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INTRODUCTION

It is well known that chronic exposure to psychomotor stimu-
lants such as cocaine produces long-lasting neuronal plasticity in 
the brain reward circuit, including the nucleus accumbens (NAcc), 
which is a central neuronal substrate mediating the rewarding 
effects of drug abuse [1,2]. As the NAcc receives intense glutama-
tergic innervations from the cortical and limbic areas, including 
the prefrontal cortex, amygdala, and hippocampus [3], neuronal 
plasticity involving glutamate receptors is conspicuously evident 
at this site [4,5]. Among the diverse subtypes of glutamate recep-
tors, ionotropic -amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA) receptors are known to be critical for activity-

dependent synaptic plasticity and they play an important role 
in cocaine-induced behavioral effects [6-8]. For example, it has 
been shown that behavioral sensitization to cocaine [9], and cue-
induced cocaine seeking and its reinstatement [6,10] require acti-
vation of intact AMPA receptors in the NAcc. Furthermore, it has 
also been shown that chronic exposure to cocaine regulates the 
potentiation levels of AMPA-mediated glutamatergic neurotrans-
mission in the NAcc through up- and downregulation of AMPA 
receptor expression, depending on the period of withdrawal 
[6,8,11].

Interestingly, the time-dependent plasticity of AMPA recep-
tors in the NAcc has only been characterized by biochemical 
and electrophysiological measures [8,12]. The integration of im-
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ABSTRACT -amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) recep-
tors are differentially regulated in the nucleus accumbens (NAcc) of the brain after 
cocaine exposure. However, these results are supported only by biochemical and 
electrophysiological methods, but have not been validated with immunohisto-
chemistry. To overcome the restriction of antigen loss on the postsynaptic target 
molecules that occurs during perfusion-fixation, we adopted an immersion-fixation 
method that enabled us to immunohistochemically quantify the expression levels 
of the AMPA receptor GluA1 subunit in the NAcc. Interestingly, compared to saline 
exposure, cocaine significantly increased the immunofluorescence intensity of GluA1 
in two sub-regions, the core and the shell, of the NAcc on withdrawal day 21 fol-
lowing cocaine exposure, which led to locomotor sensitization. Increases in GluA1 
intensity were observed in both the extra-post synaptic density (PSD) and PSD areas 
in the two sub-regions of the NAcc. These results clearly indicate that AMPA receptor 
plasticity, as exemplified by GluA1, in the NAcc can be visually detected by immuno-
histochemistry and confocal imaging. These results expand our understanding of the 
molecular changes occurring in neuronal synapses by adding a new form of analysis 
to conventional biochemical and electrophysiological methods.
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munohistochemistry and imaging techniques, such as confocal 
laser scanning microscopy, allows for sensitive visualization and 
quantification of protein expression in the region of interest [13-
15]. However, it has not yet been successfully applied to examine 
the differential expression of AMPA receptors in the NAcc. One 
of the difficulties of using immunohistochemistry to assess 
postsynaptic proteins such as AMPA receptors is that the antige-
nicity of these proteins tends to be reduced after tissue fixation. 
Conventional perfusion-fixation exposes tissues to an aldehyde 
that is usually sequestered in the cells, which causes changes in 
antigenic sites by cross-linking with proteins and results in a loss 
of antigenicity [15]. Therefore, this method has often yielded dif-
fuse intracellular staining of the AMPA receptors and provides 
only a meager signal to distinguish the synaptic sites [16]. To ad-
dress this issue, diverse methods have been attempted, such as 
microwave heating [17], pepsin pretreatment [18], and inhibition 
of proteolysis during fixation [14], and they each confer various 
advantages and disadvantages. Interestingly, a compromised 
weak immersion-fixation method has been recently introduced, 
which minimizes the exposure of tissues to aldehydes by altering 
the conventional paraformaldehyde (PFA)-based cardiac perfu-
sion process. Using this technique, Notter et al. [15] successfully 
demonstrated the visualization of postsynaptic receptors as well 
as cytoplasmic cell markers, including molecules associated with 
presynaptic vesicles.

