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Research Communications

Evaluation of Effects of Methamphetamine
Repeated Dosing on Proliferation and

Apoptosis of Rat Germ Cells

Methamphetamine (MAMP) is a central nervous system stimulant that is

increasingly abused especially by teenagers and young adults, a group in its

reproductive age. MAMP effects on the male reproductive system are not clear.

In this experimental study, we evaluated the effects of MAMP administration on

proliferation and apoptosis in seminiferous tubules of rat testis.

Methamphetamine hydrochloride was synthesized by iodination of

norephedrine hydrochloride and reduction to methamphetamine. Mature

male rats were randomly divided into four groups (n¼ 7) and were injected

intraperitoneally with MAMP (1, 5 or 10mg/kg) or saline at the same time, once

daily for 14 consecutive days. Twenty four hs after the last injection, perfused

testis were fixed, sectioned and stained by TUNEL labeling or proliferating cell

nuclear antigen (PCNA) immunostaining. Apoptotis and proliferation indices

were calculated and ratios of proliferation/apoptosis in the seminiferous

tubules were obtained. Cell proliferation and the ratio of proliferation to

apoptosis decreased significantly in all experimental groups compared to the

control group. Conversely, apoptosis was increased in these groups. Such

differences were observed in both spermatogonia and primary spermatocytes.

In the control group, more than 95% of spermatogonia were PCNA-positive.

However, 10mg/kg of MAMP caused a reduction to approximately 75% PCNA

staining in spermatogonia. In some tubules of the experimental groups, more

than 10 TUNEL-positive germ cells were seen, although in the control group,

the tubules with 3 TUNEL-positive germ cells were rarely observed and the

majority of tubules were without such cells. There were significant differences

in the indices between the 1mg/kg group and the higher dose groups, but

there was no such difference between the 5mg/kg and 10mg/kg groups. In

some tubules of the experimental groups, significant gaps in the epithelium

between the spermatogonia layer and other cell layers were observed. These

results show that repeated administration of MAMP, especially at higher doses,

may cause a decrease in cellular proliferation, induce apoptosis and change the

proliferation/apoptosis ratio in testis. This might explain the MAMP effect on

the spermatogenesis process. It is suggested that studies on the consequence of

MAMP consumption on male fertility is warranted.
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INTRODUCTION

Methamphetamine (MAMP) is a central nervous

system stimulant that is increasingly abused under

different street names such as speed and meth

crystal. Teenagers and young adults, a group at its

peak reproductive age, are the main users of MAMP.

This matter has become a major social problem with

remarkable health consequences [Comer et al. 2001;

O’Malley 2005]. Several studies have examined the

effects of MAMP administration on different systems

in humans and experimental animals, particularly in

the central nervous and cardiovascular systems

[Kalant 2001]. It is reported that MAMP has terato-

genic effects. Inoue et al. [2004] have shown that

chronic maternal administration of MAMP can cause

myocardial damage and abnormal fetal heart devel-

opment. Smith et al. [2003], in a retrospective study,

have indicated that neonates whose mothers used

MAMP exhibited growth retardation. The ter-

atogenecity of MAMP has been clearly documented

[Yamamoto et al. 1992; Yamamoto and Yamamoto

1994; Yamamoto et al. 1995]. There are a few studies

on the effects of MAMP on the male reproductive

system. In one study, it was reported that MAMP has

shown adverse effects on the ability of male mice to

mate with females and to impregnate them [Yama-

moto et al. 1999]. Tsai et al. [1997] demonstrated that

increased cyclic AMP production, decreased Ca2þ

channel activity and decreased activity of enzymes

such as, 3b-hydroxysteroid dehydrogenase, are

involved in the inhibition of testosterone production

by the administration of amphetamine. Their results

have also indicated that administration of ampheta-

mine in vitro resulted in a dose-dependent inhibition

of both basal and human chorionic gonadotropin�

stimulated release of testosterone. There are some

case reports on the effects of ecstasy use on the male

reproductive system, for example Dubin and Razack

[2000] reported a case of priapism in an individual

who used ecstasy. Only one study has evaluated the

effects of MAMP on apoptosis in seminiferous

tubules in mice [Yamamoto et al. 2002]. Its investi-

gators focused on apoptosis based on the observa-

tion that administration of methamphetamine

increases body temperature and that increased

temperature enhances apoptosis.

