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minergic oscillations (as in some seasonally breeding spe-
cies), but also demonstrate an inverse correlation of RFRP-3 
neurons and gonadal activity in both control and experi-
mental conditions.  Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 A number of studies have reported that the temporal 
phase relation of circadian serotonergic and dopaminer-
gic oscillations affects gonadal development in many sea-
sonally breeding birds and mammals  [1–6] . Administra-
tion of a dopamine precursor ( L -dihydroxyphenylala-
nine;  L -DOPA) 12 h after the injection of a serotonin 
precursor (5-hydroxytryptophan; 5-HTP) in a 24-hour 
period (12-hour relation) has been reported to induce 
breeding conditions in these species, as well as the ad-
vancement of puberty (in the Japanese quail)  [7] . On the 
other hand, if these drugs are injected 8 h apart (8-
hour relation), this may lead to gonadal suppression/non-
breeding conditions, while other relations (0, 4, 16 and
20 h) have been found to be ineffective. In the Indian 
palm squirrel,  Funambulus pennantii , the 12-hour phase 
relation of serotonergic and dopaminergic oscillations 
not only extends the breeding season, but may also elim-
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 Abstract 
 In order to study the effect of the temporal synergism of 
neural oscillations on reproductive regulation and the re-
sponse of RFamide-related peptide-3 (RFRP-3; a mammalian 
ortholog of avian gonadotropin-inhibitory hormone), ex-
pression of immunoreactive RFRP-3 in the neurons of the 
dorsomedial nucleus of the hypothalamus was monitored in 
sexually immature and mature laboratory mice (study I). In 
study II, the effects of serotonin and dopamine precursors 
(5-hydroxytryptophan and  L -dihydroxyphenylalanine; in-
jected daily, 8 or 12 h apart, for 13 days in 3-week-old mice) 
on testicular activity and immunoreactive RFRP-3 neurons 
were studied until 24 days after treatment. Results indicate 
high levels of expression of immunoreactive RFRP-3 in the 
sexually immature and 8-hour mice (simulating gonadal 
suppression), while a low level was noted in mature and 12-
hour mice (simulating gonadal stimulation). These findings 
not only suggest the modulation of gonadal development 
in mice (during the course of puberty attainment) by chang-
ing the temporal phase relation of serotonergic and dopa-

 Received: February 3, 2009 
 Accepted after revision: August 27, 2009 
 Published online: December 10, 2009 

 Prof. Chandra Mohini Chaturvedi, PhD 
 Department of Zoology 
 Banaras Hindu University 
 Varanasi 221 005 (India) 
 Tel./Fax + 91 542 236 8323, E-Mail cmcbhu   @   yahoo.com 

 © 2009 S. Karger AG, Basel
0028–3835/10/0912–0189$26.00/0 

 Accessible online at:
www.karger.com/nen 



 Sethi   /Tsutsui   /Chaturvedi    Neuroendocrinology 2010;91:189–199190

inate annual reproductive regression  [8] . On the other 
hand, in this subtropical mammalian species, an 8-hour 
phase relation stimulates non-breeding conditions out of 
season  [9] . On the basis of the previously mentioned stud-
ies, it was assumed that there must be a pacemaker system 
that has serotonergic and dopaminergic components. 
This assumption is further supported by the report of 
seasonal alterations in the phase relations of circadian 
serotonin and dopamine rhythms in the right and left 
suprachiasmatic nucleus (SCN) of the Syrian hamster 
 [10] . The manipulation of these rhythms by the adminis-
tration of 5-HTP and  L -DOPA at different intervals in
a 24-hour period is known to alter seasonal scotosensi-
tive and/or scotorefractory conditions in hamsters  [2]  
and photosensitive and/or photorefractory conditions in 
quails  [11] . Moreover, control animals are also reported 
to have a different circadian phase relation of serotonin 
and dopamine oscillations during different breeding 
conditions  [12, 13] . Our recent report in mice indicated 
that 8- and 12-hour relations of 5-HTP and  L -DOPA ad-
ministration affect gonadal growth, while other relations 
(0, 4, 16 and 20 h) are ineffective  [14] .

