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Introduction: Minocycline has anti-inflammatory, anti-apoptotic, and anti-oxidant effects. 
Preclinical data suggest that minocycline could be beneficial for treating common neurological 
disorders, including Parkinson disease and multiple sclerosis.

Methods: In this study, the effects of minocycline on harmaline-induced motor and cognitive 
impairments were studied in male Wistar rats. The rats were divided into four groups of ten 
animals each. Harmaline was used for the induction of Essential Tremor (ET). Minocycline 
(90 mg/kg, IP) was administered 30 minutes before the saline or harmaline. Tremor intensity, 
spontaneous locomotor activity, passive avoidance memory, anxiety-related behaviors, and 
motor function were assessed in the rats. 

Results: The results showed that minocycline could recover tremor intensity and step width 
but failed to recuperate the motor balance. The memory impairments observed in harmaline-
treated rats were somewhat reversed by administration of minocycline. The cerebellum 
and inferior olive nucleus were studied for neuronal degeneration using histochemistry and 
transmission electron microscopy techniques. Harmaline caused ultrastructural changes 
and neuronal cell loss in inferior olive and cerebellar Purkinje cells. Minocycline exhibited 
neuroprotective changes on cerebellar Purkinje cells and inferior olivary neurons.

Conclusion: These results open new therapeutic perspectives for motor and memory 
impairments in ET. However, further studies are needed to clarify the exact mechanisms.
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1. Introduction

remor is an unintentional, rhythmic, and 
sinusoidal movement that repeatedly oc-
curs in one or more body parts (Abdo, 
van de Warrenburg, Burn, Quinn, & 
Bloem, 2010). Tremor is a common dis-
abling symptom of many motor-related 
disorders such as Parkinson Disease 

(PD), Essential Temor (ET), Multiple Sclerosis (MS), 
Huntington Disease (HD), and some forms of ataxia, 
which originates from an involuntary muscle contrac-
tion/relaxation cycle (Arjmand et al., 2015; Hughes, 
Daniel, Blankson, & Lees, 1993). Classic ET is defined 
by postural kinetic (action) tremor, involving both upper 
limbs, in at least 95% of patients (Elble, 2000; Whaley, 
Putzke, Baba, Wszolek, & Uitti, 2007). Patients with ET 
have other motor problems, which imply cerebellar im-
pairment, such as gait ataxia and eye movement abnor-
malities (Gitchel, Wetzel, & Baron, 2013; Louis et al., 
2013), as well as non-motor conditions, including cog-
nitive, psychiatric, and sensory abnormalities (Benito-
Leon, Louis, & Bermejo-Pareja, 2006; Louis, Bromley, 

Jurewicz, & Watner,, 2002; Ondo, Sutton, Dat Vuong, 
Lai, & Jankovic, 2003). The exact pathogenesis of ET 
is uncertain, but neuroimaging studies indicate the role 
of olivo-cerebellar and cerebello-thalamo-cortical path-
ways in the creation of the tremors (Bhalsing, Saini, & 
Pal, 2013). Also, Gamma Amino-Butyric Acid (GABA) 
abnormalities (Gironell et al., 2012), neurodegeneration 
associated with gliosis, Purkinje cell loss, and increase 
in focal axonal swellings of Purkinje cells are associated 
with these tremors (Louis et al., 2007).

Harmaline can induce tremors similar to tremors in 
ET with the postural/kinetic exhibition. Studies show 
that intraperitoneal administration of this substance in 
animal models of ET increases glutamate transmission 
of the olivo-cerebellar pathway with an excitotoxic ef-
fect of Purkinje cells (Beitz & Saxon, 2004). Besides 
cytotoxicity, tremor, and motor disorders, harmaline can 
cause cognitive disturbances and learning and memory 
deficits (Abbassian et al., 2016; Aghaei et al., 2019; Nas-
ehi, Ketabchi, Khakpai, & Zarrindast, 2015).

