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The effects of melatonin on the striatum
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ABSTRACT

Objective: Some of the neurological diseases cause morphologic changes in the striatal neurons. Medial forebrain bundle (MFB)
lesion is a commonly used method to produce a Parkinsonian model rat. Melatonin is a hormone which exerts a neuroprotective
effect on the neurons. The aim of this study is to investigate the effect of melatonin on the dendritic morphology of striatal medium

spiny neurons (MSNs) in rats with MFB lesion.

Materials and Methods: Twelve male Wistar albino rats were given saline injections into the MFB and divided into sedentary and
treatment groups. The treatment group was administered a 10 mg/kg dose of melatonin intraperitoneally for 30 days. The lesion
was confirmed histologically by Nissl staining. Golgi staining technique was applied to observe neuronal morphology. Neuronal
structures were analysed from three-dimensional images by Neurolucida (MBF Bioscience) software.

Results: The MFB lesion caused a reduction in the total dendritic length and in the number of dendritic endings. The melatonin
enhanced the number of dendritic endings compared to the sedentary group. The melatonin led to an increase in the total spine

density, spine densities of thin and mushroom types.

Conclusion: Melatonin improved the dendritic degeneration due to MFB lesion.
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1. INTRODUCTION

The dendritic spines are small fingerlike protrusions that form
excitatory synaptic connections. The spine morphology adjusts
the stability and strength of the synapse [1]. The dynamic
structural property of spine has a crucial role for synaptic
plasticity [2]. Alterations in dendrite and spine morphology
have been correlated with several neurological diseases [3,4].

The spine morphology has a wide diversity with different
head and neck sizes. The spine types are classified according
to the ratio of head and neck diameter such as; thin (ratio<2),
mushroom (ratio>2), stubby (ratio<1) and also branched (two
heads and one neck) types [1,5,6]. The mushroom type is a
stable and least dynamic spine. The mushroom spine is able to
have strong synaptic connections and also essential for memory
storage [7]. The thin type is a more dynamic spine that represents
a small synapse and is significant for learning [8]. The stubby
type is a dynamic and immature spine. The stubby type may be
a general precursor of more mature spine form of mushroom
and thin types [9]. The branched type has bifurcated head with

a neck which is rarely seen [10]. The morphological alterations
of the spines reflect significant knowledge about the neuronal
plasticity.

Melatonin (N-acetyl-5-methoxytryptamine) is a hormone that
is mainly synthesized in the pineal gland. Melatonin controls
various physiological functions [11]. It also has anti-apoptotic,
anti-tumor, and anti-oxidative properties [12,13]. Melatonin is
highly lipophilic and passes across all morphological barriers
(blood-brain barrier-BBB) and diffuses into all body fluids
[14]. The disrupted BBB leads to the inflammatory reaction and
neuronal cell damage that demonstrates the development or
progression of central nervous system (CNS) diseases [15,16].
Melatonin reveales its beneficial effects in acute and chronic
inflammatory processes [17,18].

The recent techniques enable to observe a more detailed neuronal
morphology. Three-dimensional computer-based microscopical
systems provide fundamental opportunity to attain quantitative
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information of neuron morphology and pathological changes.
The Neurolucida is a commonly used software that facilitates
different laboratories to standardize the parameters of somato-
dendritic morphological data [19].

The striatum is a part of the basal ganglia. It contains
medium spiny neurons (MSNs) and a few interneurons
[20]. Neurodegenerative diseases like Parkinson’s disease
lead to degeneration of the striatal neurons. In experimental
models, medial forebrain bundle (MFB) is a common target
to induce 6-hydroxydopamine (6-OHDA) lesion to produce
a Parkinsonian model rat. Many electrophysiological studies
showed that the 6-OHDA lesion in the nigrostriatal pathway
led to functional loss of striatal neurons and interneurons. After
the formation of the lesion, the inhibitory effect of GABAergic
interneurons against the MSNs increased [21]. The impairment
of striatal neurons showed motor, cognitive and behavioral
symptoms that were correlated with the functional and
morphological deterioration [22].

In view of high technology, spine morphology alterations reflect
different functions. In the current study, we aimed to investigate
the effects of melatonin on the dendrite and spine morphology
of striatal neurons after minimal MFB lesion.