  An RFamide (Arg-Phe-NH 2 ) peptide identified in the 
quail brain inhibits gonadotropin release; this was named 
gonadotropin-inhibitory hormone (GnIH), a novel hypo-
thalamic dodecapeptide (SIKPSAYLPLRF-NH 2 )  [15] . 
This inhibitory peptide is a regulator of pituitary gonad-
otropin release, both in vitro and in vivo, in birds and 
mammals  [15–21] . In mammals, cDNAs that encode the 
2 biologically active GnIH orthologous peptides RFRP-1 
and RFRP-3 contain a C-terminal LPXRF-amide motif 
and have been detected in the brain  [17, 22] . Intracerebro-
ventricular infusion (i.c.v.) or intraperitoneal (i.p.) ad-
ministration of deduced human RFRP-1 increased pro-
lactin release in the rat  [23] . By contrast, i.c.v. injections 
of RFRP-3 reduced plasma levels of luteinizing hormone 
(LH) in rats  [24] . When i.c.v. or i.p. injections were used, 
GnIH also reduced plasma LH levels in Syrian hamsters 
 [17] , while, in the same species, immediate early gene ex-
pression is also reduced in RFRP cells during the LH 
surge  [22, 25] . It was also found that peripheral adminis-
tration of the deduced ovine ortholog RFRP-3 reduces 
the amplitude of LH pulses in sheep, and LH and FSH 
release in vitro. Both avian GnIH and its mammalian or-
tholog RFRP-3 are considered to be functional orthologs, 
and act to inhibit gonadotropin release  [18, 22–26] . The 
location of GnIH/RFRP neuronal cell bodies has been 
studied in several mammals, and appears to be the dor-
somedial hypothalamus (DMH) in mice  [27] . 

  Compared to bird GnIH, there is limited experimental 
information clarifying the functional significance of 
RFRP-3 in mammals and its potential role as a key neu-
ropeptide involved in mammalian reproduction. Hence, 
in this study, our first objective was to compare RFRP-3 
expression in prepubertal and postpubertal mice, and to 
correlate this with gonadal status and activity pattern 
(study I). The second objective was to study the effect of 
5-HTP and  L -DOPA injections given at 8- or 12-hour in-
tervals (the conditions that simulated non-breeding/
breeding, respectively) on the testicular development and 
RFRP-3 neurons of the laboratory mice (study II). These 
findings indicate an inverse correlation in the expression 
of RFRP-3 neurons and gonadal function (in control as 
well as experimental conditions) for the first time in 
mice.

  Materials and Methods 

 Male laboratory mice  (Mus musculus)  of the Parkes strain were 
obtained from a colony maintained in our laboratory. The mice 
were housed under hygienic conditions in a well-ventilated pho-
toperiodically controlled room (light:dark 12:   12), and were pro-
vided with commercial food (Pashu Aahar Kendra, Varanasi, In-
dia) and tap water ad libitum. All the studies were conducted in 
accordance with institutional practices, and within the frame-
work of the revised Animals (Scientific Procedures) Act of 2002 
of the Government of India. 

  Study I 
 Three-week-old sexually immature (prepubertal) and 13-

week-old sexually mature (postpubertal) normal mice (n = 5 in 
each group) were weighed and anesthetized with diethyl ether. 
Blood was collected from the heart into a heparinized tube, fol-
lowed by whole body perfusion. Mice were perfused transcardi-
ally with phosphate-buffered saline (PBS) followed by Zamboni’s 
fixative [4% paraformaldehyde in 0.1  M  sodium phosphate buffer; 
pH 7.4]. The testes were excised and post-fixed in the same fixa-
tive overnight for histological studies. Twenty-four hours after 
fixation, the testes were dehydrated in a graded series of alcohol, 
treated with xylene, embedded in paraffin wax, and 6- � m-thick 
sections were cut by a Weswox rotary microtome (Western Elec-
tric & Scientific Works, Ambala Cantt, India), and stained with 
silver nitrate  [28] . The brain was also dissected and post-fixed to 
be processed for the immunohistochemistry of RFRP-3. 

