,114) 5 1.0; p 5 0.31, ANOVA) (Fig. 6C).
There was no significant difference in the locomotor activity during
the 3-min preshock period between control and striatum-specific

D2R knockout mice (control, 192 6 19.5 cm, n 5 9; striatum-spe-
cific D2R KO, 163 6 13.7 cm, n 5 12; t(19) 5 1.29; p 5 0.21) (see
Supplementary Fig. S2 online). Thus, striatal D2R is dispensable for
contextual fear conditioning.

Figure 3 | Generation of striatum-specific D1R or D2R KO mouse. (A) Schematic representation of the Drd1a gene, targeting vector and floxed neo-

inserted allele (Drd1aflox; neo). (B) Schematic representation of the Drd2 gene, targeting vector and floxed neo-inserted allele (Drd2flox; neo). Gray bars

indicate the location of probes for southern blot analysis (Probe 59, neo and 39). Abbreviations: DT, diphtheria toxin gene; neo, neomycin

phosphotransferase gene; AII, AflII; ET, EcoT22I; K, KpnI; Xb, XbaI. (C) Sourthern blot analysis of genomic DNA from Drd1a1/1, Drd1a1/flox; 1/neo and

Drd1a1/flox mice. Left, XbaI-digested DNA hybridized with 59 probe; middle, KpnI-digested DNA hybridized with neo probe; right, KpnI-digested DNA

hybridized with 39 probe. (D) Sourthern blot analysis of genomic DNA from Drd21/1, Drd21/flox; 1/neo and Drd21/flox mice. AflII-digested DNA

hybridized with 59 probe; middle, KpnI-digested DNA hybridized with neo probe; right, EcoT22I-digested DNA hybridized with 39 probe. (E) Schema for

striatum-specific D1R ablation. (F) Schema for striatum-specific D2R ablation.
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Differential effect of striatum-specific ablation of D1R on short-
and long-term contextual fear memories. We then further
examined the role of striatal D1R in the formation of short- and
long-term contextual fear memories (Fig. 7). Striatum-specific D1R
knockout and control mice were given a foot shock at 0.5 mA on the
conditioning day. During conditioning, striatum-specific D1R
knockout mice showed significantly smaller freezing responses
than control mice (control, 8.1 6 1.5%, n 5 12; striatum-specific
D1R KO, 1.3 6 0.3%, n 5 13; F(1,92) 5 21.5; p , 0.001, ANOVA).
When tested 10 min after conditioning, striatum-specific D1R
knockout mice hardly showed freezing responses, the magnitudes
of which were much small than those of control mice (control, 37.4 6

2.3%, n 5 12; striatum-specific D1R KO, 5.8 6 0.7%, n 5 13; F(1,138)

5 221; p , 0.01, ANOVA). Twenty-four hours after the condi-
tioning, striatum-specific D1R knockout mice showed significant
freezing responses, although the amplitudes were significantly
smaller than those of control mice (control, 30.0 6 2.4%, n 5 12;
striatum-specific D1R KO, 12.5 6 1.7%, n 5 13; F(1,138) 5 40.9; p ,

0.01, ANOVA). Thus, the formation of short-term contextual fear
memory was more severely affected by the striatum-specific ablation
of D1R than that of long-term contextual fear memory.

Multiple US evoked fear responses of striatum-specific D1R knoc-
kout mice. To examine the effect of strong US on contextual fear
conditioning, mice were given five consecutive footshocks at 3, 4, 5, 6
and 7 min after placement in the conditioning chamber (Fig. 8). Mice
were returned to the home cage 1 min after the last foot shock. On the
conditioning day, the freezing responses of striatum-specific D1R
knockout mice increased according to the number of footshocks,
but were much smaller than those of control mice (control, 30.6 6

2.7%, n 5 11; striatum-specific D1R KO, 5.6 6 1.3%, n 5 7; F(1,80) 5

66.7; p , 0.01, ANOVA). Twenty-four hours after conditioning,
striatum-specific D1R knockout mice showed significant freezing
responses, which were much smaller than those of control mice
(control, 56.2 6 2.6%, n 5 11; striatum-specific D1RKO, 35.3 6

2.4%, n 5 7; F(1,96) 5 33.4; p , 0.001, ANOVA). Thus, stronger
US enhanced the freezing responses of striatum-specific D1R
knockout mice but did not restore them to the level of control mice.

