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ABSTRACT
GnRH neurons form the final common pathway for central control

of reproduction, with regulation achieved by changing the pattern of
GnRH pulses. To help elucidate the neurobiological mechanisms un-
derlying pulsatile GnRH release, we generated transgenic mice in
which the green fluorescent protein (GFP) reporter was genetically
targeted to GnRH neurons. The expression of GFP allowed identifi-
cation of 84–94% of immunofluorescently-detected GnRH neurons.
Conversely, over 99.5% of GFP-expressing neurons contained immu-
nologically detectable GnRH peptide. In hypothalamic slices, GnRH
neurons could be visualized with fluorescence, allowing for identifi-
cation of individual GnRH neurons for patch-clamp recording and
subsequent morphological analysis. Whole-cell current-clamp record-

ings revealed that all GnRH neurons studied (n 5 23) fire sponta-
neous action potentials. Both spontaneous firing (n 5 9) and action
potentials induced by injection of depolarizing current (n 5 17) were
eliminated by tetrodotoxin, indicating that voltage-dependent sodium
channels are involved in generating action potentials in these cells.
Direct intracellular morphological assessment of GnRH dendritic
morphology revealed GnRH neurons have slightly more extensive
dendrites than previously reported. GnRH-GFP transgenic mice rep-
resent a new model for the study of GnRH neuron structure and
function, and their use should greatly increase our understanding of
this important neuroendocrine system. (Endocrinology 141: 412–419,
2000)

THE NEURONS THAT synthesize and secrete GnRH
form the final common pathway for the central regu-

lation of reproduction. GnRH stimulates the anterior pitu-
itary to secrete the gonadotropic hormones LH and FSH,
which subsequently induce gametogenesis and steroidogen-
esis. The pattern of GnRH in hypophyseal portal blood en
route to the pituitary is strictly episodic (1–5); the sole known
exception is the time of the preovulatory gonadotropin surge
in the female, when levels of the decapeptide are continuously
elevated for several hours (2, 5). The frequency and amplitude
of GnRH release are altered in response to numerous factors,
including steroid hormone feedback (2, 5), stress (6), nutrition
(7, 8), and photoperiod (9, 10). It is through changing the fre-
quency of GnRH release that these inputs alter reproductive
status both physiologically and pathologically.

Despite the importance of modulations in GnRH-pulse

characteristics to normal reproductive function, little is
known about the cellular and molecular mechanisms under-
lying episodic GnRH release. Study of these neurons has
been hampered by their rarity (600–2500 in the mammalian
brain) and by their scattered distribution from the diagonal
band of Broca through the medial basal hypothalamus (11).
These factors have made isolation and/or identification of
living GnRH neurons nearly impossible. To facilitate the
study of living GnRH neurons, we generated transgenic mice
in which the jellyfish reporter, green fluorescent protein
(GFP, 12–14), is genetically targeted to GnRH neurons. We
report here the initial characterization of this mouse model,
with regard to fidelity of transgene expression, morpholog-
ical assessment of intracellularly labeled GnRH neurons, and
basic electrophysiological properties of these neurons.

Materials and Methods
Transgene

A portion of the mouse GnRH promoter (23446 to 123, generously
provided by Dr. James Roberts, Mount Sinai School of Medicine, New
York, NY) was used to drive expression of a transgene consisting of the
B intron of rabbit b-globin (600 bp) as a splice donor/acceptor, the
coding sequence for enhanced GFP (CLONTECH Laboratories, Inc.,
Palo Alto, CA; 739 bp) and the polyadenylation signal from human GH
(627 bp). The transgene was excised from the plasmid by flanking
restriction enzymes, gel purified, resuspended in sterile 10 mm Tris
(pH 7.4) containing 0.25 mm EDTA, purified on an Elutip-D column
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(Schleicher and Schuell, Inc., Keene, NH), and the concentration ad-
justed to 2–5 ng/ml in the same buffer for injection.

Animals

Mice were maintained on a 14-h light, 10-h dark photoperiod with ad
lib access to standard chow (Harlan 7012, Bartonsville, IL) diet and water.
Transgenic mice were generated through standard pronuclear injection
of fertilized ova obtained from CBB6/F1 females (15). Transgenic off-
spring were identified through Southern dot blot analysis of DNA har-
vested from tail snips using a 32P-labeled GFP probe. All procedures
were carried out in accordance with the Animal Care and Use Com-
mittees of the University of Virginia and Colorado State University.