2. MATERIALS and METHODS

Animals and Groups

Twelve male Wistar albino rats (weighing 250-300 g, 9 weeks
of age) were used in this study. The rats were obtained from
Marmara University Experimental Animal Research Center.
All experimental procedures were approved by the Ethics
Committee for Animal Experimentation of Marmara University
(42.2021mar, 3.15.2021).

All animals were maintained in cages (2 rats per cage) in a room
with controlled temperature (20°C+2°C) under a 12-h light/
dark cycle with standard rat feed and water supply. The rats
were randomly divided into 2 groups (6 in each group); MFB
injection + sedentary and MFB injection + melatonin.

Animal Model

Stereotaxic surgery was performed to inject saline into the MFB.
A mixture of ketamine (100 mg/kg) and xylazine (50 mg/kg)
were administered intraperitoneally to anaesthetize the rats.
The coordinates of right MFB were the rostral AP (anterior
posterior): — 2.1, L: 2.0, V: - 7.8 (in mm) and caudal AP: - 4.3,
L: 1.5 V: - 7.8 [23]. A total of 8 pl 0.9% saline were injected at a
rate of 1 pl/min using a Hamilton syringe (Stoelting/10ul) and
an infusion pump (KdScientific, MA, USA). At the end of the
injection, the syringe was left in the MFB for 5 minutes. Then, it
was pulled back slowly. After the procedure, 5 ml of saline (0.9%
NaCl) was injected subcutaneously.

Melatonin Preparation

Melatonin (Sigma, St Louis, MO, USA, M5250) was dissolved
in ethanol, and diluted in saline solution (5:95). The final

concentration of the melatonin was 10 mg/ml. The melatonin
was administered intraperitoneally at a dose of 10 mg/kg at the
same day time (for 30 days). The drug was prepared freshly
before the injection.

Tissue Collection and Golgi Staining

The rats were killed by transcardial perfusion with 0.9% saline
followed by 4% paraformaldehyde (PFA) (Merck, Darmstadt,
Germany), (0.1 M phosphate buffer, pH 7.4) after deeply
anesthetized with ketamine (100 mg/kg, intraperitoneally). The
brains were removed and sectioned for staining. In order to
determine the accuracy of the MFB injection site, Nissl staining
was performed and examined through a light microscope
(Figure 1).
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Figure 1. Examination of the MFB injection site by Nissl staining using a
10 X objective under a light microscope.

Golgi-cox staining technique was performed to observe the
morphological features of the dendrite and the spine in detail
[1]. FD Rapid GolgiStain Kit™ (FD NeuroTechnologies Inc.
Elliot City, MD, USA) which is a commercially available Golgi
staining kit was used according to the instructions. The kit
contains standard A, B, C, D, E solutions. After perfusion,
the brain tissues were rinsed with double distilled water then
they were immersed in the impregnation solution, made by
mixing equal volumes of solutions A and B (mercuric chloride,
potassium dichromate and potassium chromate). Then, it
was stored at room temperature for 3 weeks in the dark. The
brain tissues were replaced in the impregnation solution
(A and B again) after 24 hours then tissues were transferred
into solution C and stored at room temperature in the dark
for one week before slicing. The brain sections were cut in
100 pm on a cryostat (Leica Biosystems, CM 1950, USA) at -
20°C. Each section was transferred with a glass specimen and
mounted on gelatin-coated microscope slides with solution C
and stored at room temperature in the dark until they were
dried out. The slices were rinsed in double distilled water and
then placed in a mixture consisting of 1 fraction solution D,
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1 fraction solution E and 2 fractions of double distilled water
for 10 minutes. After sections were rinsed in double distilled
water, slices were dehydrated in series of 50%, 75%, 95% and
100% ethanol respectively and lastly cleared in xylene and
cover-slipped by the aid of permount.