AMPA receptors comprise different combinations of four sub-
units (GluA1-4), that form a tetramer [19]. Among these, GluA1 
is the most predominant subunit in neuronal synaptic and extra-
synaptic AMPA receptors [20] and it plays a dominant role in 
activity-dependent recruitment of these receptors to synapses by 
controlling the levels of phosphorylation [19,21,22]. Furthermore, 
GluA1 is known to play a particularly prominent role in cocaine-
seeking behavior [23] and is one of the major AMPA receptor 
subunits regulated by chronic cocaine exposure [8]. With these 
factors in mind, our aim in the present study was to localize and 
quantify post synaptic GluA1 in the NAcc, using a modified 
immersion-fixation immunohistochemical protocol and confocal 
imaging, to examine GluA1 expression in this site after long-term 
withdrawal following chronic cocaine exposure.

METHODS

Subjects and drugs

Male Sprague-Dawley rats (6 weeks old) weighing 220–250 g 
on arrival were obtained from Orient Bio Inc. (Seongnam, Korea). 
They were housed three per cage in a 12-h light/dark cycle room 
(lights out at 8:00 PM), and all experiments were conducted dur-
ing the day. Rats had access to water and food ad libitum at all 
times. All animal use procedures were conducted according to an 
approved Institutional Animal Care and Use Committee protocol 

(approval number: 2015-0271) of Yonsei University College of 
Medicine.

Cocaine hydrochloride (Belgopia, Louvain-La-Neuve, Belgium) 
was dissolved in sterile 0.9% saline to a final working concentra-
tion of 15 mg/ml.

Locomotor activity

Locomotor activity was measured using a bank of 9 activity 
boxes (35 × 25 × 40 cm) (IWOO Scientific Co., Seoul, Korea) 
made of translucent Plexiglas. Each box was individually housed 
in a PVC plastic sound attenuating cubicle. The floor of each box 
consisted of 21 stainless steel rods (5 mm diameter), spaced 1.2 cm 
apart, center-to-center. Two infrared light photo beams (Med As-
sociates, St. Albans, VT, USA) were positioned 4.5 cm above the 
floor and spaced evenly along the longitudinal axis of the box, 
to estimate horizontal locomotion. A single locomotor activity 
was only considered to be legitimate when a rat interrupted two 
beams consecutively, so as to avoid any possible confounding ac-
tivities, such as grooming in a spot covering just a single beam.

Immersion-fixation

Rats were deeply anesthetized with intraperitoneal (IP) ket-
amine (100 mg/kg) and xylazine (6 mg/kg) prior to transcardial 
perfusion with ice-cold 10 mM PBS (pH 7.4). The brain was 
quickly removed, and the tissues containing the NAcc area were 
immediately cut into blocks (with thickness of 9 to 10 mm) on 
an ice-cold metal brain matrix. Then, the tissue blocks were 
immersed in ice-cold 4% PFA solution in 10 mM phosphate-
buffered saline (PBS, pH 7.4) for 1 h. After washing with 10 mM 
PBS, the tissue blocks were transferred to 30% sucrose and stored 
at 4°C overnight. The next day, the tissue blocks were embedded 
and stored at –80°C.