Highlights 

● Harmaline caused ultrastructural changes and cell loss in IO and Purkinje cells.

 ● Minocycline reversed passive avoidance learning impairment induced by harmaline.

● Minocycline typically ameliorated harmaline-induced tremors. 

● Minocycline exhibited neuroprotective effects on Purkinje cells and IO neurons.

Plain Language Summary 

Tremor as a rhythmic and sinusoidal movement occurs repeatedly in one or more bodies. It is a common disabling 
symptom of many motor-related disorders such as Parkinson’s disease, Essential Tremor (ET), Multiple sclerosis, and 
Huntington disease. Patients with ET have other motor problems which imply cerebellar impairment, such as gait 
ataxia and eye movement abnormalities as well as non-motor conditions, including cognitive, psychiatric, and sensory 
abnormalities. According to minocycline ameliorating effect on neurodegenerative diseases, the goal of this study was 
to assess the possible neuroprotective effects of minocycline on motor and cognitive deficits induced by harmaline in 
the experimental rat model of ET. The rats were randomly divided into four groups (Saline, Minocycline, Harmaline, 
and Harmaline + minocycline). Each group went through five different behavioral studies which were performed 30 
min after harmaline injection with sequentially 15 min rest intervals among each assay in the following order: tremor 
score assessment, open field test, footprint, rotarod, wire grip, and passive avoidance task. The results showed that 
pretreatment with minocycline improved tremor status and memory deficit in the rat’s model of tremor induced by 
harmaline. The memory impairments observed in harmaline-treated rats were somewhat reversed by administration of 
minocycline. Minocycline exhibited neuroprotective changes on cerebellar Purkinje cells and inferior olivary neurons. 
However, minocycline seems to act as a neuroprotective agent to improve tremor severity, gait width disturbance, and 
memory retrieval impairments induced by harmaline. 
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Regarding the pathophysiology of ET as a neurodegen-
erative disorder (Louis, 2009), neuroprotective agents 
that benefit from immunomodulatory, anti-inflamma-
tory, anti-apoptotic, and anti-oxidant properties may be 
the most effective drug in the treatment of ET (Kim & 
Suh, 2009). It has been proposed that minocycline has 
neuroprotective effects in several animal models of neu-
rological diseases (Garrido-Mesa, Zarzuelo, & Galvez, 
2013; Handforth, 2012; O’Hearn & Molliver, 1997). Ex-
perimental and clinical studies have been shown its ben-
eficial effects in the treatment of ischemia (Yrjänheikki 
et al., 1999), traumatic brain injury (Mejia, Ona, Li, & 
Friedlander, 2001), Amyotrophic Lateral Sclerosis (ALS) 
(Zhu et al., 2002), PD (Jackson-Lewis et al., 2002), HD 
(Chen et al., 2000; Wang et al., 2003), MS (Popovic et al., 
2002), and Alzheimer's Disease (AD) (Choi et al., 2007). 
Although the exact mechanism of minocycline neuropro-
tective action is unclear, several studies suggest an as-
sociation between this action and the inhibition of cyto-
chrome C involved in cell death, the inhibition of caspase 
expression, p38 Mitogen-Activated Protein Kinase (p38 
MAPK) inhibition, increased expression of 5-lipooxy-
genase, and the inhibition of Poly (ADP-Ribose) Poly-
merase1 (PARP1) (Chu et al., 2010; Kim & Suh, 2009; 
Li & McCullough, 2009; Tang et al., 2007). Minocycline 
also leads to mitigation of glutamate-induced excitotox-
icity (Pi et al., 2004) and mitigation of NMDA-induced 
(N -methyl-D-aspartate receptor) neurotoxicity by the 
reduction in NMDA-induced Ca2+ inward current and 
mitochondria Ca2+ uptake (Garcia-Martinez et al., 2010).

Because of the minocycline ameliorating effect on 
neurodegenerative diseases, this study aimed to assess 
the possible neuroprotective effects of minocycline on 
motor and cognitive deficits induced by harmaline in the 
experimental rat model of ET.