  Study II 
 Three-week-old prepubertal mice (12–14 g), acclimatized to a 

continuous condition of light (LL dim ) for 2 days, were weighed and 
randomly divided into 3 groups (n = 5 per group). Mice of the 
control group received 2 daily injections of normal saline. The 2 
precursor drugs, 5-HTP and  L -DOPA, were prepared daily (fine 
suspension in normal saline) and injected intraperitoneally
(5 mg/100 g body weight/day) in 0.1 ml solution over a period of 
13 days. Mice of both study groups received the serotonin precur-
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sor (5-HTP) at 08:   00, and the dopamine precursor ( L -DOPA) at 
different time intervals in the 2 groups, i.e. at 16:   00 or 20:   00, so as 
to establish 8- or 12-hour phase relations, respectively, between 
the 2 injections. These doses of 5-HTP and  L -DOPA (Sigma Al-
drich, St. Louis, Mo., USA) have been reported to increase the 
brain content of serotonin and dopamine, respectively, in rats 
 [29–31] . Since the neurotransmitters serotonin and dopamine 
cannot cross the blood-brain barrier, but their precursors can, 5-
HTP and  L -DOPA were used  [31] . 

  During the treatment period, mice were maintained under 
continuous light (LL dim ) so as to avoid possible photoperiodic in-
terference of the light-dark cycle with the entrainment of neural 
oscillations by the administration of the drugs. After an injection 
period of 13 days, all the groups were transferred back to a 12-
hour light:12-hour dark photocycle (lights on at 08:   00 and off at 
20:   00 by an automatic timer) to allow them to mature further un-
der controlled conditions; the mice were weighed weekly. Twenty-
four days after the last injection, when the mice were 58 days old, 
they were anesthetized and treated as described for study I. The 
length and width of the left testis was measured in situ with dial 
calipers, and the testicular volume was calculated using Bisso-
nett’s formula (4/3)  �   ab  2  ( a  = 1/2 of the long axis;  b  = 1/2 of the 
short axis)  [8, 9] . Histological sections of the testis were viewed 
under a microscope (Axioskop 2 Plus; Carl Zeiss, Oberkochen, 
Germany), and images were captured with a digital camera. Sem-
iniferous tubule diameter was determined in randomly selected 
sections (10 per mouse testis) by using the image analyzer soft-
ware Motic Images 2000 version 1.3. 

  To determine the percentage of affected seminiferous tubules, 
all the tubules from 10 randomly selected sections of the testis 
from 5 mice of each group were counted  [32] . The seminiferous 
tubules were considered affected if they showed any of the follow-
ing details: intraepithelial vacuolation; exfoliation of germ cells; 
degenerated appearance of germ cells; loosening of germinal epi-
thelium; tubules showing presence of spermatids of different stag-
es of the spermatogenic cycle in the same tubule; marginal 
 condensation of chromatin in round spermatids; occurrence of 
germ cells and tubules lined with only Sertoli cells and rare germ 
cells  [33] . Following quantification/scoring of the spermatogenesis 
(where germ cell association or stages were divided into 3 main 
stages: early stage (I–VI); middle stage, i.e. the stage just before 
sperm release (VII–VIII); and late stage (IX–XII)  [34] ), it was 
found that the percentage of affected seminiferous tubules in-
creases during suppression/atrophy of the testicular function 
when the number of germ cells of the middle stage decreases  [14] . 

  Radioimmunoassay  
 A radioimmunoassay (RIA) of plasma testosterone was per-

formed using a commercial RIA kit (Immunotech, Marseille, 
France) according to the manufacturer’s instructions. The antise-
rum used in the assay was specific for testosterone; cross-reactiv-
ity was less than 0.03% with estradiol, 0.03% with progesterone, 
0.01% with dehydroepiandrosterone, and 0.6% with androstene-
dione. Sensitivity of the assay was 0.025 ng/ml. The intra- and 
inter-assay coefficients of variation were 14.8% and 15%, respec-
tively.

  Immunohistochemistry of RFRP-3 
 Immunohistochemistry was performed using the method of 

Sternberger and Sternberger  [35]  with some modifications  [36] . 

