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Abstract
In Parkinson’s disease (PD), physical therapy is one of the mainstays of supportive treatment modalities. This study focused 
on the neuroprotective effect of regular exercise on striatal calretinin positive interneurons in a rat model of PD. 6-hydroxy-
dopamine (6-OHDA) was injected unilaterally into the medial forebrain bundle of Wistar rats. 6-OHDA lesioned (Parkin-
sonian) and unlesioned (control) rats were divided into sedentary and exercise groups. Exercise groups had daily swimming 
sessions for 30 min for 6 weeks. After 6-OHDA injections, an apomorphine-induced rotation test was performed (0.05 mg/
kg, subcutaneous) at the 3rd and 6th weeks. At the end of the 6th week, brains were removed following transcardiac perfu-
sion. The brain sections were stained immunohistochemically for tyrosine hydroxylase and calretinin reactivity. The num-
ber of rotations was significantly lower in Parkinsonian exercise group compared to Parkinsonian sedentary group at the 
6th week (p = 0.024) and there was significant difference between Parkisonian sedentary groups at the 3rd and 6th weeks 
(p < 0.002). The calretinin positive interneurons significantly increased in the Parkinsonian exercise group compared to 
Parkinsonian sedentary group (p = 0.0003) and control exercise group (p < 0.0001). To conclude, the swimming exercise 
led to a striking increment of calretinin positive interneurons in the striatum of Parkinsonian rat. These findings indicated 
that the neuroprotective mechanism of exercise increased the number of striatal calretinin positive interneurons that might 
generate new approaches for the mechanism of neuroprotection. We concluded that striatal calretinin positive interneurons 
have an important role in the neuroprotective mechanisms of exercise in PD.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative movement 
disorder. The approaches for the treatment focused on the 
symptoms due to the fact that there is no cure for the dis-
ease (Balestrino and Schapira 2020). A variety of treatment 
modalities are being in use, including drug therapy, deep 
brain stimulation and supportive treatments. The physical 
exercise is the clinically approved component of these sup-
portive treatments. The efficacy of physical exercise, espe-
cially on motor functions, is variable and based upon the 

frequency, intensity, time and type of exercise (Ammann 
et al. 2014).

By demonstrating an improved physical capacity and 
increased oxidative capacity of the major muscle groups 
with no sign of stress, swimming exercise is accepted as 
a well-liked treatment of PD among experiments in recent 
years (Haobam et al. 2005; Contarteze et al. 2008). The 
swimming is a natural ability of rats, and therefore, it is also 
preferred in experimental rat models (Souza et al. 2009).

Several studies in PD animal models claim neuropro-
tective effects of exercise on dopaminergic neurons and 
increase in neurotrophic factors (Garza et al. 2004; Nee-
per et al. 1995; Gomez-Pinilla et al. 1998). It is mentioned 
that treadmill exercise increases cell proliferation as well 
as receptors for neurotrophic factors BDNF (brain derived 
neurotrophic factor) and GDNF (glial cell line-derived 
neurotrophic factor) in the striatum after brain damage (Yi 
et al. 2009). Both vigorous and voluntary exercises lead 
to an increase in neurotrophic factors. These neurotrophic 
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factors can pass through the blood–brain barrier, activating 
the cAMP response element binding protein (CREB) and 
synapsin 1 (Tajiri et al. 2010). The neurotrophic factors bind 
to tyrosine kinase to regulate CREB, a cellular transcription 
factor that activates the transcription of tyrosine hydroxylase 
(TH), leading to increased synthesis activity of dopaminer-
gic neurons.

The activity of striatal neurons is affected by the degener-
ation of the dopaminergic neurons. The dopaminergic nerve 
fibers are essential for the regulation of axon terminals and 
neurons in the striatum (Nicola et al. 2000). Recently, the 
rise in intracellular calcium concentration was highlighted 
to be the reason for the cell death and degeneration of the 
dopaminergic neurons in PD. The abnormalities in calcium 
levels may trigger injurious effects, proteases and endonu-
cleases. The regulation of the calcium concentration may be 
achieved by intracellular calcium binding proteins like cal-
bindin, calretinin and parvalbumin (Heizmann et al. 1990).