2. Methods

2.1. Study animals

Male Wistar rats (weighing 100-120 g) were experi-
mented according to the Research and Ethics Commit-
tee of Kerman University and internationally accepted 
principles for laboratory animal use and care. They were 
kept at a standard laboratory condition (12-12 h light-
dark cycle) with ad libitum access to food pellets and 
water. All tests were performed during the light period.

2.2. Drug preparation and administration

Harmaline HCl and minocycline hydrochloride were 
purchased from Sigma-Aldrich. Both substances were 

dissolved in 0.9% sterile, isotonic saline on the day of ad-
ministration. Before the experiments began, the rats were 
put into the test room for one hour to get used to the envi-
ronment. The rats were randomly divided into four groups 
(10 rats in each group). The first group was received sa-
line. The second group was given minocycline (90 mg/kg, 
IP). The third group was received a single injection of har-
maline (30 mg/kg, IP). Animals in group 4 were given mi-
nocycline (90 mg/kg IP) 30 min before harmaline admin-
istration (Elewa, Hilali, Hess, Machado, & Fagan, 2006; 
Plane, Shen, Pleasure, & Deng, 2010). Each group went 
through five different behavioral studies, which were per-
formed 30 min after harmaline injection with sequentially 
15 min rest intervals among each assay in the following 
order: tremor score assessment, open field test, footprint, 
rotarod, wire grip, and passive avoidance task (Behavioral 
procedures timeline; Figure 1).

2.3. Assessment of motor activity

2.3.1. Observation

The scale of tremors was assessed by an observer who 
was unaware of the treatment protocol. The qualitative 
grading of tremor severity was based on the Arshadud-
din et al. method, which is as follows: no tremor= 0, mild 
tremor= 1 (only the head and neck affected), moderate 
intermittent tremor= 2 (whole-body parts affected), mod-
erate persistent tremor= 3 (whole-body parts and tail af-
fected), and pronounced severe tremor= 4 (trembling and 
unable to mobility) (Abbassian et al., 2016; Dahmardeh, 
Shabani, Basiri, Kalantaripour, & Asadi-Shekaari, 2019).

2.3.2. Open field test

The locomotion and anxiety-like behaviors of the rats 
from each group were recorded and analyzed by an au-
tomated video tracking software (Ethovision, Noldus 
Technology, Netherlands) for five minutes. Each ani-
mal was individually placed in the middle of the arena 
of apparatus (90×90×45 [H] cm, divided into 16 small 
squares). The behavioral parameters consist of total time 
spent in the center or periphery, Total Distance Moved 
(TDM), speed, and the number of grooming and rearing 
were recorded for each rat (Mahmoudvand et al., 2015; 
Razavinasab et al., 2013).

2.3.3. Footprint

To evaluate the rat’s walking pattern and gait kine-
matic, we used a footprint-test. The hind limbs of rats 
were covered with a non-toxic color. The rats were then 
placed in a Plexiglas narrow corridor (100 cm long×10 
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cm height×10 cm width) ending in a dark box covered 
with white absorbent paper to move freely. Three con-
secutive strides were chosen to assess the footprint so 
that the distance between the steps of each side (the 
middle of each foot to the middle of the next foot) was 
recorded as the length of the step and the distance be-
tween the center of one foot with the opposite foot was 
recorded as the step width, and the mean value of these 
data was analyzed. The initiating and finishing steps 
were also excluded from the study. Before testing, the 
rats were put on the runway to get acquainted with the 
procedure (Mohammadi, Esfahlani, & Shabani, 2019).

2.3.4. Accelerating rotarod assay: A Motor Perfor-
mance Test

The rotarod test was used to check the balance and co-
ordination. To do this test, we placed each rat on a rotat-
ing rod for 5 minutes for habituation before the test be-
gan, and the velocity of the rotation accelerated from 10 
revolutions per min (rpm) to 60 rpm during 5 minutes. 
After habituation and rest, three trials were performed, 
and the average interval between placing the rat on the 
rod and falling from the rod was measured and recorded. 
The total test time for each rat was 300 s, and 5 min rest 
was between each trial (Nazeri et al., 2015).