Discussion
Cumulative evidence indicates that the amygdala, hippocampus and
medial prefrontal cortex are critically involved in contextual fear
learning and extinction5–7. Here, we showed that contextual fear
conditioning was impaired by the ablation of striatal MSNs induced

in the adult brain. Furthermore, contextual fear conditioning was
diminished in striatum-specific D1R knockout mice but not in stria-
tum-specific D2R knockout mice. Our results provide strong evid-
ence that striatal neurons in the direct pathway play a role in
contextual fear conditioning.

Impairment of contextual fear conditioning by the ablation of
striatal MSNs is consistent with classical lesion studies suggesting
the importance of the ventral striatum for the conditioning.
Electrolytic lesions of the nucleus accumbens (NAc) of rats impaired
context but not cue fear conditioning34. Furthermore, lesions of the
NAc shell of rats reduced contextual fear conditioning35. When RU-
486 was administrated to induce the ablation of striatal MSNs 24 h
after contextual fear conditioning, the drug treatment hardly affected
the freezing responses of mice. Thus, it is likely that striatal MSNs are
involved in the acquisition of contextual fear memory, but are dis-
pensable for its retention. Consistently, an infusion of the local
anaesthetic bupivacaine into the NAc of rats impaired the acquisition
but not the expression of contextual fear conditioning36. These
results suggest that MSNs in the ventral striatum play a role in the
acquisition of contextual fear memory.

Recently, we showed that striatal MSNs play roles in the formation of
auditory fear memory only when US is weak and NMDA receptors and
de novo protein synthesis in the striatum are required for the auditory
fear memory formation19. In contrast, we here found that striatal neu-
rons are essential for contextual fear conditioning irrespective of the
strength of US. It is to be noted, however, that multiple footshocks (US)
partly restore contextual fear conditioning in striatum-specific D1R
knockout mice. Furthermore, striatal neurons are required for the
retention of the auditory fear memories but are dispensable for that
of contextual fear memories. Thus, striatal MSNs play differential roles
in auditory and contextual fear conditioning. Interestingly, dorsal stria-
tal lesions reduced tone fear conditioning in rats, while contextual fear
conditioning was hardly affected by the lesions37.

It is thought that two subpopulations of striatal MSNs forming the
direct and indirect pathways exert complementary and sometimes
opposing actions on behaviours that are controlled by the cortico-
striatal system38. Our results suggest that striatal neurons in the direct
pathway play a role in contextual fear conditioning since freezing
responses to the context were diminished in striatum-specific D1R
knockout mice but not in striatum-specific D2R knockout mice.
Systemic administration of D1-like receptors antagonists reduced
fear conditioning12–15. Consistently, freezing responses in contextual
fear conditioning were impaired in conventional global D1R knock-
out mice39, while it was reported that contextual freezing responses of

Figure 4 | Expression of Drd1a and Drd2 mRNAs in the cerebral cortex, hippocampus and striatum of D1R (A) and D2R (B) KO mice. Each mRNA

expression level is expressed as a ratio of that in the control striatum (flox D1R or flox D2R). All values represent mean 6 SEM. **, p , 0.01;

Student’s t test. Abbreviations: Cx, cortex; Hi, hippocampus; St, striatum.
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global D1R knockout mice were comparable to those of wild-type
mice when conditioning was repeated several times40. Since D1R is
expressed in the brain regions essential for contextual fear condition-
ing, the amygdala, hippocampus and prefrontal cortex10, the gloval

D1R knockout should affect multiple phases of contextual fear con-
ditioning. Our results together with previous pharmacological stud-
ies36 suggest that D1R in ventral striatal MSNs plays a role in the
acquisition of contextual fear memory.

Figure 5 | Expression of D1R and D2R in the forebrain. (A) Sections from control (left column) and striatum-specific D1R KO mice (right column) were

immunostained with anti-D1R antibody (n 5 3, each). (B) Sections from control (left column) and striatum-specific D2R KO mice (right column) were

immunostained with anti-D2R antibody (n 5 3, each). Scale bars represent 1 mm. Abbreviations: Cx, cortex; Hi, hippocampus; St, striatum. (C) S1

fractions of cerebral cortex, hippocampus and striatum from control and striatum-specific D1R KO mice were separated by SDS-PAGE, followed by

western blot analysis with anti-D1R and anti-actin antibodies (n 5 3 each) (left). Relative expression levels of D1R in striatum-specific D1R KO mice

(right). (D) S1 fractions of cerebral cortex, hippocampus and striatum from control and striatum-specific D2R KO mice were separated by SDS-PAGE,

followed by western blot analysis with anti-D2R and anti-actin antibodies (n 5 6 each) (left). Relative expression levels of D2R in striatum-specific D2R

