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Differential expression of Arc in the 
mesocorticolimbic system is involved in drug and 
natural rewarding behavior in rats
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Aim: To investigate the different effects of heroin and milk in activating the corticostriatal system that plays a critical role in reward 
reinforcement learning.  
Methods: Male SD rats were trained daily for 15 d to self-administer heroin or milk tablets in a classic runway drug self-administration 
model.  Immunohistochemical assay was used to quantify Arc protein expression in the medial prefrontal cortex (mPFC), the nucleus 
accumbens (NAc), the dorsomedial striatum (DMS) and the ventrolateral striatum (VLS) in response to chronic self-administration of 
heroin or milk tablets.  NMDA receptor antagonist MK801 (0.1 mg/kg) or dopamine D1 receptor antagonist SCH23390 (0.03 mg/kg) 
were intravenously injected at the same time as heroin was infused intravenously.
Results: Runway training with heroin resulted in robust enhancement of Arc expression in the mPFC, the NAc and the DMS on d 1, 7, 
and 15, and in the VLS on d 1 and d 7.  However, runway training with milk led to increased Arc expression in the mPFC, the NAc and 
the DMS only on d 7 and/or d 15 but not on d 1.  Moreover, runway training with milk failed to induce increased Arc protein in the VLS.  
Both heroin-seeking behavior and Arc protein expression were blocked by MK801 or SCH23390 administration.  
Conclusion: The VLS is likely to be critically involved in drug-seeking behavior.  The NMDA- and D1 receptor-dependent Arc expression is 
important in drug-seeking behavior.
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Introduction
The mesocorticolimbic system plays important roles in 
reward, motivation, learning and addiction.  The striatum and 
the medial prefrontal cortex (mPFC) are critical components 
of the mesocorticolimbic network.  The striatum is thought 
to be critical for learning functions, especially reinforcement-
based learning[1, 2].  The dorsomedial striatum (DMS), which 
receives input primarily from the prefrontal cortex[3], appears 
to be preferentially involved in the rapid acquisition of action-
outcome behavior[4, 5] and is thought to contribute to the early 
performance of drug-seeking behavior.  By contrast, the lateral 
striatum, which receives input from the sensorimotor cortex[3], 
is critical for the acquisition of stimulus-response habitual 
behavior[4, 6] and is thought to be involved in cue-controlled 
forms of addictive behavior after extensive drug-taking expe-
rience[7, 8].  The lateral striatum is also involved in the rein-

statement of drug seeking after protracted withdrawal and in 
relapse to a drug-seeking state[9, 10].  The nucleus accumbens 
(NAc) has a key role in drug self-administration by mediating 
Pavlovian influences on instrumental seeking behavior[11, 12], 

as well as mediating the reinforcing effects of stimulant 
drugs[13].  The mPFC can exert a strong influence on the per-
formance of instrumental actions.  Lesions of the mPFC result 
in behavior that is insensitive to changes in outcome value in 
animals and in compulsive behavior in several human psy-
chopathologies[14, 15].  Although addictive drugs and natural 
rewards both activate mesocorticolimbic reward reinforcing 
systems, only addictive drugs induce compulsive use.  The 
differences in the activation of the striatum and the mPFC by 
the drug and by natural rewards are unclear.

The expression of specific immediate-early genes (IEGs) is 
induced by neural activity that produces stable changes in 
synaptic plasticity[16, 17] and by behavioral training[18, 19].  Activ-
ity-regulated cytoskeletal-associated gene (Arc) is robustly 
induced by plasticity-producing stimulation and by various 
forms of behavioral learning[20], and it is necessary for the 
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stabilization of that synaptic plasticity and for some forms 
of long-term memory[21, 22].  Because Arc shows the peculiar 
feature of being delivered into dendrites and because it is 
localized selectively at active synapses[23], it has been proposed 
as a marker of synaptic plasticity for mapping the brain sites 
involved in learning and memory.  To investigate the dif-
ferent effects of addictive drugs and natural rewards on the 
mesocorticolimbic system, we compared the expression of Arc 
protein in the mPFC, the NAc core, and different parts of the 
striatum in response to chronic self-administration of heroin 
or milk tablets using a classic runway drug self-administration 
paradigm[24, 25].

Materials and methods
Materials
Heroin (diacetylmorphine hydrochloride) was obtained from 
the National Institute of Forensic Science (Beijing, China).  
MK801 (0.1 mg/kg) and SCH23390 (0.03 mg/kg) were pur-
chased from Sigma (St Louis, MO, USA).  Anti-Arc antibody 
(mouse, 1:200 dilution) was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA).  Biotin-goat anti-mouse 
IgG (1:200), the SABC kit and the DAB kit were obtained from 
Wuhan Boster Biological Technology (Wuhan, China).

