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The secretion of LH is cued by the hypothalamic neuropeptide, GnRH. After delivery to the anterior pituitary gland via
the hypothalamic-pituitary portal vasculature, GnRH binds
to specific high-affinity receptors on the surface of gonadotrope cells and stimulates synthesis and secretion of the gonadotropins, FSH, and LH. In the current study, GnRH caused
acute and dramatic changes in cellular morphology in the
gonadotrope-derived !T3-1 cell line, which appeared to be
mediated by engagement of the actin cytoskeleton; disruption
of actin with jasplakinolide abrogated cell movement and
GnRH-induced activation of ERK. In live murine pituitary
slices infected with an adenovirus-containing Rous sarcoma

O

VULATION IS A FUNDAMENTAL event in reproduction. It requires a dramatic 20- to 30-fold surge of
LH released by the anterior pituitary into the peripheral
circulation to complete follicular maturation and induce the
release of the oocyte from a preovulatory follicle (1). The
secretion of LH from the pituitary is cued by the hypothalamic decapeptide, GnRH (2, 3). Secretion of GnRH from
hypothalamic neurons and its interpretation by gonadotropes in the pituitary are essential events for reproductive
competence in virtually all vertebrates (4).
Gonadotropes are characterized by their ability to mount
a cyclical pattern of hormone secretion that culminates in the
production of the preovulatory LH surge (5). These cells
display structural and functional plasticity throughout the
female reproductive cycle reflected as changes in the intracellular stores of LH and FSH, the relative abundance of
secretory granules (6), and process extensions in selected
cells within the pituitary at particular times during the estrous cycle (7–10). Also, gonadotropes may not be a homogeneous population of cells; the percentage of small, medium, and large or monohormonal and bihormonal
gonadotropes may differ according to stage of cycle (6, 9).
The GnRH receptor (GnRHR) is in the superfamily of
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virus-green fluorescent protein, selected cells responded to
GnRH by altering their cellular movements characterized by
both formation and extension of cell processes and, surprisingly, spatial repositioning. Consistent with the latter observation, GnRH stimulation increased the migration of dissociated pituitary cells in transwell chambers. Our data using live
pituitary slices are a striking example of neuropeptideevoked movements of cells outside the central nervous system
and in a mature peripheral endocrine organ. These findings
call for a fundamental change in the current dogma of simple
passive diffusion of LH from gonadotropes to capillaries in the
pituitary gland. (Endocrinology 148: 1736 –1744, 2007)

heptahelical G protein-coupled receptors. Upon ligand activation, agonist-occupied GnRHR couples to G!q/11, leading
to stimulation of phospholipase C, formation of inositol 1,4,5trisphosphate and diacylglycerol, elevation of intracellular
free calcium, and activation of one or more isoforms of protein kinase C (11, 12). These early events underlie GnRH
activation of ERK (13–15). More recently GnRH signaling to
MAPK appears to require localization of the GnRHR to lowdensity membrane microdomains termed lipid rafts (16). It
is also interesting that GnRH signaling to ERK in HEK293
cells appears to require actin polymerization (17).
Given the central role of GnRH in reproduction, significant
attention has been devoted to understanding the molecular
and cellular events that culminate in the biological responses
mediated by GnRHR. In the present study, we used an image-based approach to examine GnRH-evoked cell movements in the gonadotrope derived !T3-1 cell line, dissociated
pituitary cells, and finally live pituitary slices. Live video
microscopy experiments reveal that selected cells in dissociated pituitaries and live pituitary slices respond to GnRH
by altering movements reflected as both changes in spatial
positioning and formation of cellular processes. These data
directly demonstrate neuropeptide-evoked movements of
cells outside the central nervous system in a peripheral endocrine organ in real time.
Materials and Methods
Materials
Secondary antibodies, as well as those against p-ERK, and ERK-1
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
The anti-LH" antibody was purchased from National Institutes of
Health (National Hormone Peptide Program, Torrance, CA; NIDDKantirat-"LH-IC-2). Glass-bottom microwell dishes for confocal studies
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were obtained from Mat-Tek (Ashland, MA). The adenovirus containing
Rous sarcoma virus (RSV)-green fluorescent protein (GFP) was a generous gift from Dr. Wylie Vale (Salk Institute, La Jolla, CA). Jasplakinolide (Jas) and phorbol 12-myristate-13-acetate (PMA) were purchased
from Calbiochem (La Jolla, CA). The low-melt agarose (type VII-A),
GnRH, and antagonist (Antide) were obtained from Sigma (St. Louis,
MO). Vitrogen was purchased from Cohesion Technologies (Palo Alto,
CA). Transwells were purchased from Corning (Acton, MA). Alexa 594
or 488 conjugated phalloidin was purchased from Molecular Probes
(Eugene, OR).