Brains, dissected after whole body perfusion, were post-fixed as 
described in study I, and then passed through a graded series of 
alcohol and embedded in paraffin wax. Coronal sections of the 
brain (6  � m) were deparaffinized in xylene, rehydrated and rinsed 
in PBS. For the immunohistochemistry of RFRP-3, endogenous 
peroxidase activity was eliminated from the sections by incuba-
tion with 0.3% H 2 O 2  in absolute methanol for 20 min. After block-
ing nonspecific binding components with 5% normal goat serum 
in PBS for 1 h at room temperature, the sections were immersed 
in the primary antiserum raised against quail GnIH  [14]  at a
dilution of 1:   1,000 for 16–20 h at 4   °   C. Slides were rinsed in PBS 
(0.02  M , pH 7.4) and incubated with 1:   1,000 dilution of horserad-
ish-peroxidase-conjugated secondary antibody, followed by an-
other set of washes. Sections were then incubated for 1 h in avidin-
biotin complex (Vectastain Elite Kit, Vector Laboratories, Burlin-
game, Calif., USA). The resulting complex was visualized using 
0.03% 3,3�- diaminobenzidine in 0.05  M  Tris-HCl (pH 7.4) with 
0.03% H 2 O 2  for 10–20 min. After washing with Tris-HCl, the 
staining was stopped by washing in distilled water. Sections were 
dehydrated through an ethanol series, cleaned in xylene and 
mounted using DPX (a mixture of distyrene, a plasticizer and xy-
lene). Slides were viewed under a Carl Zeiss Axioskop 2 Plus mi-
croscope, and images were captured using a digital camera. For 
negative control, slides were treated with PBS only instead of 
GnIH antiserum (specific for RFRP-3, the specificity has been 
checked by a competitive ELISA).

  Image Analysis 
 The total number of immunoreactive RFRP-3 cell bodies in 

the DMH was counted automatically using a  ! 20 objective lens 
and MacBiophotonics ImageJ software. The sections were divided 
into series, and just 1 of these was counted. Once images of these 
series containing RFRP-3 neurons were captured, background 
threshold levels were adjusted to allow for automatic counting of 
 ir -neurons (not fibers) in these sections by the software package. 
In addition, the ImageJ software placed a dot on each neuron 
counted, allowing the observer to verify accuracy during the 
counting process.

  For measurement of the RFRP-3 neuronal area (visible immu-
noreactive area), sections containing the highest density of RFRP-
3 cells were selected. Using a  ! 100 objective lens in 1 plane of 
focus only, 5 cells nearest to the centre of the screen that were in 
focus had their perimeters traced using a mouse with image ana-
lyzer software (Motic Images 2000 version 1.3). The fibers sprout-
ing from the cell body were excluded by continuing tracing in an 
arc defined by the perimeter of the cell body on either side of the 
region that the fibers emanated from (i.e. continuing as if the fiber 
was not present and the cell body was uniform in shape at the fi-
ber’s origin). This provided a measure of the area of each cell, 
which was stored and used in the later analysis. If the whole pe-
rimeter of a cell body was not clearly visible, then that cell was not 
measured. Up to 50 randomly selected cells in each brain were 
measured in this way. For analysis, the cell body area was aver-
aged within a group. 

  Statistical Analyses 
 For study I, data was analyzed using a non-parametric Mann-

Whitney test for RFRP-3 neurons. For study II, one-way ANOVA 
followed by Dunnett’s test were conducted to assess the effects
of treatments on different parameters/variables (such as body 
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weight, testicular volume, seminiferous tubule diameter, affected 
seminiferous tubules – based on testicular histology). RFRP-3 
neuronal area and numbers were analyzed by two-way ANOVA 
with replication followed by post-hoc measurement (Duncan’s 
test) in both studies. Significance was assumed at the level of p  !  
0.05. 