Animals
The subjects were male Sprague Dawley rats obtained from 
the Laboratory Animal Center, Chinese Academy of Sci-
ences (Shanghai, China), weighing between 280 and 300 g at 
the beginning of each experiment.  All animals were housed 
in groups in a temperature-controlled room (24±2 °C) on a 
12 h light/12 h dark cycle (lights on at 7:00 AM).  Rats were 
allowed ad libitum access to food and water in their home 
cages throughout the experiments.  All animal use protocols 
were reviewed and approved by the Institutional Animal 
Care and Use Committee (IACUC) of Shanghai Institute of 
Materia Medica (SIMM), which received the full accreditation 
of AAALAC in May 2011.  All procedures were executed in 
accordance with the IACUC guidelines and polices.  A total of 
181 rats were used in the experiments described below.  

Intravenous catheterization surgery
Rats (weighing 280-300 g when surgery began) were anes-
thetized with sodium pentobarbital (55 mg/kg, ip) in com-
bination with atropine (0.4 mg/kg, ip).  The catheters, which 
were constructed using guide cannulae, silicon tubing, dental 
cement and plugs, were implanted with the proximal end 
reaching the atrium through the right jugular vein, continu-
ing dorsally over the right shoulder and fixed between the 
scapulae[26].  The catheters were flushed daily with 0.2 mL of 
an antibiotic solution (penicillin sodium dissolved in 2 mL 
0.9% sterile saline) and thereafter daily with 0.1 mL heparin 
solution (50 units/mL in 0.9% sterile saline).  The rats were 
allowed to recover from surgery for 3-5 d.

Runway experiments
The runway apparatus was a straight polyvinyl chloride 

(PVC) alley (Figure 1A)[23].  The runway apparatus was a 
slight modification of the runway designed by Ettenberg and 
coworkers[24].  The modified runway apparatus was 200 cm 
long, 10 cm wide and 45 cm high, and it included a start area, 
a goal area (length, 30 cm each), a straight alley, a magnet 
track, a flow-through swivel and a drug delivery system.  The 
start area was separated from the alley by a sliding door.  The 
goal area had black walls with white stripes, serving as the 
visual discriminative stimulus; in addition, a tone generator 
located in the ceiling of the goal area was available to provide 
an auditory discriminative stimulus.  The floor of the runway 
was made with steel grids.  The subject’s activity within the 
apparatus was detected by breaking two transverse infrared 
photodetectors, which were embedded in the wall between the 
start area and goal area.  A computer program for the control 
of operant behavioral experimentation from Anilab Software 
and Instrument Co, Ltd (China) was used.  The heroin was 
dissolved freshly in sterile 0.9% physiological saline at a con-
centration of 120 μg/kg.  Drug or vehicle solution was intrave-
nously delivered at a speed of 20 μL per second.

Before measuring heroin-induced drug-seeking behavior, 
rats were taken out of their home cages once daily and han-
dled for at least 5 min per rat for at least 5 d.  After handling 
and habituation, and at least 3 d of recovery from surgery, 24 
of the 181 rats were divided into two equal groups (the saline 
group and the heroin group) to test for the runway behavior.  
Each rat was trained daily for 15 consecutive days (one trial 
per day), and rats were trained to run to the goal area for self-
administration of heroin (120 μg/kg per infusion, iv) or saline.  
A rat was put into the start area for approximately 5 s.  Then, 
the door was opened, and the animal was free to traverse 
the alley.  The runway apparatus was high, so the rat had no 
visual contact with the experimenter, who stood apart.  When 
the rat broke the photobeam and reached the goal area, it was 
led to an intravenous injection of heroin or saline accompa-
nied by four distinctly audible clicks and the illumination of 
the goal area light.  The rat was allowed to stay in the runway 
apparatus for approximately 6 min before it was returned to 
its home cage.  If the animal did not traverse the 200-cm alley 
within 60 s, it was gently shoved through the runway to the 
goal area.  The “run time” was defined as the timespan when 
the rat ran out of the start area, travelled through the alley and 
finally entered the goal area.  The “latency” was defined as the 
time until the rat left the start area.

To measure food-rewarded activities, rats were placed on a 
restricted diet two weeks before the runway training, receiv-
ing 10–15 g of their maintenance diet daily to reach 80%–85% 
of free feeding weight throughout the experiments[5].  Once 
the training began, rats were fed each day after the training 
sessions, and they had free access to water while in their home 
cages.  Eighteen of the 181 rats were divided equally into 
two groups (a water group and a milk tablets group).  When 
a milk-group rat ran into the goal area and broke the photo-
beam, the experimenter gave the rat four milk tablets through 
a tube on the wall of the goal area from outside the runway 
apparatus, and the milk tablets dropped into the goal area 



1015

www.chinaphar.com
Li M et al

Acta Pharmacologica Sinica

npg

along the tube.  The water-group rats, similarly, found water 
in the goal area.  The effective response was also accompanied 
with the light/tone cues: four distinctively audible clicks and 
the illumination of the goal area light.  The rat was allowed to 
stay in the runway apparatus and consume the milk tablets for 
approximately 6 min before it was returned to its home cage.  
Two hours after the training, free access to the restricted food 
was available.