Numerous studies focus on the dopaminergic neurons 
expressing calcium-binding proteins in the nigrostriatal 
pathway. The calcium binding proteins have essential roles 
in intracellular calcium buffering and in shaping the synap-
tic responses of the neurons (Schmidt 2012). The literature 
indicates that the modification of these calcium-binding pro-
teins may be achieved by the action of BDNF. In view of the 
neurotrophic effects of BDNF, the variable changes in the 
calcium binding protein expressions may be related with the 
neuroprotection mechanism of the neurons. Furthermore, 
calbindin and calretinin are more closely associated with the 
neuroprotective mechanism and correlated positively with 
resistance to neurodegeneration. Following the exposure to 
acute injuries and neurotoxins, the expression of calcium 
binding proteins may increase or the capacity of the calcium 
binding protein expressions of the neurons may change as a 
protective stance (Fairless et al. 2019).

The rat striatum comprises 90–95% spiny projection 
neurons and 5–10% aspiny interneurons (Graveland and 
DiFiglia 1985). The striatum consists of two compartments 
called the striosome (patch) and matrix, due to the various 
associations of afferent pathways, neuropeptides and recep-
tors (Crittenden and Graybiel 2011; Drago et  al. 1996; 
Gerfen 1985). Projections from the striatal patches (dorsal 
striatum) arise to the area of the cell bodies and proximal 
dendrites of the neurons located in the substantia nigra pars 
compacta (Gerfen 1985). The interneurons in rat striatum are 
classified into four subclasses according to their marker pro-
tein expression patterns: choline acetyltransferase (ChAT) + , 
calretinin + , neuropeptide Y + , and PV + . Although, there 
are fewer interneurons than neurons in the striatum, they 
are essential regarding motor functions and cognition (Ma 
et al. 2014a). The striatal interneurons have crucial functions 
in the circuit of basal ganglia. The fast spiking GABAer-
gic parvalbumin positive interneurons maintain the cortical 

influences to medium spiny neurons. Moreover, calretinin 
positive interneurons exert monosynaptic inhibition on 
medium spiny neurons which can delay or block spiking. 
Striatal interneurons regulate the response of medium spiny 
neurons to cortical input. The powerful GABAergic modula-
tion of spike timing in the medium spiny neurons is mostly 
affected by the GABAergic interneurons. (Tepper 2004).

In the human striatum, three subgroups of calretinin posi-
tive aspiny interneurons were classified according to their 
soma size (large, medium, and small). It was shown that the 
small aspiny interneurons were denser in the sensorimotor 
and limbic regions. Medium and large aspiny interneurons 
were dispersed homogeneously throughout the striatum. Cal-
retinin positive interneurons were found in high numbers in 
the associative territories (caudate nucleus and precommis-
sural putamen).

Injection of 6-OHDA into the medial forebrain bundle 
leads to degeneration of dopaminergic neurons and affects 
motor and cognitive functions of the animals. Interneuron 
lesions are also responsible for detoriation of motor and 
cognitive functions. There are controversial results in the 
literature. A study put forward that the number of calretinin 
positive interneurons decreased (Ma et al. 2014a, b) and 
another study presented that the dopaminergic neurons 
expressing calretinin were mostly intact after the 6-OHDA 
lesion (Tsuboi et al. 2000). An experimental study investi-
gating the effects of exercise on calretinin positive interneu-
rons in the dentate gyrus of diabetic rat models showed an 
increase in the number of the calretinin positive interneurons 
(Nam et al. 2011).

In the current study, we would like to enlighten the effect 
of regular swimming exercise (30 min/5 days/6 weeks) 
on number of striatal calretinin positive interneurons in 
6-OHDA rat model, since the striatal interneurons may be 
responsible for the motor recovery.

Materials and methods

Male Wistar albino rats (300–350 g, 10 weeks, n = 21) were 
used in the experiments. The animals were supplied by the 
Marmara University Animal Center and caged individually 
at 21 °C on a 12-h light/dark cycle (lights out from 08:00 
to 20:00) with unlimited food and water access. All experi-
ments were carried out with the approval of Marmara Uni-
versity Ethical Committee for Experimental Animals (No: 
013.2016.mar).