  Results 

 Histologically, transverse sections of the testes of im-
mature mice showed only spermatogonial cells and sper-
matocytes in the smaller seminiferous tubules. Contrari-
ly, the complete spermatogenic complement was present 
in the enlarged seminiferous tubules of the testes of ma-

ture mice with spermatozoa attached to the spermatids. 
In the triangular intertubular spaces, only a few dispersed 
Leydig cells were seen in immature mice testes, while 
those cells showing hypertrophy were more abundant 
and arranged in compact clumps in mature mice ( fig. 1 ). 

  Coronal sections passing through the DMH nuclei 
showed dense populations of RFRP-3 neurons in the sex-
ually immature mice compared to the mature mice. The 
number of  ir -neurons and immunoreactivity were also 
higher in immature mice compared to controls. The neg-
ative control slide (without primary antibody) showed 
the specificity of the immunostaining. The area of the 
RFRP-3 neurons also decreased in mature mice when 
compared to immature ones ( fig. 2 ).

a b

c d

e f

Immature Mature

  Fig. 1.   a ,  b  Silver-stained transverse sec-
tion of the testis.  c ,  d  High magnification 
of the seminiferous tubule. Note an in-
creased size of seminiferous tubules (show-
ing full breeding condition with all the 
stages of spermatogenesis with spermato-
zoa) in the sexually mature mice, as com-
pared to the immature mice.  e ,  f  Increased 
number and active condition of Leydig 
cells (arrows) in the intertubular space of 
mature mouse testis. 
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  In study II, body weight gradually increased in all the 
groups with age; however, at the termination of the study, 
it was lower in 8-hour mice as compared to the controls 
( fig. 3 a). Testicular volume decreased in 8-hour mice, but 
no change was observed in the 12-hour mice when com-
pared to controls ( fig. 3 b). In contrast, plasma testoster-

one concentration decreased in 8-hour and increased in 
12-hour mice ( fig. 3 c). Further, when compared to the 
control mice, testicular histology of the 8-hour mice 
showed degenerated structures. Some seminiferous tu-
bules showed complete absence of a defined structure, 
and some tubules appeared atrophic, showing intraepi-
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  Fig. 2.  Low- and high-magnification coronal sections through the 
DMH showing the negative control (i.e. not treated with GnIH 
antiserum;  a ,  b ), and the localization of  ir -RFRP-3 neurons in the 
sexually immature ( c ,  d ) and mature ( e ,  f ) mice. V3 = Third ven-

tricle; VMH = ventromedial hypothalamus; DMH = dorsomedial 
hypothalamus. The histograms show  ir -RFRP-3 neuronal area ( g ) 
and the number of  ir -RFRP-3 neurons in the DMH ( h ). Values are 
means  8  SE.  *  *  *  p   !   0.001 vs. immature mice.  
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thelial vacuolation. Other tubules were apparently still 
normal, but with reduced layers of the seminiferous epi-
thelium containing pycnotic nuclei. Presence of desqua-
mation in the enlarged lumen and enlarged interstitial 
spaces was also apparent in the testis of 8-hour mice. The 
seminiferous tubules of the 12-hour mice showed full 
breeding condition, with all the successive stages of trans-
formation of spermatogonia into spermatozoa. In con-
trast to the control and 12-hour mice (where the Leydig 
cells were more abundant and arranged in compact 
clumps), in the testis of 8-hour mice, only a few dispersed 
Leydig cells with small and pycnotic nuclei were seen in 
the triangle intertubular region between the seminifer-
ous tubules ( fig. 4 ). When analyzed quantitatively, a sig-
nificant reduction was noted in the diameter of the 
 seminiferous tubules of 8-hour mice testes compared to 
controls ( fig. 5 a). Further, the percentage of affected sem-
iniferous tubules in the testes of 8-hour mice was signifi-
cantly higher than in control mice ( fig. 5 b).

  Coronal sections of the brain showed increased im-
munostaining in the DMH neurons of 8-hour mice, 
which decreased in the 12-hour mice, compared to the 
control. Furthermore, significant increases in the neuro-
nal area and number were also observed in the 8-hour 
mice, while these decreased in the 12-hour mice, com-
pared to the control ( fig. 6 ).