Immunohistochemistry

Coronal brain sections (40 m) were processed from frozen 
brain tissue blocks on a cryostat, ranging from 0.7 to 2.2 mm 
from the bregma toward the anterior direction, which included 
the NAcc core and shell [24]. Then, free-floating sections were 
immersed for 1 h in 10 mM PBS (pH 7.4) containing 5% normal 
goat serum (Jackson ImmunoResearch Inc., West Grove, PA, 
USA) and 0.3% Triton X-100, followed by incubation overnight 
with anti-GluA1 antibody (rabbit, 1:1,000 [0.1 g/ml], Cat. No. 
Ab1504; Millipore, Burlington, MA, USA), diluted in 10 mM PBS 
containing 2% normal goat serum and 0.1% Triton X-100 at 4°C. 
Then, the sections were rinsed 3 times (10 min each) in 10 mM 
PBS containing 0.1% Triton X-100 and incubated with the anti-
rabbit IgG antibody coupled to Alexa Fluor 568 (goat, 1:1,000 [2 
g/ml], Cat. No. A11011; Invitrogen, Carlsbad, CA, USA) for 2 
h at room temperature. The sections were then rinsed 3 times 
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(10 min each) in 10 mM PBS containing 0.1% Triton X-100 and 
mounted with Vectashield mounting medium (Vector Labora-
tories, Burlingame, CA, USA) under a coverslip. Double immu-
nofluorescence staining was performed using a mixture of anti-
GluA1 (rabbit, 1:1,000 [0.1 g/ml], Cat. No. Ab1504; Millipore) 
with anti-post synaptic density (PSD) 95 (mouse, 1:1,000 [1 g/
ml], Cat. No. Ab2723; Abcam, Cambridge, UK) primary anti-
bodies followed by a mixture of anti-rabbit IgG coupled to Alexa 
Fluor 568 (goat, 1:1,000 [2 g/ml], Cat. No. A11011; Invitrogen) 
and anti-mouse IgG coupled to Alexa Fluor 488 (goat, 1:1,000 [2 
g/ml], Cat. No. A11001; Invitrogen) secondary antibodies.

Image analysis for quantification of GluA1 intensity

All fluorescently labeled brain sections were examined under 
an LSM700 confocal laser scanning microscope (Carl Zeiss, 
Oberkochen, Germany) with diode lasers at 488 and 555 nm. Im-
ages were obtained at a resolution of 1,024 × 1,024 pixels per x-y 
plane, and stacks spaced by 0.5 m along the z-axis were acquired 
with 1 Airy unit of optical thickness using a 40× (or 63×) oil im-
mersion objective (numerical aperture 1.4) depending on the pur-
pose of the experiment. Scan averaging was set to 4 to improve 
the signal-to-noise ratio of each optical section. All images were 
acquired with identical settings for laser intensity, photomultiplier 
voltages, and scan speed.

On each section, one or two square regions from the core and 
shell, respectively, were randomly selected. The GluA1 intensity 
for a selected single square region (101.52 × 101.52 m), which 
was obtained with raw image stacks, was quantified using ZEN 
image analysis software (Carl Zeiss). First, the brightest optical 
image stack along the z-axis was designated as the reference im-
age. Then, the analysis was performed with three consecutive 
images, including the reference itself and two adjacent images 
(above and below, spaced 0.5 m apart). The mean value of the 
GluA1 intensity readings obtained from these three images was 
used as a value representing the GluA1 intensity for the selected 
single region. This procedure normalizes the variability of GluA1 
intensity due to different antibody penetration and light scatter-
ing effects along the depth of the tissue. In order to distinguish 
GluA1 expression in PSD from non-PSD areas, the intensity of 
co-localized PSD95 was also analyzed. Considering the spreading 
effect of fluorescence and the relatively small size of PSD (mean 
diameter of approximately 300–400 nm) [25], we defined the PSD 
area as displaying a PSD95 intensity at least two times higher than 
the mean intensity of total PSD95, and the rest of the area (with a 
lower PSD95 intensity) as being extra-PSD.

The mean values of the GluA1 intensity from selected regions 
per slice were averaged for each experimental group and com-
pared for PSD vs. extra-PSD areas, the core vs. shell of the NAcc, 
and saline vs. cocaine treatment groups, respectively.

