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Abstract
Successful reproduction requires precise temporal coordination among various endocrine and
behavioural events. The circadian system regulates daily temporal organization in behaviour and
physiology, including neuroendocrine rhythms. The main circadian pacemaker in mammals is
located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus. The SCN sends direct
efferents to the reproductive axis via monosynaptic projections to gonadotropin-releasing hormone
(GnRH) neurones. This communication generates circadian endocrine rhythms as well as the
preovulatory luteinizing hormone (LH) surge necessary for successful ovulation. One SCN
peptide thought to be important for the regulation of oestrous cycles is vasoactive intestinal
polypeptide (VIP). VIP neurones from the SCN contact GnRH cells, and these cells are
preferentially activated during an LH surge in rats. Unlike adult rats, prepubertal females do not
exhibit oestrous cycles, nor do they exhibit an LH surge in response to oestradiol positive-
feedback. The present study was undertaken to determine the extent to which the development of a
‘mature’ reproductive axis in female rats is associated with modifications in VIP contacts on
GnRH neurones. The brains of diestrus adult (approximately 60 days of age) and prepubertal (21
days of age) female rats were examined using double-label fluorescence immunohistochemistry
for VIP and GnRH, with light and confocal microscopy. Although the total number of GnRH-
immunoreactive neurones did not differ between adult and prepubertal females, adults had a
significant increase in the percentage of GnRH cells receiving VIP contacts compared to juveniles.
These data suggest that the development of reproductive hormone rhythms and oestrous cyclicity
may be, in part, due to modifications of VIP input to the GnRH system.
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In order to successfully reproduce, numerous physiological and behavioural events must be
precisely coordinated. For example, the timing of physiological events such as sex hormone
and gamete production, as well as pregnancy and parturition, must coincide with a particular
time of day or night and, for natural populations of animals, a specific time of the year. The
importance of the daily timing of endocrine events is underscored by the fact that there is a
great deal of interaction between the neuroendocrine and circadian timing systems (1).
Virtually all hormones measured to date show a pronounced circadian rhythm in production
and secretion that is abolished after destruction of the bilateral suprachiasmatic nucleus
(SCN), the main circadian pacemaker in mammals (1–4).

Central in this temporal organization in reproduction is the circadian regulation of the
oestrous cycle in female rodents. Numerous lines of evidence indicate that the circadian
system is essential for oestrous cyclicity, specifically for the generation of the preovulatory
luteinizing hormone (LH) surge (5–8). For example, the LH surge in rats requires a neuronal
signal that is only present during a specific limited daily interval (5). If this neuronal signal
is blocked (by barbiturate administration) the LH surge is delayed by 24 h, presumably due
to blocking of the time-specific neuronal signal initiating the LH surge (5). Evidence that
this daily neuronal signal is under circadian control comes from studies in which animals
that are ovariectomized and treated with oestradiol exhibit daily LH surges (7, 8). Lesion
studies and those severing neural output from the SCN confirm that this daily signal is
generated by neural efferents from the circadian clock (9, 10).

The precise mechanisms regulating the timing of the preovulatory LH surge and generation
of oestrous cycles have not been fully elucidated. However, several lines of evidence
suggest that direct monosynaptic projections from the SCN to GnRH neurones may play an
important role in the temporal coordination of the reproductive axis necessary for successful
ovulation (11–13). Numerous neuro-active substances are localized to different subregions
within the SCN (14). Neurones in the ventral SCN contain vasoactive intestinal polypeptide
(VIP), and VIP cells regularly contact GnRH cell bodies and dendrites (11, 15). Importantly,
lesions of the SCN virtually abolish VIP contacts on GnRH neurones in adult female rats,
thereby establishing the SCN as the major source for this VIP input (11). These VIPergic
neurones synapse in a sex differentiated manner in the medial preoptic area, with females
exhibiting a greater number of contacts per neurone (13). GnRH neurones in female rats
contain VIP2 receptors (16), and manipulations of VIP lead to alterations in LH release (17–
19). Finally, GnRH neurones receiving innervation from VIP cells in the SCN are
preferentially activated (i.e. express Fos) during the LH surge (20), further suggesting a role
for VIP regulation of the timing of oestrus.