2.3.5. Wire Grip Test

Wire grip test was used to measure muscle strength and 
balance by placing the rat on both forepaws on a steel 
wire (80 cm long, 7 mm diameter). When the rat grasped 
the wire, the rat was released. The duration of the time 
that the rat does not fall and holds the wire was recorded. 
Three trials were performed with five minutes between 
trials, and the mean values were recorded as the final re-
sult (Haghani, Shabani, & Moazzami, 2013).

2.3.6. Passive Avoidance Test

The passive avoidance test evaluates learning and memory 
function in rats. The apparatus size was 40 cm long, 20 cm 
width, and 20 cm height. It comprised two equal size sections 
(light and dark) with a grid floor, divided by a sliding door. 
The electrical stimulator was embedded in the dark floor par-
tition (50 Hz, 0.5 mA, 2 ms). This test consists of three trials 
(adaptation trial, training trial, retention trial). In the learning 
phase of the test, each animal was first habituated to the test 
equipment. In the adaptation trial, the rat was placed in the 
light cavity facing the door, and after 10 seconds, the door 
was opened, and the time the animal entered the dark cham-
ber was recorded. If, after 120 seconds, the rat was reluctant 
to cross the dark section, it was deleted from the test.

Two hours later, the training trial was done. The animal 
was returned to the light compartment, the door opened, and 
the animal was allowed to move to the dark chamber. Upon 
arrival, the sliding door was closed, and a foot-shock was 
given. After 20 seconds, the animal was moved to its home 
cage. After 5 minutes, this step was repeated, and if the rat 
entered the dark part, the shock was given again. This step 
continued until the rat learned the training. If it stayed on for 
about 300 seconds in the light part, the training was ended. 
The number of shocks was recorded as a variable. After 24 
hours, the memory retention of rats was measured. The rat 
was placed in the lightbox, and after 10 seconds, the door 
was opened. The time it took for the animal to enter the dark 
part for the first time was recorded as Step Through Latency 
(STL). Cut off point of this trial was 300 seconds (Shabani, 
Haghani, Sheibani, & Janahmadi, 2009).

2.4. Morphological analysis

Seven days after treatment, five rats from each group 
were randomly selected for light microscopic study. 
The animals were guillotined under deep anesthesia 
(ketamine-xylazine). Then, they were transcardially per-
fused with normal saline and fixed with 4% paraformal-
dehyde solution. Next, their cerebellums and brain stems 
were carefully extracted from the skull and post-fixed in 
10% buffered formaldehyde for 48 hours. In short, the 
tissues were dehydrated, cleared, embedded in paraffin, 
and finally, 5-μm sections (coronal sections at the vermal 
level of cerebellum and rostro-caudal of the brainstem) 
were obtained for histological study. The sections were 
deparaffinized and were hydrated, followed by staining 
with Hematoxylin and Eosin (H&E) (Rahimi Shour-
masti et al., 2012). For the ultrastructural evaluation, 
two rats were randomly selected from each group and 
intracardially perfused with 4% glutaraldehyde in 0.1 
M Phosphate Buffer Solution (PBS). Then, their brains 
were extracted carefully, and target parts were cut into 
1×1-mm fragments. The tissues were fixed in 4% glutar-
aldehyde PBS for 24 hours, followed by post-fixation in 
1% osmium tetroxide in PBS for 1 hour. Tissue process-
ing was performed according to the standard method. 
Briefly, this process consists of washing, dehydrating 
with ethanol, infiltrating with propylene oxide twice for 
30 minutes, infiltrating and embedding with resin (Epon-
812). Ultra-cut (50-80 nm) was obtained using Leica ul-
tramicrotome. The sections were placed on copper grids 
and stained with uranyl acetate and lead citrate. They 
were analyzed using a transmission electron microscope 
(Zeiss EM10, Germany) (Asadi-Shekaari et al., 2011).
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2.5. Data analysis

We used a 1-way ANOVA test followed by Tukey’s (as 
a post hoc test) for analyzing the data. The standard error 
of the mean (Mean±SEM) expresses the results. The sig-
nificance of the difference between the mean of groups 
was considered with P<0.05.