KO mice (right). The gels were run under the same experimental conditions. Cropped blots are shown (full-length blots are presented in Supplementary

Figure S3). All values represent mean 6 SEM. *, p , 0.05; Student’s t test. Abbreviations: Cx, cortex; Hi, hippocampus; St, striatum.
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It is well established that midbrain dopamine neurons are acti-
vated by reward or sensory stimuli predicting rewards41–43. However,
there is evidence that the mesolimbic dopamine system carries valu-
ation signals not only for appetitive or gain-related stimuli but also
for aversive and loss-related stimuli44. We have shown that fear con-
ditioning enhances c-Fos expression in the stratum of mice in a US

strength-dependent manner20. In humans, fMRI studies showed that
the ventral striatum is directly activated in anticipation of aversive
stimuli45,46. A group of dopamine neurons in monkey are excised by
aversive or aversive event-predicting stimuli, suggesting that two
types of dopamine neuron convey positive and negative motivational
signals47. Thus, the striatum plays a central role in integrating neural

Figure 6 | Impairment of freezing responses of striatum-specific D1R KO mice. (A) Contextual fear conditioning with 0.5-mA footshock (an arrow)

was carried out. Percentage freezing of control and mice (n 5 13 each) on the conditioning (left) and test (right) days was determined by time sampling at

60 s intervals. Freezing responses immediately after shock were small for both types of mice (control, 2.0 6 0.4%, n 5 13; striatum-specific D1R KO, 0.8 6

0.2%, n 5 13; F(1,96) 5 8.9; p , 0.01, ANOVA). (B) Insertion of Cre recombinase gene into the Gng7 gene has no effects on freezing responses. Contextual

fear conditioning with 0.5-mA footshock (an arrow) was carried out. Percentage freezing of wild-type (n 5 13) and Gng71/cre (n 5 14) on the conditioning

(left) and test (right) days was shown at every minute. (C) No impairment of freezing responses in striatum-specific D2R KO mice. Contextual fear

conditioning with 0.5-mA footshock (an arrow) was carried out. Percentage freezing of control (n 5 9) and mutant (n 5 12) on the conditioning (left)

and test (right) days was shown at every minute. *, p , 0.05; ANOVA Tukey’s test.
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information from the cerebral cortex and thalamus to facilitate selec-
tion of actions that achieve reward-seeking outcomes and avoid
aversive outcomes48. In mice, synaptic transmission in the indirect
pathway is involved in aversive behaviour, while that in the direct
pathway is necessary for reward learning and cocaine sensitization49.
On the other hand, the development of highly motivated and perse-
verative toward cocaine is associated with synaptic plasticity in
MSNs expressing D2R in the NAc of mice50. Studies of Pavlovian
fear conditioning and extinction in rodents and humans suggest that
a neural circuit including the hippocampus, amygdala and medial
prefrontal cortex is involved in the learning and memory processes of
that enable context-dependent behaviour51. Our results suggest that
striatal MSNs expressing D1R also play an important role in contex-
tual fear conditioning. Thus, the striatum is a key component of brain
systems governing contextual fear memory.

Methods
Induction of striatal neuron ablation. To examine the role of striatal neurons in
contextual fear conditioning, we employed doubly transgenic mice carrying the
progestin-inducible CrePR gene and the Cre recombinase-dependent DTA gene19.
RU-486 (Sigma, St. Louis, MO) was suspended at a concentration of 50 mg/ml in
water containing 0.25% carboxymethyl cellulose (Sigma) and 0.5% Tween 80 (Sigma).

In order to induce CrePR recombinase activity, we injected 1 mg per g body weight of
RU-486 into the peritoneum of the transgenic mice at postnatal day 42.