Puberty in female mammals is associated with a number of neuroendocrine developments,
including increased secretion of hormones of the reproductive axis and the onset of a diurnal
rhythm in GnRH and LH secretion and/or mRNA production with peaks occurring during
the night (21–26). Because VIP from the SCN has been established as an important source
of input to the neuroendocrine system to regulate oestrus, and oestrous cyclicity does not
develop until after puberty, the present study was undertaken to determine whether or not
the development of a ‘mature’, functional reproductive axis of female rats is associated with
alterations in VIP input to the GnRH neuronal system.

Materials and methods
Animals

Sprague–Dawley rats (Rattus norvegicus) were used in the present experiment. Animals
were purchased from Charles River (Wilmington, MA, USA). Immature females (n=5) were
purchased at 14 days of age together with their dams (n=5). Adult animals were purchased at
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approximately 40 days of age (n=5). All animals were housed in translucent propylene cages
(48×27×20 cm) and provided with access to food and water ad libitum for the duration of
the study. Animals were maintained in a colony room with a 24-h light/dark cycle (12 : 12 h
light/dark). The rooms were maintained at 23±1 °C. All animals were allowed a minimum of
a 1-week acclimation period prior to the onset of the experiment. All animal research in this
report was approved by Columbia University’s Animal Care and Use Committee.

Experimental procedure
Brains from juvenile rats were collected when the animals were 21 days of age. For adult
females, vaginal smears were taken daily for at least two consecutive cycles. Because
oestradiol concentrations throughout the oestrous cycle can affect neuronal structure (and
potentially connectivity between neurones) (27–29), adult females were killed on the
morning of diestrus I when oestradiol concentrations are at a minimum, allowing a more
valid comparison between adult and prepubertal female rats with low oestradiol
concentrations and adults (approximately 60 days of age).

To collect the brains, animals were deeply anaesthetized with sodium pentobarbital (200 mg/
kg) and perfused transcardially with 150 ml of 0.9% saline followed by 300 ml of 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) (pH 7.3). Brains were postfixed
in 4% paraformaldehyde for 2 h at 4 °C, then cryoprotected in 20% sucrose in 0.1 M PBS
overnight at 4 °C. Coronal sections (30 μm) were cut on a cryostat and collected into 0.1 M
PBS. The brain sections were processed as free-floating sections.

For simultaneous visualization of VIP and GnRH, every fourth, 30 μm section was double-
labelled using fluorescence immunohistochemistry. For visualization of GnRH, sections
were washed in PBS, incubated in 1% H2O2, and then incubated in normal donkey serum in
0.1% Triton X-100 (PBT) for 1 h. Sections were then incubated for 48 h at 4 °C in guinea-
pig anti-mammalian GnRH (antigenic determinants are amino acids 6–10; Advanced
Chemtech, Louisville, KY, USA) diluted at 1 : 10 000 with 0.1% PBT. Following incubation
in the GnRH antibody, cells were labelled using Cy-3 donkey anti-guinea-pig (Jackson
Laboratories, West Grove, PA, USA) as the secondary antibody/fluorophore. Following
labelling for GnRH, sections were incubated for 48 h in a rabbit anti-VIP antibody
(Peninsula, San Carlos, CA, USA) diluted 1 : 20 000 with 0.1% PBT. VIP cells were
labelled with Cy-2 donkey antirabbit (Jackson Laboratories) as the secondary antibody/
fluorophore. Sections were mounted onto gelatin-coated slides and coverslips were applied.
For control experiments, one antibody was eliminated (i.e. VIP or GnRH) and all other steps
were followed as previously described.