3. Results

3.1. Behavioral studies 

3.1.1. Effect of minocycline on the scale of tremor 

The severity of tremors increased in harmaline groups 
(F3, 36= 29.7, P<0.001, Figure 2) compared to the saline 
and minocycline groups. Minocycline therapy resulted 
in a significant reduction in the harmaline-induced trem-
or score (F3, 36=6.3, P<0.05, Figure 2A) compared to the 
harmaline alone group.

3.1.2. The effect of minocycline on gait disturbance

Footprint assay showed that harmaline markedly in-
creased hind paw stride width, compared with the saline 
(F3, 36=13.6, P<0.001) and minocycline (P<0.01) groups 
(Figure 2B). There was a significant step width decrease 
in the harmaline + minocycline group compared with the 
harmaline group (F3, 36=9.6, P<0.05, Figure 2B). Howev-
er, there was no significant difference among harmaline 
+ minocycline and saline groups. The effect of minocy-
cline treatment was not detected in the left (Figure 2C) 
and right (Figure 2D) step lengths.

3.1.3. Effect of minocycline on locomotors and 
anxiety-like behaviors 

The total distance moved in the harmaline group was 
significantly lower compared with saline (F3, 36=9.1, 
P<0.01) and minocycline (P<0.05) groups. Besides, this 
parameter in the harmaline + minocycline group was 
also significantly lower compared with the saline group 
(F3, 36=4.9, P<0.05, Figure 3A). The velocity of animals 
in all groups significantly decreased compared with the 
saline group (F3, 36=16.4, P<0.001). Also, harmaline and 
harmaline + minocycline groups significantly decreased 
compared with the minocycline group in the velocity of 
movement (P<0.05, Figure 3B). Mobility duration in the 
harmaline (P<0.05) and harmaline + minocycline (F3, 36= 
8.6, P<0.01) groups compared with the saline group, sig-
nificantly decreased. But no significant difference was 
observed between other groups (Figure 3C). Time spent 
in the periphery of the box was not significantly different 
between all groups (Figure 3D).

3.1.4. The effects of minocycline pretreatment on 
balance function and muscle strength 

Our results showed that time of staying on the rod in the 
rotarod test in the harmaline group compared with the sa-
line group (F3, 36=21.3, P<0.001) and minocycline group 
(F3, 36=23.8, P<0.001) had a significant decrease. A signifi-
cant difference was detected between the harmaline + mi-
nocycline group compared to the saline group (F3, 36=11.6, 
P<0.01) as well. No significant difference was observed 
between other groups (Figure 4A).

Figure 1. Timeline for harmaline administration, minocycline therapy, and behavioral procedures 
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In wire grip apparatus, rats of the harmaline group 
showed a decrease in falling time compared with the sa-
line group (F3, 36=19.3, P<0.001), and minocycline group 
(F3, 36=7.7, P<0.01). Rats of the minocycline + harmaline 
group spent a shorter duration on the wire grip compared 
with the saline group (F3, 36=9.6, P<0.01) and minocy-
cline group (P<0.05, Figure 4B).