The regulatory mechanism of spermatogenesis is

considered to result from an interaction among cell

proliferation, differentiation and cell death. There

are numerous studies that investigated proliferation

and apoptosis and their ratio in seminiferous

tubules. As an example, proliferation and apoptosis

were examined in the seminiferous epithelium of

both testes from unaffected boars and from boars

suffering unilateral and bilateral cryptorchidism

[Bernal-Manas et al. 2005]. However, there is no

study of the effects of MAMP on cell proliferation

and apoptosis and their relationship in seminiferous

tubules. The present study semi-quantitatively com-

pares spermatogonia proliferation and apoptosis in

the testes of normal and MAMP-treated male rats to

determine whether the balance of both processes is

changed by MAMP. In the assay of proliferative

activity, immunohistochemical staining of the pro-

liferating cell nuclear antigen (PCNA), a marker for

cellular proliferation, was used. Germ cell apoptosis

was studied by in situ end-labelling of free DNA

ends employing the TUNEL method.

RESULTS AND DISCUSSION

In the control group, approximately 99% of the

spermatogonia were PCNA-positive cells. However,

in the experimental group of 10 mg/kg dose, PCNA-

positive cells were less than 75% (Fig. 1). In some

tubules of this group more than 10 TUNEL-positive

germ cells were observed. In contrast, in the control

group tubules with 3 or more TUNEL-positive germ

cells were rarely observed and the majority of

tubules were without such cells (Fig. 2). In addition

to spematogonia, cells such as some primary

spermatocytes and Leydig cells in apoptosis and

proliferating states were observed (Fig. 1). Only the

spermatogonia were assessed in this study. Cellular

proliferation and the ratio of proliferation/apoptosis

decreased significantly in all experimental groups
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compared to the control group. MAMP treatment

caused a significant increase in apoptosis (Fig. 3 and

Table 1). TUNEL and PCNA-positive spermatogonia

changed in a dose dependent manner from 1 to

5 mg/kg MAMP. That is, there were significant

differences in the indices between the lower dose

group (1 mg/kg) and the other two higher dose

groups (5 and 10 mg/kg). However, differences

between the 5 mg/kg and 10 mg/kg groups were

not significant (Table 1). In some tubules of the

experimental groups, gaps in the epithelium

between the spermatogonia layer and other cell

layers were observed. Although the loss of interstitial

tissue in the central area of ‘normal’ specimens is

expected due to technical artifacts, this observa-

tion was more pronounced in the treated groups.

Negative control sections did not show positive

labeling.

The seminiferous epithelium contains two distinct

cell populations, namely somatic Sertoli cells and

spermatogenic cells (spermatogonia, spermatocytes

and spermatids). Spermatogonia undergo successive

rounds of mitotic divisions and later the resulting

daughter cells enter meiotic division to provide

sperm. The PCNA is a 36 kD auxiliary protein to

DNA polymerase-d that is required during DNA

replication and nucleotide excision repair. It also

interacts with cyclin dependant kinases, which are

associated with cell cycle control. PCNA displays

a multifunctional role through its interactions with

other cell cycle proteins. It is variably expressed

at different stages of the cell cycle. Elevated levels

appear in the nucleus during late G1 phase, peak at

the S phase and decline after the G2 phase. PCNA

has been used extensively in the identification of

proliferating spermatogonia and spermatocytes

[Bernal-Manas et al. 2005], which we observed as

brown stained cells in our samples (Fig. 1).

FIGURE 1 Sections of rat testis stained with PCNA. Top panel (a)

control group. Lower panel (b) experimental group (5 mg/kg).

PCNA-positive spermatogonia (small arrow), PCNA-negative sper-

matogonia (large leftarrow in (a) and large arrow in (b)), PCNA-

positive Leydig cell (large arrow in (a)). Magnification 400� .

FIGURE 2 Seminiferous tubules from rat with in situ TUNEL

labeling of apoptotic germ cells. Sections of testes from control

group (top panel, a) experimental group (lower panel, b). TUNEL-

positive spermatogonia (small arrow), TUNEL-negative sperma-

togonia (large arrow). The diameter of the tubule and some

counted cells are shown in panel b. Magnification 400� .
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Cleavage of genomic DNA during apoptosis may

yield double-stranded, low molecular weight DNA

fragments (mono- and oligonucleosomes) as well as

single strand breaks (nicks) in high molecular

weight DNA. Those DNA strand breaks can be

identified by labeling free 30-OH termini with mod-

ified nucleotides. There are apoptotic cells in ‘nor-

mal’ testis. The number of apoptotic cells increased

with MAMP (Fig. 2).