  Discussion 

 GnIH, a hypothalamic peptide, is well-established as 
a regulator of gonadotropin secretion from the pituitary 
gland. GnIH and its orthologs, the RFamide-related pep-
tides, directly inhibit gonadotropin synthesis and release 
from the pituitary gland in birds and mammals  [15, 17, 
22] . To study the functional aspects of RFRP-3 during 
different reproductive conditions, the expression and 
correlation of RFRP-3 with gonadal function was studied 
in control (prepubertal and postpubertal) and simulated 
breeding conditions in male mice. The present findings 
indicate that administration of 5-HTP and  L -DOPA at 
specific time intervals (8 or 12 h) not only altered the tes-
ticular activity (spermatogenesis and plasma testosterone 
profile), but also induced simultaneous changes in the 
RFRP-3 neurons of DMH nuclei. 

  The present findings indicate that mice treated with 
5-HTP and  L -DOPA at 8-hour intervals, in addition to a 
decrease in body mass, showed suppression of testicu-
lar growth, spermatogenesis, steroidogenic activity (Ley-
dig cell atrophy) and plasma testosterone concentration, 
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  Fig. 3.  Body weight response ( a ), testicular volume ( b ) and plasma 
testosterone concentrations ( c ). Values are means                      8  SE.  *  p  !  
0.05,  *  *  *  p  !  0.001 vs. control.     



 Gonadal Development and RFRP-3 
Neurons in Mice 

Neuroendocrinology 2010;91:189–199 195

when compared to the control. On the other hand, an in-
creased degree of testicular activity was noted in the 12-
hour mice. These gonadal responses indicate that in con-
tinuous breeders the 8-hour relation of serotonergic and 
dopaminergic oscillations may lead to the suppression of 
gonadal growth and related changes, while the 12-hour 
relation may accelerate gonadal growth. In spite of the 
fact that both groups of mice received the same dose of 
5-HTP and  L -DOPA, the response was different (almost 

opposite) between the groups. Hence, it is quite reason-
able to suggest that temporal phase relation of neural os-
cillations, as in the case of seasonal gonadal development, 
may also influence reproductive development in prepu-
bertal mice as a function of their time relation. It is also 
obvious that the 12-hour relation of circadian serotoner-
gic and dopaminergic oscillations, when established in 
mice at an early stage, accelerated the rate of gonadal 
growth and spermatogenesis. It is quite possible that with 

Control 8-hour 12-hour

a b c

d e f

g h i

  Fig. 4.  Silver-stained transverse sections of the testes of mice un-
der low ( a–c ) and high magnification ( d–i ). Note atrophic chang-
es in 8-hour mice ( b ,  e ) compared to the control group ( a ,  d ), i.e. 
suppression of gametogenic activity with few layers of spermato-
gonia having pycnotic nuclei and enlarged/empty lumen in the 

seminiferous tubules. An increased degree of spermatogenic ac-
tivity is evident in 12-hour mice ( c ,  f ). An increased number and 
hypertrophy of Leydig cells (arrows) can be seen in 12-hour mice 
testes ( i ), while reduced numbers and atrophy are seen in 8-hour 
mice ( h ), compared to the control ( g ).                                       
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this short-term treatment, if started during the early stage 
of development, an 8-hour relation may completely mask 
the development of the reproductive system and the 12-
hour relation may induce either precocious sexual matu-
rity and/or hypergonadal function. 

