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Manganese acts centrally to activate reproductive hormone
secretion and pubertal development in male rats�
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bstract

Manganese (Mn) is an important element for normal growth and reproduction. Because Mn accumulates in the hypothalamus and is capable of
timulating puberty-related hormones in female rats, we assessed whether this metal could cause similar effects in male rats. We have demonstrated
hat MnCl2, when administered acutely into the third ventricle of the brain, acts dose dependently to stimulate luteinizing hormone (LH) release.
urthermore, there was a dose dependent stimulation in the secretion of LH-releasing hormone (LHRH) from the medial basal hypothalamus in
itro, and administration of an LHRH receptor antagonist in vivo blocks Mn-induced LH release. To assess potential chronic effects of the metal,
ale pups were supplemented with 10 or 25 mg MnCl2 per kg by gastric gavage from day 15 until days 48 or 55, at which times developmental

igns of spermatogenesis were assessed. Results demonstrate that while significant effects were not observed with the 10 mg/kg dose, the animals
eceiving the 25 mg/kg dose showed increased LH (p < 0.05), FSH (p < 0.01) and testosterone (p < 0.01) levels at 55 days of age. Furthermore, there

as a concomitant increase in both daily sperm production (p < 0.05) and efficiency of spermatogenesis (p < 0.05), demonstrating a Mn-induced

cceleration in spermatogenesis. Our results suggest Mn is a stimulator of prepubertal LHRH/LH secretion and may facilitate the normal onset of
ale puberty. These data also suggest that the metal may contribute to male precocious pubertal development should an individual be exposed to

ow but elevated levels of Mn too early in life.
2006 Elsevier Inc. All rights reserved.
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. Introduction

Manganese (Mn) is an abundant, naturally occurring element
hat is found as a component of over 100 minerals. This metal
s considered an essential nutrient that is necessary for many
ormal mammalian physiological events, including those related
o normal growth and development of bone and cartilage [1], as
ell as connective tissue and the reproductive system [2,3]. Mn

s abundant in the environment, found in water, food, soil and
ir, and its absorption is affected by the age of an individual,
oute of exposure, the chemical form, as well as other dietary

actors [4]. Additionally, Mn is being used as an antiknock agent
n gasoline [5] which also contributes to environmental sources
f exposure.

� This work was supported by grants from the National Institutes of Health
o W. Les Dees (ES013143) and to the Texas A&M University Center for Envi-
onmental and Rural Health (ES09106).
∗ Corresponding author. Tel.: +1 979 845 1430; fax: +1 979 847 8981.

E-mail address: ldees@cvm.tamu.edu (W.L. Dees).
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Exposure to high levels of Mn is toxic, causing develop-
ental and reproductive dysfunction [6,7]. Interestingly, a Mn

eficiency leads to impaired growth and reproduction in both
exes [8,9], demonstrating that it must play an important role in
ammalian reproduction. We recently questioned whether Mn

ould be a factor contributing to hypothalamic events leading to
exual maturation. In this regard, we determined that exposure
o low, but moderately elevated levels of the metal acted within
he hypothalamus to cause increased serum levels of puberty-
elated hormones and modestly, yet significantly, advanced the
ime of female puberty [10]. This is potentially important since it
uggests that if Mn levels rise and accumulate in the hypothala-
us too early in life, the seemingly beneficial effect to facilitate

uberty may actually be harmful by causing or contributing to
recocious pubertal development. In support of this, infants and
hildren have been suspected as being more sensitive to eleva-

ions in Mn [4].

At this time, no studies have been conducted to determine
hether Mn can influence the neuroendocrine control of puberty

n males. Thus, the present study was conducted to assess the

mailto:ldees@cvm.tamu.edu
dx.doi.org/10.1016/j.reprotox.2006.03.011
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bility of Mn to stimulate LH secretion in prepubertal male rats
nd to discern whether the site of this action is at the hypothala-
ic or pituitary level. Furthermore, we assessed whether short-

erm, low dose exposure to the metal during juvenile develop-
ent would accelerate peripubertal spermatogenesis, a reliable

ndicator of male pubertal maturation.