Generation of striatum-specific D1R and D2R knockout mice on pure C57BL/6
genetic background. We identified bacterial artificial chromosome (BAC) clones
RP24-266B7 and RP23-232J20 prepared from the C57BL/6 strain (BACPAC
Resources Center, Oakland, CA) as those carrying the entire coding sequences of the
Drd1a and Drd2 genes using basic local alignment search tool searches against the
mouse genome sequence database. The 11.8-kb genomic DNA fragment carrying
exon 2 of the Drd1a gene was introduced into the pMC1DTpA52. The loxP site was
inserted into 495 bp-upstream of exon 2 and the 1.8-kb DNA fragment carrying the
loxP site and phosphoglycerate kinase 1 (Pgk-1) promoter-driven neo gene flanked by
two frt sites was inserted into immediately after exon 2. Targeting vector pTV-Drd1a
contained exon 2 of the Drd1a gene flanked by loxP sites, neo gene flanked by two frt
sites, the 9.0-kb upstream and 3.0-kb downstream genomic sequences, and 4.3-kb
pMC1DTpA. The 11.0-kb genomic DNA fragment carrying exon 2 of the Drd2 gene
was introduced into the pMC1DTpA. The 1.8-kb DNA fragment carrying the loxP
site and Pgk-1 promoter-driven neo gene flanked by two frt sites was inserted into the
380-bp upstream of exon 2 containing the translational initiation site of the Drd2 gene
and the loxP site was inserted into 379-bp downstream of exon 2. Targeting vector
pTV-Drd2 contained exon 2 of the Drd2 gene flanked by loxP sites, neo gene flanked
by two frt sites, the 3.4-kb upstream and 6.5-kb downstream genomic sequences, and
4.3-kb pMC1DTpA. Targeting vectors pTV-Drd1a and pTV-Drd2 were linearized
and electroporated into ES cell line RENKA derived from C57BL/6 strain26 as
described previously53. G-418 (150 mg/ml)-resistant clones were picked, and Drd1a
recombinant clones were identified by Southern blot hybridization analysis of XbaI-
or KpnI-digested genomic DNA using neo54, 59 and 39 probes. The 59 and 39 probes

Figure 7 | Freezing responses of striatum-specific D1R KO mice 10 min and 24 h after conditioning. Contextual fear conditioning with 0.5-mA

footshock (an arrow) was carried out. Percentage freezing of control (n 5 12) and striatum-specific D1R KO mice (n 5 13) during conditioning (left),

10 min (middle) and 24 h (right) after conditioning was shown at every minute. *, p , 0.05; ANOVA Tukey’s test.

Figure 8 | Freezing responses to multiple US of striatum-specific D1R KO mice. Contextual fear conditioning with five consecutive footshocks at

0.5 mA (arrows) was carried out. Footshocks were given at 3, 4, 5, 6 and 7 min after placement in the conditioning chamber. Percentage freezing of

control (n 5 11) and striatum-specific D1R KO mice (n 5 7) on the conditioning (left) and test (right) days was shown at every minute. *, p , 0.05;

ANOVA Tukey’s test.
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were prepared by PCR with primers 59-CCTGACTTCTTGATATCAAGC-39 and 59-
CCAGGGTCCTGTTAAGCTAC-39 and with primers 59-CTTTAGGGGCTC
GGTCTATTC-39 and 59-CTAAGGGCTGTCACCTGAGG-39 using BAC clone
RP24-266B7 as a template, respectively. Drd2 recombinant clones were identified by
Southern blot hybridization analysis of AflII-, KpnI or EcoT22I-digested genomic
DNA using neo, 59, and 39 probes, respectively. The 59 and 39 probes were prepared by
PCR with primers 59-TGAATACTGGGAACAGATGA-39 and 59-ACTGAAATG
GAAGGGAGGCC-39 and with primers 59-CAAGGTCCCTACAATTGGCT-39 and
59-ACATACCTAGAACACAGGCT-39 using BAC clone RP23-232J20 as a template,
respectively. Recombinant ES cells were injected into eight-cell stage embryo of CD-1
mouse strain. Resulting chimeric mice were mated to B6-Tg(CAG-FLPe)36 mice of
the C57BL/6 strain27 to eliminate the neo gene from the genome through Flp/frt-
mediated excision. Striatum-specific D1R and D2R knockout mice were generated by
crossing Drd1a1/flox and Drd21/flox mice with Gng71/cre mice19, respectively.
Littermates derived from Drd1aflox/flox and Drd1aflox/flox; Gng71/cre mice, and from
Drd2flox/flox and Drd2flox/flox; Gng71/cre mice on the pure C57BL6 genetic background
were used for subsequent studies, respectively. The Drd1aflox, the Drd2flox, and the
Gng71/cre alleles were identified by PCR with primers 59-CACTCTGCCTGTCAA
GCTCAGC-39 and 59-CCTGTCTGAGGAAGCCCAGCTC-39, with primers 59-
CTATATGATCCTCACAGCAG-39 and 59-GGAAAGGGCTACAGCATGG-39,
and with primers 59-TATAGGTACCCAGAAGTGAATTCGGTTCGC-39, 59-
GGCGACGTTGTTAGTACCTGAC-39 and 59- ATCCCTGAACATGTCCAT
CAGGTTC-39, respectively. Subsequent analyses were carried out with 8-week-old
mice unless otherwise specified. Breeding and maintenance of mice were carried out
under institutional guidelines. Mice were fed with food pellets on the floor ad libitum
with standard laboratory chow and water in standard animal cages under a 12 h light/
dark cycle. All animal procedures were approved by the Animal Care and the Use
Committee of Graduate School of Medicine, the University of Tokyo (Approval
#1721T062).