Homeostasis of the seminiferous epithelium

depends on cell death and on the proliferative

activity of the epithelium and any imbalance of the

two processes may be observed by histological

changes. Its consequence might be a decline in

testicular function to provide sperm and possibly

affecting male infertility, as observed in the testis of

old men [Bernal-Manas et al. 2005]. MAMP decreased

the ratio of proliferation/apoptosis by decreasing the

number of proliferating cells and increasing apop-

totic cells, thus this may change the homeostasis of

the seminiferous epithelium (Fig. 3 and Table 1). In

MAMP-associated deaths, focal necrosis in the liver

and individual myocytic necrosis has been reported

[Albertson et al. 1999]. Previous studies have shown

that MAMP induces apoptosis in serotonergic and

dopaminergic neurons, primarily of the midbrain

structures. It is also reported that high doses the drug

induces apoptosis in rat neocortical neurons, with

structural neuronal alterations. The underlying

mechanisms of action in MAMP-induced apoptosis

are still unknown, although there is some evidence

for hydroxyl radical formation and for the activation

of apoptotic pathways [Stumm et al. 1999]. A sig-

nificant increase in the appearance of TUNEL-

positive cells in the seminiferous tubules of mice

treated with high doses of MAMP has been observed

[Yamamoto et al. 2002]. The time course of the

changes in the serum testosterone concentration was

similar with the occurrence of apoptosis in semi-

niferous epithelium. However, the mechanism(s),

by which the MAMP induced apoptosis were not

presented. Testosterone affects the cells at stages

VU-VV of the seminiferous epithelium, so it can

be concluded that the changes in testosterone

concentration probably play a role in triggering the

apoptosis in the spermatogenic cells. In accord with

others, [Yamamoto et al. 2002] vacuoles in some

spermatogonia were observed. Apparently, the time

of appearance of significant apoptosis coincided

with these vacuoles and are probably related

[Yamamoto et al. 2002]. Although it is unknown

TABLE 1 Proliferation and Apoptosis of Spermatogonia in Experimental Testis and Normal Testis

Testes group

Control group Experimental group 1
(1 mg/kg)

Experimental group 2
(5 mg/kg)

Experimental group 3
(10 mg/kg)

PI 2070.43 � 40.01 1897.71 � 35.34a 1662 � 29.43a,b 1651.14 � 42.43a,b

AI 23.86 � 2.6 48.28 � 3.73a 181.14 � 5.24a,b 185.43 � 4.88a,b

PI/AI 94.25 � 12.11 41.12 � 3.98a 9.25 � 0.43a,b 8.97 � 0.46a,b

Values represent mean � SEM. Abbreviations: PI, proliferation index; AI, apoptosis index.
aSignificant differences between control group and experimental groups (P<0.05).
bSignificant differences between low dose experimental group and two high dose experimental groups (P<0.05).

FIGURE 3 Effect of repeated treatment of MAMP on the ratio of

proliferation/apoptosis index (PI/AI) in seminiferous tubules of rat

testis. After animals were treated for 14 consecutive days with 1,

5 or 10 mg/kg MAMP and saline, testes were sampled and studied

24 h after the last treatment. MAMP reduced the ratio of pro-

liferation/apoptosis index. Each bar represents the mean � SEM

(n¼7). ***Significant differences between control and experi-

mental groups (P<0.001).
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whether vacuoles were produced by the direct

action of MAMP, it is probable that apoptosis of germ

cells is a mechanism by which the cells undergoing

abnormal changes are destined to die.