Immunofluorescence and immunocytochemistry

To determine the pattern of transgene expression, six F1 male and
female mice (age, 21–60 days) were anesthetized with sodium pento-
barbital (0.1–0.2 mg ip) and perfused through the left ventricle with 10
ml 0.1 m PBS (pH 7.4) containing 0.1% wt/vol NaNO3, followed by 40
ml 4% paraformaldehyde in the same buffer. Brains were removed and
postfixed in the same fixative 6–18 h, then infiltrated with 30% sucrose
in PBS with 0.1% NaN3 for cryoprotection. Coronal sections (40 mm)
were cut on a cryostat from the base of the olfactory bulbs through the
caudal extent of the mammillary bodies. Every sixth section was sub-
jected to immunodetection to locate GnRH peptide using slight modi-
fications of a previously described procedure (16). All reagents were
diluted in PBS (pH7.4) containing 0.4–1.0% vol/vol Triton X-100. Sec-
tions were blocked 1 h at room temperature in 4% vol/vol normal
donkey serum (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA), then incubated with LR1 anti-GnRH antibody (a generous
gift of Dr. Robert Benoit, McGill University, 1:20,000 in block, 48–96 h,
4 C). Sections were then incubated in biotinylated donkey antirabbit IgG
(1:200, 1 h, Jackson ImmunoResearch Laboratories, Inc.) followed by
avidin-Texas red (1:100, 1 h, Vector Laboratories, Inc., Burlingame, CA).
Sections were viewed with a Nikon (Garden City, NY) Microphot SA
with epifluorescence to determine overlap of GFP signal with GnRH
immunoreactivity. Images were captured with a Hamamatsu CCD cam-
era and Open Lab software. For morphology, additional sections were
prepared as above, with GnRH visualized by standard avidin-biotin-
horseradish peroxidase complex using nickel-enhanced diaminobenzi-
dine (Vector Laboratories, Inc.) as the chromogen.

Slices (200 mm) from electrophysiological work and control nonre-
corded slices were fixed with 4% paraformaldehyde overnight. Re-
corded slices were incubated with strepavidin-Cy3 (1:1,000, Jackson
ImmunoResearch Laboratories, Inc.) overnight at 4 C to confirm the
identity of recorded cells. Immunodetection of GnRH was performed
using the procedure detailed above, with an overnight extension of
secondary antibody and avidin-biotin-horseradish peroxidase complex
incubation at 4 C. For fluorescence detection of GnRH in recorded
sections, Cy5 conjugated secondary antibody (1:200, Jackson Immu-
noResearch Laboratories, Inc.) was used. For morphology, peroxidase
detection was performed as described above.

Morphological analyses

Morphological analysis was performed on dendrites defined by im-
munoperoxidase labeling of 40-mm sections and of control (unrecorded)
200-mm sections. Additionally, morphological analyses were performed
on dendrites defined by intracellular injection of biocytin into GnRH
neurons from which electrophysiological recordings were obtained,
with biocytin detected by peroxidase as described above. Sections were
mounted, dried overnight, dehydrated in increasing concentrations of
ethanol (70%–100%), cleared in xylene, and coverslipped with Per-
mount. Biocytin- and immunocytochemically-labeled neurons were
traced digitally using Neurolucida 2.1 (MicroBrightField, Inc., Colches-
ter, VT). Morphological data obtained from each section were averaged
and counted as a single observation for statistical purposes. Average cell
body area, average dendrite length, and number of dendrites per cell
were compared among groups by ANOVA and, if significant differences
were found, between groups with a two-tailed t test. Significance was
set at the P , 0.05 level.

Electrophysiology

Mice (21–68 days of age) were anesthetized with halothane and
decapitated. The brain was quickly removed and immersed in cold (122
C), oxygenated (95% O2-5% CO2) artificial cerebrospinal fluid (ACSF)
containing (in mm): NaCl (125), NaHCO3 (26), NaH2PO4 (1.25), MgCl2
(1), KCl (2.5), glucose (10), and CaCl2 (3), pH 7.3–7.4. The hypothalamus
was blocked with a razor blade, and 200-mm hypothalamic slices were
cut in the coronal plane using a vibrating microtome (Lancer 1000). Slices
were transferred to a warm incubator (32235 C) and continuously
incubated with oxygenated ACSF. Slices were incubated for at least 2 h
before recording. All slices used in these studies were from the preoptic
area and anterior portion of the hypothalamus, rostral to or at the level
of the anterior commissure. GFP-identified and non-GFP-expressing
neurons were recorded throughout this region; no regional differences
have thus far been discernible in the behavior of GnRH neurons.