. Materials and methods

Immature male Sprague-Dawley rats, raised in our colony at the Texas
&M University Department of Comparative Medicine were housed under con-

rolled conditions of light (lights on, 06:00 h; lights off, 18:00 h) and temperature
23 ◦C), with ad libitum access to food and water. Harlan Teklad 2016 diet was
rovided, and contained 94.7 mg/kg Mn and 149.8 mg/kg iron, as assessed by
he Heavy Metal Analysis Laboratory, Department of Veterinary Integrative
iosciences, College of Veterinary Medicine, Texas A&M University. All pro-
edures used were approved by the University Animal care and Use Committee
nd in accordance with the NIH Guidelines for the Care and Use of Laboratory
nimals.

.1. Effect of centrally administered MnCl2 on LH secretion

Thirty-five-day-old male rats were anesthetized with 2.5% tribromoethanol
Aldrich, Milwaukee, WI) and stereotaxically implanted with a stainless steel
annula (23 gauge) in the third ventricle of the brain and allowed 5 days for
ecovery [11]. When the rats were 40 days old, a silastic cannula (Dow Corning,

idland, MI) was inserted into the right external jugular vein of each rat [12].
he next day at 09:00 h, an extension of tubing was attached to each cannula and
ushed with heparinized saline (100 IU/ml). After the animals were acclimated
or an hour, three basal blood samples (250 �l) were drawn from each animal at
5-min intervals. After the third basal sample, manganese chloride tetrahydrate
MnCl2; Sigma Chemical Company, St. Louis, MO) at concentrations of 1, 2.5,
0, or 25 �g/3 �l, or an equal volume of saline was injected into the third ventric-
lar cannula. Following the respective injection, four more samples were taken
t 15 min intervals for a total of seven samples. After blood sampling, brains
ere examined for proper cannula placement. Blood samples were centrifuged

t 4 ◦C, and serum was stored at −80 ◦C until assayed for LH.

.2. Effect of MnCl2 on LHRH released from hypothalami in vitro

Forty-day-old male rats were decapitated at 09:00 h, the medial basal
ypothalamus (MBH) dissected under a stereomicroscope, rinsed, and incubated
s we have described previously [10,13]. Briefly, the MBHs were placed in vials
one per vial) containing 0.35 ml incubation medium consisting of Locke’ buffer
2 mM Hepes, 154 mM NaCl, 5.6 mM KCl, 1 mM MgCl2, 6 mM NaHCO3,
0 mM glucose, 1.25 mM CaCl2, and 1 mg/ml BSA, pH 7.4). Tissues were prein-
ubated inside a Dubnoff shaker at 37 ◦C with constant shaking in an atmosphere
f 95% O2 and 5% CO2 for 15 min. The first incubation was discarded, and all
BHs were then incubated again in medium only for 30 min to establish basal

HRH release. After this incubation, the medium was collected, and replaced
ith medium only or medium containing 50, 250 or 500 �M MnCl2. After the

econd 30-min incubation, the media were collected, boiled for 10 min to break
own proteases, and then stored at −80 ◦C until assayed for LHRH. The MBHs
ere weighed to the nearest 0.01 mg.

.3. Effect of LHRH receptor antagonism on Mn-induced LH
elease

Third ventricular and external jugular cannulae were implanted as described
bove. The next day at 09:00 h, an extension of tubing was attached to each

annula and flushed with heparinized saline (100 IU/ml). Half of the animals
eceived a single subcutaneous injection of acyline at a dose of 10 �g/0.1 ml
10], a potent LHRH receptor antagonist (kindly provided by Dr. H.K. Kim,
ontraception and Reproductive Health Branch, Center for Population Research,
ational Institute of Child Health and Human Development, Bethesda, MD).
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he other half of the animals was injected with an equal volume of saline.
cyline was allowed a 2-h absorption period and then three basal blood samples
ere drawn from each freely moving animal at 15-min intervals. Immediately

ollowing the third basal sample, a 3 V injection of MnCl2 (10 �g/3 �l) was
dministered to all of the animals. Four more blood samples were taken at 15-
in intervals for a total of seven samples. After the experiment, brains were

xamined for proper cannula placement. Blood samples were centrifuged at
◦C and serum was stored at −80 ◦C until assayed for LH.