3.1.5. Effect of harmaline and minocycline on pas-
sive avoidance memory

The number of receiving shocks in the shuttle box test 
in the harmaline and harmaline + minocycline groups 
was significantly increased compared with the saline 
group (F3, 36=4.9, P<0.05). A significant increase was 
noted compared with the minocycline group (F3, 36=3.5, 
P<0.05, Figure 5A). The time of entrance to the dark 
compartment in the Shuttle Box Test (STL) signifi-

cantly decreased in the harmaline and harmaline + mi-
nocycline compared with the saline group (F3, 36=16.6, 
P<0.001). Also, a significant decrease was observed in 
these groups compared with the minocycline group (F3, 

36=11.2, P<0.001). In harmaline + minocycline group a 
significant increase was seen compared with harmaline 
group (F3, 36=13.8, P<0.001, Figure 5B). 

3.2. Histological assessment

3.2.1. Light microscopy findings

The normal morphology of Purkinje cells is shown in 
Figure 6A. The number of degenerated Purkinje cells 
significantly increased in the harmaline group compared 
with the saline (F3, 12=5.7, P<0.01) and the minocycline 
groups (F3, 12=3.1, P<0.05, Figure 6B). Administration 
of minocycline 30 minutes before harmaline injection 

Figure 2. Effect of minocycline on the tremor scores 

A: Step width; B: Left; C: Right; D: Step length after harmaline administration

*P<0.05, ***P<0.001 significantly different from the saline and #P<0.05, ##P<0.01, ###P<0.001, significantly different from the 
minocycline treated group. ×P<0.05, significantly different from the harmaline treated group. Legends merged on each bar 
indicate group sizes. 
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resulted in a significant decrease in the number of de-
generated cerebellar Purkinje cells compared with the 
harmaline group (P<0.05, Figure 6B). 

The normal morphology of inferior olive nucleus 
neurons is shown in Figure 6C. There was a significant 
increase in the number of degenerated neurons of the 
Inferior Olive Nucleus (ION) in the harmaline group 
compared with the saline (F3, 12=10.3, P<0.001) and the 
minocycline (P<0.001) groups. With the administration 
of minocycline, a significant decrease was observed in 
the number of damaged cells in the ION compared with 
the harmaline group (F3, 12=9.1, P<0.001, Figure 6D).

3.2.2. Electron microscopy findings 

In the saline group, cerebellar Purkinje cells and ION 
neurons had normal ultrastructure, i.e. round nucleus, 

dispersed chromatin, and intact nucleolar membrane 
(Figure 7). Harmaline administration resulted in ultra-
structure changes in the aforementioned cells, including 
shrinkage and deformity of the nucleus, chromatolysis, 
nuclear lysis, and increased cytoplasmic density. Pretreat-
ment by minocycline decreased these effects (Figure 7).

4. Discussion

The current study results demonstrated that pretreat-
ment with minocycline improved tremor status and 
memory deficit in the rat’s model of tremor induced by 
harmaline, as evidenced by several behavioral tasks. 
However, there were no significant improvements in bal-
ance function and muscle strength. 

Tremor is a sign of many neurodegenerative diseases, 
and several studies have shown the neuroprotective effects 

Figure 3. The effect of minocycline on exploratory and anxiety-like behavior disturbance induced by harmaline in the open field test

A: Total distance moved; B: Velocity; C: Mobility duration; and D: Time spent in the outer zone.

*P<0.05, **P<0.01, ***P<0.001 compared to the saline group. *P<0.05, as compared to the minocycline group. Values are represented 
as medians with interquartile ranges as a box and maxima/minima as whiskers. Legends merged on each bar indicate group sizes. 
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of minocycline in several neurodegenerative diseases like 
PD (Du et al., 2001), HD (Radad, Moldzio, & Rausch, 
2010), AD (Fan et al., 2007; Seabrook, Jiang, Maier, & 
Lemere, 2006), ALS (Zhu et al., 2002), and acute injuries 
such as spinal cord injury (Kim & Suh, 2009). So, we 
decided to conduct this study to assess the neuroprotec-
tive effect of minocycline on tremors induced by harma-
line. Harmaline was chosen to induce the tremor model 
because its underlying mechanism is excessive stimula-
tion of climbing fiber to the cerebellum and glutamate 
excitotoxicity in Purkinje cells and ION (Beitz & Saxon, 
2004). Many studies have confirmed that harmaline pro-

vokes generalized transient action tremors with kinetic 
and postural components displayed in minutes or hours 
(Grimaldi & Manto, 2013; Vaziri et al., 2015).