Patch pipettes with resistances between 2.5–5 MV were pulled from
glass capillaries (id, 1.20 mm; od, 1.65 mm) with a Flaming Brown
microelectrode puller (Sutter Instruments, Novato, CA). Pipettes were
filled with a solution containing (in mm): K-gluconate (130), HEPES (10),
NaCl (1), MgCl2 (1), CaCl2 (1), EGTA (5), biocytin (5), adenosine triphos-
phate (2), and brought to pH 7.2–7.4 with KOH.

For recording, slices were transferred to a chamber mounted on the
stage of an upright microscope and continuously perifused with ACSF.
Cells were visualized using a 403 water-immersion objective. Recording
electrodes were visualized and guided to the cells of interest using an
automated microdrive (Sutter MP-285). To identify GFP-expressing neu-
rons, the slice was briefly illuminated with epifluorescence using fluo-
rescein filters. Current-clamp recordings were obtained using an Axo-
patch 1D amplifier (Axon Instruments, Foster City, CA) with filtering at
5 kHz. Data were digitized on-line with a Neuro-corder (DR-484, Neu-
rodata, Inc.) and stored on video cassettes for off-line analysis. During
electrophysiological recording, cells were filled with biocytin for sub-
sequent morphological analysis. To determine the role of voltage-de-
pendent sodium channels in action potential firing, GFP-identified
GnRH neurons were injected with 20 pA current pulses (1 Hz) in ACSF
and after a 5–10 min bath application of 1 mm tetrodotoxin (TTX in ACSF;
Sigma, St. Louis, MO ). The effect of 1 mm TTX on spontaneous firing was
also determined.

Results
Transgenic mice

Two founder animals were obtained that transmitted the
GnRH-GFP transgene through the germline. In transgenic
lines obtained from one of these, expression of GFP could be
detected in the medial preoptic area and hypothalamus (Fig.
1A). Reproductive characteristics of this line were normal, in
terms of age of vaginal opening (28 6 2 days), onset of fertile
cycles in females housed with immature males (55.8 6 3.3
days for heterozygotes, 60.8 6 6.4 days for homozygotes),
and litter size (7.8 6 0.6 pups, all values mean 6 sem).

Immunolabeling of GnRH peptide in fixed brain sections
from transgenic mice revealed a normal distribution of
GnRH-containing cell bodies and fibers from the diagonal
band of Broca through the medial basal hypothalamus (Fig.
1). The majority of GnRH cell bodies were in the preoptic area
just rostral to the crossing of the anterior commissure (Fig.
1A). Likewise, GnRH terminal fields in both the organum
vasculosum of the lamina terminalis (Fig. 1A) and the me-
dian eminence (not shown) appeared normal. Of the several
hundred GnRH neurons examined from each mouse, 84–
94% could be identified by their expression of the GFP trans-
gene. The remaining 6–16% did not express sufficiently de-
tectable amounts of GFP (e.g. Fig. 1B). Although GFP was
observed in the vast majority of GnRH cell bodies, its pres-
ence in processes was variable, i.e. considerably more GnRH-
immunopositive fibers than GFP-positive fibers were visible
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(Fig. 1, B–D). Thus far, we have observed only one cell that
exhibited GFP fluorescence in the absence of immunodetect-
able GnRH. This cell had a neuronal morphology with helical
processes and beaded varicosities that are characteristic of
GnRH neurons; thus, it likely represents a failure of our
immunofluorescent technique, rather than ectopic expres-
sion. The fidelity of GFP identification of GnRH neurons is
thus greater than 99.5% in this model system. Further, little
autofluorescence was noted in brain regions containing
GnRH neurons that would lead to mistaken identification of
a non-GnRH neuron as a GnRH neuron. No ectopic expres-
sion of GnRH-GFP was detected in the lateral septum, basal
ganglia, hippocampus, and cortex in the sections examined.

