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Background and Aims: This study examined sub -chronic effects of Methamphetamine 
(METH) on the stereological parameters in the Cornu Ammonis (CA) of the 
hippocampus in adult mice. 
Materials and Methods: Fifteen adult male mice, eight weeks old, were 
randomly divided into three groups: receive saline (controls), or low-dose (LD) 
2.5 mg/kg METH, or high-dose (HD) 25 mg/kg METH, via daily intraperitoneal 
administrations for one month. The Cavalieri principle was used to estimate the 
volume of CA hippocampal field. The physical disector was used to determine 
the numerical density of CA1 and CA3 pyramidal cells. The qualitative Golgi 
staining was also done for analyzing the dendritic morphology of CA1 and CA3 
pyramidal cells. 
Results: Our results showed that in METH-treated mice, the volumes of the 
Oreins, Pyramidal and Radiatum-Lacunosum-Moleculare layers in the CA1 and 
CA3, the entire volumes of the CA1 and CA3 subfields and the entire 
hippocampal volume were significantly increased compared to the control 
animals (p˂0.001). The estimated total number and numerical density of 
pyramidal cells in the CA1 and CA3 in both treated groups showed a significant 
decrease in comparison with the controls (p˂0.001). The pyramidal neurons of 
CA1 and CA3 in treated mice had more dendritic arborization and greater 
dendritic length than control mice. 
Conclusions: Our findings indicate that sub-chronic METH injection induces 
stereological changes in the structure of the hippocampus in adult mice. A 
neuroanatomical basis may be related to the primarily reported impairment of 
learning and memory abilities in the METH user. 
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Introduction 

Abuse of the illicit psychotropic , 

methamphetamine (METH) has become a 

serious social and public concern [1]. The 

detriments of regular use of METH consist 

severe neurologic and psychiatric disturbance 

including hallucinations, delusions, as well as 

anxiety and depression [2]. Many reports reveal 

numerous neuropathological disorders such as 

Parkinson's disease, Alzheimer's disease, 

Schizophrenia and Bipolar disorder in METH-

exposed individuals [3, 4]. METH damages 

dopaminergic and serotonergic neuronal 

terminals, resulting in decreased of  

dopamine-serotonin uptake, leading to an 

increase in synaptic space monoaminergic 

neurotransmitter levels by its pharmacological 

effects [5]. Previous studies have represented 

that increased glutamate release, mitochondrial 

damage, neuroinflammation, hyperthermia  

and oxidative stress contributes to METH-

induced neurotoxicity [6, 7]. Additionally, 

administration of METH causes many 

destructive effects on the various organs in the 

body, including the kidneys, respiratory system, 

heart and liver [8-10]. However, numerous 

studies of METH have focused on the limbic 

region of the brain, especially the hippocampus 

[11, 12]. Laboratory animals studies have 

shown that the hippocampus, a critical region 

in the middle of temporal lobes in the brain, is 

a very delicate area that appears to be 

significantly vulnerable to METH toxicity 

effects during the developmental period [13, 14].  

Recent reports in human and non-human 

primates using magnetic resonance imaging 

extensively have demonstrated structural 

abnormalities in the hippocampus of METH 

users, such as enhanced white-matter volumes, 

lower gray-matter volumes, and higher white-

matter hyperintensities [15, 16]. Moreover, the 

previous research has suggested that long-term 

injection of METH can cause a reduction  

in the size of cerebllum and reduced number  

of cerebellar neurons. [17]. It has also 

been reported decrease in the hippocampal 

neurogenesis in METH exposure. It can be 

associated with maladaptive hippocampal 

plasticity, which due to cognitive impairments 

like deficits in memory and learning [18, 19]. 

In spite of several types of researchs 

examining the adverse effects of METH on 

structure and function of the hippocampus 

qualitatively, there are a few studies that 

quantitatively examine its effects on the 

structure of this brain’s region. So, this study 

aimed to provide unbiased estimates of the 

total number of pyramidal neurons, the volume 

of CA1 and CA3 subfields and morphology of 

pyramidal neurons of the hippocampus 

influenced by subchronic METH exposure in 

mice by stereological and histological 

methods. 

Materials and methods 

Animal and treatment 

In this experimental study, eight weeks old 

adult male Balb/c mice (from animal house of 

Shahid Sadoughi medical faculty, Yazd, Iran) 

weighing 45 grams on average were used. The 

mice were housed in cages at temperature-
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controlled (22±2ºC) animal room, with 12 

hours alternating light / dark cycle (light on at 

07.00-19.00 hours) and allowed free access to 

food and water ad libitum. Group I and II 

(experimental groups), received low-dose 

METH (2.5 mg/kg) [20] and high-dose METH 

(25 mg/kg) [21]. Bothwere administered in a 

volume of 1 ml/kg body weight, via daily 

intraperitoneal (I.P) injections for 30 days; 

group III, comprised of healthy normal mice 

received I.P saline in a similar volume given to 

the experimental animals. Experimental 

procedures were carried out according to 

Shahid Sadoughi university of medical 

sciences, Ethical Committee acts. 