6-OHDA (Sigma H116, St Louis, MO, USA; dissolved 
in saline % 0.9 NaCl) was used to PD rat model. To achieve 
extensive degeneration in dopaminergic neurons, animals 
had two unilateral injections of 6-OHDA (8 μg/4 μl per site) 
into the medial forebrain bundle along the nigrostriatal path-
way using stereotaxic method.
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The bregma was used as the reference point and the coor-
dinates of the lesions were anteroposterior: − 2.1 mm, lat-
eral: 2.0 mm, ventral: − 7.8 mm for the first injection and 
anteroposterior: − 4.3, lateral: 1.5, ventral: − 7.8 for the 
second injection (Paxinos and Watson 2007).

Following the stereotaxic surgery, control group and 
6-OHDA lesioned (Parkinsonian) rats were further divided 
into sedentary and exercise groups:

(1)	 Sedentary group without lesion: Control sedentary 
group (C-Sed, n = 4),

(2)	 Exercise group without lesion: Control exercise group 
(C-Exc, n = 5),

(3)	 Sedentary group with lesion-Parkinsonian sedentary 
group (P-Sed, n = 6),

(4)	 Exercise group with lesion-Parkinsonian exercise group 
(P-Exc, n = 6),

One week after the stereotaxic surgery, the P-Exc 
and C-Exc groups were subjected to daily regular swim-
ming exercise of 30 min for 5 consecutive days a week, 
for 6 weeks. Firstly, the rats were adapted to exercise by 
10 min swimming session daily, for 2 weeks. Then, the rats 
were allowed to swim for 30 min for 6 weeks. All animals 
were able to swim and they did not stop swimming dur-
ing the session but they were slower towards to the end of 
the exercise. The swimming sessions were performed in a 
pool (100 cm × 50 cm × 50 cm) filled with lukewarm water 
(32 °C ± 2 °C) to a depth of 35 cm. The intensity of the exer-
cise protocol was considered as moderate exercise according 
to World Health Organization (WHO) guidelines (Chen and 
Chang 2010). Sedentary groups (P-Sed and C-Sed) were 
kept in their cage during 6 weeks.

To measure the extent of motor impairment induced by 
the lesion rotation test was held on the 21st day (3rd week) 
and at the 6th week following 6-OHDA injections (Fig. 1) 
The rotational behavior was induced by subcutaneous apo-
morphine injection (0. 05 mg/kg) and evaluated visually by 

counting the number of contralateral and ipsilateral rotations 
to the injection side for 30 min. The contralateral rotations 
were noted and statistically analyzed.

Following termination of the exercise program, the ani-
mals were deeply anesthetized with ketamine (100 mg/kg, 
intraperitoneally), transcardially perfused with 50 mM phos-
phate-buffered saline (PBS) and fixed with 4% paraformal-
dehyde (PFA) in 100 mM phosphate buffer at pH 7.4. The 
brain was removed, post fixed in the fixative overnight, and 
transferred into a 30% sucrose solution for cryoprotection.

The anterior and posterior coordinates of the striatum 
were marked on each brain according to Paxinos and Watson 
Rat Brain Atlas (bregma, 2.52 mm and − 3.24 mm).

For immunohistochemistry investigations, serial coronal 
brain sections (40 µm) were taken in the anteroposterior 
direction using a sliding microtome. One of three sections 
was taken for TH and calretinin immunohistochemistry pro-
cedure, respectively. Thirty-six sections were obtained from 
each rat brain.

For TH immunohistochemistry, the sections were rinsed 
in PBS three times for 5 min and incubated in 80 ml metha-
nol and 3% H2O2 for 20 min (at room temperature) to block 
endogenous peroxidase activity. After rinsing in PBS, the 
sections were incubated in blocking serum solution (10 ml 
PBS, 1 ml normal goat serum, 0.1 g bovin serum albu-
min (BSA) and 30 µl Triton™ X-100 (Merck, Darmstadt, 
Germany) for 1 h, followed by incubation in primary anti-
body (anti-tyrosine hydroxylase antibody (Pel Freez/cat 
no: P40101) in 1:500 10 ml carrier solution) for overnight 
at room temperature. After rinsing period, sections were 
incubated in 150 µl biotinylated anti-rabbit IgG secondary 
antibody for 2 h (Vector labs), then rinsed in PBS and sub-
sequently incubated in avidin-biotinylated complex for 1 h 
at room temperature (Vector lab, ABC kit). Immunoreactiv-
ity was visualized by incubating the sections in a solution 
of 3,3′-diaminobenzidine (DAB) (10 ml PBS, 5 mg DAB, 
100 µl 3% H2O2). The sections were mounted on gelatin-
coated slides and examined under light microscope.