In living 200-mm hypothalamic slices, GFP-containing
GnRH neurons were readily distinguishable from non-GFP-
containing cells. In these slices, GFP was present throughout
the full extent of the perikarya, allowing the clear delineation
of cell boundaries, an important issue for sighted patch-
clamp recording. Enhanced-GFP is modified to have greater
expression and stability in mammalian cells. This has re-
sulted in greater amounts of protein and hence greater vis-
ibility of cells expressing GFP for longer durations (14). In our
model, this provided adequate time for cell localization, es-
tablishment of the whole-cell recording configuration and
multiple recording attempts from GnRH neurons in the same
slice. Following electrophysiological recording, slices were
fixed and the identity of the recorded cell confirmed by

detection of biocytin. In addition, the peptide phenotype of
the cell was determined by immunofluorescence for GnRH.
Cells which were identified by the GFP signal in slices and
confirmed as recorded with biocytin were invariably immu-
nopositive for GnRH (Fig. 2, n 5 18).

GnRH neuronal morphology

Morphology of GnRH neurons was assessed in cells that
were filled with biocytin during electrical recordings (200
mm). For comparison, 200-mm unrecorded sections were pre-
pared in an identical manner and stained for GnRH peptide
using standard immunoperoxidase. Morphology of neurons
in these 200-mm sections was compared with that of neurons
in thinner 40-mm sections stained for GnRH peptide with
immunoperoxidase. Cell tracings were quantified from 21
40-mm sections (average 12.9 cells examined/section), 16
200-mm immunoperoxidase sections (average 14.5 cells ex-
amined/section), and 18 biocytin-labeled neurons in 12
200-mm directly-labeled sections (average 1.5 cells exam-
ined/section). Representative examples of a biocytin-labeled
GnRH neuron (A) and immunolabeled GnRH neurons in
either 200-mm (B) or 40-mm sections (C) are shown in Fig. 3.
No difference was observed in cell body area using these 3
methods (Table 1). Intracellular labeling with biocytin re-
vealed a modestly increased, but significantly higher, num-
ber of dendrites on GnRH neurons than found in immuno-

FIG. 1. Visualization of GnRH neurons with GFP. A, Section through the preoptic area of fixed 200-um section, showing multiple GnRH neurons
visible through expression of GFP. GnRH neurons were detected by GFP through their normal anatomical range. B–D, Dual fluorescent imaging
of GFP and GnRH labeled with Texas Red. B, Preoptic area [note GnRH-positive cell not visualized by GFP (arrowhead)]. C, Anterior
hypothalamus over lateral optic chiasm (OC). D, Medial basal hypothalamus. In B–D, substantially more GnRH fibers are revealed by
immunofluorescence than presence of GFP. Bar 5 60 mm for A, 30 mm for B–D. OVLT, Organum vasculosum of the lamina terminalis.
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labeled material (Table 1). In addition, differences were
observed in mean dendritic length of intracellularly labeled
(biocytin) GnRH neurons. The majority of this difference in
length, however, could be accounted for by the difference in
section thickness, because dendritic length in 200-mm im-
munoperoxidase labeled sections was similar to that of di-
rectly labeled cells. The longest 2 processes measured from
biocytin-labeled GnRH neurons were 436.3 and 272.3 mm. In
contrast, the longest processes from immunolabeled material
were 119.2 and 83.3 mm in 40-mm sections and 138.8 and 124.8

mm in 200-mm sections. This suggests that direct labeling can
reveal longer dendrites than immunoperoxidase in 200-mm
sections; but in the plane of section available for work, this
difference was not significant. Despite an increased number
of dendritic processes, biocytin-filled GnRH neurons dis-
played the previously described simple morphology, with
few dendrites and little or no secondary branching (Refs.
17–19; Figs. 2 and 3).

Electrophysiology

Whole-cell current-clamp recording of GFP-identified
GnRH neurons revealed an average resting membrane po-
tential of approximately 265 mV (range, 251 to 289 mV; n 5
23; Table 2), which was not different from non-GFP-express-
ing neurons (range, 279 to 250 mV; n 5 18). Likewise, input
resistance, an index of cell integrity, was not different be-
tween GnRH (i.e. GFP positive) and non-GFP-positive neu-
rons (1.60 6 0.16 vs. 1.52 6 0.25 GV, Table 2). All GnRH
neurons studied fired spontaneous action potentials with an
amplitude of .60 mV (82.8 6 4.9 vs. 76.9 6 5.5 mV, Table 2).

FIG. 2. Triple label of recorded GnRH neuron. A, GFP signal (green) used to guide patch pipette. B, Biocytin detected with streptavidin-CY3
(yellow), identifying recorded cell. C, Immunodetection of GnRH with CY5-conjugated secondary antibody (red).