Light Microscopic Analysis

Golgi-stained sections were investigated using an Olympus
BX51 microscope and Q Imaging Retiga-2000R camera.
Neuronal structures were examined from three-dimensional
images using Neurolucida software (MBF Bioscience,
Williston, WT, USA). MSN selection and classification of
neuronal features were made intently by an observer blinded to
the animal groups. For each group, 2 neurons on the lesion and
contralateral sides were analysed giving a total of 48 neurons
and 96 dendrites. For quantitative analysis, neuron body and
dendrites were drawn using a 60 X objective. After, the dendritic
spines of the first 10 pm length from the branching area on
the secondary dendrites (nearest branch point) were marked.
Then, the spines were classified according to the dendritic
spine head and neck ratio by a 100 X objective. Sholl analysis
was performed for each neuron to maintain morphologic
parameters per 10 um in diameter concentric circles (Figure
2). The dendritic morphometric analysis was performed by
Neurolucida Explorer. Total dendritic length (total length
of primary and secondary dendritic branches), number of
dendritic branches (total number of primary and secondary
dendritic segments), nodes (total dendritic bifurcation points),
endings (total dendritic termination points), total spine
density (spines/10 pm dendrite), morphologic classification of
spines (thin, mushroom, stubby, branched) and densities were
analized.

Figure 2. 3D reconstruction of the Sholl analysis of a MSN in the
melatonin group. (Scale bar 10 um). The neuron body is shown in orange.
The dendritic branches of neuron are represented with different colors
(green-primary, red-secondary, pink-tertiary, blue - quaternary). The
spines are shown in yellow arrows on secondary branches of dendrites.

Statistical Analysis

The GraphPad Prism 6 software was used for the analysis of
the data. The normal distribution of data was evaluated by
Kolmogorov-Smirnov test. Based on this, whenever the data
pass the normality test, parametric Sample t-test was performed.
When the data did not pass the normality test, non-parametric
Mann-Whitney U test was performed. Data in the text and
figures were shown as mean + standard error of mean (SEM).
The data was represented as “p value” A value of p<0.05 was
considered statistically significant.

3. RESULTS

Morphological Analyses of MSNs

The dendritic branching pattern and spine morphology were
observed by using Neurolucida software on MSNs in the striatum.
The MEFB lesion resulted in the reduction of the total dendritic
length (181.1 + 28.1um, n=6) compared to the contralateral side
(366.3 + 58.7um, n=6) of the sedentary group (t=1.40, df=10;
p=0.0174; Figure 3). The MFB lesion led to a significant reduction
in the total dendritic endings (6 + 0.5, n=6) compared to the
contralateral side (9 + 0.8, n=6) of the sedentary group (t=2.98,
df=10; p=0.0137, Figure 4). The total dendritic length on the lesion
side did not show any significant difference between the melatonin
(244 £ 34.9um, n=6) and sedentary (181.1 + 28.1pm, n=6) groups
(p=0.19). The melatonin (8.3 + 0.8, n=6) enhanced the number
of dendritic endings compared to the sedentary group (2.4 + 0.6,
n=6), (t=5.81, df=10; p=0.0002, Figure 5). Moreover, the number
of dendritic branches and nodes on the lesion side did not show
statistically significant difference either between the contralateral
sides of each group or melatonin and sedentary groups (branches;
p=0.93, nodes; p=0.99). The dendritic complexity on the lesion
side did not reveal a significant difference either between the
melatonin and sedentary groups (p=0.88) or contralateral sides of
each group (p=0.97).
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Figure 3. The effects of MFB lesion on total dendritic length (um). The
lesion side of the number of the total dendritic length was significantly
lower compared to the contralateral side of sedentary group (p=0.0174,
*p<0.05).
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Figure 4. The effects of MFB lesion on number of dendritic endings. The
lesion side of the number of the dendritic endings was significantly lower
compared to the contralateral side of sedentary group (p=0.0137, *p<0.05)
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Figure 5. The effect of melatonin on number of dendritic endings. The
melatonin increased the number of dendritic endings compared to the
sedentary group (p=0.0002, **p<0.001).

The effect of melatonin (7.4 + 1.1 spines/10um, n=6) increased
the total spine density compared to the sedentary group (3 +
1.2 spines/10um, n=6) (t=2.70, df=10; p=0.0223; Figure 6). The
spine density of thin type was increased by the melatonin (3.1 +
0.6 thin spines/10pum) compared to the sedentary group (1.1+0.1