.4. Effect of chronic oral Mn exposure on puberty-related
ormones, steroidogenesis and spermatogenesis

Mature females were bred and delivered their pups normally. Litters were
djusted to 8–1 pups with at least six males per litter. At 15 days of age, the males
rom each litter were divided into three groups. Groups 1 and 2 received 10 and
5 mg/kg MnCl2, respectively. Administration was such that 0.258 or 0.625 mg
nCl2 was delivered in 0.2 ml/25 g rat daily by a gastric gavage injection. Group
served as controls and received an equal volume of saline. The rats were killed
y decapitation between 09:00 and 10:00 h on day 48 or day 55. Trunk blood
as collected and allowed to clot, then the serum stored frozen at −80 ◦C until
sed for RIA assessment of puberty-related hormones. At this time the testes
ere also collected and processed for analysis of spermatogenic development

s described below.
Sperm production was measured by methods we have described previously

14]. Briefly, thawed testes were separated from epididymides before the testes
ere weighed. Both testes were decapsulated, the tunica albuginea weighed, and

he testis homogenized for 2 min in 100 ml of homogenizing fluid containing
50 mM NaCl, 0.05% (v/v) Triton X-10, and 3.8 mM NaN3 [14]. Testicular
omogenates were stored at 5 ◦C and evaluated within 28 h. Only spermatid
eads with a shape characteristic of steps 17–19 found in stages IV and VIII
15] are resistant to such homogenization; these were enumerated by phase-
ontrast cytometry. Duplicate evaluations were made by each of two evaluators
or the right and left side of each rat [14]. Daily sperm production per testis
DSP/testis) is a measure of total daily sperm production by each testis, and was
alculated by dividing the number of homogenization-resistant spermatids by the
ife span of these spermatids (6.3 days) [14,16]. Daily sperm production per gram
esticular parenchyma (DSP/g), a measure of efficiency of spermatogenesis, was
alculated by dividing the DSP/testis by the difference between testis and tunic
eights. Both methods are reliable indicators of spermatogenic development

16].

.5. Hormone analysis

Rat serum LH and FSH were measured using radioimmunoassay (RIA)
rocedures we have described previously [17]. Rat LH antiserum (NIDDK-anti-
LH-S-II), antigen (NIDDK-rLH-I-9), and reference preparation (NIDDK-rLH-
P-3); and rat FSH antiserum (NIDDK-rFSH-I-9), and reference preparation

NIDDK-rFSH-RP-2) were purchased from the NIH Pituitary Hormones & Anti-
era Center, Harbor-UCLA Medical Center, Torrance, CA. The LH assay had a
ensitivity of 0.07 ng/ml and the FSH assay had a sensitivity of 0.4 ng/ml. The
HRH was measured as previously described [18] using antisera N0.R11B73
indly provided by Dr. V.D. Ramirez. Synthetic LHRH used for the standards
nd iodinations was purchased from Sigma Chemical Co. (St. Louis, MO). The
ensitivity of the LHRH assay was 0.2 pg/tube. The serum levels of testosterone
ere measured by an RIA kit purchased from Diagnostic Products Corp. (Los
ngeles, CA). The sensitivity of the testosterone assay was 0.1 pg/ml. All of the

ssays had inter- and intra-assay coefficients of variation of <10%.