Histological procedures 
The animals were fully anesthetized using ketamine 

(Merck, Germany), perfused transcardiacally with a 

phosphate-buffered solution of 4% formaldehyde 

and 1% glutaraldehyde for fixation. Following 

perfusion, the brains were taken out carefully 

from the skull by craniotomy. Each brain was 

separated from the midsagittal line and divided 

into hemispheres. One hemisphere was selected 

at random for estimating the volumes of the 

CA1 and CA3 sublayers and the numerical 

density of pyramidal neurons in both subfields, 

and the other was used for morphological 

analysis of CA1 and CA3 pyramidal neuron 

dendrites. The tissue samples were passed 

through a series of ascending alcohol solutions 

for dehydration, cleared with xylene and then 

were placed in paraffin for sectioning. The 

serial coronal sections (5 μm) were sliced from 

the full thickness of the hippocampus using a 

rotatory microtome (Zeiss Microm International 

GMBH, Walldorf, Germany). A total of 1400-

1600 sections were sliced along the whole 

paraffin block embedding brain tissue. From the 

tissue sections cut, ten pairs sections were 

systematic and uniformly sampled with a 

random start in the first 150 sections. The 

sections were mounted directly onto glass slides 

and dried in air at room temperature for 

staining. The slide-mounted sampled sections 

were stained with toluidine blue (Merck, 

Germany) for estimating the number of neurons 

and routine hematoxylin and eosin (Sigma, 

USA) for the volume. As well as, the numbers 

of thick sections with a thickness of 100μm 

were cut from another cerebral hemisphere to 

evaluate the morphological characteristics of 

CA1 and CA3 pyramidal neurons dendrites. 

The slide-mounted tissue sections were stained 

with silver nitrate solution (Merck, Germany). 

Hematoxylin and Eosin staining 
The slide-mounted sampled sections deparaffinized 

in xylene before staining, rehydrated in 100%, 

70% ethanol for 5 min and in distilled water 5 

min. Next the sections were stained in 

hematoxylin solution for 5 min and then rised 

quickly in running water. After decolorization 

in 75% ethyl alcohol for few seconds, the 

sections were stained in eosin Y solution for 2 

min. the sections were then dehydrated in 95% , 

100% ethanol for 5 min and mounted in 

Enthellan (Merck, Darmstadt, Germany) [22]. 

Toluidine blue staining  

The slide-mounted sampled sections were 

stained in 0.03% toluidine blue solution 

(PH=1.5) for 1–2 min. after dry in air, rinsed 

with dH2O, then decolorized in 75% ethyl 

alcohol and dehydrated in 95%, 100% ethyl 

alcohol for 2 to 3 min. The sections were then 
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cleared in xylene for 2 to 3 min. and cover 

glasses were mounted [23]. 

Golgi staining 

The slides of hippocampal samples were stained 

with silver nitrate solution according to the  

Hu et al. [24]. At first, a block of formaldehyde 

hippocampal tissue was immersed into 2% 

aqueous solution of potassium dichromate for 

two days. Then, the blocks were dried with a 

filter paper. The specimens were then 

transferred into 2% aqueous solution silver 

nitrate and stored in the dark for two days. The 

tissue was sectioned 100 μm thick. The tissue slices 

were dehydrated quickly cleared and mounted on 

gelatin-coated slides and coverslipped [25]. 

Estimation of tissue volume 

To volumetric analysis of CA1 and CA3 

sublayers, the photography was performed under 

the 10x objective lens (Olympus, Japan), and 

total magnification was 110x. The Cavalieri's 

Principle [26] is a method for determining the 

reference volumes of the hippocampal CA1 

and CA3 sublayers by using the point-counting 

grid. A transparent grid was randomly placed 

over the sublayers of each sampled section. 

Points that hit each layer of CA1 and CA3 

were counted. The reference volume was 

calculated by the following formula: 

Vref= ∑ pi × A(pi)× t 

Wh ere ∑ pi is the total number of grid points 

appeared in sections, A(pi) is the area 

associated with each grid point and t  is the 

known distance between sections. 

Estimation of cell density 

The pyramidal cell density in pyramidal cell 

layer of CA1 and CA3 was determined via the 

physical disector method [27] with the 

following formula:  

Nv = ∑ Q/N (dis) × V (dis) 

Where ∑Q is the total number of pyramidal 

cells counted (nucleolus as counting units) in 

each disector frame of sampled sections, 

N(dis) is the sum of all counted disector 

frames, V(dis) is the volume of disector frame: 

V(dis) = A(frame) × h 

Where A(frame) is the known area associated 

with each disector frame and h is the height of 

section and was equal to the section thickness. 