Histochemistry. Under deep pentobarbital anaesthesia (100 mg/g of body weight,
i.p.), mice were perfused transcardially with 4% paraformaldehyde in 0.1 M
phosphate-buffered saline. Sections (50 mm in thickness) were prepared with a
microslicer (VT1000S, Leica Microsystems, Wetzlar, Germany). After blocking with
10% normal goat serum, sections were incubated with guinea pig anti-D1R and rabbit
anti-D2R antibodies55 at 4uC over night, and incubated with Alexa Fluor 488-
conjugated secondary antibodies (Invitrogen, Carlsbad, CA) at room temperature for
2 h. Stained samples were mounted in slides using Vectashield mounting medium
containing DAPI (H-1500; Vector Laboratories, Burlingame, CA). Photographs were
taken by a fluorescence stereomicroscope (M165FC; Leica Microsystems).

Immunoblot. Homogenates of mouse cerebral cortex, hippocampus and striatum
were prepared essentially as described56. Proteins (3 mg per lane) were separated by
SDS-PAGE and analysed by immunoblot with guinea piganti-D1R, rabbit anti-D2R
or rabbit anti-actin (Sigma) antibody. The signals were analysed quantitatively by
LAS-4000 mini image analyzer using ImageQuant TL software (GE Healthcare,
Buckinghamshire, UK) and normalized against the signals for actin.

RT-PCR. Total RNAs from each brain sample were prepared using TRIzol
(Invitrogen) according to the manufacturer’s instructions. Quantitative real-time RT-
PCR was performed with LightCycler 480 (Roche Diagnostics, Mannheim, Germany)
and EXPRESS Two-Step SYBR GreenER (Invitrogen) using primers 59-ATCGTC
ACTTACACCAGTATCTACAGGA-39 and 59-GTGGTCTGGCAGTTCTTGGC-39

for Drd1a, 59-CTGGAGAGGCAGAACTGGAG-39 and 59-TAGACGACCCAG
GGCATAAC-39 for Drd2, and 59-CATGGCCTTCCGTGTTCCTA-39 and 59-
GCGGCACGTCAGATCCA-39 for Gapdh. Thermocycling parameterswere as
follows: one cycle of 50uC for 2 min and 95uC for 10 min, followed by 40 cycles of
95uC for 15 s and 60uC for 1 min. The amounts of the Drd1a and Drd2 mRNAs were
normalized with the amount of the Gapdh mRNA as an internal standard.

Contextual fear conditioning. Mice were housed individually for 1 week before
behavioural testing and were handled for 30 s everyday. A computer-controlled fear
conditioning system (CL-M2; O’Hara and Co., Tokyo, Japan) was used in the fear
conditioning experiments. A clear conditioning chamber (10 3 10 3 10 cm) with
polyvinyl chloride boards and a stainless steel rod floor that was composed of 14
stainless steel rods (2 mm in diameter spaced 7 mm apart) was surrounded by a
sound-attenuating white chest (74 lux). The conditioning chamber was cleaned with
70% ethanol between sessions. Masking noise of 52 dB was provided by a ventilation
fan. Mice were placed in the conditioning chamber for 1 or 3 min and then given a
scrambled electrical footshock (0.3, 0.5 or 1.0 mA for 1 s). Freezing responses were
monitored for 1 min more after the foot shock, and then the animals were returned to
their home cages. On the pretest and test day, mice were placed in the conditioning
chamber and freezing was scored for 3 or 6 min. Pretests and tests day were
performed 10 min and 24 h later after conditioning day, respectively. The test
chamber was cleaned with benzalkonium (Ecolab Inc., St. Paul, MN) between tests.
All behaviours were monitored by a CCD camera (WAT-902B; Watec Co. Ltd.,
Yamagata, Japan) attached to the ceiling of the chest. Images were captured at a rate of
two frames per second and freezing behaviour was automatically analysed as an index
of fear using IMAGE FZC software (O’Hara and Co.). Freezing behaviour was defined
as the absence of any visible movement of the body and vibrissae except for movement
necessitated by respiration. Freezing time was summated and the percentage of
freezing was calculated per minute.