Light microscopy
GnRH cell counts and VIP contacts on GnRH cell bodies were investigated using a Nikon
Eclipse E800 microscope. Sections were examined using the standard wavelengths for Cy-2
(488 nm) and Cy-3 (568 nm). Every fourth section from the medial septum to the caudal
aspect of the anterior hypothalamus was evaluated. Specifically, the medial septum/diagonal
band (MS/DBB), medial and lateral preoptic areas (POA) and the anterior hypothalamus,
were investigated. Cells were counted beginning with the septal population (i.e. evaluating
sequential sections and beginning counts when the first cells were seen). The beginning of
the POA was defined as the first brain section in which the OVLT was apparent. The
transition from the POA to the anterior hypothalamus was defined as the first section in
which VIP fibre staining was seen in the SCN. GnRH cells counts were made and putative
axosomatic contacts of VIP fibres on GnRH soma were screened at ×200. Contacts were
assessed at ×400 and ×1000. A contact was scored only if a VIP bouton-like structure was
observed in close proximity to a GnRH cell body (with both the bouton and cell body being
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in the same plane of focus), and with examination of the fine focal plane revealing the
continuity of the VIP fibre. All contacts were digitally captured to further confirm VIP
contacts in 8 bit greyscale using a cooled CCD camera (SPOT; Morrel, Meville, NY, USA).
Each image was captured as a single image without moving the position of the stage or
plane of focus between captures. Images were superimposed digitally using SPOT software
(Morrel). All measurements were performed by an experimenter unaware of the
experimental group to which the animal belonged.

Confocal microscopy
Brain sections used for light microscopy were also used for the confocal scans in order to
confirm that the close contacts were on the same 0.5 μm plane. To this end, GnRH-
immunoreactive (GnRH-ir) cells from adult brains (n=8 cells from five animals) and cells
from prepubertal females (n=7 cells from five animals) with VIP contacts identified at the
light level were evaluated. An additional 24 GnRH cells (seven juvenile and 17 adult) with
no VIP contacts identified at the light level were investigated to determine if any of these
cells contained VIP contacts not identified at the light level. Cells were observed under a
Zeiss Axiovert 100TV fluorescence microscope (Carl Zeiss, Thornwood, NY) with a Zeiss
LSM 410 laser scanning confocal attachment. The sections were excited with an Argon-
Krypton laser using the standard excitation wavelengths for Cy-2 and Cy-3. Stacked images
were collected as 0.5 μm multitract optical sections (with sequential excitation by each laser
to avoid ‘cross-talk’ between the two wavelengths). Using the LSM 3.95 software (Zeiss),
red and green images of the sections were superimposed. Each cell was examined through
its entirety in 0.5 μm steps and axosomatic appositions were assessed.

Statistical analysis
GnRH cell count data and the percentage of GnRH cells contacted by VIP fibres were
analysed using 2×3 (age×brain region) analysis of variance (ANOVA). Because percentage
data are nonparametric, these statistics were performed on arcsin transformed values. For the
purposes of clarity, percent data (rather than transformed values) are depicted and discussed.
Age was treated as a between-group factor while brain region was analysed as a within
subject variable. Post-hoc comparisons for significant main effects were evaluated using the
Tukey-HSD test. P<0.05 was considered statistically significant.

Results
VIP contacts on GnRH neurones were readily identifiable at the light microscopic level.
Representative contacts for both adult and prepubertal animals are shown in Fig. 1. Overall,
adult animals exhibited a pronounced increase in the percentage (5.01±0.48) of individual
GnRH-ir neurones receiving VIP contacts compared to prepubertal female rats (1.41±0.33,
P<0.001) (Fig. 2). When the percent of GnRH neurones receiving contacts was analysed by
brain region, adult females had a greater percent of VIP contacts on GnRH neurones in all
brain areas investigated, including the MS/DBB (5.26±1.07 versus 2.49±0.77, P<0.05; for
adult and prepubertal females, respectively), POA (4.37±0.71 versus 0.69±0.27, P<0.01) and
anterior hypothalamus (5.33±1.51 versus 1.23±0.34, P<0.01) (Fig. 2). The total number of
GnRH-ir neurones, in every fourth section from the septum to the caudal aspect of the
median eminence, did not differ between adult (397.37±37.00), and prepubertal (454±49),
females (P>0.05) (Fig. 3). When analysed by brain region, the number of GnRH-ir cells did
not differ between adult and immature female rats in any brain region investigated (P>0.05
in each case) (Fig. 3).

Results from the confocal analysis confirmed that all cells with close contacts identified at
the light level (n=15 cells) were on the same 0.5 μm plane captured optically using confocal
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laser scanning, thereby supporting the findings at the light microscopic level. Random
GnRH cells (n=24 cells) without VIP contacts identified at the light level did not have
recognizable contacts when investigated at the confocal level at any 0.5 μm plane
throughout the course of the cells, suggesting that contacts were likely not overlooked at the
light microscopic level. Representative photomicrographs of the confocal scans in both adult
and juvenile animals are depicted in Fig. 1.