FIG. 3. Morphology of GnRH neurons labeled directly by biocytin injection followed by avidin-biotin-horseradish peroxidase reaction in 200-mm
preoptic slices (left). Morphology of GnRH neurons labeled indirectly using immunoperoxidase methods on 200-mM slices (center) and 40-mm
slices (right). Arrowheads indicate dendritic pathways traced for measurements shown in Table 1. Bar, 20 mm.

TABLE 1. Morphological characteristics of GnRH neurons labeled
intracellularly with biocytin (200-mm sections) and labeled
immunocytochemically (200-mm and 40-mm sections)

Cell body area
(mm2)

Mean dendritic
length (mm)

Number of
dendrites per cell

200-mm (biocytin) 89.80 6 11.04 124.81 6 35.55a 2.38 6 0.12b

200-mm (immuno) 85.80 6 1.61 101.68 6 4.7a 1.88 6 0.17
40-mm (immuno) 99.56 6 3.05 62.37 6 4.45 1.69 6 0.07

a P , 0.05 vs. 40 mm immunolabeling.
b P , 0.05 vs. all immunolabeling.
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GnRH neurons did not, however, fire continuously. Most
current-clamp recordings from GFP-identified GnRH neu-
rons revealed quiescent neurons with intermittent action
potentials (Fig. 4). Application of 1 mm TTX, which blocks

voltage-dependent sodium channels, completely eliminated
spontaneous action potentials (Fig. 5A). Further, in control
medium (ACSF), GnRH neurons fired repeated action po-
tentials in response to depolarizing current injection,
whereas 1 mm TTX blocked induction of action potentials in
GnRH neurons by current injection (Fig. 5B).

Discussion

Identification and study of living GnRH neurons have
been complicated by their sparse distribution throughout the
brain regions where they reside. By genetically targeting
expression of the endogenously fluorescent protein GFP to
GnRH neurons, we have generated an animal model that will
make numerous experimental approaches, previously con-
sidered untenable, possible in GnRH neurons. Using this
model, GnRH neurons were visualized from the diagonal
band of Broca through the medial preoptic, anterior, and
medial basal hypothalamus, with essentially a complete ab-
sence of ectopic expression. The fidelity of transgene expres-
sion in the present study is similar to another report of
GnRH-GFP transgenics (20). This seems to differ from other
GnRH promoter transgenics in which expression of the b-ga-
lactosidase gene in adult mice was evident in non-GnRH
peptide-containing cells (21).

Ours is the second report of transgenic mice in which GFP
has been targeted to GnRH neurons. The data we present
here support those of Spergel and co-workers (20) but also
extend and differ from this previous report in several im-
portant ways. First, the form of GFP used in the present
study, enhanced GFP, has been demonstrated to be synthe-
sized at higher levels in mammalian systems and thus pro-
duces a brighter and longer-lasting fluorescent signal than
the form used previously (14, 22). This is likely attributable
both to a mutation in enhanced GFP (rendering it more stable
at the body temperature of the mouse) and to the greater
extinction coefficient of enhanced GFP (14). Although direct
comparisons have not been made between these mice, the

TABLE 2. Electrophysiological characteristics of GFP-identified
GnRH neurons and non-GFP-containing neurons. Values are
expressed as mean 6 SEM. No significant differences were observed
between groups

Resting
potential

(mV)

Spike
amplitude

(mV)

Input
resistance

(GV)

GnRH (GFP1) 67.6 6 2.1 82.8 6 4.9 1.60 6 0.16
n 5 23 n 5 18 n 5 6

Non-GnRH (GFP2) 268.2 6 2.1 76.9 6 5.5 1.52 6 0.25
n 5 18 n 5 13 n 5 5

FIG. 4. GFP-identified GnRH neurons fire spontaneous action po-
tentials (current-clamp recording). Initial resting potential in this cell
was 270 mV. The cell depolarized to 255 mV and began to fire at 242
mV. The cell then returned to a resting potential of 263 mV. Maxi-
mum observed firing frequency for this cell was 4 Hz.