1st Day               1st Week         3rd Week                                              6th Week

6-OHDA 
Injection

Exercise 
Start

SWIMMING EXERCISE

Rotation Test

SWIMMING EXERCISE

Rotation Test 
Perfusion

Fig. 1   Schematic presentation of the exercise program and the timing of rotation test performed at the 3rd and 6th weeks
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Calretinin immunohistochemistry was performed by rins-
ing the mounted sections three times in PBS and incubating 
overnight at room temperature in PBS containing 1:500 anti-
calretinin antibody (Merck), 0.3 Triton™ X-100 (Merck), 
and 1% serum (Sigma-Aldrich). After PBS rinsing, the sec-
tions were incubated for 90 min in a secondary antibody 
solution of Alexa Fluor 488 donkey anti-mouse IgG (Inv-
itrogen, Carlsbad, CA, USA). The sections were examined 
at × 40 magnification, under flourescence microscope. The 
interneurons were counted in each section (Paxinos and Wat-
son 2007). The calretinin positive interneurons of all groups 
were homogenously distributed throughout the whole stria-
tum. Four areas at × 40 magnification in the striatum were 
photographed in each section. A total number of calretinin 
positive interneurons in 36 sections were calculated for each 
animal to analyze statistically.

Calretinin positive interneuron diameter was calculated 
by randomly selecting twenty interneurons from each rat. 
The diameter measurements were realized at a final magnifi-
cation of × 400 using Image J Software (NIH, Bethesda, MD, 
USA, https​://image​j.net). Maximum and minimum diameters 
for each interneuron were measured and divided by two to 
obtain average diameter. The measurements were taken by 
an observer who was blinded to the groups. The number of 
rotations following apomorphin challenge test in Parkinso-
nian groups, the quantity and diameter of calretinin positive 
interneurons in both control and Parkinsonian groups were 
presented as mean ± standard error of mean (SEM). Rotation 
data of the 3rd week vs 6th week in P-Sed vs P-Exc groups 
and data of calretinin positive interneurons from Sedentary 
vs Exercise groups in Control vs Parkinsonian groups were 
analyzed by two-way ANOVA followed by post-hoc Tukey 
test in Graph-Pad PRISM 6.0 (GraphPad Software Inc., San 
Diego, CA, USA) program.

Results

The number of rotations of the P-Exc and P-Sed groups, 
TH immunoreactivity in the striatum and substantia nigra, 
interneuron diameters and the number of calretinin posi-
tive interneurons in the striatum of all groups were evalu-
ated. Following 6-OHDA lesioning, rotational behavior in 
apomorphin challenge was significantly affected by time (F 
(1, 11) = 31.07; p = 0.002) and exercise (F (1, 11) = 20.23; 
p = 0.0009) in Parkinsonian groups. There was no interac-
tion between time and exercise on rotational behavior (F (1, 
11) = 1.96, p = 0.19). Briefly, the number of rotations showed 
a significant increase in the 6th week compared to the 3rd 
week in sedentary groups (p = 0.002), whereas there was 
not any significant increase in the P-Exc group (p = 0.058) 
(Fig. 2). Furthermore, swimming exercise significantly 
decreased the number of rotations in the P-Exc group when 

compared to P-Sed groups at both the 3rd (126.6 ± 16.2 vs 
187 ± 6.5; p = 0.052) and 6th weeks (208 ± 5 vs 323 ± 7; 
p = 0.02) time points.