Discussion
The results of the present study suggest that the maturation of the reproductive axis
following puberty in female rats may be due, at least in part, to modifications in neuronal
input to the GnRH system. The present study provides evidence that VIP may play a role in
this process. More specifically, adult female rats have a pronounced increase in VIP contacts
on GnRH neurones compared to prepubertal females. This increase is not specific to a
particular subgroup of GnRH neurones, but a global change in the entire rostro-caudal extent
of the continuum in which GnRH perikarya are located (subdivided into the MS/DBB, POA
and anterior hypothalamus in the present study). These findings, combined with extensive
evidence that the SCN is critical for the generation of reproductive cycles in female rodents
(1, 6, 9, 10, 15) and VIP from the SCN communicates extensively with the GnRH system
(11, 15, 20), suggest that increased VIP input from neurones, likely originating in the SCN,
contribute to the development of a functional reproductive axis in female rats.

Confocal microscopy was used in the current study because it allowed us to scan the same
material investigated at the light level, but at a finer level of analysis. It should be noted that
laser scanning confocal microscopy is not adequate to identify true VIP synapses on GnRH
neurones; this type of analysis requires electron microscopy. However, the confocal analysis
allows optical scanning of 0.5 μm of tissue in a given image. As a result, high power
confocal scans showing a presumptive bouton contacting a cell body in the same 0.5 μm
plane provide strong support for a functional relationship between the fibre and the cell body
it is contacting.

The present findings are in agreement with previous studies demonstrating alterations in
synaptogenesis during or shortly after puberty, or as a result of hormonally accelerated
puberty. For example, oestrogen administration resulting in precocious puberty causes a
pronounced increase in synaptic area density in the arcuate nucleus of the hypothalamus
(30–32). Similarly, female rats exhibit an increase in spine density around the time of
puberty, with a dramatic decline in spine density occurring at 75 days of age (33),
suggesting that this change may be necessary for the induction of puberty but not the
maintenance of adult reproductive function. The present findings expand upon these
previous results by showing the involvement of a specific peptidergic phenotype
communicating with the GnRH system.

A smaller percentage of GnRH-ir cells receiving VIP contacts was detected in the present
study than previously reported (11, 15). Several methodological differences between this
and previous studies may account for this apparent discrepancy. First, the present study used
fluorescence immunohistochemistry, while previous studies used diamidobenzide (DAB)
combined with nickel-enhanced DAB to label the two antibodies. Fluorescence
immunohistochemistry has the advantage of allowing the visualization of one label at a time
(or both together), allowing the observer to more easily determine whether or not the GnRH
neurone and VIP bouton are in the same focal plane. In addition, previous studies counted
both axodendritic as well as axosomatic contacts (11, 15), while the present study evaluated
only axosomatic contacts. Because previous studies did not differentiate between the relative
contribution of axosomatic versus axodendritic contacts to total VIP contacts on GnRH
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cells, it cannot be determined if this difference in contact criterion accounts for difference
between results of the present study and previous studies of VIP contacts on GnRH cells.
Our confocal analysis extends previous light microscopy studies of VIP-GnRH contacts, by
lending further support to the fact that the cell and the fibre are in the same plane.

Although a relatively low percentage of GnRH neurones were found to receive VIP contacts
in the present study, this finding is consistent with previous studies of the GnRH system
(34–36), suggesting that alterations in input to a small number of GnRH cells is biologically
meaningful. One study of GnRH synaptic input reported one or fewer synapses per GnRH
cell in the rostral hypothalamus and POA of rats (36). In a subsequent study from the same
laboratory, axodendritic synapses were quantified, with approximately four synapses per
GnRH dendrite found in female rats; approximately three synapses were seen on each GnRH
cell body (37). In addition to the GnRH system being regulated by sparse neuronal input,
studies of hypogonadal mice (animals unable to produce GnRH), suggest that very few
neurones are required to regulate the reproductive axis (38, 39). For example, POA grafts
from wild-type mice, placed into the third ventricle of hypogonadal animals integrate with
the host brain, extend to the median eminence and restore reproductive function (i.e.
maintain gonadal size and gonadal steroid synthesis) (38, 39). Importantly, only a small
number of GnRH neurones are required to maintain reproductive function; successful grafts
contained as few as three GnRH neurones. Taken together, these findings demonstrate that
the GnRH system is modulated by minimal synaptic input and only requires a small number
of GnRH neurones to regulate and maintain reproductive function. Thus, the findings from
the present study showing a significant increase in VIP contacts upon GnRH neurones
suggests meaningful functional implications for developmental changes in the regulation of
the reproductive axis. However, these findings do not rule out the possibility that VIP may
play a more substantial role in regulating the reproductive axis indirectly by acting on other
systems that provide substantial modulation of the GnRH system.