Statistics. Data are expressed as mean 6 SEM. The statistics significance was
evaluated using Student’s t test or repeated measures ANOVA. When the interaction
was significant, Tukey’s test was employed. The criterion for statistical significance
was p , 0.05.

1. Fanselow, M. S. & LeDoux, J. E. Why we think plasticity underlying Pavlovian fear
conditioning occurs in the basolateral amygdala. Neuron 23, 229–232 (1999).

2. Selden, N. R. W., Everitt, B. J., Jarrard, L. E. & Robbins, T. W. Complementary
roles for the amygdala and hippocampus in aversive conditioning to explicit and
contextual cues. Neuroscience 42, 335–350 (1991).

3. Kim, J. J. & Fanselow, M. S. Modality-specific retrograde amnesia of fear. Science
256, 675–677 (1992).

4. Phillips, R. G. & LeDoux, J. E. Differential contribution of amygdala and
hippocampus to cued and contextual fear conditioning. Behav Neurosci 106,
274–285 (1992).

5. LeDoux, J. E. Emotion circuits in the brain. Annu Rev Neurosci 23, 155–184
(2000).

6. Maren, S. Neurobiology of Pavlovian fear conditioning. Annu Rev Neurosci 24,
897–931 (2001).

7. Pezze, M. A., Heidbreder, C. A., Feldon, J. & Murphy, C. A. Selective responding of
nucleus accumbens core and shell dopamine to aversively conditioned contextual
and discrete stimuli. Neuroscience 108, 91–102 (2001).

8. Oei, T. P. & King, M. G. Catecholamines and aversive learning: a review. Neurosci
Biobehav Rev 4, 161–173 (1980).

9. Millan, M. J. The neurobiology and control of anxious states. Prog Neurobiol 70,
83–244 (2003).

10. Pezze, M. A. & Feldon, J. Mesolimbic dopaminergic pathways in fear
conditioning. Prog Neurobiol 74, 301–320 (2004).

11. Civelli, O., Bunzow, J. R. & Grandy, D. K. Molecular diversity of the dopamine
receptors. Annu Rev Pharmacol Toxicol 33, 281–307 (1993).

12. Guarraci, F. A., Frohardt, R. J. & Kapp, B. S. Amygdaloid D1 dopamine receptor
involvement in Pavlovian fear conditioning. Brain Res 827, 28–40 (1999).

13. Greba, Q. & Kokkinidis, L. Peripheral and intraamygdalar administration of the
dopamine D1 receptor antagonist SCH 23390 blocks fear-potentiated startle but
not shock reactivity or the shock sensitization of acoustic startle. Behav Neurosci
114, 262–272 (2000).

14. Inoue, T., Izumi, T., Maki, Y., Muraki, I. & Koyama, T. Effect of the dopamine
D(1/5) antagonist SCH 23390 on the acquisition of conditioned fear. Pharmacol
Biochem Behav 66, 573–578 (2000).

15. Oliveira, A. R., Reimer, A. E. & Brandão, M. L. Dopamine D2 receptor
mechanisms in the expression of conditioned fear. Pharmacol Biochem Behav 84,
102–111 (2006).

16. Greba, Q., Gifkins, A. & Kokkinidis, L. Inhibition of amygdaloid dopamine D2
receptors impairs emotional learning measured with fear-potentiated startle.
Brain Res 899, 218–226 (2001).

17. Ponnusamy, R., Nissim, H. A. & Barad, M. Systemic blockade of D2-like
dopamine receptors facilitates extinction of conditioned fear in mice. Learn Mem
12, 399–406 (2005).

18. Missale, C., Nash, S. R., Robinson, S. W., Jaber, M. & Caron, M. G. Dopamine
receptors: from structure to function. Physiol Rev 78, 189–225 (1998).

19. Kishioka, A. et al. A novel form of memory for auditory fear conditioning at a low-
intensity unconditioned stimulus. PLoS One 4, e4157 (2009).

20. Kishioka, A., Uemura, T., Fukushima, F. & Mishina, M. Consolidation of auditory
fear memories formed by weak unconditioned stimuli requires NMDA receptor
activation and de novo protein synthesis in the striatum. Mol Brain 6, 17 (2013).

21. Albin, R. L., Young, A. B. & Penney, J. B. The functional anatomy of basal ganglia
disorders. Trends Neurosci 12, 366–375 (1989).