The calretinin positive interneurons in the striatum of all 
sedentary and exercise groups (Figs. 3, 4, 5, 6) were counted 
under fluorescent microscopy. The number of calretinin 
positive neurons (Fig. 7) was significantly affected by both 
6-OHDA lesioning [F (1, 16) = 43.39, p < 0.0001] and exer-
cise (F (1, 16) = 7.943, p = 0.01). There was a significant 
interaction between 6-OHDA lesioning and exercise (F (1, 
16) = 26.03; p = 0.0001). The number of calretinin positive 
neurons in the striatum was 272.5 ± 26.2 in C-Sed group and 
375.25 ± 27.3 in P-Sed group. Although, there were higher 
neurons in P-Sed group, this difference was not statisti-
cally significant (p > 0.05). The number of calretinin posi-
tive interneurons in exercise groups was 181 ± 8.7 in C-Exc 
group and 616.4 ± 43.1 in the P-Exc group. The increase in 
the number of calretinin interneurons in P-Exc group com-
pared to C-Exc was strongly significant (p < 0.0001). Swim-
ming exercise did not show any significant effect in the num-
ber of calretinin positive interneurons of the control groups 
(C-Sed vs C-Exc, p > 0.05) but significantly increased the 
number of calretinin positive interneurons in P-Exc group 
compared to P-Sed group (p = 0.0003).

The mean diameter of the calretinin positive interneurons 
did not show any significant difference between the groups. 
The mean diameter of the interneurons in the C-Sed and 
C-Exc groups was 11.3 ± 0.20 and 11 ± 0.10 µm. The mean 
diameter of the calretinin positive interneurons located in the 
striatum of the P-Sed and P-Exc groups was 11.70 ± 0.69 µm 
and 10.76 ± 0.35 µm, respectively.

TH immunoreactivity was examined under light 
microscopy to verify the effect of 6-OHDA injections and 
6 weeks of exercise. 6-OHDA injections decreased the TH 
immunostaining of striatum and substantia nigra in the 
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Fig. 2   Rotation numbers of P-Exc and P-Sed groups. At the 3rd 
week, there was no significant difference (p = 0.05) between P-Exc 
and P-Sed groups. P-Sed showed a significant increase (p < 0.001) in 
the number of rotations between the 3rd week and 6th week. P-Exc 
group showed a significant difference (p = 0.01) compared to P-Sed 
group at the 6th week. The rotations of P-Exc group did not show any 
significant difference (p = 0.04) between the 3rd and 6th weeks

https://imagej.net
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lesioned sides of both P-Sed and P-Exc groups compared 
to unlesioned sides. However, P-Sed and P-Exc groups 
showed similar labelling of TH in lesioned sides (Figs. 8, 
9).

Discussion

Exercise is an indispensable component of the neurologic 
rehabilitation for PD in physiotherapy. In this study, the 
neuroprotective role of swimming exercise on calretinin 

Fig. 3   Calretinin positive interneurons localized in the striatum of the sedentary group with lesion (P-Sed). The red arrows show the calretinin 
positive interneurons located in the striatum

Fig. 4   Calretinin positive interneurons localized in the striatum of the exercise group with lesion (P-Exc). The red arrows show the calretinin 
positive interneurons located in the striatum
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positive interneurons in the striatum of 6-OHDA lesioned 
Parkinsonian rats was investigated. A moderate swimming 
exercise program was held for 6 weeks for both control and 
6-OHDA lesioned animals. Parkinsonian groups, sedentary 
and exercise, were challenged with apomorphine at the 3rd 
and 6th weeks of exercise program. The results of the apo-
morphine-induced rotation test (on the 3rd and 6th weeks 
after 6-OHDA injection) revealed a decrease in rotations in 

the exercise group, supporting the hypothesis for a positive 
neuroprotective effect of exercise on PD (Aguiar et al. 2006).

Furthermore, P-Exc group showed a significant increase 
in the number of calretinin positive interneurons in the stria-
tum compared to the P-Sed and C-Exc groups. The P-Sed 
group had a slight increase in the number of calretinin 
positive interneurons, whereas C-Exc group had a slight 
decrease. These findings suggested that 6-OHDA injection 

Fig. 5   Striatum of the sedentary non-lesioned group (C-Sed) after calretinin immunohistochemistry under the fluorescence microscope

Fig. 6   Striatum of the exercising non-lesioned group (C-Exc) after calretinin immunohistochemistry under the fluorescence microscope
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caused an increase in the number of calretinin positive 
interneurons and more prominently the swimming exercise 
had a positive effect on the number of striatal calretinin posi-
tive interneurons in Parkinsonian rats.

