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ABSTRACT

� e nucleus accumbens is a part of the ventral striatum 
along with the caudate nucleus and putamen. � e role of 
the human nucleus accumbens in drug addiction and oth-
er psychiatric disorders is of great importance. � e aim of 
this study was to characterize medium spiny neurons in the 
nucleus accumbens according to the immunohistochemical 
expression of GAD67.

� is study was conducted on twenty human brains of both 
sexes between the ages of 20 and 75. � e expression of GAD67 
was assessed immunohistochemically, and the characteriza-
tion of the neurons was based on the shape and size of the 
soma and the number of impregnated primary dendrites. 

We showed that neurons of the human nucleus accum-
bens expressed GAD67 in the neuron soma and in the pri-
mary dendrites. An analysis of the cell body morphology re-
vealed the following four diff erent types of neurons: fusiform 
neurons, fusiform neurons with lateral dendrites, pyramidal 
neurons and multipolar neurons.

An immunohistochemical analysis showed a strong GAD67 
expression in GABAergic medium spiny neurons, which could 
be classifi ed into four diff erent types, and these neurons mor-
phologically correlated with those described by the Golgi study.
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SAŽETAK

Nukleus akumbens je jedro koje predstavlja deo ventral-
nog strijatuma, zajedno sa nukleusom kaudatusom i puta-
menom. Ima značajnu ulogu u nastanku bolesti zavisnosti i 
drugih psihijatrijskih poremećaja. Cilj ove studije je tipiza-
cija GABAergičkih neurona srednje veličine sa spinama na 
osnovu imunohistohemijske ekspresije GAD67. 

Istraživanje smo izveli na 20 humanih mozgova, oba 
pola, starosti od 20 do 75 godina. Ekspresija GAD67 jeura-
đena imunohistohemijskom metodom, a tipizacija neurona 
srednje veličine sa spinama je izvršena na osnovu oblika i 
veličine some i broja impregnisanih primarnih dendrita.

Ovim istraživanjem smo pokazali da neuroni srednje ve-
ličine sa spinama u humanom nukleusu akumbensu ekspri-
miraju GAD67 u citoplazmi neurona, kao i u primarnim 
dendritima. Analizom morfologije perikariona utvdili smo 
prisustvo četiri tipa neurona: fuziformni neuroni, fuziformni 
sa bočnim dendritom, piramidalni neuroni i multipolarni 
neuroni. 

Ovom metodologijom smo potvrdili jaku ekspresiju 
GAD67 u GABAergičkim neuronima srednje veličine sa spi-
nama, koji se mogu klasifi kovati u četiri morfološka tipa, što 
korelira sa rezultatima prethodno sprovedene Goldži studije. 

Ključne reči: nukleus akumbens; GAD67; imuno-
histohemija

ABBREVIATIONS

GABA – gamma-Aminobutyric acid GAD67 – glutamate decarboxylase



298

MATERIAL AND METHODS

The study included 20 adult human brains of both gen-
ders (11 males and 9 females) between the ages of 20 and 75 
years (average 36.7 ± 2.4). All of the brains were obtained 
within 12–18 hours after death. Only normal brains with no 
visible malformations and without any neuropathological 
changes or neuropsychiatric history were used. The brains 
were fixed in 10% neutral phosphate buffered formalin (3.7% 
formaldehyde) over a period of at least 3 months.

We investigated all parts of the nucleus accumbens and 
sliced the brain tissue in coronal sections rostrocaudally, 
where this nucleus merges without a clear border with the 
medial septal nucleus dorsomedially and ventrolaterally 
with the basal nucleus and substantia innominata.

The standard streptavidin-biotin-peroxidase complex 
method was used for the immunohistochemical analy-
sis, according to the manufacturer’s instructions (Dako, 
LSAB+® system). Serial sections 3-5 μm thick, obtained 
from paraffin tissue blocks of 40 hemispheres, were depa-
raffinized in xylene and rehydrated in graded alcohol, and 
the endogenous peroxidase activity was blocked. Antigen 
retrieval was achieved using a microwave oven at 750 W, 3 
times for 6 minutes in a high pH citrate buffer.