22. Alexander, G. E. & Crutcher, M. D. Functional architecture of basal ganglia
circuits: neural substrates of parallel processing. Trends Neurosci 13, 266–271
(1990).

23. Graybiel, A. M. The basal ganglia. Curr Biol 10, R509–511 (2000).
24. Gerfen, C. R. et al. D1 and D2 dopamine receptor-regulated gene expression of

striatonigral and striatopallidal neurons. Science 250, 1429–1432 (1990).
25. Surmeier, D. J., Ding, J., Day, M., Wang, Z. & Shen, W. D1 and D2 dopamine-

receptor modulation of striatal glutamatergic signaling in striatal medium spiny
neurons. Trends Neurosci 30, 228–235 (2007).

26. Mishina, M. & Sakimura, K. Conditional gene targeting on the pure C57BL/6
genetic background. Neurosci Res 58, 105–112 (2007).

27. Kanki, H., Suzuki, H. & Itohara, S. High-efficiency CAG-FLPe deleter mice in
C57BL/6J background. Exp Anim 55, 137–141 (2006).

28. Bergson, C. et al. Regional, cellular, and subcellular variations in the distribution
of D1 and D5 dopamine receptors in primate brain. J Neurosci 15, 7821–7836
(1995).

29. Paspalas, C. D. & Goldman-Rakic, P. S. Presynaptic D1 dopamine receptors in
primate prefrontal cortex: target-specific expression in the glutamatergic synapse.
J Neurosci 25, 1260–1267 (2005).

30. Usiello, A. et al. Distinct functions of the two isoforms of dopamine D2 receptors.
Nature 408, 199–203 (2000).

31. Lindgren, N. et al. Distinct roles of dopamine D2L and D2S receptor isoforms in
the regulation of protein phosphorylation at presynaptic and postsynaptic sites.
Proc Natl Acad Sci U S A 100, 4305–4309 (2003).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 3976 | DOI: 10.1038/srep03976 9



32. Fanselow, M. S. & Bolles, R. C. Naloxone and shock-elicited freezing in the rat.
J Comp Physiol Psychol 93, 736–744 (1979).

33. Kim, J. J., DeCola, J. P., Landeira-Fernandez, J. & Fanselow, M. S. N-methyl-D-
aspartate receptor antagonist APV blocks acquisition but not expression of fear
conditioning. Behav Neurosci 105, 126–133 (1991).

34. Riedel, G., Harrington, N. R., Hall, G. & Macphail, E. M. Nucleus accumbens
lesions impair context, but not cue, conditioning in rats. Neuroreport 8,
2477–2481 (1997).

35. Jongen-Rêlo, A., Kaufmann, S. & Feldon, J. A differential involvement of the shell
and core subterritories of the nucleus accumbens of rats in memory processes.
Behav Neurosci 117, 150–168 (2003).

36. Haralambous, T. & Westbrook, R. F. An infusion of bupivacaine into the nucleus
accumbens disrupts the acquisition but not the expression of contextual fear
conditioning. Behav Neurosci 113, 925–940 (1999).

37. Ferreira, T. L., Moreira, K. M., Ikeda, D. C., Bueno, O. F. & Oliveira, M. G. Effects
of dorsal striatum lesions in tone fear conditioning and contextual fear
conditioning. Brain Res 987, 17–24 (2003).

38. Gerfen, C. R. & Surmeier, D. J. Modulation of striatal projection systems by
dopamine. Annu Rev Neurosci 34, 441–466 (2011).

39. Ortiz, O. et al. Associative learning and CA3-CA1 synaptic plasticity are impaired
in D1R null, Drd1a2/2 mice and in hippocampal siRNA silenced Drd1a mice.
J Neurosci 30, 12288–12300 (2010).

40. El-Ghundi, M., O’Dowd, B. F. & George, S. R. Prolonged fear responses in mice
lacking dopamine D1 receptor. Brain Res 892, 86–93 (2001).

41. Schultz, W. Predictive reward signal of dopamine neurons. J Neurophysiol 80,
1–27 (1998).

42. Schultz, W. Getting formal with dopamine and reward. Neuron 36, 241–263
(2002).

43. Tobler, P. N., Fiorillo, C. D. & Schultz, W. Adaptive coding of reward value by
dopamine neurons. Science 307, 1642–1645 (2005).