.6. Statistical analysis

All values are expressed as the mean (±S.E.M.). Gaussian distribution was
etermined by the method of Kolmogorov–Smirnov. Differences between treat-

ent groups were analyzed either by Student’s t-test or by Kruskal–Wallis

onparametric analysis of variance (ANOVA) followed by post hoc testing using
unn’s multiple comparisons test. p-values less than 0.05 were considered sig-
ificant. The IBM PC programs INSTAT and PRISM (GraphPad, San Diego,
A) were used to calculate and graph the results.
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Fig. 1. The effect of 3 V administration of MnCl2 on LH release in imma-
ture male rats during late juvenile phase of development. Bars depict basal vs.
stimulated serum levels of LH. The animals received either saline (0) or the
designated dose of MnCl2. Animals which received the 2.5 �g dose of MnCl2
or higher showed a marked increase in LH secretion compared to basal levels.
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Fig. 2. The effect of MnCl2 on LHRH release from MBHs of immature male
rats in vitro. Bars depict basal vs. stimulated levels of LHRH. MBHs were first
incubated in Locke’s buffer alone to assess basal LHRH release, then again
with either Locke’s buffer alone (0) or with the buffer containing increasing
concentrations of MnCl2 to determine the stimulated response. The presence
o
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versus Mn: 36.9 ± 1.5 ng/ml; p < 0.01) and testosterone (con-
trol: 2 ± 0.19 ng/ml versus Mn: 2.85 ± 0.3 ng/ml; p < 0.05) com-
pared with the control animals (Fig. 4A–C). Furthermore, com-

Fig. 3. The effect of pretreatment with the LHRH receptor antagonist, acyline,
alues represent mean ± S.E.M. The number of animals is depicted within each
anel (**p < 0.01).

. Results

.1. Effect of centrally administered MnCl2 on LH secretion

Central administration of MnCl2 stimulated prepubertal LH
elease significantly and dose dependently over basal levels
Fig. 1). The rats that were injected with saline or the 1.0 �g dose
f MnCl2 exhibited no change in LH released as compared to
heir respective basal levels. However, the rats that were injected
ith the 2.5, 10 and 25 �g doses of MnCl2 exhibited three-, six-

nd seven-fold increases in LH release, respectively, compared
ith their basal levels.

.2. Effect of MnCl2 on LHRH release from hypothalami in
itro

Hypothalami from prepubertal male rats were incubated in
itro with three concentrations of MnCl2. The addition of MnCl2
o the medium caused a dose dependent stimulation in the release
f LHRH compared to basal levels (Fig. 2). Specifically, MBHs
ncubated in Locke’s buffer without MnCl2, or with the low-
st dose of the metal (50 �M), showed no significant change
n LHRH secreted between their respective basal and challenge
ncubation periods. However, marked increases in the amount
f LHRH released were observed when the hypothalami were
ncubated with 250 �M (p < 0.01) and 500 �M (p < 0.01) con-
entrations of MnCl2.

.3. Effect of LHRH receptor antagonism on Mn-induced
H release

To further support that the Mn acted at the level of the
ypothalamus and not the pituitary, rats were treated with the
HRH receptor antagonist, acyline, prior to the central adminis-
ration of MnCl2. Fig. 3 illustrates that MnCl2 injected directly
nto the third ventricle markedly (p < 0.01) stimulated LH release
ver basal levels in control animals but not in the animals that
ere pre-treated with acyline.

o
l
t
t
d

f Mn caused a dose dependent increase in LHRH release. Values represent
ean ± S.E.M. The number of tissue samples is depicted within each panel

**p < 0.01).

.4. Effect of chronic oral Mn exposure on puberty-related
ormones, steroidogenesis and spermatogenesis

Compared to control animals, serum gonadotropin levels
ere not altered at 48 or 55 days in animals that received

he 10 mg/kg supplemental dose of MnCl2 (not shown). The
5 mg/kg dose caused non-significant elevations in LH, FSH,
estosterone and spermatogenesis by 48 days (not shown).
owever, supplementation of animals with the 25 mg/kg
ose of Mn until 55 days of age produced increased lev-
ls of mean serum LH (control: 0.99 ± 0.06 ng/ml versus Mn:
.85 ± 0.36 ng/ml; p < 0.02) and FSH (control: 29.7 ± 1.5 ng/ml
n MnCl2-stimulated LH release in immature male rats. Control animals (no acy-
ine) exhibited a marked Mn-induced increase in serum levels of LH compared
o their basal levels. Conversely, the acyline-treated animals did not respond to
he Mn stimulation. Values represent mean ± S.E.M. The number of animals is
epicted within each panel (**p < 0.01).