Animals
Mice were maintained on a 14-h light,10-h dark cycle with free access
to rodent chow and water. For pituitary dissection, mice were anesthetized with ketamine (80 mg/kg) and xylazine (8 mg/kg) anesthesia.
Ewes were maintained in pens with ambient lighting and free access to
alfalfa and water. For pituitary dissection a follicular phase ewe was
killed under pentobarbital anesthesia. All experiments were carried out
in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and the Colorado State University Animal Care and Use Committee.

Cell culture
!T3-1 cells were maintained in high-glucose (4.5 g/liter) DMEM
containing 2 mm glutamine, 100 U/ml penicillin, 100 #g/ml streptomycin and 1! nonessential amino acids (Mediatech, Herndon, VA), with
5% fetal bovine serum and 5% horse serum (Gemini Bioproducts, Woodland, CA). !T3-1 cells were grown in 5% CO2 in air at 37 C in a humidified environment.

Phalloidin staining
!T3-1 were grown in a 10-cm dish containing six glass coverslips
coated with Matrigel (1:100; BD Biosciences, San Jose, CA). Before treatment with 100 nm GnRH and at various time points afterward, one
coverslip was removed from the dish and immediately fixed by submersion in 4% paraformaldehyde in PBS for 20 min at room temperature.
The coverslips were then rinsed twice with PBS and permeabilized for
10 min in 0.5% Triton X-100/PBS. After permeabilization, coverslips
were rinsed twice with PBS and blocked in 1% BSA/PBS for 20 min at
room temperature. Five microliters of Alexa-594 phalloidin were diluted
in 200 #l 1% BSA/PBS and applied to the cells for 20 min at room
temperature. Coverslips were then washed three times with PBS and
mounted on slides using Poly-mount (Polysciences, Inc., Warrington,
PA). Slides were imaged 48 h later using confocal laser-scanning microscopy (CLSM). The same procedure was followed for L"T2 imaging
except that the cells were plated on Matrigel (1:100 dilution) coated
glass-bottom microwell dishes and Alexa 488 phalloidin was used instead of Alexa 594 phalloidin.

Ovine pituitary dissociation
A follicular phase ewe was killed with an overdose of sodium pentobarbital, and the pituitary gland was removed aseptically. The pituitary was rinsed free of blood and cells dispersed enzymatically using
collagenase, hyaluronidase, and deoxyribonuclease at 37 C for 90 min as
previously described (18). Dissociated cells were then suspended in
culture medium [DMEM supplemented with 10% horse serum (Gemini
Bio-Products, Inc.), 2.5% fetal bovine serum, 1% nonessential amino
acids, 100 IU/ml penicillin, and 100 #g/ml streptomycin]. Cells (1 ! 106)
in 2 ml media were plated in glass-bottom microwell dishes and cultured
for 2 d at 37 C in a humidified atmosphere of 5% CO2.