Design and procedures

Upon arrival, all rats passed a week-long adaptation period 
to the new housing environment. They were divided into two 
groups and exposed daily to saline or cocaine (15 mg/kg, IP) for 
7 consecutive days. Locomotor activity was measured on days 1 
and 7. The rats were first habituated to the activity boxes for 1 h, 
and their locomotor activity was measured for 1 h immediately 
following saline or cocaine IP injections. To avoid any confound-
ing effects of conditioning, the drugs were administered to the 
rats in different places (i.e., in the activity boxes for the first and 
the seventh injections and in their home cages for the other injec-
tions). The regimen of drug injection and dosages that we used 
here has previously been shown to produce locomotor sensitiza-
tion [26,27]. Three weeks after the last injection (a 21-day period 
of withdrawal), all rats were perfused and their brains were re-
moved for immersion-fixation. Brain sections obtained from both 
saline - and cocaine-exposed rats were stained simultaneously 
and mounted onto the same gelatin-coated slides. Using confocal 
imaging, the analyses of GluA1 intensity in PSD and extra-PSD 
areas in the NAcc core and shell were conducted by a researcher 
who was blinded to the treatment group of the samples. A total of 
8 rats were included for statistical analysis in this study, with no 
animals excluded.

Statistical analyses

Statistical analyses were performed using Sigma Plot version 
12.0 (Systat Software, San Jose, CA, USA). The locomotor activity 
counts were analyzed with two-way repeated analysis of variance 
(ANOVA), while GluA1 intensities were analyzed with two-way 
ANOVA, followed by post-hoc Bonferroni comparisons. Differ-
ences between experimental conditions were considered statisti-
cally significant at p < 0.05.

RESULTS

Differential GluA1 expression in the NAcc after 
cocaine exposure is detectable by immersion-fixation 
immunohistochemistry

As it has been previously reported that repeated cocaine expo-
sure induces AMPA receptor plasticity in the rat NAcc [6,11,28], 
we used immunohistochemistry to examine and quantify GluA1 
intensities at this site after a long-term withdrawal following 
chronic cocaine exposure. The experimental timeline depicting 
the cocaine injection scheme and the representative brain regions 
in which GluA1 intensity was measured are shown in Fig. 1.

Fig. 2 shows the locomotor activity of rats exposed to saline or 
cocaine, on days 1 and 7. The two-way repeated ANOVA analyses 
of these data revealed multiple effects of cocaine exposure (F1,6 
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= 8.55, p < 0.05), duration (F1,6 = 21.56, p < 0.01), and exposure × 
duration interactions (F1,6 = 18.33, p < 0.01). As expected, rats with 
cocaine exposure showed higher locomotor responses than those 
exposed to saline, and they exhibited a significantly enhanced 
increase in locomotor responses on day 7 compared to day 1 (p < 
0.001 by post-hoc Bonferroni comparison), indicating that they 
developed locomotor sensitization to cocaine as a result of this 
drug treatment regimen.

On withdrawal day 21 after repeated exposure to saline or co-
caine, the rats were perfused and the brain tissues processed for 
immunohistochemistry using the immersion-fixation method. 
Representative images, co-labeled with PSD95 and GluA1, of 

selected regions in the NAcc core and shell are shown in Fig. 3A. 
The relative values of GluA1 intensities between the PSD and 
extra-PSD areas in two different sub-regions of the NAcc are 
depicted in Fig. 3B. The two-way ANOVA analysis of these data 
revealed multiple effects due to cocaine exposure (F1,91 = 9.22, p = 
0.003 for the core; F1,91 = 15.81, p < 0.001 for the shell) and NAcc 
area (F1,91 = 255.55, p < 0.001 for the core; F1,91 = 204.91, p < 0.001 
for the shell). Post hoc Bonferroni comparisons of these data 
showed that GluA1 intensity in both the core and the shell were 
significantly increased in cocaine- compared to saline-exposed 
rats, which were observed in both extra-PSD and PSD areas (Fig. 
3B). It is interesting to note that GluA1 intensities in the PSD ar-
eas were always higher than those in the extra-PSD areas, regard-
less of the sub-regions of the NAcc that were analyzed.

DISCUSSION

To our knowledge, the results of this study are the first to di-
rectly demonstrate that differential regulation of GluA1 expres-
sion in the NAcc can be visually detected and quantified using 
a combination of immunohistochemistry and confocal imaging 
techniques.