To measure the effect of heroin treatment on Arc expres-
sion in the absence of runway training, forty-eight of the 181 
rats were used.  They were divided into six groups: without-
runway saline groups and without-runway heroin groups at 
three different time points per treatment (1, 7, and 15 d, n=8 
per group).  After recovery from the intravenous catheteriza-
tion surgery, these rats were intravenously injected with saline 
or heroin (120 μg/kg) at their home cages.  On the final day 
of the injection, rats were quickly anesthetized and perfused 
according to the immunohistochemistry protocol below.

For the antagonist tests, thirty-five of the 181 rats were 
used.  They were divided into four groups: the saline group, 
n=6; the heroin group, n=11; the MK801 group, n=10; and the 
SCH23390 group, n=8.  MK801: 0.1 mg/kg[27].  SCH23390: 0.03 
mg/kg[28].  To avoid changes in locomotor activity induced by 
MK801 or SCH23390, these two antagonists were administered 
(iv) when rats ran through the alley and broke the photobeam 
in the goal area to ensure that the antagonists were adminis-
tered at the same time as heroin was infused intravenously.  
The Arc protein expression levels in the antagonist tests were 
assayed in the rats used in the behavioral tasks.

Immunohistochemistry
Brain sections from different groups were processed in paral-
lel to minimize the variations in immunohistochemical label-
ing.  To further determine the temporal pattern of Arc protein 
expression, we analyzed three different time points (1, 7, and 
15 d) of heroin- or food-rewarded runway training.  For this 
purpose, we used thirty-six of the 181 rats and divided them 
into six groups (n=6 per group, saline group and heroin group 
at three different time points).  For food-reward analysis, we 
used forty-eight of the 181 rats and divided them into six 
groups (n=8 per group, water group and milk tablets group at 
three different time points).  For the d 15 time point of heroin 
or milk tablet runway training, Arc protein expression levels 
were assayed in the rats used in the behavioral tasks.  For 
antagonist treatment, we used twenty-four of the 181 rats, 
divided into four groups (n=6 per group), and Arc protein 
expression was assayed in the rats used in the behavioral 
tasks.

After the last day of the training, rats were removed from 
the runway apparatus, and one hour later, they were quickly 
anesthetized with sodium pentobarbital (55 mg/kg, iv).  For 
light microscopy, deeply anesthetized rats were perfused with 
saline and then 4% cold paraformaldehyde in 0.1 mol/L phos-
phate buffer.  Brains were removed from the skulls and post-
fixed in 4% paraformaldehyde overnight at 4 °C.  The next 
day, the brains were transferred to a solution of 30% sucrose 

overnight until they sank.  Cryostat sections of these brains 
were then cut at a thickness of 30 μm on a Leica CM3050S 
cryostat.  Brain sections were stored in 10% sucrose and 0.03% 
sodium azide in 0.1 mol/L phosphate buffer at 4 °C for further 
processing[29].  Standard immunocytochemical methods were 
performed as previously described in detail[30].  All washes 
were conducted in 0.1 mol/L phosphate buffer, and sections 
were blocked with 10% normal goat serum for 2 h at room 
temperature.  Sections were incubated overnight in primary 
antibody (mouse anti-Arc antibody, 1:500 dilution in 10% nor-
mal goat serum) at 4 °C.  Then, sections were incubated with 
secondary antibody (biotin-goat anti-mouse IgG, 1:200 dilu-
tion in 10% normal goat serum) for 2 h at room temperature.  
Arc-positive sites were visualized using a SABC kit and a DAB 
kit employing 0.1% 3,3’-diaminobenzidine as the chromogen.  
The brain sections were subsequently dehydrated in alcohol 
and xylene and coverslipped.  Finally, they were imaged on an 
Olympus IX51 microscope.

To quantitatively examine the protein expression data, fields 
measuring 200× magnification in the brain slices were digitally 
captured, and the integrated optical density (IOD) of positive 
cells was automatically counted using Image Pro Plus soft-
ware.

Statistical analysis
Data are presented as the mean±SEM.  Data were analyzed 
with ANOVAs using the appropriate between- and within-
subject factors for different experiments (see Results).  Signifi-
cant main effects and interactions (P<0.05) from the factorial 
ANOVAs were followed by simple ANOVAs and Bonferroni 
post hoc tests.  Additionally, for clarity, post hoc analyses are 
indicated in the figures but are not described in the Results.  