  Varying effects of 5-HTP and  L -DOPA induced by 
different time intervals appear to be physiological and 
not pharmacological effects because: (1) in spite of re-
ceiving the same dose of the neurotransmitter precur-
sors, the response was different in the 2 groups of mice 
as a function of their time relation, and (2) in addition to 
affecting testicular function, 8- and 12-hour relations 
also induced opposite effects on the RFRP-3 neurons. 
Combining these 2 responses together, it is clear that de-
creased gonadal activity in mice correlates with increased 
RFRP-3 neuronal activity in DMH nuclei. This correla-
tion and gonadotropin inhibitory activity of RFRP-3 
neurons is strengthened by the observations of study I, 
where sexually mature mice exhibited fewer (and a de-
creased size of) RFRP-3 neurons in contrast to sexually 
immature mice. An inverse relationship between RFRP-
3 neurons and gonadal activity in both control and ex-
perimental conditions is quite evident. However, it may 
still be suggested (albeit based on indirect evidence  [24, 
37, 38] ) that an observed alteration in RFRP-3 neuronal 
activity following the administration of 5-HTP and  L -
DOPA at specific time intervals may be one of the vari-
ables affecting gonadal function in mice. Further, the 
role of the circadian mechanism (temporal phase rela-
tion of circadian neural oscillations/activities) in the re-
productive regulation (gonad and/or RFRP-3 neurons) 
observed in the present study is strengthened by the re-
cent report of Gibson et al.  [25] . These authors provided 

evidence for incorporating the RFRP system into the 
conceptual framework for the ovulatory machinery of 
some rodents, and perhaps other species. They suggested 
a neural route of communication from the SCN clock to 
an inhibitory peptidergic pathway. Together, these find-
ings point to novel circadian control of the RFRP system 
and its potential participation in the circuitry control-
ling ovulatory function.

  RFRP-3, similarly to GnIH, may inhibit gonadal de-
velopment and maintenance through a decrease in pitu-
itary gonadotropin synthesis and release, either directly 
or through GnRH neurons. Since increased gonadal ac-
tivity of 12-hour mice is correlated with suppressed 
RFRP-3 expression, and 8-hour mice showed decreased 
gonadal activity and a simultaneous increase in RFRP-3 
neurons, the concept of an inverse relation between the 2 
components (gonad and RFRP-3 activity) is strength-
ened. Moreover, since such a relationship exists under 
both control (normal gonadal maturation) and experi-
mental (simulated breeding) conditions, it is quite rea-
sonable to suggest that the circadian phase relation of 
neural oscillations, which regulates gonadal development 
(whether seasonal or during the attainment of puberty), 
is likely to produce its effect at the CNS/hypothalamic 
level, and RFRP-3 appears to be the main candidate for 
mediating such effects. Stress-induced suppression of 
sexual behavior in the adult male rat is reported to in-
volve RFRP-3 neurons  [39] , and may (indirectly) support 
our findings of the inverse correlation of RFRP-3 activity 
and reproductive functions.

  An electrophysiological study of GnRH neurons in 
male and female mice showed that RFRP-3 could exert 
rapid inhibitory effects on the firing rate of 41% of GnRH 
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  Fig. 5.  Seminiferous tubule diameter ( a ) and percentage ( b ) of affected tubules in the testis of 8- and 12-hour 
mice (for group details, see fig. 3). Values are means                                        8  SE.  *  p  !  0.05 vs. control.              
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neurons, with a small population of GnRH neurons (12%) 
showing an increased firing rate  [26] . This study strongly 
suggests that, at least in mice, RFRP-3 may act on GnRH 
cells to induce an overall inhibitory influence. This re-
port along with the report of Kirby et al.  [39]  also strength-

a b

c d

e f

ens our suggestion that the 8-hour induced gonado-sup-
pressive effect may be mediated through RFRP-3 neu-
rons, and, in prepubertal mice, higher expression of this 
peptide may be one of the underlying reason for repro-
ductive quiescence.
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  Fig. 6.  Low- and high-magnification coronal sections through the 
DMH showing                        ir -RFRP-3 neurons. Compared to the control ( a , 
 b ), there is an increased number and size of      ir -neurons in 8-hour 
mice ( c ,  d ) and a decrease in 12-hour mice ( e ,  f ). Increased im-
munoreactivity is also evident in the RFRP-3 neurons of 8-hour 
mice, a decrease in the 12-hour mice, as compared to the control. 

V3 = Third ventricle; VMH = ventromedial hypothalamus;
DMH = dorsomedial hypothalamus. Histograms show the RFRP-
3 neuronal area ( g ) and the number of RFRP-3 neurons in the 
DMH ( h ). Values are means        8  SE.  *  p  !  0.05,  *  *  p    !  0.01,  *  *  *  p  !  
0.001 vs. control.     
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