AMPA receptors are responsible for the majority of excitatory 
neurotransmissions in the brain and they contribute to changes 
in synaptic strength via receptor trafficking in and out of PSD 
areas [22,29,30]. It will therefore be very interesting to visually 
localize and quantify these receptors histologically. Although 
immunoelectron microscopy provides a more precise detection 
of the structure and chemical composition of PSD [31], it is not 
easily adopted in many laboratories due to certain challenges that 
are technically difficult compared to the relatively simple estab-
lishment of light microscopy-based techniques. As an alternative, 
confocal laser scanning microscopy can provide qualitative visu-
alization of spatial segmentation to locate synaptic compartments 
in tissue sections [32]. However, as with other receptors residing 

Fig. 1. Experiment outline. An experimental timeline indicating the cocaine sensitization scheme and the point at which immersion-fixation was 
performed. A schematic diagram of a matched coronal brain section (left) is adapted from the brain atlas of Paxinos and Watson [24], and a represen-
tative fluorescent image of the NAcc shows some of the sampled regions (white square boxes) selected for GluA1 analysis (right). Only one or two 
sample regions from both core and shell, respectively, were obtained from each slice of brain sections. The scale bar is 500 m.

Fig. 2. Locomotor activity counts during exposure. All rats were ha-
bituated to the locomotor activity chamber for 1 h and their locomotor 
activity measured for an additional 1 h following their respective injec-
tions. Locomotor activity was measured only at day 1 and 7 as remain-
ing injections were administered in the home cage (once daily, a total 
of 7 injections). Data are expressed as mean + standard error of the 
mean. **p < 0.01, significant differences compared to saline exposed 
animals. †††p < 0.001, significant difference at day 7 compared to day 1 
in cocaine exposed group as revealed by post-hoc Bonferroni compari-
sons following two-way repeated ANOVA.
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in the PSD area, AMPA receptors are difficult to visually local-
ize and quantify, as it is hard to differentiate their specific loci in 
different sub-cellular areas. As mentioned earlier, this is mainly 
due to reduced antigenicity resulting from perfusion-fixation [16]. 
Although aldehydes typically cross-link proteins and thus block 
penetration of antibodies into the narrow synaptic cleft (as has 
been observed using conventional cardiac perfusion-fixation), 
others have previously shown that synaptic molecules can be suc-
cessfully visualized with a protocol featuring a weak exposure to 
aldehyde, via immersion-fixation [15,16]. Notter et al. [15] further 
reported that the immunofluorescence detection sensitivity of 
postsynaptic receptors (such as the GABAA receptor 2) in brain 
tissues largely depends on the strength of the fixation, which is 
mostly determined by fixation duration. We therefore adopted 
this method (a brief, weak immersion-fixation) to achieve our 
aim of detecting GluA1 receptors in the PSD area of the NAcc.

A previous study by Schneider et al. [16] showed that GluA1 
was detected as an intracellular distribution even with a weak 
immersion-fixation protocol similar to ours. One major reason 
for this discrepancy could be the thickness of the tissue block 

prepared for immersion-fixation. Schneider et al. [16] used 1–2 
mm thick tissue blocks, while our tissue blocks were 9–10 mm 
wide. Because the strength of fixation of a tissue immersed in 
aldehyde solution can be influenced by different sample thick-
nesses, a strong fixation might be achieved for relatively thin tis-
sue samples even with a short period of fixation. In our case, the 
detection of GluA1 sensitivity was obviously enhanced by a brief 
immersion-fixation. It is important to note, however, that this 
protocol cannot be generalized and, in order to achieve labeling 
efficiency, researchers should adjust the protocol appropriately, 
focusing on key factors such as duration of fixation depending on 
the nature of the tissue sample. We also emphasize here that our 
protocol is not aimed at replacing conventional perfusion-fixa-
tion, which is still a gold standard and suitable method for most 
immunohistochemistry applications. Instead, the immersion-
fixation method provides a feasible solution for the detection of 
postsynaptic proteins, which are hard to detect with conventional 
perfusion protocols.