The results of our study showed that harmaline pro-
duced moderate tremors, which is consistent with previ-
ous behavioral studies (Abbassian et al., 2016; Nasehi et 
al., 2010). Previous research showed that harmaline per-
forms its tremorogenesis action by raising in glutamate 
discharge (Llinás & Volkind, 1973), probably acting on 
NMDA receptors and T-type calcium channels (Hand-
forth, 2012), and excitotoxicity damages of Purkinje 

Figure 4. The effect of minocycline on balance function and muscle strength after harmaline administration

 A: Falling time in three trials in rotarod test; B: Mean latency to fall in wire grip test. 

**P<0.05, ***P<0.001, as compared to the saline group; #P<0.05, ##P<0.01, ###P<0.001, as compared to the minocycline group. 

Figure 5. Effect of minocycline on passive avoidance after harmaline administration

 A: Number of shocks; B: Step Through Latency (STL) 

Minocycline treatment improved the memory impairment induced by harmaline comparing with the saline group.

*P<0.05, ***P<0.001, as compared to the saline group; #P<0.05, ###P<0.001, as compared to the minocycline group, ×P<0.05 as 
compared to the harmaline group.
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Figure 6. The effects of harmaline and minocycline on histological indices

 A: Number of intact Purkinje cells; B: Damaged Purkinje cells; C: Number of intact inferior olive cells; D: Damaged inferior 
olive cells.

**P<0.01, ***P<0.001 when the harmaline group compared with the saline group. #P<0.05, ###P<0.001 when the harmaline 
group compared with minocycline group. ×P<0.05, ×××P<0.001 when harmaline+minocycline group compared with harmaline 
group. 

Histological images showing sections of rat cerebellar structure (left panel) and Inferior Olive Nucleus (ION) structure (right 
panel); A: Saline group rats showed normal neurons (white arrow); B: Harmaline treated rats showed numerous degener-
ated neurons (black arrow); C: Minocycline treated rats showed normal morphology of neurons; D: Harmaline + minocycline 
treated rats showed typical structure with some degenerated neural cells. (Scale bar: 10 µm).
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cells via hyper-releasing of glutamate from climbing fi-
bers (Choi, 1988). It has been suggested that harmaline 
increases rebound T-type calcium pulses in inferior olive 
cells (Miwa & Kondo, 2011). On the other hand, minocy-
cline can reduce neuron excitability by blocking voltage-
dependent Na+-channels and attenuates glutamatergic 
neurotransmission and Ca2+ signaling in the central ner-
vous system as well as the reduction in the cellular gluta-
mate amount related to voltage-dependent Ca2+ channels 
(Gonzalez et al., 2007). Hence, neuroprotection effects 
of minocycline on tremor results from its neuronal excit-
ability reduction and glutamate transmission, alleviating 
and preventing calcium overloading in neurons. 

In our study, the results of the wire grip test and rotarod 
did not show any improvement. This finding is maybe 
associated with minocycline potential for vestibular 
toxicity (Li et al., 2013). Minocycline has common oto-
toxicity side effects with vestibular symptoms such as 
dizziness, vertigo, ataxia, tinnitus, and other symptoms 
(Diguet et al., 2004). Also, the result of the open field test 
showed pretreatment by minocycline could not mitigate 
anxiety in rats, and previous studies have shown that it 
has had deleterious effects on motor performance, bal-
ance, coordination, and anxiety behaviors on a model 
of Parkinson study as well (Tikka, Fiebich, Goldsteins, 
Keinänen, & Koistinaho, 2001; Yang et al., 2003).