Immunostaining of GAD67 was performed with a 
monoclonal anti-glutamic acid decarboxylase 67 antibody 
(clone K-87, purified mouse immunoglobulin, product 
number G5419, at a dilution of 1:500, SIGMA, USA). The 
slides were incubated in the primary antibody for 60 min, 
in a secondary antibody for 30 min and finally in streptavi-
din-HRP for 20 minutes. The visualization was performed 
with 3,3’-diaminobenzidine as the chromogen, and the 
slides were counterstained with Mayer’s haematoxylin. 
The addition of all of the reagents, except the primary an-
tibody, was used as the negative control.

A positive reaction for GAD67 was defined as a dis-
crete or strong localization of the brown chromogen in the 
cytoplasm. The classification of the immunohistochem-
ically impregnated neurons was performed according to 
the shape and size of the cell bodies and the number of im-
pregnated primary dendrites. The morphometrical anal-
ysis involved the following two parameters: the maximal 
(Dmax) and minimal (Dmin) diameter of the pericarion. 
The criteria for the selection of the neurons for the anal-
ysis were a full appearance of the cell body and a clearly 
visible nucleus. The measurements of the neurons were 
performed using a Zeiss AxioVision 3.0.6. Three research-
ers assessed all of the slides independently. The results are 
presented as the mean ± standard deviation.

RESULTS

GAD67 expression in the nucleus accumbens was dif-
fusely spread in a large number of neurons, their soma and 
their primary dendrites, with a granular appearance and a 
high intensity (Fig. 1). We were able to distinguish the fol-

INTRODUCTION

The nucleus accumbens is an important region of the 
brain that is involved in many reward-conditioned behav-
iours. As a part of the limbic system, this nucleus is po-
sitioned between the rostral part of the striatum and the 
lateral borders of the septal nuclei in the human telen-
cephalon. The nucleus accumbens, in mammals, is sparse-
ly integrated with the lateral striatum (1). The striatum is 
the main location of the basal ganglia and the subcortical 
brain region that plays a key role in active control, learning 
and memory (2). In mammals, based on morphological, 
histological and immunohistochemical criteria, the nucle-
us accumbens comprises several subterritories, of which 
two of the main parts are defined as the core and the shell 
(3-5). The nucleus accumbens plays a very important role 
in motivation and planned motor activities related to food 
and drug reward, sexual arousal and stress response (6-7). 
Dysfunction of this structure causes various mental dis-
orders, such as obsessive-compulsive disorder, depression 
and drug addiction (8-10).

GABA is one of the most common neurotransmitters in 
the CNS, and it plays a key role in motion processes, neu-
rogenesis and the development of tissue. Almost 95% of 
neurons in the nucleus accumbens are GABAergic neurons, 
and the remainder are cholinergic interneurons. The GAB-
Aergic neurons of the nucleus accumbens are identified as 
medium spiny neurons (11). GABA is the major inhibitory 
neurotransmitter in invertebrates and vertebrates. GABAe-
rgic neurons form the efferent output projections from the 
nucleus accumbens core and shell. Defects in the regulation 
of GABA homeostasis cause neurological disorders, such as 
epilepsy, Parkinson’s disease, schizophrenia, anxiety disor-
ders, autism, bipolar disorder and post-traumatic syndrome 
(12-18). Glutamate decarboxylase (GAD) catalyses the pro-
duction of GABA molecules, which, in comparison with any 
other inhibitory neurotransmitters, are widespread in the 
vertebrate brain. There are two forms of GAD, GAD65 and 
GAD67, with enzymatic characteristics and a subcellular 
distribution stimulated by the two genes (19).

Using antiserum specific to GAD67 and monoclonal 
antibodies specific to GAD65, it was shown that the two 
forms of GAD differ in distribution. GAD67 is widely dis-
tributed in the soma and primary dendrites of neurons, 
while GAD65 is primarily distributed in the axon endings 
of neurons in the animal brain (20-22).