thin spines/10pm, n=6) (t=3.2, df=10; p=0.0092; Figure 7). The
spine density of mushroom type was enhanced in the melatonin
(3.2 £ 0.6 mushroom spines/10um, n=6) group compared to the
sedentary group (1.1 = 0.5 mushroom spines/10um), (t=2.25,
df=10; p=0.0303; Figure 8). The spine densities of stubby and
branched types did not show statistically significant difference
either between melatonin and sedentary groups or contralateral
sides of each group (stubby; p=0.07, branched; p=0.35).
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Figure 6. The effects of MFB lesion and melatonin on total spine density
(spines/10 um). The melatonin group increased the total spine density
compared to the sedentary groups ( p=0.0223, *p<0.05 ).
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Figure 7. The effects of MFB lesion and melatonin on spine density of thin
type (thin spines/10um). The thin type spine density was higher in the
melatonin group compared to the sedentary group (p=0.0092, **p<0.01).
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Figure 8. The effects of MFB lesion and melatonin on mushroom type
spine density (mushroom spines/10um). The mushroom type spine density
was higher in the melatonin group compared to the sedentary group
(p=0.0303, *p<0.05

4. DISCUSSION

The potential effects of melatonin on the lesioned striatal neurons
were analysed in this study. The MFB lesion led to a reduction of
the total dendritic length and the number of dendritic endings
compared to the contralateral side of the sedentary group. The
melatonin improved the number of dendritic endings compared
to the sedentary group. The number of dendritic branches and
the nodes were not affected by MFB lesion and also melatonin
did not cause any significant effect on these structures.
Therefore, the dendritic complexity did not show any significant
difference between the melatonin and sedentary groups. The
administration of melatonin increased the total spine density
and the spine densities of thin and mushroom types.

The dendritic branching pattern of MSNs was affected by many
abnormal conditions [24,25]. The cerebral hypoxic ischemia
revealed the impaired dendritic arbors such as; branches, nodes,
endings and spines in an animal model of MSNs [26]. Some
psychostimulant drugs have been shown to increase the dendritic
branching in animal models of drug abuse [27]. In contrast, the
6-OHDA and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) injected Parkinsonian models, there was a decrease in
the dendritic length and spine density that was correlated with
the loss of dopamine [28,29]. The recent literature showed that
dopamine secretion regulates the formation and the density
of dendritic spines in the striatum [30]. A previous study
demonstrated the decrease of the spine densities of thin and
mushroom types and an increase of the spine density of stubby
type in MSNs following 6-OHDA lesion [8]. This study showed
that a minimal trauma to the MFB may cause a limited degree
of damage by affecting the dendrite. This information should
be kept in mind during planning the Parkinson’s disease model
studies.

Exogenous melatonin is an important endocrine hormone due
to its BBB penetration and easy tolerability without any side
effects. Melatonin regulates the expression of neurotrophins and
also ameliorates the motor and behavioral functions [31].

Melatonin has antioxidative and neuroprotective effects. It has
been suggested as a beneficial antioxidant in the treatment
of central nervous system disorders such as brain injuries,
Parkinson’s disease, Huntington and Alzheimer’s disease
[32,33]. The studies reported that melatonin had an effect
on oxidative stress by increasing antioxidant enzymes and
mitochondrial complex-I [34,35]. A study reported that
melatonin improved the reduction in the spine density of MSN
after MPTP injection [36]. The literature suggested that several
types of spines reflect different synaptic functions [9,37]. In
the present study, melatonin improved the dendritic endings,
total spine density and spine densities of thin and mushroom
types. The mushroom type has more synaptic ability because of
containing excess glutamatergic receptors compared to the other
types [7,38]. Thin spines are more dynamic form for synaptic
plasticity that are also associated with the cognitive function
[8,39]. The neuronal plasticity occurs in two ways which are
functional and structural. In addition, the neuronal plasticity
involves alterations in the dendritic spines rather than dendrites
in the mature brain [40]. In our study, the structural changes
observed in melatonin group were considered as plasticity. The
increases of thin and mushroom spine types in the melatonin
group represented a more stable morphological form of the
spine. This is probably correlated with its synaptic ability. The
total dendritic length in the striatum was positively affected
by melatonin. Moreover, there was no statistically significant
difference in the spine densities of stubby and branched types
between the groups. We put forth that the melatonin was
more effective on the spine density compared to the dendritic
arborization.

Our study showed the effects of MFB lesion and the effects
of melatonin on the striatal neurons. A minimal MFB lesion
influenced the dendritic parameters rather than the spines. The
melatonin ameliorated the morphologic features of dendrites
and spines. Melatonin has beneficial effect on the spine density.
There is conflicting data in the literature regarding the functions
of different spine types [41,42]. The data provided from our study
will also contribute to the understanding of the morphology and
function of dendrites and spines in the striatum.
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