Acute injuries such as axotomy, head trauma or exposure 
to neurotoxins such as MPTP caused an increase in calcium 
binding protein expression (Lowenstein et al. 1994; Ng et al. 

1996). The argument was based on that if neuronal death 
did not occur as a result of a disease or an insult, neuron 
had capacity to express more calcium binding proteins as 
a protective mechanism (Drago et al. 1996; Fairless et al. 
2019). The increase in calretinin positive interneurons in 
P-Exc group may be related with a compensatory process 
in pathological circumstances. As it is considered a protec-
tive mechanism, we did not expect an increase of calretinin 
positive interneurons in both of the control groups. These 
findings made us to consider that the presence of calretinin 
can be attributed to the neuroprotective effect.

Katarzyna Billing-Marczak et al. (1999) mentioned that 
the calcium binding proteins may act in different ways. 
For example, some studies suggested that calretinin acts 
as a calcium modulator due to its limited calcium binding 
capacity. Moreover, calretinin may show cooperativity in 
calcium binding between the different EF-hand domains, 
with an increasing calcium binding affinity as the calcium 
concentration increases. The calcium binding proteins are 
classified due to the resistance/susceptibility to the degen-
eration (Billing-Marczak and Kuznicki 1999). The calretinin 
and calbindin are more closely associated with resistance 
(Fairless et al. 2019). Accordingly, this study investigated 
the change in striatal calretinin positive interneurons as a 
neuroprotective mechanism following the 6-OHDA lesion.

The literature debates that the expression of calcium bind-
ing proteins like calbindin and calretinin may have essential 
roles on neuroprotective mechanism for the striatal neurons. 
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Fig. 7   Number of calretinin positive interneurons in P-Sed, P-Exc, 
C-Sed and C-Exc. There were higher number of interneurons in 
P-Sed group compared to C-Sed group, but this was not statistically 
significant (p > 0.05). The increase in the number of calretinin posi-
tive interneurons in P-Exc group compared to C-Exc was strongly 
significant (p < 0.0001). The number of calretinin positive interneu-
rons in P-Exc group compared to P-Sed group was significantly 
increased (p = 0.0003). There was no significant difference in between 
C-Sed and C-Exc (p > 0.05)

Fig. 8   Striatum of the P-Exc after TH immunohistochemistry procedure (light microscope)
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Our study showed that 6-OHDA lesion lead to increment 
of calretinin positive interneurons in the striatum, at post-
lesion 6th week, similar to previous findings (Mura et al. 
2000). Authors suggested that dopamine depletion may 
lead to an increase in the expression of calretinin in striatal 
cells which was mostly apparent at post-lesion 3rd week 
and then decreased toward normal levels at the 6th, 10th, 
and 18th weeks following the 6-OHDA lesion. Mura et al.’s 
study emphasized that the increase in the 3rd week may be 
related to dopamine/glutamate balance, to a shift in the stri-
atal excitatory/inhibitory balance toward excitation. This 
compensatory mechanism was proposed as an explanation 
for the increase in the number of calretinin positive interneu-
rons. Our study also suggested a striking increase in the cal-
retinin positive interneurons in the P-Exc group compared 
to C-Exc group. That significant result is another finding of 
our study which may indicate that the apparent difference 
in the number of the calretinin positive interneurons may 
be related to the 6-OHDA lesion. This increase in calretinin 
expression was most likely due to pathologic processes men-
tioned before. In the study of Mura et al (2000) expression 
of calretinin in striatal cells returned to normal levels at the 
6th, 10th, and 18th weeks following the 6-OHDA lesion. 
However, in our study the increase in the calretinin posi-
tive interneurons continued through the 6th week following 
the lesion in the P-Exc group. This sustained increase in 
the number of calretinin positive interneurons in the P-Exc 

group can be attributed to the effect of exercise, although the 
mechanism of it needs further investigation.