For the estimation of the density of 

hippocampal CA1 and CA3 pyramidal cells, 

two serial sections were observed with 100x 

objective lens and total magnification was 

1100x. If the nucleolus of a cell was located 

entirely inside the counting frame or contact 

with the inclusion lines of the one section 

(reference section) were counted, whereas those 

in touch with the exclusion lines of the adjacent 

serial section (look-up section) were excluded. 

The total number of pyramidal cells were 

estimated by multiplying the measures of the 

reference volume “V(ref)” of the sublayers by 

the measures of the numerical density, “Nv”. 

Statistical analysis 
Data were expressed as mean±standard 

deviation (SD). Statistical comparisons were 

performed using one-way ANOVA followed 

by Bonferroni post hoc test. All statistical 

analysis was carried out using SPSS software, 

version 19. Differences were defined as 

p<0.05. 
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Results 

Comparison of the three groups showed 

reductions in the both total number (Fig. 1) 

and the numerical density of pyramidal CA1 

and CA3 of hippocampus in experimental 

groups compared with controls (Fig. 2, Fig. 3). 

While statistically, a significant cell reduction 

was only seen in CA1 region of METH groups 

(p˂0.05). Data showed METH-treated mice 

significantly had larger volumes than controls 

in total volume of CA1 and CA3 subfields and 

in its Oriens, Pyramidal, and Radiatum-

Lacunosum-Moleculare layers in low-dose and 

high-dose groups. Although, the increase in 

the CA1 and CA3 Radiatum-Lacunosum- 

Molecular layer was statistically significant 

only in high-dose groups (p˂0.05) (Fig. , Fig. , 

and Fig. ). This study also revealed that the 

entirevolume of Cornu Ammonis was 

significantly greater in METH-treated mice 

than their controls (p˂0.05). The results of 

qualitative analysis also showed that in these 

neurons, the dendritic arborization, and 

dendritic length was greater in the METH-

treated in compared with the control mice. 

While, the increase in dendritic length and 

arborization in the CA3 region was not 

observed (Fig. ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 1. Bar graphs showing the total number of CA1 and CA3 pyramidal neurons of 
hippocampus in METH-treated mice and control. Each bar represents the 
mean±SEM. * p<0.05, **p<0.001. 
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Fig. 2. Bar graphs showing the numerical density of CA1 and CA3 hippocampal of 
pyramidal neurons of METH-treated mice and control. Each bar represents the 
mean ± SEM. * p<0.05, ** p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.  3. Representative photomicrographs of a coronal section of the Cornu 
Ammonis (CA) of the hippocampus of adult mice stained with toluidine blue. Note 
a decrease in the numerical density of pyramidal neurons in methamphetamine 
(METH)-treated mice compared with controls. Scale bars=50 μm, C= control, 
LD= low dose, HD= high dose. 
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Fig. 4. Bar graphs showing the volume of CA1 Pyramidal (PRD), Oriens (ORS), 
and Radiatum-Lacunosum-Moleculare(R.LM) layers of METH-treated mice and 
control. Each bar represents the mean ± SEM. * p<0.05, **p<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Bar grafs showing the volume of CA3 Pyramidal (PRD),Oriens (ORS), and 
Radiatum-Lacunosum-Moleculare (R.LM) layers of METH-treated mice and 
control. Each bar represents the mean ± SEM. * p<0.05, p<0.001. 
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Fig. 6. Representative photomicrographs of a hematoxylin-eosin stained coronal 
sections through the Cornu Ammonis (CA) of the hippocampus of adult mice showing 
significant increased volume in healthy control mice (C), low-dose methamphetamine 
(METH)-administrated mice (LD) and high-dose METH-administrated mice (HD). 
ORS; Oriens, PRD; Pyramidal, RLM; Radiatum-Lacunosum-Molecular. Scale 
bars=200 μm, C= control, LD= low dose, HD= high dose. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Photomontages of Golgi-impregnated CA1(A-C) and CA3 (D-F) pyramidal 
cells. Neurons from control mice are shown in the left column (A, D), from  
low-dose methamphetamine (METH)-treated mice in the inner column (B, H) and 
high-dose METH-treated mice (C, F) in the right column. Observe the increase in 
dendritic length and arborization in METH-treated mice compared to controls. 
Scale bars=50 μm (applies to A-F frames).   
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Discussion 

The main findings of this study by using the 

design-based stereological methods were: 