The AMPA receptors are an important part of the process of 
adaptation to chronic cocaine exposure. Biochemical analyses 

Fig. 3. Differential GluA1 expression in the NAcc after cocaine exposure is detectable using immersion-fixation immunohistochemistry. (A) 
Representative images showing co-localization of GluA1 and PSD95 in the NAcc core and shell, obtained with 1-h immersion-fixation on withdrawal 
day 21 after repeated exposure to saline or cocaine. Green and red indicates PSD95 and GluA1 expression, respectively, while yellow indicates co-
localization of the two proteins. The scale bar is 20 m. (B) Analysis of GluA1 intensity in the NAcc core and shell obtained with 1-h immersion-fixation 
on withdrawal day 21 after repeated exposure to saline or cocaine. Data are expressed as mean + standard error of the mean. relative to GluA1 inten-
sity in the PSD area of the saline-exposed group. Symbols indicate significant differences as revealed by post-hoc Bonferroni comparisons following 
two-way ANOVA analysis. *p < 0.05, **p < 0.01; significantly different compared to saline pre-exposed group within each area (PSD or extra-PSD). †††p 
< 0.001; significantly different compared to PSD area. The total numbers of slices used in the analysis for the NAcc core and shell from 4 animals are 22 
and 24 for saline- and cocaine-exposed rats, respectively. The sample numbers for PSD and extra-PSD are the same in all cases.

A

B
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have revealed that surface expression of the GluA1 subunit gradu-
ally increases during withdrawal periods (as observed on days 7 
through 21 with non-contingent cocaine exposure) in the NAcc 
core and shell [11,28]. Consistent with these findings, we detected 
a significant increase in GluA1 levels in two sub-regions of the 
NAcc on withdrawal day 21 in cocaine- compared to saline-
exposed rats. Our data, collected using a new methodological ap-
proach, confirm previous findings that AMPA receptors are dif-
ferentially up-regulated during long-term withdrawal periods (day 
21) after chronic cocaine exposure. Furthermore, by co-labeling 
PSD95, we were able to focus our analyses to directly measure 
GluA1 levels in the PSD area, and our results were similar to 
those from previous studies that measured GluA1 levels at the cell 
surface [6,11].

One limitation of this study is that we did not examine other 
subunits of AMPA receptors. Our primary aim to determine 
whether the immersion-fixation technique would allow success-
ful detection of AMPA receptors in the PSD area of the NAcc. 
For this purpose, we selected GluA1 as a representative subunit 
for our preliminary experiments but we do not yet know how 
the increased levels of the GluA1 subunit contribute to AMPA-
mediated synaptic strength in the NAcc. One possibility may be 
via the GluA2 subunit, which is known to regulate the calcium 
permeability of the AMPA receptors, which is another impor-
tant measure of functional AMPA plasticity. Thus, the increase 
in GluA1 may contribute to potentiating AMPA-mediated fast 
neurotransmission in the NAcc either via a heterogeneous combi-
nation with GluA2 (calcium impermeable) or homogeneous one 
with GluA1 alone (calcium permeable) [19,33]. In a future study, 
we plan to examine the levels and localization of GluA2 using the 
same approach employed in the present investigation.

One of the advantages of immunohistochemistry is the ability 
to localize proteins in situ with high spatial resolution. By using 
various sensitive probes combined with high-resolution imaging 
techniques, we can visualize and quantify proteins originating 
from different cell types and sub-cellular areas. Such morpho-
logical methods, in addition to widely used biochemical and elec-
trophysiological measures, will help to elucidate the molecular 
organization of synapses more precisely, and expand our under-
standing of neuronal plasticity and brain function. In the present 
study, we used a modified immunohistochemical protocol to 
demonstrate differential changes in the GluA1 subunit of AMPA 
receptors in the NAcc during the long-term withdrawal period 
after cocaine exposure. We believe that our results hold promise 
for expanding our understanding of synaptic molecular plasticity 
through morphological approaches using immunohistochemistry 
and imaging techniques.
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