On the other hand, a reduction in striatal calretinin posi-
tive interneurons was observed after the 6-OHDA lesion (Ma 
et al. 2014b). The calcium-binding protein calretinin influ-
ences the maintenance of intracellular calcium homeostasis. 
Calretinin probably provides protection against the massive 
calcium entry which may result from over-stimulation of 
glutamate receptors. Thus, Ma et al. (2014a, b) proposed that 
a reduction of calretinin positive interneurons in striatum 
may cause a decreased protection against to excitotoxicity 
following dopaminergic depletion (Ma et al. 2014b).

Several studies showed that 6-OHDA injection into 
the striatum led to a severe decline in TH + neurons and a 
decrease in calretinin positive neurons (Tsuboi et al. 2000) 
(Xenias et al. 2015). The dopaminergic neurons expressing 
calretinin are mostly found in the ventral tegmental area and 
substantia nigra pars compacta (Mattson 2007; Tsuboi et al. 
2000; Bezprozvanny 2009). The dopaminergic and noradr-
energic neurons in the midbrain are essential for motor sys-
tems and defensive behaviors against stress factors and show 
some differences in the expression of calcium-binding pro-
teins. The results addressed the neuroprotective influence of 
calretinin, based upon the finding that the remaining axons 
of dopaminergic neurons were expressing calretinin (Tsuboi 
et al. 2000).

Fig. 9   Striatum of the P-Sed group after TH immunohistochemistry procedure (light microscope)
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In accordance with these studies, the increase in the 
number of calretinin positive interneurons in our study was 
probably due to a neuroprotective mechanism provided by 
exercise. Several studies have focused on the relationship 
between the frequency and duration of exercise (Jang et al. 
2017; Chuang et al. 2017). In rotenone-induced Parkinso-
nian rats, treadmill-running exercise for fourteen consecutive 
days induced an amelioration in nigrostriatal dopaminergic 
loss of neurons, fibers, and motor functions (Shi et al. 2017). 
Another study discovered that treadmill exercise exhibited 
a neuroprotective effect on the degeneration of the nigros-
triatal dopaminergic neurons (Shin et al. 2017). Vigorous 
exercises, particularly for the lower extremities, are more 
effective than voluntary exercise in enhancing the secretion 
of neurotrophic factors. Neurotrophic factors are regulated 
by exercise and can act as growth factors for the continua-
tion of surviving neuronal populations. Neurotrophic fac-
tors, such as BDNF, GDNF, IGF (Insulin-like growth factor) 
and VEGF(Vascular Endothelial Growth Factor), play an 
important role in neuronal viability, key for the treatment 
of PD (Alberts et al. 2016, Tuszynski 2002). TH gene tran-
scription can increase the activation of BDNF and GDNF 
enzymes, which further activate TH. The modifications of 
the calretinin and calbindin may be regulated by the action 
of BDNF. In our study, effect of regular swimming exercise 
on the number of calretinin positive interneurons may be 
due to the regulation of the neurotrophic factors like BDNF 
(Fairless et al. 2019).

In another research, it was determined that 4 weeks exer-
cise prior to a lipopolysaccharide injection was effective in 
preventing a decrease in BDNF in the nigrostriatal pathway, 
but 2- or 3-week exercise after the injection was insuffi-
cient to prevent the loss of dopaminergic neurons (Wu et al. 
2011). There is limited information regarding the efficiency 
of neurotrophic factors on TH regulation in the nigrostriatal 
pathway after exercise. Nevertheless, it could be claimed 
that exercise is effective on the motor symptoms and leads 
to the regulation of neurotrophic factors that regulate the 
viability of dopaminergic neurons (da Silva et al. 2016).

Moreover, exercise training increases the concentration 
of insulin and IGF-1. However, the exercise decreases the 
concentrations of tau and amyloid precursor protein (APP) 
in diabetic rats (Diegues et al. 2014).