44. Brooks, A. M. & Berns, G. S. Aversive stimuli and loss in the mesocorticolimbic
dopamine system. Trends Cogn Sci 17, 281–286 (2013).

45. Jensen, J. et al. Direct activation of the ventral striatum in anticipation of aversive
stimuli. Neuron 40, 1251–1257 (2003).

46. Seymour, B. et al. Temporal difference models describe higher-order learning in
humans. Nature 429, 664–667 (2004).

47. Matsumoto, M. & Hikosaka, O. Two types of dopamine neuron distinctly convey
positive and negative motivational signals. Nature 459, 837–841 (2009).

48. Bromberg-Martin, E. S., Matsumoto, M. & Hikosaka, O. Dopamine in
motivational control: rewarding, aversive, and alerting. Neuron 68, 815–834
(2010).

49. Hikida, T., Kimura, K., Wada, N., Funabiki, K. & Nakanishi, S. Distinct roles of
synaptic transmission in direct and indirect striatal pathways to reward and
aversive behavior. Neuron 66, 896–907 (2010).

50. Bock, R. et al. Strengthening the accumbal indirect pathway promotes resilience to
compulsive cocaine use. Nat Neurosci 16, 632–638 (2013).

51. Maren, S., Phan, K. L. & Liberzon, I. The contextual brain: implications for fear
conditioning, extinction and psychopathology. Nat Rev Neurosci 14, 417–428
(2013).

52. Taniguchi, M. et al. Disruption of semaphorin III/D gene causes severe
abnormality in peripheral nerve projection. Neuron 19, 519–530 (1997).

53. Takeuchi, T. et al. Control of synaptic connection by glutamate receptor d2 in the
adult cerebellum. J Neurosci 25, 2146–2156 (2005).

54. Uemura, T. et al. Regulation of long-term depression and climbing fiber territory
by glutamate receptor d2 at parallel fiber synapses through its C-terminal domain
in cerebellar Purkinje cells. J Neurosci 27, 12096–12108 (2007).

55. Narushima, M., Uchigashima, M., Hashimoto, K., Watanabe, M. & Kano, M.
Depolarization-induced suppression of inhibition mediated by
endocannabinoids at synapses from fast-spiking interneurons to medium spiny
neurons in the striatum. Eur J Neurosci 24, 2246–2252 (2006).

56. Takahashi, T. et al. Functional correlation of NMDA receptor e subunits
expression with the properties of single-channel and synaptic currents in the
developing cerebellum. J Neurosci 16, 4376–4382 (1996).

Acknowledgments
This work was supported in part by the Grants-in-Aid from the Ministry of Education,
Culture, Sports, Science and Technology of Japan. We thank Dr. Fumiaki Fukushima for
help in D2R targeting vector construction, Ms. Rie Natsume for chimeric mice production,
Dr. Masahiko Watanabe for anti-D1R and anti-D2R antibodies, and Ms. Yuki Takahashi
for technical assistance.

Author contributions
M.I., T.U., A.K. and M.M. designed the study. M.I., T.U. and A.K. performed experiments.
K.S. provided research tools. M.I. and A.K. analysed the data. M.I., T.U., A.K. and M.M.
wrote the manuscript. All authors reviewed the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Ikegami, M., Uemura, T., Kishioka, A., Sakimura, K. & Mishina, M.
Striatal dopamine D1 receptor is essential for contextual fear conditioning. Sci. Rep. 4, 3976;
DOI:10.1038/srep03976 (2014).

This work is licensed under a Creative Commons Attribution-
NonCommercial-ShareAlike 3.0 Unported license. To view a copy of this license,

visit http://creativecommons.org/licenses/by-nc-sa/3.0

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 3976 | DOI: 10.1038/srep03976 10

http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by-nc-sa/3.0

	Striatal dopamine D1 receptor is essential for contextual fear conditioning
	Introduction
	Results
	Impairment of contextual fear conditioning by ablation of striatal neurons
	Generation of striatum-specific D1R and D2R knockout mice on the pure C57BL/6 genetic background
	Effect of striatum-specific ablation of D1R and D2R on contextual fear conditioning
	Differential effect of striatum-specific ablation of D1R on short- and long-term contextual fear memories
	Multiple US evoked fear responses of striatum-specific D1R knockout mice

	Discussion
	Methods
	Induction of striatal neuron ablation
	Generation of striatum-specific D1R and D2R knockout mice on pure C57BL/6 genetic background
	Histochemistry
	Immunoblot
	RT-PCR
	Contextual fear conditioning
	Statistics

	Acknowledgements
	References