B. Lee et al. / Reproductive Toxicology 22 (2006) 580–585 583

Fig. 4. Effect of chronic oral administration of MnCl2 on serum LH, FSH and testosterone in 55-day-old male rats. Serum LH, FSH and testosterone levels from
control animals and animals which received the 25 mg/kg dose of MnCl2 from day 15 through day 55 of life are depicted (panels A–C, respectively). Values represent
the mean ± S.E.M. The number of animals represented in each panel is depicted within panel A (+p < 0.02; *p < 0.05; **p < 0.01, respectively, vs. control).

Fig. 5. Effect of chronic oral administration of MnCl2 on spermatogenesis of immature male rats. Male rats received either MnCl2 or saline by gastric gavage from
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ay 15 through day 55 of life. These data depict the effect of MnCl2 (25 mg/kg
perm production as assessed by daily sperm production per gram parenchyma (
ach bar (*p < 0.05).

ared with levels in controls, daily sperm production per testis
DSP/testis) and daily sperm production per gram of testicular
arenchyma (DSP/g), which are key indicators of male pubertal
evelopment, were both increased (p < 0.05) by 55 days of age
n the animals supplemented with the 25 mg/kg dose of MnCl2
Fig. 5A and B).

. Discussion

The present study demonstrates an action of Mn to stim-
late prepubertal LHRH and gonadotropin secretion, and to
ignificantly elevate the rate of daily mature sperm produc-
ion, an indicator of pubertal development in males. Our results
epict three lines of evidence demonstrating that the hypotha-
amus is the site of the Mn action on LH secretion in pre-
ubertal male rats: (1) the third ventricular administration of
nCl2 stimulated a dose dependent release in LH, (2) the
etal stimulated LHRH release directly from the MBH in

itro, and (3) the LHRH receptor antagonist, acyline, effectively
locked LHRH receptors on the pituitary, thus inhibiting the
n-induced release of LH following third ventricular adminis-

ration. Collectively, these data indicate that Mn acts within the

ypothalamus to facilitate the secretion of LH, a key hormone
ontrolling Leydig cell production of testosterone, which subse-
uently, drives the increase in spermatogenesis during pubertal
evelopment.

g

c
p

plementation on daily sperm production per testis (panel A) and efficiency of
B). Values represent mean ± S.E.M. The number of animals is depicted within

The age at which the normal onset of puberty begins is
ariable and depends on a complex series of events within
he hypothalamus that culminate in the increased secretion of
HRH. The current understanding of the initiation of puberty is

hat the pituitary and gonad are capable of function at any age
fter a short period of exposure to LHRH [19]. LHRH secretion
s minimal during juvenile and childhood development and thus,
his system is down-regulated; however, when the secretion pat-
ern of the peptide is enhanced, the onset of puberty begins. The
bility of low doses of Mn to act centrally to elicit prepubertal
HRH/LH secretion is important and suggests a facilitative role
f the metal at the time of puberty by subsequently enhancing
estosterone production and spermatogenic development.

Chronic administration of high levels of Mn is known to cause
oxic effects to adult male reproduction by decreasing sperm
ount and motility, thus, resulting in decreased fertility [20,21].
he effects of low, yet slightly elevated levels of the metal during
repubertal development have not been investigated. The present
tudy is the first to show that chronic low level MnCl2 supple-
entation to immature male rats caused significant increases in

he prepubertal levels of serum LH, FSH and testosterone, and
hat these elevations were associated with increased spermato-

enesis compared to controls.

