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1. ABSTRACT

In Parkinson’s disease, nigral dopamine 
neurons are lost and the structure of the striatum 
is progressively degraded. These events lead to a 
substantial neuronal loss in the striatum, changing 
spatial pattern of the neurons and glial cells, and 
associated cellular connections. Therefore, the aim of 
this study was to develop a new insight into whether 

the Parkinson’s disease causes a change in the 
spatial arrangement of the neurons and glial cells in 
the striatum. Nigral injection of 6-hydroxydopamine 
led to a significant reduction in the total number of 
the neurons, an increase in the number of striatal glial 
cells, and disruption in the spatial arrangement of glial 
and neuronal cells in the Parkinson’s disease-induced 
group, compared to the control group. The data support 
the idea that in Parkinson’s disease, the function of the 
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striatum is disturbed by both the loss of neurons and 
an increase in the number of glial cells, culminating in 
the disordered spatial distribution of these cells.

2. INTRODUCTION

Parkinson’s disease (PD) is known as a 
common neurological syndrome. This condition 
affects the life of many patients around the world and 
eventually can lead to a variety of motor coordination 
impairments and disabilities (1). The manifestation of 
disease depends on different causes, but what it is 
certain is that gradual degradation of dopamine (DA) 
producing neurons in the midbrain is responsible for 
incidence of symptoms (2). Indeed, massive neuronal 
death in both substantia nigra (SN) and the striatum, 
as the main target tissue of the DA cells, is one of the 
most significant factors involved in the pathogenesis of 
disease (3). Complicated structural, histological, and 
molecular alterations in SN and striatum, deterioration 
of nigrostriatal pathway and the decline of the 
neurotransmitter in the striatum occur, following the 
destruction of the DA cells (4, 5). 

Nowadays, many researchers in the field of 
medicine and neurological disorders are still looking 
for effective cures for patients with PD (6). Therefore, 
understanding the initial processes in the progression 
of disease in the central nervous system can help, 
in taking the confident treatment approaches for 
improving neural function.

Many interactions between neuron and glial 
cells are regulated by signaling pathway. However, 
attention has recently shifted to identifying the spatial 
arrangement of cells, because this information will 
be useful in clarifying, the mechanisms of cell to cell 
interactions. Impairment of these properties dictates 
many of the neurological conditions (7).

Stereological techniques can provide further 
valuable information about the structural changes 
and spatial arrangement in normal and pathologic 
conditions, such as neurodegenerative disorders. 
Our goal is to better understand the effects of 
6-hydroxydopamin (6-OHDA) on histological structure. 
Accordingly, in this study stereological methods 
were used to address the following questions: What 
changes occur in the spatial arrangement of striatal 
neurons and glial cells, after injection of 6-OHDA? In 
addition, will the number of the neurons and glial cells 
change, after injection of 6-OHDA in rats? 

3. MATERIALS AND METHODS

3.1. Animals

In this study, eighteen adult male Sprague–
Dawley rats (250±20g) were obtained from the 

laboratory animal center of Shahid Beheshti University 
of Medical Sciences, Tehran, Iran. The animal 
experiments were approved by the Ethics Committee 
of the University (IR.SBMU. MSP. REC.1395.3.20). 
Rats were considered randomly into two main 
experimental groups; the first one, control group (with 
no surgical or injection procedure, n=9) and the second 
one, 6-OHDA group (rats under injection of neurotoxin, 
n=9). Animals were housed under standard conditions, 
room temperature (22–24°C), 12:12 h light-dark 
schedule and free access to water and food.

3.2. Simulation of experimental model of PD 

The animals were anesthetized 
intraperitoneally with a mixture (1 ml/kg), containing 9 
mg/kg xylazine and 90 mg/kg ketamine. Then, induction 
of the PD model in animals was performed by a single 
dose injection of 4µg of 6-OHDA (Sigma, USA), in 2µl 
of physiological saline, containing 0.02% ascorbic acid 
into the right SN, using a unilateral stereotaxic injection 
with a Hamilton microsyringe (8). Coordinates were 
set according to the atlas of Paxinos and Watson (9), 
using the following coordinates: anteroposterior (AP): 
4.3. mm, lateral (L): 1.6. mm, and Dorsoventral (DV): 
8.2. mm.

3.3. Apomorphine turning behavior

In order to ensure the proper induction of PD, 
apomorphine-induced turning behavior is performed 
for all animals. Accordingly, the animals received a 
subcutaneous injection (0.05 mg/kg of apomorphine 
hydrochloride (Sigma, USA) dissolved in 1% ascorbic 
acid and 0.9% NaCl) in the neck, and placed on metal 
testing bowls for 30 minutes. Then, the number of 
contralateral rotations was digitally recorded and 
analyzed.