Results
Runway training with heroin and milk both induced motivational 
behavior
We detected the mean run time and the latency in four differ-
ent groups of rats that underwent runway training with heroin 
or milk over the course of 15 d.  The incentive motivational 
effects of heroin were progressively reinforced after 15 d of the 
training (n=12 in each group) and manifested in a progressive 
increase in runway speed (Figure 1B).  Analysis of the run time 
(time to enter the goal area once the rat had left the start area) 
and the latency (time to leave the start area) using ANOVA 
with between-subject factors of heroin and training days 
revealed a significant effect of heroin (F(1,308)=13.44, P<0.01) 
and training days (F(14,308)=5.63, P<0.01) and a significant inter-
action between these two factors (F(14,308)=7.63, P<0.01).  The 
analysis of the latency revealed no significant effect of heroin 
(F(1,308)=2.05, P>0.05) or training days (F(14,308)=2.45, P>0.05) and 
an interaction between these two factors (F(14,308)=3.09, P>0.05).  
Post hoc Bonferroni differences within each time point are 
indicated in Figure 1B.  Rats that underwent runway training 
with heroin for 15 consecutive days ran much faster than those 
trained with saline for 15 d; however, the two groups spent 
similar amounts of time in the start area.  
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The incentive motivational effects of milk were also rein-
forced after 15 d of the training (n=9 in each group, Figure 1C).  
Analysis of the mean run time of the milk group with ANOVA 
using the between-subjects factors of milk tablets and training 
days revealed a significant effect of milk tablets (F(1,224)=15.46, 
P<0.01), but no significant effect of training days (F(14,224)=4.03, 
P>0.05), and a significant interaction between these two fac-
tors (F(14,224)=9.25, P<0.01).  The analysis of the latency revealed 
no significant effect of milk (F(1,224)=0.94, P>0.05) or training 
days (F(14,224)=4.06, P>0.05) and an interaction between these 
two factors (F(14,224)=4.56, P>0.05).  Post hoc Bonferroni differ-
ences within each time point are indicated in Figure 1C.  Rats 
that underwent runway training with milk for 15 d ran much 
faster to the goal area than those trained with water for 15 d; 
however, the two groups displayed similar times before leav-
ing the start area.  

Increase in Arc protein expression in the mPFC and the NAc in 
response to runway training with heroin in rats
Arc is a marker of synaptic plasticity and is commonly used to 
map the neural circuits that are involved in learning and mem-
ory.  To examine the neural substrates that are recruited by 
runway training with heroin, we used immunohistochemistry 
as an approach to map Arc protein expression in the mPFC, 
the NAc and the striatum on d 1, 7, and 15 with or without 
runway training (with runway: n=6 per group; without run-
way: n=8 per group).  As shown in Figure 2, runway training 
with heroin induced a marked enhancement of Arc protein 
expression in the mPFC (Figure 2A) and the NAc (Figure 2B) 
compared to runway training with saline.  Two-way ANOVA 
assays for Arc protein expression in the mPFC on d 1, 7, and 
15 with or without runway training revealed a significant 
effect of heroin (F(3,48)=69.41, P<0.0001) and training days (F(2,48) 
=3.96, P<0.01) but no significant interactions between these 
two factors (F(6,48)=1.61, P>0.05).  Two-way ANOVA assays for 
Arc protein expression in the NAc on d 1, 7, and 15 with or 
without runway training also revealed a significant effect of 
heroin (F(3,48)=53.32, P<0.0001) but no significant effect of train-
ing days (F(2,48)=2.25, P>0.05) and no significant interactions 
between these two factors (F(6,48)=2.3, P>0.05).  Post hoc group 
differences within each time point are indicated in Figure 2C 
and 2D.  Runway training with heroin significantly increased 
Arc protein expression in both the mPFC and the NAc on d 1 
(P<0.01, P<0.001), d 7 (P<0.01) and d 15 (P<0.01).  To address 
whether that increase in Arc expression by runway training 
with heroin was due to the behavioral training or to the phar-
macological effect of heroin, we next examined the effect of 
heroin without runway training on Arc expression within the 
mPFC and the NAc.  As shown in Figures 2C and 2D, heroin 
treatment alone also induced robust increases in Arc expres-
sion in the mPFC and the NAc, but the magnitude of Arc 
expression is significantly less than that induced by heroin 
treatment with runway training (in the mPFC: P<0.001 for 
d 1; P<0.05 for d 7; P<0.01 for d 15, in the NAc: P<0.05 for d 7; 
P<0.01 for d 15, respectively).