FIG. 5. TTX blockade of spontaneous (A) and current-induced (B) action potentials. A, Spontaneous action potential firing was blocked by the
addition of 1 mM TTX to the bath. The asterisk marks resumption of record after 5-min wash-in. B, Injection of depolarizing current (20 pA,
1 Hz) induced action potential firing in GnRH neurons in artificial cerebrospinal fluid (ACSF, top) but not in 1 mM TTX (middle). The
current-injection regimen is shown on the bottom.
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remarkably stable and bright GFP signal in our mice makes
identification and subsequent manipulations of identified
cells straightforward. Second, our animals are the first
GnRH-GFP mice for which the reproductive characteristics
have been reported. This is a critical point, because the goal
of this model is to study the function of GnRH neurons. If
GnRH neurons were compromised by expression of the
transgene, the fertility of the animals should be less than
normal. Despite the advantage of being able to identify
GnRH neurons with GFP, if these neurons are not function-
ing normally, one must call into question the properties
derived from these cells. The normal reproductive parame-
ters observed in our GnRH-GFP transgenic line attest to the
proper functioning of GnRH neurons in which GFP is ex-
pressed. A third difference is that all of the cells in the present
report were studied in whole-cell mode. Although Spergel
and co-workers performed some whole-cell recordings, most
of their findings were from nucleated patches, pulled from
GnRH cell bodies and removed from the slice to be studied
independently. This is a common way of examining the
pharmacological properties of cell membranes. Our primary
interest, however, is the function of the GnRH neurons in situ.
Our goal, therefore, was to use an approach that provides the
best opportunity to study the characteristics of individual
GnRH neurons in as physiological a setting as possible, the
hypothalamic slice.

Identification of living GnRH neurons in hypothalamic
slice preparations offers different approaches than can be
taken using existing model systems for studying GnRH neu-
rons. The GT1 and GN cell lines, developed by genetically
targeted tumorigenesis (23, 24), have been very useful par-
ticularly for biochemical approaches (reviewed in Ref. 25),
while having the further advantage of studying GnRH-de-
rived cells in the absence of other cell types. Despite their
utility, the GT1 and GN model systems have some limita-
tions. First, studies of developmental changes are precluded
using these models because they seem to maintain charac-
teristics of immature GnRH neurons (26, 27). Second, the
ongoing expression of the Simian virus 40 tumor antigen may
interfere with some differentiated functions. For example,
GnRH neurons expressing tumor antigen are unable to target
axons to the external layer of the median eminence as normal
GnRH neurons do (28). Third, study of mediators that affect
the afferent inputs to the GnRH neuron, such as from steroid-
receptor-containing neurons, cannot be accomplished in a
clonal cell line. Fourth, because of their clonal nature, GT1
and GN cell studies represent the behavior of one GnRH
neuron. Thus, if (as hypothesized; reviewed in Ref. 29) sub-
populations of GnRH neurons serve different functions, such
as the episodic and surge modes of release, this could not be
delineated with these model systems.

These limitations are avoided or minimized in the GFP-
identified cell, because multiple nontransformed GnRH neu-
rons can be studied in their local environment from animals
at different ages. Because most GnRH neurons can be iden-
tified through the GFP signal, experiments to determine
whether different subpopulations exist are possible. The
GnRH-GFP mouse is limited, however, as a model system for
biochemical investigations of the type facilitated by the GT1
and GN cell lines. In this regard, approaches such as single-

cell RT-PCR and protein methodologies in GFP-identified
GnRH neurons are being developed. Further, application of
fluorescent-activated cell-sorting to enrich the GnRH-GFP
neuronal population in primary cultures may assist with
these approaches (14, 30).

We have begun to characterize the GnRH-GFP transgenic
model system in two ways: morphologically and electro-
physiologically. Morphological analyses of GnRH neurons
thus far have relied on immunoperoxidase labeling. Direct
filling of these neurons with biocytin should provide a more
accurate picture of neuronal morphology, because immuno-
peroxidase relies on the presence of the peptide antigen for
delineation of cell boundaries. Thus, areas of the neuron that
exclude GnRH or contain low levels of the peptide (such as,
for example, dendrites) may not be visualized. Our data are
both the first characterization of GnRH neuronal morphol-
ogy based on direct, intracellular labeling with biocytin and
the first comparison of these different labeling techniques
within a population of neurosecretory neurons with a de-
fined peptide phenotype. When labeled with intracellular
biocytin, a small, but significantly greater, number of den-
drites per cell was evident than in immunolabeled material,
although the well-documented simple morphology of GnRH
neurons was observed. Directly labeled GnRH neurons had
processes that were, on average, double the length of those
of immunolabeled material from standard-thickness sections
(40 mm). A substantial portion of this difference in dendrite
length may be accounted for by the thickness of the section,
because the average dendrite length of immunolabeled
GnRH neurons in 200-mm sections was comparable with that
of directly labeled cells. Although the ability to track a den-
drite over greater distances is, in part, attributable to the
thicker sections, it should be noted that the longest dendrites
traced from directly labeled neurons were three to four times
the length of immunolabeled material of the same thickness.
Previous studies of immunoperoxidase-labeled material in
rats (31), sheep (32), and hamster (33) indicate that GnRH
neurons receive little synaptic input. The present data in
biocytin-labeled neurons suggest a more extensive neurobi-
ological substrate for synaptic impingement. It is unclear,
however, whether synaptic input at such extended distances
from the cell body would impact on neuronal firing because
of electrotonic decay.