The shuttle box test showed that harmaline treatment 
impaired the learning phase as indicated by the increased 
number of shocks required before animals met the criteri-
on, and this impairment was not affected by minocycline. 
When memory impairment was assessed in the shuttle 
box, harmaline treatment impaired acquisition of passive 
avoidance as demonstrated by a shorter step-through la-
tency. However, unlike learned inhibition, minocycline 
partially reversed this harmaline-induced impairment.

Whereas the memory formation and retrieval are 
mainly associated with the hippocampus and activity of 
its dopaminergic receptors in the CA1 area (Hartman, 
Lee, Zipfel, & Wozniak, 2005; Khakpai, Nasehi, Haeri-
Rohani, Eidi, & Zarrindast, 2013), so any destruction in 
this pathway can cause amnesia. Several mechanisms 
and pathways are suggested for amnesia and cognitive 
deficiency produced by harmaline. Some studies demon-
strated that the interaction between harmaline and dopa-
mine receptors in CA1 are involved in memory impair-
ment (Kim, Hassler, Kurokawa, & Bak, 1970; Nasehi et 
al., 2015). On the other hand, some studies have reported 
that minocycline can reduce neurotoxicity in dopaminer-
gic systems in hippocampus and striatum by inhibiting 
microglia function (Zhang et al., 2006). Therefore, it is 
likely that the minocycline protection effect on dopami-
nergic neurons is responsible for improving the memory 
deficit induced by harmaline administration.

Cerebellum  inferior olive

A AB B

C CD D

Figure 7. Ultrastructure of rat cerebellar Purkinje cells (left panel) and Inferior Olive Nucleus (ION) cells (right panel) 

A: Saline rats showing normal ultrastructure of neurons, including prominent nucleus and nucleolus (black arrow); B: Harma-
line-treated rats showing degenerated neurons, note ultrastructural changes, including bizarre shape, chromatin aggregation, 
and nuclear deformity (asterisk); C: Minocycline treated rats showed typical structure; prominent nucleolus showed with the 
black arrow; D: Harmaline + minocycline treated rats showing well-preserved morphology of neurons, the prominent nucleo-
lus is shown with the black arrow (Scale bar: 1 µm).
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In addition to behavioral assessments, the second ob-
jective of the current study was to determine the effect of 
minocycline administration on the possible morphologi-
cal and ultrastructure alterations induced by harmaline in 
a rat model of ET. 

Harmaline causes excitotoxicity by increasing the ac-
tivation and proliferation of microglial and enhancing 
the release of their toxic substances, such as p38 micro-
tubule-associated protein kinase, interleukine-1b, and 
nitric oxide, which leads to neuronal cell death (Tikka 
et al., 2001). Therefore harmaline increases cell loss in 
inferior olive and Purkinje cells because of glutamate 
increment, as was illustrated by previous studies (Hand-
forth, 2012). Our histology results showed a positive ef-
fect of minocycline on these neurons. 

Minocycline exerts its neuroprotective effects through 
several ways, such as alleviating the underlying neuro-
degenerative processes, including anti-inflammatory, an-
ti-apoptotic, and anti-oxidant activity, and also applying 
against excitotoxicity, mainly by inhibition of microglial 
activity (Li, Yuan, & Schluesener, 2013; Tikka et al., 
2001). We assume that preservation of neurons and dec-
rement of neurodegeneration in inferior olive and Pur-
kinje cells in our study was resulted from attenuating the 
microglial action of minocycline. However, we cannot 
elucidate if other possible mechanisms are contributed 
to this process as well or not.

The obtained findings demonstrated that harmaline 
causes tremor symptoms and impaired cognitive func-
tions in Wistar male rats. Also, some of these impair-
ments were reversible by minocycline. However, mi-
nocycline seems to act as a neuroprotective agent to 
improve tremor severity, gait width disturbance, and 
memory retrieval impairments induced by harmaline. Of 
course, more investigations are needed to evaluate the 
mechanism of its therapeutic effects on motor and cogni-
tive impairments.
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