3.4. Tissue preparation

 Rats were deeply anesthetized and sacrificed 
with sodium pentobarbital intraperitoneally (Eutasil, 60 
mg/kg). After that, trascardial perfusion was performed 
using chilled normal saline and fresh fixative solution, 
containing 4% paraformaldehyde (PFA) in 0.1M 
Phosphate buffered saline (PBS). All animal brains 
were exposed by a midline incision along the skull, 
then the brains were dissected, and immediately 
immersed in a 10% fresh formalin solution for one 
week. Subsequently, the samples were embedded in 
paraffin blocks. Eventually, the complete serial sections 
(5-10 μm), using a microtome were prepared for 
stereological study. Every 10 sections were sampled, 
starting with a random number between 1 and 10. 
Then, approximately 8–10 tissue sections of each 
animal were selected in a systematic random manner. 
The selected sections were stained with Haematoxylin 
and Eosin (H&E) and analyzed. 



Table 1.  Coefficients of error (CE) for total volume, neuronal and glial numbers as well as neuronal and glial densities in the striatum

Groups Striatum Volume Neuron Density Neuron Number Glia Density Glia Number
Control 0.05 0.04 0.05 0.05 0.04
6-OHDA 0.03 0.04 0.03 0.05 0.03
6-OHDA+Cell 0.04 0.03 0.05 0.03 0.03
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3.5. Estimation of the number of the neurons 
and glial cells

The total number of the neurons and glial 
cells in the striatum was determined using the optical 
disector method. The positions of the microscopic 
fields were selected by an equal interval of moving 
the stage and systematic uniform random sampling 
(SURS). Microcator was used for measurement of 
Z-axis movement of the microscope stage. An unbiased 
counting frame with inclusion and exclusion borders 
was superimposed on the images of the sections, 
viewed on the monitor. A nucleus was counted, if it 
was placed completely or partially within the counting 
frame and did not reach the exclusion line. Numerical 
density (Nv) was calculated with the following formula:

N
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Where “ΣQ” is the number of the nuclei, “ΣP” 
is the total number of the unbiased counting frame in 
all fields, “h” is the height of the dissector, “ af ” is the 
frame area, “t” is the real section thickness measured 
in every field using the microcator, and “BA” is the 
block advance of the microtome which was set at 
10μm. The total number of the neuron and glial cells 
was estimated by multiplying the numerical density 
(Nv) by the total V (10).
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3.6. Estimation of the coefficient of error (CE)

The CE for the estimate of the volume; i.e., 
CE (V), was calculated by the following formula:
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Where “B” and “A” represented the mean 
section boundary length and mean sectional area, 
respectively. The CE for the estimate of the total 
neuron and glial cell number, CE (N), was derived from 
CE (V) and CE (Nv) using the following formula (11):
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The CE have been shown in Table 1.

3.7. Estimation of the covariance function

A transparent lattice bearing one row of 
points was designed to serve as a set of linear dipole 
probes (12). Each row composed of 50 points and 49 
equidistant intervals. The point interval corresponded 
to a distance of 2.6. µm on the scale of the specimen. 
Consequently, both end points of dipoles (DP) of class 
size r = 1 (equivalent to 2.6. µm) had the chance of 
being included within the same profile of the glial cells. 
The lattice was superimposed on the live Figure (4 D) 
on a monitor connected to a microscope. For each 
striatum, 11 trials (a total of p = 550 test points) were 
conducted. For every trial, the nature of the tissue 
component underlying each test point was noted and 
all the information was recorded on a 50 × 11 matrix. 
Within the cells of this matrix, each test point was 
coded as 1 (neuron), 2 (glia), and 3 (neuropil). To 
estimate “C (r)”, and “g (r)”, the distance between the 
points (DP) ranged from r = 0 (equivalent to 0 µm) to 
r = 49; so, the total distance was 127.4. µm (49 × 2.6. 
= 127.4. µm) (13-17). The covariance of a component 
(X) was estimated using the following equation:

C (r)X = ∑
∑
DP X r
DP ref r

( , )
( , )

3.8. Estimation of the pair correlation function

Pair correlation function is the normalized 
covariance function obtained by dividing the covariance 
by the reference value (12):

g (r) = C r
Vv

( )
2

3.9. Estimation of the cross-covariance function

All the above descriptions refer to the 
covariance for a single component with its counterpart. 
In a multi-component tissue, dipoles often hit two 
different phases simultaneously (12). The function used 
to quantify spatial arrangement is cross-covariance (C 
(r)X,Y) and can be estimated using the equation:



Figure 1. Apomorphine-induced turning behavior revealed intense 
contralateral rotations in 6-OHDA lesioned animals compared to the 
control animals, with a few normal turning behaviors (* represents 
p<0.05).
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C (r)X,Y = ∑
∑
DP XY r
DP ref r