When MAMP-treated mice were mated with

females 24h after administration, the increase in the

cumulative number of vaginal plugs slowed and the

total number decreased. Since the presence of vaginal

plugs is a reflection of the copulatory behavior of

male mice, the adverse effect of 15mg/kg MAMP on

copulatory behavior is considered to have lasted even

after MAMP had been cleared from the blood. This

copulatory disorder probably reflects the decreased

level of serum testosterone. Testosterone has been

reported to be necessary for copulation. It releases

dopamine and stimulates dopamine receptors in

the medial preoptic area, which is a critical area for

male sexual behavior. MAMP probably diminishes the

secretion of testosterone by acting directly on the

testis. However, it is not known whether disturbed

copulatory behavior is causally related to apoptosis

[Yamamoto et al. 1999]. Our results show that through

the induction of apoptosis, MAMP caused a significant

decrease in the proliferation of spermatogonia and

significant change in the ratio of proliferation/

apoptosis. For example, in the control group, 99%

spermatogonia were PCNA-positive, but in the high

dose experimental group, approximately 75% of the

spermatogonia were PCNA-positive. The mechanism

by which germ cell proliferation decreases by MAMP

is not understood. However, it is known that pre-

synaptic reuptake of catecholamines including dopa-

mine, norepinephrine and serotonin is blocked by

MAMP, causing hyperstimulation at selected post-

synaptic neuron receptors [Albertson et al. 1999].

Different parts of the male reproductive system

receive autonomic innervation (adrenergic, choliner-

gic nerves) [Kempinas et al. 1998]. Perhaps changes in

proliferation and apoptosis of germ cells are induced

through the effect of MAMP on neurotransmitter

secretion [Kempinas et al. 1998; Kalant 2001]. To this

effect, Bergh et al. [2001] have shown that over-

production of serotonin in the testis can induce

apoptosis and inhibit proliferation. As it is known that

higher temperature acts to induce apoptosis, perhaps

the hyperpyrexic pattern of toxicity of methamphe-

tamine induces spermatogonial apoptosis. Long term

exposure to MAMP results in lower levels of testos-

terone and this has been related to the induction of

apoptosis in the testis [Yamamoto et al. 2002]. This is

supported by other studies indicating that agents that

inhibit androgenic activity of the testis can trigger

apoptosis in germ cells [Jana et al. 2006].

MATERIALS AND METHODS

Animals

8 week-old Sprague Dawley male rats (200–250 g)

that had never been exposed to MAMP were used.

Animals received standard pellet food and water

ad libitum. The temperature in the animal room and

injection room was maintained at 23� 21C with a

relative humidity of 55� 5%. Light was on a 12:12-h

light-dark cycle. Methamphetamine hydrochloride

was dissolved in saline and stock solutions were

prepared. Rats were injected intraperitoneally (ip)

with MAMP or saline at 10:00 a.m. and four animals

were housed in a transparent rectangular cage. The

experimental protocol was approved by the

University Animal Care Committee.

Preparation of Methamphetamine

Pure methamphetamine hydrochloride was synthe-

sized by iodination of norephedrine hydrochloride and

reduction to methamphetamine [Boswell and Lo 2002].

Procedure

Rats were randomly divided into four groups

(n¼ 7) and injected ip with MAMP (1, 5 or 10 mg/kg)

or saline at the same time, once daily for 14

consecutive days. Twenty four hours after the last

injection, animals were anesthetized with Thiopen-

tal. The thorax was opened with surgical incision on

the sternum and the perfusion was done from left

ventricle and right atrium. A rinsing solution was

perfused before the fixation solution (Bouin’s fluid).

Due to the narrow testicular artery branches from

the abdominal aorta near the renal artery, it is

probably constricted and occluded during the

perfusion process. Perfusion with rinsing solution

helped overcome this problem. To make the rinsing

solution, 9.0 g NaCl, 25 g polyvinyl pyrrolidone,

0.25 g heparin, and 5.0 g procain-HCL were dis-

solved in one liter of water by thorough stirring. The

pH was adjusted to 7.35 with 1 N NaOH and twice
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filtered through Millipore filters of 3.0mm or less

pore size. The perfusion of both solutions was

performed by using a scalp vein attached to a 50 cc

syringe. Testes were immediately removed taking

care to handle specimens gently to minimize trauma

to the delicate seminiferous tubules prior to place-

ment of each testis into fixative. The tunica

albuginea was shallowly pierced at each pole

5 times with a 21-gauge needle to aid in the

penetration of fixative. Fixation time was limited to

24 h and tissues were then transferred to 70% ethyl

alcohol. Alcohol was changed 3 times daily for

2 days before transferring the specimens to a

saturated solution of 70% ethyl alcohol and lithium

carbonate to neutralize the picric acid in Bouin’s

fluid. The ethyl alcohol-lithium carbonate solution

was changed 3 or more times until the yellow color

of Bouin’s fluid was almost completely depleted

from the tissue. Testes were stored in 70% ethyl

alcohol until they were processed [Forssmann et al.