Figure 1.  (A) Schematic of the runway drug self–administration model.  
(B) Development of drug reinforcement in a runway procedure.  Rats were 
given the opportunity to run for an intravenous injection of saline (n=12) 
or 120 μg/kg heroin (n=12) in 15 consecutive trials (days).  The figures 
show the effects on the run time and the latency.  The run time of every 
trial reflected the incentive (heroin) delivered upon goal-area entry and 
provided an index of the animal’s motivation to seek the reinforcer in 
the trial.  (C) Development of food reinforcement in a runway procedure.  
Food-restricted rats were given the opportunity to run for milk tablets (n=9) 
versus water (n=9) in 15 consecutive trials.  Data are expressed as the 
mean±SEM.  bP<0.05, cP<0.01 with respect to the heroin group or the 
milk tablets group by two-way ANOVA followed by the Bonferroni post hoc 
tests.
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Different temporal patterns of Arc protein expression in the 
dorsal striatum in response to runway training with heroin 
Based on differences in their neuroanatomical projections, 
the striatum can be divided into two sub-regions: the medial 
striatum (MS) and the lateral striatum (LS)[31, 32].  To investi-
gate the sub-regional differences in Arc protein expression, 
we detected and quantified Arc protein in both the MS and 
the LS.  As shown in Figure 3, heroin with or without runway 
training resulted in a robust increase in Arc protein expression 
on d 1 and d 7 in both the MS and the LS of rats, especially in 
the dorsomedial striatum (DMS) and the ventrolateral stria-
tum (VLS) (Figure 3B and 3C) compared with saline (Figure 
3A).  However, on d 15, an increase in Arc protein expression 
with runway training was detected only in the DMS but not 
in the VLS (Figure 3D, 3E and 3F).  In contrast, Arc expression 
was increased in the VLS by heroin on d 15 without runway 
training (Figure 3F).  Two-way ANOVA assays for Arc protein 
expression on d 1, 7, and 15 in the DMS of rats with or without 

runway training revealed a significant effect of heroin treat-
ment (F(3,48)=41.90, P<0.0001), significant effect of training days 
(F(2,48)=5.84, P<0.01) and significant interaction between these 
two factors (F(6,48)=8.44, P<0.05).  Two-way ANOVA assays 
for Arc protein expression in the VLS on d 1, 7, and 15 with or 
without runway training also revealed a significant effect of 
heroin (F(3,48)=61.12, P<0.0001) and training days (F(2,48)=8.30, 
P<0.0001), as well as a significant interaction between these 
two factors (F(6,48) =19.07, P<0.0001).  Post hoc group differences 
within each time point are indicated in Figure 3E and 3F.  
Runway training with heroin significantly increased Arc pro-
tein expression in the DMS on d 1 (P<0.001), d 7 (P<0.05), and 
d 15 (P<0.05), whereas runway training with heroin induced 
a significant increase in Arc protein expression in the VLS on 
d 1 (P<0.001) and d 7 (P<0.001) but not on d 15 (P>0.05).  The 
results indicate that, although runway training with heroin 
increases Arc protein expression in both the DMS and the 
VLS, there was a difference in the temporal expression pattern.  

Figure 2.  Immunohistochemical analysis of Arc protein expression in the mPFC and the NAc for rats that underwent or did not undergo runway heroin 
training (d 1, 7, and 15, with runway training, n=6 in each group; without runway training, n=8 in each group).  Mapping Arc expression in the mPFC (A) 
and the NAc (B).  Analysis of Arc protein expression levels in the mPFC (C) and the NAc (D) in rats with or without runway training.  cP<0.01 compared 
with saline with RW.  eP<0.05, fP<0.01 compared with saline without RW.  hP<0.05, iP<0.01 compared with heroin with RW.  mPFC, the medial prefrontal 
cortex; NAc, the nucleus accumbens; RW, runway.  Scale bars: 10 μm.
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Next, we tested the effect of heroin without runway training 
on Arc expression within the DMS and the VLS.  As shown in 
Figures 3 E and 3F, heroin treatment alone also induced robust 
increases in Arc expression in the DMS and the VLS on d 1 
and d 7, but the magnitude of this Arc expression is signifi-
cantly less than that induced by heroin treatment with runway 
training (in the DMS: P<0.05 for d 7, in the VLS: P<0.01 for d 
1; P<0.01 for d 7, respectively).  Interestingly, in contrast to 
heroin treatment with runway training, heroin treatment alone 

also induced a robust increase in Arc expression in the VLS on 
d 15 (Figure 3F).