( , )
( , )

3.10. Estimation of the cross-correlation function

The cross-covariance between the two 
different components of X and Y is defined as the 
probability that an isotropic dipole of length “r” units 
hits components X and Y simultaneously divided by 
the number of dipoles hitting the reference volume. 
Similarly, the cross-covariance can be normalized 
to take out volume fraction differences using the 
estimation of cross-correlation functions and the 
following equation:

g (r)X,Y =
×

C r XY
Vv X ref Vv Y ref

( )
( , ) ( , )

3.11. Statistical analysis

The analysis was carried out ‘pointwise’ 
methods for comparing complete co-variograms. 
Comparisons of g (r) of motor neuron and glial cells and 
cross-correlation between the groups were undertaken 
using Mann–Whitney U-tests. Besides, p ≤ 0.0.5 was 
considered as statistically significant.

4. RESULTS

4.1. Injection of 6-OHDA into the SN induced 
Apomorphine-dependent rotations

The results obtained from apomorphine-
induced rotation test showed 6-OHDA-lesioned 
animals, presenting more than 100 rotations in 30 
minutes, were considered to have a nearly complete 
lesion whereas, the control animals showed less than 
10 rotations. Statistical analysis revealed differences in 
apomorphine-induced turning behavior, demonstrating 
a significant higher number of rotations in the 6-OHDA 
group, compared to the control group rats (p<0.0.5) 
(Figure 1). 

4.2. 6-OHDA administration caused  
a significant decrease in the number  
of the neurons, whereas it increased  
the number of glial cells

Our results showed a significant reduction in 
the total number of the neurons in the 6-OHDA group, 
compared to the control group (P<0.0.5) (Figure 2, A 
and C). In addition, we observed an increase in the 
number of striatal glial cells in the 6-OHDA group, in 
comparison with the control group (P<0.0.5) (Figure 2, 
B and C).

4.3. Spatial arrangement of the neurons and glial 
cells was changed following injection of 6-OHDA 
(Convert a data matrix to image type using MAT-
LAB software)

The spatial arrangement of the neurons and 
glial cells was changed by injection of 6-OHDA, and 
dissociation of the neurons and glial cells could be 
seen in some places. This indicates that the neurons 
and glial cells are not normally arranged after injection 
of 6-OHDA. For better understanding of the images, 
cell arrangements were presented in the figures 3 A 
and B, show the arrangement of the neurons and glial 
cells in the control (A) and 6-OHDA (B) groups. 

4.4 Spatial arrangement of the neurons

Estimation of g (r) for the neurons are plotted 
against the dipole distances, r, in figure 4A. The values 
at the beginning of the curve (from r=0 to 10.4. µm), 
(from r=15.6. to 62.4. µm), (from (from r=109.2. to 
114.4. µm), (from r=119.6. to 124.8. µm) showed 
a difference between the control (A) and6-  OHDA 
groups. After the gap, the data points in both groups 
showed a random arrangement at larger distances 
(p<0.0.5). 

4.5. Spatial arrangement of the glial cells

Estimattion of g (r) for the glial cells are 
plotted against the dipole distances, r, in figure 4B. The 
values at the beginning of the curve (from r=0 to 7.8. 
µm), (from r=13 to 28.6. µm), (from r=31.2. to 39 µm) 



Figure 2. The total number of the neurons (A) and glial cells (B) in the 6-OHDA and control rats were compared. (C) The light photomicrograph of 
striatum (H&E staining); N: Neuron, G: Glial cell. Each test point was coded as 1, 2, and 3, if the point was laid on the neurons (1), glial (2), and neuropil 
(3), respectively.

Figure 3. A data matrix conversion to image type. The neurons (1) are 
shown in dark blue, glial cells (2) are shown in light blue, and neuropil 
(3) is shown in yellow. (A): control group and (B): 6-OHDA group.
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and (from r=46.8. to 65 µm), (from r=72.8. to 122.2. 
µm) showed a difference between the control (A) 
and6- OHDA groups. After the gap, the data points in 
both groups showed a random arrangement at larger 
distances (p<0.0.5). 

4.6. Cross-correlation of the neurons and glial 
cells

In the figure 4C, some differences in the 
spatial arrangement of the neurons and glial cells 
were showed by plotting the cross-correlation function 
versus distance. The results indicated a negative 
correlation between the neurons and glial cells at 
0-127.4. µm also, a negative correlation was observed 

at 106.6.-127.4. µm in the control group, in comparison 
with the 6-OHDA group (p<0.0.5).