ERK activation assays
A monolayer of !T3-1 cells (2 ! 105) in six-well tissue culture plates
were washed twice with PBS and incubated in serum-free DMEM for 3 h.
After serum starvation, cells were treated in the presence or absence of
1 #m Jas for 30 min. Either vehicle (0.1% dimethylsulfoxide), 100 nm
GnRH, or 100 nm PMA was administered for 30 min. Cells were washed
in ice-cold PBS and lysed in radioimmunoprecipitation assay buffer
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containing 20 mm Tris (pH 8.0), 137 mm NaCl, 10% glycerol, 1% Nonidet
P-40, 0.1% sodium dodecyl sulfate (SDS), 0.5% deoxycholate, and 0.2 mm
phenylmethylsulfonyl fluoride. Then 6 ! sample buffer [300 mm TrisHCl (pH 6.8), 60% glycerol, 30 mm DTT, 6% SDS] was added to yield a
final concentration of 1!. Aliquots (15 #l) of each lysate were heated to
95 C for 5 min and subjected to SDS-PAGE and Western analysis.
Nitrocellulose membranes were incubated for 2 h with a phospho-ERK
antibody (1:1000 dilution) followed by a 2-h incubation with a 1:2000
dilution of horseradish peroxidase-conjugated secondary antibody.
Phospho-ERK blots were then stripped at room temperature with 100
mm 2-mercaptoethanol, 2% SDS, and 62.5 mm Tris-HCl (pH 6.7) and
heated to 50 C for 30 min. After stripping, membranes were washed
twice for 15 min with Tris-buffered saline and blocked with 5% milk for
1 h and then reprobed with a 1:10,000 dilution of an anti-ERK-1 antibody
that recognizes ERK-1 and ERK-2 independent of phosphorylation state.
After washing in Tris-buffered saline, blots were incubated with a 1:2000
dilution of antirabbit horseradish peroxidase and immunoreactive
bands were visualized by chemiluminescence.

Ex vivo slice preparation
Ex vivo slice preparation was similar to that previously reported (19).
Murine pituitaries were dissected in cold Krebs’ solution (NaCl 12.6 mm;
KCl 0.25 mm; CaCl2 0.25 mm; MgCl2 0.12 mm; NaH2PO4 0.12 mm; glucose
11 mm; NaHCO3 25 mm) and embedded in 8% agarose (type VII-A;
Sigma; maintained as liquid at 39 C) for sectioning at 200 #m in the
horizontal plane. Slices intended for use in video microscopy were
individually placed on glass-bottomed culture dishes (Mat Tek) that had
been previously coated in poly-d-lysine and collagen (Vitrogen 100;
Cohesion). Slices were infected with RSV-GFP using total viral titers of
4 ! 109 (approximately 5 #l placed directly on top of the slice) and left
for 1 h at 36 C at high humidity. Slices were then covered with more
Vitrogen to prevent slice movements during video microscopy before
the addition of the final media [glutamate supplemented phenol red-free
Neurobasal " B27 supplement and penicillin (134 U/ml) and streptomycin (0.13 mg/ml)].

Video microscopy
For 1–3 d after infection, the slices were observed using time-lapse
video microscopy. Images were acquired at 5-min intervals. Slices were
maintained at 36 –37 C for the duration of the video and supplied with
continuous feed of 5% CO2 in air. Images were captured on a TE-200
inverted microscope (Nikon, Tokyo, Japan) equipped with a 20 ! PlanApo objective, Spot SE-6 interline transfer camera, and LUDL shutter
system controlled by MetaMorph software (version 6.2; Universal Imaging Corp., Downingtown, PA). The system recorded three image
planes spaced 5 #m apart, from which a maximal projection image was
used to visualize fluorescing cells in a focal range covering 10 #m. To
establish a baseline of motion, 1.5 h of time-lapse video was recorded for
each slice before the addition of GnRH. PBS vehicle was also added at
the beginning of each 30 min of baseline to control for effects of mechanical stimulation. After this period of baseline video, slices were
treated with GnRH peptide every 30 min at a final concentration of 100
nm for up to 2 h. After viewing, each slice was fixed in 4% paraformaldehyde for at least 15 min at room temperature and stored in 0.1 m
phosphate buffer until used for immunocytochemistry (ICC).