Regarding spermatogenesis, daily sperm production and effi-
iency, both key indicators of spermatogenesis used in the
resent study, showed significant increases in the Mn-treated
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ats. The values obtained from our control animals were similar
o those reported previously for rats at this age [22], but were
ess than those attained in adult rats [14,22,23]. The fact that
he 25 mg/kg dose of Mn enhanced the efficiency of spermato-
enesis to a DSP/g of 18 million is important. This increased
fficiency, coupled with no change in testicular weight, yielded
ignificantly enhanced daily sperm production per testis in the

n-treated animals, results which were positively associated
ith puberty-related hormones. It is well known that LH acts
n spermatogenesis via stimulating production of testosterone,
nd there is existing evidence that both FSH and testosterone
re capable of stimulating all phases of spermatogenesis [24].
hese authors presented evidence that a combination of FSH and

estosterone supported spermatogenesis both qualitatively and
uantitatively in a man hypophysectomized for a pituitary tumor.
hese observations are consistent with the results of our study
howing that exposure to low levels of Mn increased puberty-
elated hormones, and enhanced spermatogenesis. Thus, our
esults suggest that the Mn-treated rats were maturing at an
ccelerated rate compared to the age matched control animals.

We have previously demonstrated similar effects in females
10]; however, by comparing results from the two studies we can
ow suggest a gender difference in responsiveness to this metal.
n females, a 10 mg/kg dose of Mn was effective in significantly
levating serum gonadotropins and advancing the time of vagi-
al opening. In males, a 25 mg/kg dose of Mn was required to
ignificantly elevate serum gonadotropins and accelerate sper-
atogenesis; hence, suggesting that the males are less sensitive

o the hypothalamic influence of Mn than females. Even though
greater oral dose of Mn was required for males, it is important

o note that it was still much lower than doses shown to produce
eurotoxicological effects in adult rats and primates [25]. One
xplanation for the males requiring a higher level of Mn expo-
ure could be metabolic variations due to gender differences in
n metabolism. In this regard, male rats have been shown to

lear Mn two times faster than female rats [26].
The onset of puberty in boys before the age of 9.5 years is

sually considered precocious [19]. True precocious puberty is
ue to a premature activation of the LHRH pulse generator, and
pproximately 10% of these cases are idiopathic. Some under-
ying cause is inevitable and any substance that can act centrally
o induce LHRH release could be involved. Results presented
ere suggest the potential for slightly elevated levels of Mn to
ontribute to such an effect. Importantly, we demonstrated con-
lusively that the site of action of Mn is within the hypothalamus,
brain region in close proximity to the third ventricle. Mn is able

o enter the brain either through the cerebral vasculature or via
he cerebral spinal fluid, and has been shown to accumulate in
he hypothalamus of young animals [10,27]. The mechanism of
rossing the blood brain barrier is not completely understood,
ut likely involves a function of Mn binding to transport systems
uch as transferrin [28,29]. Mn has been shown to cross the blood
rain barrier over four times more efficiently in young animals,

hich do not have full capacity to eliminate this metal [30].
lthough the minimum level of exposure is not well defined [2],

nfants and children have been classified as being potentially
ore sensitive to excess Mn [31]. These observations further

[

[

ology 22 (2006) 580–585

upport the potential for Mn to influence the timing of male
uberty.

The fact that Mn has the potential to facilitate pubertal devel-
pment places it in a unique category of a limited number of
ubstances capable of advancing the timing of puberty. Other
ubstances include insulin like growth factor-1 [17], leptin [32],
isspeptin [33], and excitatory amino acids that can activate the
-methyl-d-aspartic acid receptor [34]. Because Mn is a nat-
ral element, our results suggest it may be an environmental
actor, which may work in concert with the above metabolic
ignals as well as genetic factors to influence pubertal devel-
pment. At the present time the mechanism of Mn action to
timulate LHRH release has not been entirely discussed, but we
ave recent evidence that the stimulatory effects are mediated
y the cGMP/protein kinase G pathway [35].

In conclusion, the present data clearly show that exposure to
ow levels of Mn during juvenile development can induce the
repubertal release of LHRH, causing elevated circulating lev-
ls of LH, FSH and testosterone; hence, resulting in increased
permatogenesis commensurate with accelerated pubertal devel-
pment compared to age matched controls. These results suggest
hat Mn may play a role at the time of normal pubertal develop-

ent, but also indicate a possible increased risk for precocious
ubertal development if males are exposed to moderately ele-
ated levels of Mn too early in life.
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