With regard to function, live hypothalamic slices derived
from GnRH-GFP transgenic mice provide an excellent model
for studying single GnRH neuronal physiology. Patch-clamp
studies of GFP-identified GnRH neurons in hypothalamic
slices revealed spontaneous action potentials with ampli-
tudes (.60 mV) consistent with those of other hypothalamic
neurons (33). Likewise, resting potentials in these neurons
were comparable with those for nonfluorescent neurons in
the same slice (275 to 250 mV) and were within the phys-
iological range previously reported for preoptic area neurons
(34, 35) and other hypothalamic neurosecretory cells in the
arcuate, supraoptic, and paraventricular nuclei (36–38).
These findings suggest neither expression of GFP in GnRH
neurons nor the illumination required to identify them ad-
versely affects their viability. Study of GFP-containing GnRH
neurons and non-GFP-expressing GnRH neurons would be
most useful for comparison of the presently observed elec-
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trophysiological characteristics, but such recordings are ex-
ceedingly difficult to obtain. This consideration notwith-
standing, the GnRH neurons identified by GFP expression
seem to be similar to other neurons in the hypothalamus.

In the present study, spontaneous action potentials in
GnRH neurons, as well as those initiated in response to
depolarizing current injection, were eliminated in the pres-
ence of tetrodotoxin. These data indicate that action potential
firing in GnRH neurons involves sodium influx through
TTX-sensitive voltage-gated channels. Similar results have
been obtained in GT1–7 cells. Interestingly, these model
GnRH neurons also express calcium-dependent action po-
tentials mediated by low voltage-activated and high voltage-
activated calcium channels (39). In GnRH neurons derived
from the olfactory placode, however, more limited expres-
sion of such calcium-dependent currents was detected (40).
Further work is required to reconcile these findings and to
determine the role of voltage-activated calcium channels in
hypothalamic GnRH neurons.

The pattern of firing observed in thin-slice preparations is
different from that observed in two different models of cul-
tured GnRH neurons. GFP-identified GnRH neurons in the
present study did not fire continuously. Similar findings
were reported in another GnRH-GFP mouse model using the
hypothalamic thin-slice preparation (20). In contrast, cells in
two different cultured preparations fired continuously, with
only brief intervals (i.e. 10–20 sec) or complete absence of
quiescence (39, 40). Of interest in this regard, pacemaker
neurons from lobster stomatogastric ganglion in the intact
ganglion exhibit brief episodic firing or fire action potentials
when depolarized by their normal inputs (41). In contrast,
after 3–4 days in culture, most of these neurons fire bursts of
action potentials not seen in the intact ganglion. It is possible
that similar changes in electrophysiological characteristics
are induced in cultured GnRH neurons. If this were the case,
cultured GnRH neurons may not accurately reflect all firing
properties of hypothalamic GnRH neurons.

Our understanding of putative mechanisms linking elec-
trophysiological activity and GnRH release is minimal.
Whole-animal experiments have demonstrated GnRH re-
lease is episodic (1–5). Further, pulsatile LH release is well
correlated with extracellular electrical discharges (volleys of
multiunit activity) within the arcuate region of the hypo-
thalamus (42–44). The model system we describe here will
allow investigations of whether or not the pattern of action
potential firing at the single GnRH neuron level reflects the
intervals between multiunit activity, GnRH, and LH events.
In summary, the GnRH-GFP transgenic mouse provides a
model system for the high-fidelity identification and study of
GnRH neurons. Use of this model in tandem with contem-
porary electrophysiological and biochemical approaches will
greatly enhance our ability to investigate and understand
this critical neuroendocrine system.
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