1977; Latendresse et al. 2002]. The fixed testes were

dehydrated through a graded series of ethanol washes

and embedded in paraffin according to standard

procedures. Paraffin sections (4 and 7mm thick) were

placed on slides coated with poly-L-lysine and stored

at room temperature until further processing. The

4 and 7mm thick paraffin sections were used for

PCNA and TUNEL staining methods, respectively.

PCNA Labeling

PCNA staining kits were purchased from Zymed

(Germany). Sections were stained according to

manufacturer’s protocol. Briefly, sections were

deparaffinized, rehydrated, washed in phosphate buf-

fered saline (PBS) (3� 5 min) and peroxidase

activity was quenched using 0.3% H2O2 in methanol

for 30 min. Subsequently, samples were washed in

PBS and incubated with blocking solution at room

temperature for 10 min. After rinsing with PBS,

sections were incubated with biotinylated mouse

anti-PCNA primary antibody in a moist chamber for

30–60min then rinsed with PBS. Samples were

incubated with streptavidin peroxidase at room

temperature for 10 min and washed with PBS. The

antibody-peroxidase complex was developed using

DAB chromogen at 18–241C for 2–5min. Finally, the

sections were washed with PBS, counterstained with

hematoxylin for 1 min, washed with tap water then

PBS for 3000, dehydrated through ascending grades

of alcohol and mounted with Histomount and

coverslip. Positive control sections (in PCNA staining

kit) were processed in parallel. The specificity of the

immunohistochemical procedure was confirmed

using a non-immuno serum.

In Situ Germ Cell Apoptosis Detection

In situ cell death detection kit was purchased

from Roche (Germany). Germ cell apoptosis was

examined following the manufacturer’s protocol.

Seven micrometer thick sections were deparaffi-

nized, rehydrated, washed in PBS buffer and

incubated with proteinase K (1 mg/ml) for 15–

30 min at 18–241C. Peroxidase activity was quenched

with the addition of 3% H2O2 in absolute methanol.

Sections were washed with PBS and incubated with

the TUNEL reaction mixture of terminal deoxynu-

cleotidyl transferase plus the nucleotide mixture in

reaction buffer in a moist chamber for 60 min at 371C

in the dark. Sections were washed with PBS then

incubated with converter-AP containing anti-

fluorescein antibody (Fab fragment from sheep)

conjugated with Alkaline Phosphatase (AP) in a

humidified chamber for 30 min at 371C. PBS rinsing

and incubation with substrate solution that con-

tained 7 mg diaminobenzidine (DAB) (Sigma) and

3 ml H2O2 in 10 ml of 50 mM Tris-HCl, pH 7.4 for

10 min at 15–251C in the dark followed. PBS rinsing

and conterstaining with Hematoxylin at room

temperature for 1 min followed. Negative control

sections were processed with label solution (without

terminal transferase) and positive control sections

were incubated with micrococcal nuclease or

recombinant DNase 1 to induce DNA strand breaks,

prior to labeling.

Cell Proliferation and Apoptosis Analysis

The stained samples were semi-quantitatively ana-

lyzed using an Olympus BX51 research microscope

and Life Science software. Using PCNA as a marker of

proliferation, the number of positive spermatogonia

per 50 seminiferous tubules was counted in 50

randomly chosen fields in four testis cross sections

per animal. The data were corrected for seminiferous

tubule diameter. This value was expressed as an

index which evaluates the changes in proliferation
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activity. The index was calculated using the equa-

tion¼ (n1tubþ �n1cellþ � 100)/(n1total�d), where

n1tubþ ¼ percentage of positive tubules; n1cellþ ¼

number of positive spermatogonia per tubule; n1total¼

total number of tubules; d¼ seminiferous tubule

diameter (mm). For TUNEL analysis, the apoptosis

correction index was calculated the same as prolifera-

tion index but the TUNEL-positive spermatogonia was

counted instead of the PCNA-positive spermatogonia in

seminiferous tubules. The ratio of proliferation to apop-

totic correction indices was determined [Bernal-Manas

et al. 2005].

Statistical Analysis

Differences between groups were compared

using an Analysis of Variance (one way ANOVA).

Tukey-Kramer test was employed afterward, if

required. All data are presented as mean� SEM.

Differences were considered significant at P<0.05.
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