In this way, a study was focused on the effect of the 
exercise on the expression of the proteins involved in the 
insulin/IGF-1 pathway. They found out that the exercise 
training protocol was not able to reduce the phosphoryla-
tion of tau protein and APP (Borges et al. 2017). Recently, 
a study focused on the effect of mild and progressive inten-
sity treadmill running protocols on Parkinsonian rats. The 
procedure was applied for 4 weeks and the results revealed 
that progressive exercise intensity (initiating by 20 min, 
then 50  min and 60  min) had greater neuroprotective 

effects against 6-OHDA lesion. Progressive intensity 
treadmill notably reduced rotational behavior of rats. This 
type of exercise enhanced the levels of cerebral dopamine 
neurotrophic factor (CDNF) and mesencephalic astrocyte-
derived neurotrophic factor (MANF) in the striatum (Fal-
lah Mohammadi et al. 2019). Our results also suggest that 
the swimming exercise has a neuroprotective effect on PD 
by inducing a decrease in the number of rotations and an 
increase in calretinin positive interneurons in the striatum.

Acute L-dopa treatment prevented the increase of stri-
atal calretinin positive interneurons in the ipsilateral side 
with unilateral lesion (Mura et al. 2000). In contrast with 
this result, our study evokes that the swimming exercise 
treatment induces an increase in the striatal calretinin posi-
tive interneurons.

In a study, it was emphasized that calretinin was 
expressed by medium-sized (7–20 lm), aspiny, interneu-
rons with a diameter of 12–20 µm but further studies 
showed that calretinin positive interneurons were aspiny, 
and these interneurons were relatively sparse in the stria-
tum (Bennett and Bolam 1993; Wu and Parent 2000). The 
ratio of calretinin positive interneurons in the ventrome-
dial region of striatum is greater than in the dorsolateral 
region of striatum (Ma et al. 2014b). The calretinin posi-
tive interneurons were found mostly in dorsomedial stria-
tum and had medium-sized soma (10–15 µm in diameter) 
in rats (Reiner et al. 1995). Moreover, Rymar et al. (2004) 
examined the calretinin positive interneurons in the stria-
tum of Sprague–Dawley rat brains (Rymar et al. 2004). 
They found out that cell bodies of calretinin positive 
interneurons were mainly medium sized and round, oval, 
or fusiform. Calretinin positive interneurons in the rat stri-
atum were categorized as small (≤ 7 µm), medium-sized 
(7.1–20 µm), and large (20 µm) (Kawaguchi et al. 1995). 
Medium-sized cells (7.1–20 µm) constitute 91% of neu-
rons of these three groups. In our study, there was no dif-
ference in the diameter of calretinin positive interneurons 
localized in the lesioned side of the rat striatum of P-Sed 
and P-Exc groups. The diameter of the calretinin posi-
tive interneurons in C-Sed and C-Ex groups were about 
11.3 ± 0.20 µm and 11 ± 0.10 µm and the mean diameter 
of P-Sed and P-Exc groups were 11.70 and 10.76 µm, 
respectively. These results support the literature which 
highlights that calretinin positive interneurons are mostly 
medium sized in the rat striatum. The swimming exercise 
for 6 weeks did not display any difference in TH + neurons 
in the lesioned side of the rat brains. Further studies are 
needed to elucidate the mechanism of action of vigorous 
and chronic exercise on the dopaminergic neurons and cal-
retinin positive interneurons located in the striatum.

Due the neuroprotective effect of the calretinin, we 
searched for the role of the striatal calretinin positive 
interneurons in the 6-OHDA lesioned rats. The striatal 
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interneurons are essential for coordinating and regulating 
network function. Electrophysiological studies showed 
that most striatal GABAergic interneurons are classified as 
FSIs and persistent and low-threshold spike interneurons 
(PLTSs). Neurons are classified physiologically as PLTSs 
may also include several subtypes of GABAergic interneu-
rons. The calretinin-expressing interneurons are less in num-
ber in rodents compared to primates and their electrophysi-
ological properties are not well described. Under normal 
conditions, PLTS interneurons make sparse, weak inhibitory 
projections onto spiny projection neurons but in Parkinson; 
large, rhythmic inhibitory inputs project onto spiny projec-
tion neurons (Gittis et al. 2010).

In conclusion, this study suggests that regular exercise 
increases calretinin positive interneurons in the striatum of 
Parkinsonian rats and decreases rotation severity. We con-
clude that calretinin is closely involved in the neuroprotec-
tive effect of exercise on the striatal interneurons of Parkin-
sonian rats.
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