Runway training with milk resulted in significant increases in Arc 
protein expression only in the mPFC, the NAc and the DMS but 
not in the VLS 
To determine whether the same neural substrates are recruited 
by heroin- and milk-reward learning, we next mapped and 
quantified the Arc protein in the mPFC, the NAc, the DMS 

Figure 3.  Immunohistochemical analysis of Arc protein expression in different regions of the striatum in rats with or without runway heroin training (d 
1, 7, and 15, with runway training, n=6 in each group; without runway training, n=8 in each group).  (A) Little Arc protein expression was detected in the 
medial and the lateral part of the striatum in salinetrained rats.  (B) Increased amounts of Arc protein were found in both the DMS and the VLS in the 
heroin–rewarded rats on d 1 of training.  (C) Increased Arc protein levels were also found in the DMS and the VLS in the heroin rewarded rats on d 7 
of training.  (D) However, unlike the DMS with persistent Arc protein expression, there was little Arc protein found in the VLS on d 15 of heroin training.  
Analysis of the Arc protein expression levels in the DMS (E) and the VLS (F) in rats with or without runway training.  bP<0.05, cP<0.01 compared with 
saline with RW.  fP<0.01 compared with saline without RW.  hP<0.05, iP<0.01 compared with heroin with RW.  DMS, the dorsomedial striatum; VLS, the 
ventrolateral striatum; RW, runway.  Scale bars: left image, 20 µm; right image, 10 μm.
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and the VLS in response to runway training with milk for 1, 
7, and 15 d.  As shown in Figure 4, runway training with milk 
induced enhancement of Arc protein expression in the mPFC 
and the NAc (Figure 4A and 4B).  Two-way ANOVA assays 
for Arc protein expression in the mPFC on d 1, 7, and 15 
revealed a significant effect of milk tablets (F(1,28)=31.5, P<0.01) 
and training days (F(2,28)=21.58, P<0.01), as well as a significant 
interaction between these two factors (F(2,28)=7.63, P<0.01).  The 
following post hoc test showed that there were significant dif-
ferences in Arc protein expression between runway training 
with milk and with water on d 7 and d 15 (P<0.01, P<0.01).  
Two-way ANOVA assays for Arc protein expression in the 
NAc on d 1, 7, and 15 of the training also revealed a signifi-
cant effect of milk tablets (F(1,28)=32.32, P<0.01) and training 
days (F(2,28)=34.65, P<0.01), as well as a significant interaction 
between these two factors (F(2,28)=17.06, P<0.01).  The follow-
ing post hoc test showed that there were significant differences 
in Arc protein expression between runway training with milk 
and with water on d 7 and d 15 (P<0.01, P<0.01).  

Runway training with milk also induced enhancement of 
Arc protein expression in the DMS but failed to induce a sig-

nificant increase in Arc protein expression in the VLS (Figure 
5).  Two-way ANOVA assays for Arc protein expression in the 
DMS on d 1, 7, and 15 of runway training with milk revealed 
a significant effect of milk tablets (F(1,28)=43.97, P<0.01) and 
training days (F(2,28)=18.38, P<0.01), as well as a significant 
interaction between these two factors (F(2,28)=10.65, P<0.01).  
The following post hoc test showed that there were significant 
differences in Arc protein expression between runway train-
ing with milk and with water on d 7 and d 15 (P<0.01).  Two-
way ANOVA assays for Arc protein expression in the VLS on 
d 1, 7, and 15 of the training revealed no significant effect of 
milk tablets (F(1,28)=0.45, P>0.05), a significant effect of train-
ing days (F(2,28)=18.66, P<0.05), and no significant interactions 
between these two factors (F(2,28)=4.89, P>0.05).  The following 
post hoc test showed that there was no significant difference 
in Arc protein expression between runway training with milk 
and with water for all time points in the VLS.  These results 
indicate that there are temporal and spatial differences in the 
induction of Arc protein expression between runway training 
with heroin and with milk.  For the rats trained with milk, sig-
nificant Arc protein was observed in the mPFC, the NAc and 

Figure 4.  Immunohistochemical mapping of Arc protein expression in the mPFC (A) and the NAc (B) in rats from the milk group after consecutive food-
rewarded runway training (d 1, 7, and 15, n=8 in each group).  Analysis of the Arc protein expression levels in these brain regions.  cP<0.01 compared 
with saline with RW.  Scale bars: 5 μm.
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the DMS on d 7 and d 15, but this increase in Arc expression 
was not observed in the VLS, whereas for the rats trained with 
heroin, significant Arc protein expression was observed in the 
mPFC, the NAc and the DMS on d 1, 7, and 15, and in the VLS 
on d 1 and d 7 but not d 15.  

NMDA receptor and D1 dopamine receptor antagonists blocked 
both heroin-induced incentive-seeking behavior and Arc protein 
expression 
It has been established that the NMDA receptor and the D1 
dopamine receptor both play roles in the development and 
maintenance of drug motivational behaviors[33] and that these 
two receptors are also involved in Arc expression[34–36].  To 
determine the relationship between heroin-induced run-
way behavior and Arc protein expression, we examined the 
effects of the NMDA receptor antagonist MK801 and the D1 
dopamine receptor antagonist SCH23390 on heroin-induced 
runway behavior and Arc protein expression.  Because the 
main parameter of the runway model to assess motivation is 
the running speed, which is influenced by locomotor activity, 
it is important to detect the run time without altering locomo-

tor activity levels.  To avoid changes in locomotor activity 
induced by MK801 or SCH23390, these two antagonists were 
administered (iv) when rats ran through the alley and broke 
the photobeam in the goal area, to ensure that the antagonists 
were administered at the same time as heroin was infused 
intravenously.  The “run time” and the “latency” occurred 
before the presentation of the antagonists and hence were 
unaffected by the antagonists.  