Generally, in the striatum, there are several specific 
morphological types of neurons, which are classified by the 
size of the cell body (large vs. medium) and the presence 
or absence of spines. The most common and well-studied 
type of neurons in mice and rats are GABAergic medium 
spiny neurons (23-24). Due to the small number of stud-
ies on the human nucleus accumbens and the enormous 
importance of GABAergic medium spiny neurons, this 
study aimed to investigate this cell population and classify 
it based on the shape and size of the cell bodies by using 
the immunohistochemical expression of GAD67. 
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lowing four types of human nucleus accumbens neurons ac-
cording to the shape of the soma and the number of primary 
dendrites: fusiform neurons, fusiform neurons with lateral 
dendrites, pyramidal neurons and multipolar neurons. 

Type I - Fusiform neurons
In the fusiform type of neurons, there was a strong im-

munoreactive expression of GAD67 in the elongated (spin-
dle) soma, which had thick primary dendrites at both ends. 
The neuronal cytoplasm was filled with brown granules 
that partially covered the nucleus and showed a high in-
tensity of GAD67 immunohistochemical expression. This 
type of neuron was observed in the shell of the nuclei. The 
dimensions of this type of soma are as follows: Dmax 23.02 
± 3.12 μm and Dmin 10.8 ± 0.94 μm (Fig. 2).

Type II - Fusiform neurons with lateral dendrites
This type of neuron was also detected in the shell. A thick 

lateral dendrite leaves the elongated (spindle) soma, usually 
in the middle part of the soma. The fusiform neuron with 
lateral dendrites showed a high intensity and expression of 
the GAD67 immunoreactive granules, which were extended 
to the beginning of the primary dendrite. The dimensions of 
the soma of this type of neuron are as follows: Dmax 22.51 ± 
3.12 µm and Dmin 12.27 ± 0.8 µm (Fig. 3).

Type III – Pyramidal neurons
This type of neuron has a triangular soma, which varies 

from clearly pyramidal to an elongated pyramid. The py-
ramidal type of neuron is dominantly observed in the core 
of the nuclei. One of the dominant characteristics of this 
type of neuron is the presence of a strong apical dendrite, 
while the two basal dendrites are of a smaller diameter. 
The pyramidal type of neuron showed a high intensity and 
expression of the GAD67 immunoreactivity granules. The 
dimensions of this type of soma are as follows: Dmax 21.92 
± 3.2 µm and Dmin 14.28 ± 1.1 µm (Fig. 4).

Type IV – Multipolar neurons
The multipolar neuron was one of the most dominant 

medium spiny neurons of the nucleus accumbens. Ap-
proximately six (from 3-8) primary dendrites rose from 
the different soma forms. The multipolar type of neurons 
showed a high intensity expression of the GAD67 immu-

Fig. 1. � e expression of GAD67 in medium spiny neurons 
of the human nucleus accumbens, x 200 magnifi cation

Fig. 2. � e expression of GAD67 in fusiform medium spiny 
neurons of the human nucleus accumbens, x 400 magnifi ca-
tion

Fig. 3. � e expression of GAD67 in fusiform medium spiny 
neurons with lateral dendrites of the human nucleus accum-
bens; the arrow indicates the lateral dendrite, x 400 magni-
fi cation 

Fig. 4. � e expression of GAD67 in pyramidal medium 
spiny neurons of the human nucleus accumbens, x 400 mag-
nifi cation

Fig. 5. � e expression of GAD67 in multipolar medium 
spiny neurons of the human nucleus accumbens, x 400 mag-
nifi cation
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phology of the GABAergic medium spiny neurons based 
on the immunohistochemical expression of GAD67, an 
enzyme important in the synthesis of this major inhibito-
ry neurotransmitter. Four types of medium spiny neurons 
of the human nucleus accumbens (fusiform, fusiform with 
lateral dendrites, pyramidal and multipolar), localized in 
both compartments of the nucleus core and shell, could 
be distinguished, and they morphologically correlate with 
those described by the Golgi study.

The significance of this study is to gain better insight 
into the basic morphology of the human nucleus accum-
bens, which completes the morphological and immunohis-
tochemical profile of the limbic system.
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