5. DISCUSSION

The spatial arrangement of the cells is 
highly associated with correlation and interactions 
between the cells. There is a hypothesis that spatial 
cell organization related to induce signaling and 
coordinates cellular behavior. Cell-cell interactions 
drive numerous physiological processes, and help 
coordinate functioning, in multicellular organisms. We 
propose a new view of the cellular spatial arrangement. 
This different view describes cell to cell interactions 
related to the normal function and pathological 
conditions of the organ. However, Alterations in these 
cell-cell interactions, may cause abnormal tissue 
physiology associated with disease states (18, 19). 

Initially, behavioral test and furthermore 
histological results indicated that injection of the 
6-OHDA to the SN could induce Parkinson’s model in 
rats. In this study, we obtained an accurate evaluation 
and a unique quantitative analysis of the cellular 
spatial design, in the striatum of a rat model of PD. The 
present study showed the quantitative alterations in 
spatial distributions of the neurons and glial cells within 
the striatum, using second-order stereology method. 
Our current research also investigated the changes in 
the total number of the neurons and glial cells in the 
striatum, following injection of 6-OHDA, using a new 
approach based on stereological methods. 

According to the acquired results, the plots 
of pair-correlation function of neurons and glial cells, 
indicated variation in the arrangement of neurons and 
glial cells, and wider gaps in neuron and glial cells 
in the 6-OHDA-lesioned rats. Moreover, the cross-
correlation function showed a negative correlation 
between the neurons and glial cells in 6-OHDA rats. 



Figure 4. (A): Relationship between pair correlation function and dipole distance for neurons in the control and 6-OHDA groups. (B): Relationship 
between pair correlation function and dipole distance for glial cells in control and 6-OHDA groups. (C): The cross-correlation function, g (r), between the 
neurons and glial cells plotted versus distance, r, in micrometers. The dots are the mean g (r) across the five animals in the control and 6-OHDA groups. 
The horizontal reference line corresponds to values expected for a random spatial arrangement (g (r)=1). Arrows indicate significant differences. The 
arrow (↓) indicates the value of the distance for which there was a significant difference of cross-correlation function. (D): A photomicrograph stained 
with H&E, illustrates a transparent lattice of points was constructed to serve as a set of dipole probes. The point interval (r) corresponds to a distance 
of 2.6 µm.
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However, these gaps can be filled with neuropil. It can 
be a reason for altered spatial distributions of the cells 
in the current study. These data were in conformity 
with our previous study, indicating alterations in the 
neurons, glial cells, and Purkinje cells arrangement 
(20, 21).

The glial cell activation is a prominent 
neuropathological feature of various neurological 
diseases, specifically PD. This alteration in the number 
of the neurons and glial cells was accompanied by 
changes in spatial distributions of cells in the striatum 
and it was in accordance with other works, explaining 
the structural changes in the striatum, followed by 
injection of 6-OHDA (22, 23). 

Several mechanisms might be responsible for 
the disturbance in the spatial arrangement of neurons 
and glial cells in the striatum of Parkinsonian rat. In 
previous investigations, it was revealed that in the final 
stages of PD, accumulation of abnormal metabolites 
can be found even in the residual neurons, due to the 
death of impaired neurons and also the increase in glial 
cells number. Administration of 6-OHDA into the SN, 
also provokes degeneration of neurons possibly due to 
the generation of reactive oxygen species (ROS) and 
as a result, cytotoxicity related to oxidative stress is 
increased in the damaged brain. Moreover, decreasing 
in the number of neurons could be elicited by apoptosis 
and necrosis in the striatum, after injection of 6-OHDA 
(22, 23).

There are several reports of morphometry 
techniques to detect the volume decrease in brain 
striatum, brain stem, limbic structures, and brain 
cortex in PD patients. Hikishima et al. indicated volume 
decreases in the SN of the MPTP-induced marmoset 

model of PD, using MRI histology methods (24). 
Burton et al. showed that the volume of grey matter in 
PD patients has significant reductions in the temporal 
and frontal lobes, compared with the healthy persons 
(25). Camicioli et al. presented that progression of 
motor signs and movement impairments in PD were 
associated with morphological atrophy in the brain 
striatum and cortex (26). 

Thus, the data provide important additional 
information about the distribution of neurons and glial 
cells in the neurodegenerative disorders particularly, PD.

6. CONCLUSION

In general, to the best of our knowledge, this 
is the first report to use the stereological assessments, 
regarding major alterations in the spatial arrangement of 
neuron and glial cell in PD. The outcomes of this study 
suggest destructive impacts of PD, on the spatial design 
and the connections of neurons. Our data suggest that 
impaired striatal cell-cell interaction may contribute 
to one of the pathogenesis of Parkinson’s disease 
because the normal communication between striatal 
cells to be essential for normal function of neurons 
in striatum. Further examination of the cellular and 
molecular biology of abnormal tissue is speculated to 
reveal that many complications may be associated with 
cell-cell interactions. The results of this study pave the 
way for a greater clinical perspective for identification of 
the effects of PD on the nervous system. 
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