To our knowledge, only one previous study has investigated age differences in VIP contacts
on GnRH neurones (20). In this work, no significant differences were seen in the percentage
of VIP contacts on GnRH cells in 29-day-old females compared to adult females. However,
at 29 days of age, although there is no apparent diurnal rhythm in LH in female rats (24),
oestradiol can have positive-feedback effects on the reproductive system (40). The finding
that there is positive-feedback to oestradiol in 29-day-old female rats suggests that the
timing signal coordinating the sensitivity of the GnRH system to oestradiol positive-
feedback is functioning at this age. The present study compared younger (i.e. 21 days old)
female rats to adult animals. Thus, the present findings, in combination with previous
findings in 29-day-old female rats, suggest that VIP contacts on GnRH cells form primarily
between 21 and 29 days of age.

Recent findings suggest that vasopressin, another SCN peptide localized primarily to the
dorsomedial SCN, may also be involved in the regulation of the preovulatory LH surge (41,
42). For example, in organotypic cocultures containing both the SCN and the medial
preoptic area, GnRH exhibits a daily rhythm that is in phase with the rhythm of vasopressin,
but not VIP (42). Similarly, in SCN-lesioned rats, vasopressin administration into the
MPOA causes an LH surge, while SCN-lesioned animals not given vasopressin exhibit
constant basal levels of LH (41). Although these data suggest an important role for SCN-
derived vasopressin in the modulation of the LH surge, these findings do not rule out a role
for VIP. As mentioned previously, GnRH neurones receiving innervation from VIP cells in
the SCN are preferentially activated (i.e. express Fos) during the LH surge (20). Likewise,
application of VIP antisense into the SCN, or peripheral administration of antiserum directed
against VIP, leads to a suppression of the LH surge in ovariectomized, oestradiol-treated rats
(17). The findings of a role for VIP in regulating the LH surge, combined with data
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indicating a stimulatory role for vasopressin, suggest that both of these SCN peptides may
normally act in concert to precisely coordinate the timing and generation of the LH surge.
Together with the results from the present study, these findings suggest that the development
of the reproductive axis in female rats may be, at least in part, a result of alterations in VIP
(and possibly vasopressin) input to the GnRH system.
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Fig. 1.
High-power light photomicrographs of representative interactions between vasoactive
intestinal polypeptide (VIP) and gonadotropin-releasing hormone (GnRH) neurones in both
(A) prepubertal and (B) adult female rats (section thickness=30 μm). Confocal microscopy
photomicrographs of 0.5 μm optical sections of representative interactions between VIP and
GnRH neurones in both (C) prepubertal and (D) adult female rats. Red (GnRH) and Green
(VIP) channels are separated in the confocal image (and shown together) to clearly indicate
the extent of VIP fibres on the same 0.5 μm plane as the GnRH cell body. Green=VIP;
Red=GnRH in all images.
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Fig. 2.
Mean±SEM percentage of gonadotropin-releasing hormone (GnRH) neurones contacted by
vasoactive intestinal polypeptide (VIP)-immunoreactive (ir) axons in prepubertal female rats
and adult females in diestrus. (A) Total percentage of brain GnRH-ir neurones contacted by
VIP-ir axons and (B) regional distribution of the percentage of GnRH-ir cells contacted.
*P<0.05, †P<0.01 prepubertal.
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Fig. 3.
Mean±SEM number of gonadotropin-releasing hormone (GnRH) cells in prepubertal and
adult females rats. (A) Total number of brain GnRH-immunoreactive (ir) neurones and (B)
regional distribution of the number of GnRH-ir cells.
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