As shown in Figure 6A, runway training with heroin in 
combination with MK801 or SCH23390 increased run time 
compared with runway training with heroin alone.  Analysis 
of the run time using ANOVA with the between-subjects fac-
tors of drugs and training days revealed a significant effect 
of drugs (F(3,434)=9.62, P<0.05) and training days (F(14,434)=4.35, 
P<0.01), as well as a significant interaction between these two 
factors (F(42,434)=9.23, P<0.01).  Analysis of the latency using 
ANOVA revealed a significant effect of drugs (F(3,434)=10.62, 
P<0.05), no significant effect of training days (F(14,434)=1.46, 
P>0.05) and a significant interaction between these two factors 
(F(42,434)=6.92, P<0.05).  Post hoc Bonferroni differences within 
each time point are indicated in Figure 6A.  These results indi-

Figure 5.  Immunohistochemical mapping of Arc protein expression in the DMS (A) and the VLS (B) in rats from the milk group after food-rewarded 
runway training (d 1, 7, and 15, n=8 in each group).  Analysis of the Arc protein expression levels in these brain regions.  cP<0.01 compared with saline 
with RW.  Scale bars: 5 μm.
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cate that MK801 and SCH23390 both suppressed drug-seeking 
behavior motivated by heroin, suggesting that activation 
of both the NMDA receptor and the D1 dopamine receptor 
is essential for heroin-seeking behavior.  We subsequently 
mapped and quantified Arc protein expression in the mPFC, 
the NAc and the DMS from rats that were used for detecting 
the effect of MK801 and SCH23390 on heroin-seeking behav-
ior.  As shown in Figure 6B, Arc protein expression in these 
regions was abolished, indicating that NMDA receptor and 
D1 dopamine receptors were also involved in regulating Arc 
protein expression.  Together, these results suggest that Arc 

protein expression may be functionally correlated with drug-
seeking behavior motivated by heroin.
 
Discussion
In the present study, we trained rats to self-administer heroin 
or milk tablets using a classic runway drug self-administration 
paradigm and used immunohistochemical assays to detect 
the expression of Arc (a protein essential for the stabilization 
of LTP and the consolidation of memory) in various brain 
regions.  We found that there were different temporal and 
spatial patterns of Arc expression in response to heroin and 

Figure 6.  Effects of co-infusion of MK801 (0.1 mg/kg) or SCH23390 (0.03 mg/kg) on the acquisition of runway behavior for intravenous heroin self-
administration over consecutive 15 d.  (A) Both MK801 (n=10) and SCH23390 (n=8) affected the rats' motivation for heroin compared with the 
heroin–reinforced group (n=11).  Saline group (n=6).  The figures show the effects on run time and latency.  Data are shown as the mean±SEM.  
bP<0.05, cP<0.01 heroin group compared with saline group.  eP<0.05 heroin group compared with MK801 group.  hP<0.05 heroin group compared 
with SCH23390 group. Two-way ANOVA followed by Bonferroni post hoc tests. (B) Immunohistochemistry was used to map Arc protein expression in the 
mPFC, the NAc and the DMS in the MK801 group and the SCH23390 group.  Scale bars: 5 μm.  (C) Analysis of the Arc protein expression levels in the 
mPFC, the NAc and the DMS on d 15 of heroin reinforced runway training.  cP<0.01 compared with saline group.  fP<0.01 compared with heroin group.  
iP<0.01 compared with heroin group.
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milk reinforcement learning.  Although both heroin and milk 
reinforcement learning elicited changes in Arc expression 
in the mPFC, the NAc and the DMS, only heroin reinforce-
ment learning induced Arc expression within the VLS.  In 
addition, although milk reinforcement learning also induced 
Arc protein expression in the mPFC, the NAc and the DMS, 
this upregulation was slower than that induced by heroin 
reinforcement learning.  An increase in Arc expression was 
detected only after d 7 of milk reinforcement learning, whereas 
an increase in Arc protein expression could be detected after d 
1 of heroin reinforcement learning.  Moreover, we found that 
increased Arc expression within the mPFC, the NAc and the 
VLS in response to runway training with heroin was induced 
by both the pharmacological effect of heroin and the runway 
training: heroin treatment without runway training resulted 
in increased Arc expression within these regions, but an addi-
tional increase in Arc expression was observed upon heroin 
treatment with runway training.  We also concluded that the 
increase in Arc expression by runway training was region-spe-
cific because it failed to increase heroin-induced Arc expres-
sion in the DMS, suggesting that runway training could exert 
different effect on heroin-induced Arc expression in different 
brain regions.  