Subchronic administration of METH-induced 

significant volumetric change in the sublayers 

of the hippocampal CA1 and CA3 in adult male 

mice. Subchronic exposure to METH leads to 

alterations in numerical density and a total 

number of hippocampal CA1 and CA3 

pyramidal neurons. Subchronic METH 

exposure induced changes in Golgi-stained 

hippocampal CA1 and CA3 pyramidal neurons 

dendrites. This study is the first research, to  

our knowledge, examining the deleterious 

effects of hallucinogenic methamphetamine on 

the stereological characteristics of hippocampal 

CA1 and CA3 subfields together with a 

morphological analysis of pyramidal neurons in 

the hippocampus. The quantitative findings of 

the current study revealed a significant decrease 

in numerical density and a total number of 

pyramidal cells in the hippocampal CA1 and 

CA3 subregions in both METH-treated groups 

compared to the control group. However, the 

reductions in the CA3 pyramidal cell layer  

did not reach statistically significant level, 

perhaps because of the pharmacological  

and neurotoxicological properties of 

methamphetamine. Additionally, previous 

studies have shown that pyramidal cells of the 

CA1 hippocampal subfield are more sensitive 

to cytotoxic effects of METH exposure than are 

those of the CA3 subfield of the hippocampus 

[28, 29]. An earlier behavioral and structural 

experiment demonstrated that prenatal 

carbamazepine treatment leads to a reduction of 

hippocampal CA1 and CA3 and cortical 

neurons without scrutable effects on cognitive 

functions [30]. Reports by Gokcimen et al. 

suggested that the single dose of anti-

inflammatory administration decreases the total 

number of CA1 and CA3 pyramidal neurons 

and dentate granule cells [31]. To date, there are 

a few published reports about the mechanisms 

of reduction in cell populations following 

METH administration. Newly, several lines of 

evidence have indicated that METH can  

cause neuropathological variation within 

multiple brain areas by inducing apoptotic 

pathways [32]. For example, using TUNNEL 

histochemical approach, neuronal apoptosis in 

the mouse brains have been observed following 

single administration of METH (40mg/kg) [33]. 

Similarly, another previous study pointed that 

mitochondrial damage, endoplasmic reticulum 

stress and activation of caspase-3 leading to 

induction of apoptosis caused by METH [34]. 

In addition to apoptotic cell death, the number 

of studies in the literature has documented that 

morphologically necrotic neurons following 

METH treatment [35, 36]. Moreover, recently 

in vivo and in-vitro METH-exposed animal 

studies also illustrated a decrease in 

hippocampal progenitor cells proliferations in a 

dose-dependent manner [37, 38]. This effect 

correlated with the fragmentation of 

mitochondrial network architecture [39]. It was 

also noted in our study an increased 

hippocampal entire volume with increase in the 

entire volume of hippocampal CA1 and CA3 

and its sublayers in both experimental groups 
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compared to the control group. However, an 

increase in the entire volume of the  

CA1 subfield and its Radiatum-Lacunosum-

Molecularesublayer was not significant in the 

low-dose groups compared to the controls. It 

could be due to inflammatory changes in this 

brain region [40]. Sarsilmaz et al. suggested that 

exposing neonatal rats to a high-dose of 

formaldehyde at PND90 increased the volume 

of the pyramidal layer of CA, whereas this 

increase observed in low-dose of formaldehyde 

at PND30 in a dose- and age- dependent 

manner [41]. In another animal study, it was 

found that exposed to nicotine during the brain 

growth spurt have been published to show a 

significant increase in the volume of the cerebellar 

vermis [42]. Qualitative morphological analysis of 

Golgi-stained CA1 and CA3 hippocampal 

neurons revealed greater dendritic length and 

arborization in METH-treated groups compared 

with controls. So, we speculated a compensatory 

reaction in response to the reduction of the 

pyramidal cells in both regions. Inconsistent 

with our results, it was described by Kamali et 

al. that METH-administrated mice showed a 

notable decrease in the number of Purkinje cells 

and granular cells of the cerebellum. However, 

they found a reduction in the volume of the 

cerebellar-sublayers, which is in contrast to our 

findings [17]. It has also been demonstrated that 

multiple doses of amphetamine had no 

alterations in the pyramidal cells number and 

the volume of hippocampal CA1 and CA3 

fields [43]. This disparity may be related the 

dose of METH exposure, treatment duration 

and method of estimating stereological 

parameters. 

Conclusion 

We have indicated that exposure to METH has 

significant effects on the volume of CA1  

and CA3 subfields and the pyramidal cell 

numbers in the hippocampus. The mechanisms 

responsible for METH-induced hippocampal 

injury remain unclear at present. Further 

studies are required to illuminate the diverse 

mechanisms by which METH created these 

effects in the developing CNS to develop 

conceivable prevention or treatment strategies 

versus toxicity of methamphetamine.  
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