The striatum has been shown to be critical for drug-
seeking and drug-taking.  The NAc has an important role in 
primary drug reinforcement, while the striatum is critically 
involved in compulsive drug use after extensive drug taking 
experience[6, 7].  There are two distinct learning processes occur-
ring within the striatum: one in the medial striatum that is 
critical for acquisition and expression of goal-directed actions, 
and the other in the lateral striatum that mediates stimulus-
response habits[37, 38].  Drug-seeking behavior is initially a goal-
directed behavior in which a drug is sought and taken for its 
reinforcing or rewarding effects, but it ultimately becomes a 
cue-controlled behavior after extensive drug-taking experi-
ence[6, 7].  At a neural level, this transition from goal-directed 
action to cue-controlled drug seeking reflects a shift from 
ventral to dorsal striatal control over drug seeking[6, 7].  Indeed, 
there are multiple sources of evidence indicating that the 
lateral striatum is critically involved in cue-controlled drug-
seeking behavior.  For example, exposure of drug addicts to 
drug cues increases dopamine activity in the dorsal striatum, 
and this increase in dopamine activity is correlated with the 
intensity of the cue-induced craving[39, 40].  Moreover, increased 
extracellular DA has been detected in the dorsolateral striatum 
(DLS) but not in the NAc, and infusion of a dopamine receptor 
antagonist into the DLS, but not into the NAc, diminished cue-
controlled cocaine seeking[41-44].  Direct evidence to support a 
role of the DLS in habitual drug seeking comes from a recent 
study that showed that functional inactivation of the DLS 
restored the sensitivity of cocaine seeking to devaluation of 
the drug outcome[45].  

In line with these studies, the present study demonstrates 
that heroin but not milk reinforcement learning induced 
increased Arc protein expression in the VLS, supporting the 
model that the VLS may be crucially involved in heroin- but 

not milk-seeking behaviors.  Given the essential role of the 
VLS in cue-controlled drug seeking, our findings suggest that 
the VLS may play a critical role in compulsive drug seek-
ing.  The failure of milk reinforcement learning to induce Arc 
protein expression in the lateral striatum, as observed here, 
is consistent with previous demonstrations that the motiva-
tion for food depends on dopamine neurotransmission in the 
NAc[46–48] and that blockade of dopamine transmission within 
the DLS does not alter instrumental responses to food[49].  The 
other novel finding of the present study is that an increase in 
Arc expression in the VLS was observed early (on d 1) in the 
heroin reinforcement learning, indicating that this region is 
activated early in the process of heroin reinforcement learning, 
which is not consistent with the notion that the lateral stria-
tum becomes involved in drug seeking only after prolonged 
drug-taking experience, when drug use becomes habitual and 
stimulus-driven[6, 7].  This is in agreement with recent findings 
that the DLS dopamine already becomes involved in cocaine-
taking after very limited experience with the drug[48] and that 
the midlateral striatum mediates instrumental responses at all 
stages of training[50].  These results extend the role of the lateral 
striatum in drug use beyond habitual aspects of cue-controlled 
drug seeking after prolonged drug taking experience.

The striatum is interconnected with the mPFC via gluta-
matergic fibers[51–53] and receives dopaminergic afferents from 
the VTA and the substantia nigra pars compacta[54, 55].  Dop-
amine transmission in this network plays a crucial role in 
instrumental behaviors[56–58], but the NMDA-type glutamate 
receptor can exert an important effect on the functions of 
dopamine receptors[59].  In the present study, we found that 
blockade of NMDA receptors with MK801 or antagonism of 
dopamine D1 receptors with SCH23390 inhibited heroin rein-
forcement learning-induced Arc protein expression, indicat-
ing the involvement of a functional interaction of these two 
receptors in mediating Arc expression.  We also found that 
treatment with either MK801 or SCH23390 blocked heroin 
reinforcement learning-induced drug-seeking behavior, sug-
gesting a functional correlation between Arc expression and 
behavior.  Given the important role of Arc in synaptic plas-
ticity and in learning and memory, our results suggest that 
NMDA- and dopamine-receptor-dependent Arc expression 
may be involved in drug-seeking behavior.

Taken together, the findings of the present study provide 
molecular evidence demonstrating that the VLS is involved in 
drug- but not food-seeking behavior and reveal that the VLS is 
activated early in the process of heroin reinforcement learning, 
These results therefore extend the role of the VLS in drug use 
beyond the habitual aspects of cue-controlled drug seeking, 
after a prolonged drug taking experience.
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