Video analysis
Images were analyzed for the presence of moving cells using the
built-in z-projection and point tracking packages of MetaMorph (Universal Imaging). To track whole-cell motion, the center of each cell of
interest was marked for each frame throughout the entire video sequence. Major characteristics of interest described in more detail previously (19) were the velocity, frequency of qualifying movement (velocity greater than 12 #m/h), and frequency of turning behavior. To
quantify process extension, a line was drawn across the greatest distances between any two points on the border of the cell of interest for
each frame. Frame-to-frame differences in line length reflect process
extension or retraction. Characteristics of interest were speed of extension/retraction, total and maximum distance of extension, and probability of extension related to treatment.
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Whole-mount ICC

Statistical analysis

The immunocytochemical procedures were as described previously
(19). Briefly, slices were first pretreated to enhance permeability and
decrease background. Slices were then exposed to an anti-LH" antibody
(1:1250) in 0.05M PBS containing 5% normal goat serum and 0.3% Triton
X-100 for at least 6 d. For visualization, slices were incubated overnight
with CY3-conjugated anti-guinea pig IgG secondary antibodies (1:500).
After washing in PBS, slices were mounted on glass slides and coverslipped using VectaShield mounting media (Vector Laboratories, Burlingame, CA) for fluorescence viewing.

Data (see data in Fig. 7) and values reported for serum concentrations
of LH were analyzed by paired t test (proc: t test) (SAS Institute, Cary,
NC) with alpha # 0.05. Data (see data in Fig. 6) were analyzed by
repeated-measures ANOVA for baseline vs. time periods after GnRH
treatment (one time point for cell movements and three for processes).
Because data were not collected for later time points for every cell when
examining cell motion, a one-way ANOVA comparing across time
points was also used.

Modified Boyden chamber assay (transwells)
Dissociated ovine pituitary cells were incubated in serum-free medium for 2 h and harvested with 1 ! trypsin. After centrifugation, the
cell pellet was suspended in serum-free DMEM and 100,000 cells were
seeded in the upper chamber of the transwell. For those wells that
received GnRH treatment, 100 nm GnRH were added to cells in the
upper chamber. Lower chambers were administered serum-free DMEM
or serum-free DMEM containing 100 nm GnRH. Each treatment was
done in duplicate for each of three replicates. Cells were then incubated
overnight in 5% CO2 at 37 C in a humidified environment. Analysis of
cell migration was performed as previously described (20).

Results
GnRH binding leads to rapid and transient morphological
changes in !T3-1 cells

We (21) previously constructed an !T3-1 cell line that
stably expresses an enhanced yellow florescent protein
(CLONTECH, Palo Alto, CA) tagged GnRHR. In this analysis, cells were imaged by CLSM before GnRH treatment
(Fig. 1A) and at 1-min intervals for 35 min after addition of
GnRH (100 nm). Within 1 min of treatment, profound
changes in membrane topography were evident as promi-

FIG. 1. GnRH leads to rapid and transient morphological
changes in the !T3-1 gonadotrope-derived cell line. A, !T3-1
cells stably expressing an enhanced yellow fluorescent protein (eYFP) tagged GnRHR (GnRHR-YFP) were imaged by
CLSM before GnRH treatment and at 60-sec intervals for
35 min after GnRH (100 nM) administration (B). C, !T3-1
cells stably expressing GnRHR-YFP were treated with 10
nM Antide and images were taken every 60 sec for 15 min
using CLSM. After 15 min of Antide, a 100-nM GnRH challenge was administered. Again, images were taken every 60
sec for 15 min using CLSM.
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nent blebs (Fig. 1B) reminiscent of nonapoptotic membrane
blebbing in locomoting cells (22, 23). These changes were,
however, transient and cells returned to pretreatment morphology within 15–30 min. This effect of GnRH was specific
to the biologically active peptide because the GnRH antagonist Antide had no impact on membrane remodeling. Additionally, subsequent GnRH administration was unable to
elicit any change in cellular architecture. Thus, these changes
were specific to GnRH and the GnRH receptor (Fig. 1C).
GnRH-induced rearrangement is mediated by the actin
cytoskeleton

Engagement of the actin cytoskeleton is a likely mechanism underlying the effects of GnRH on cell movements. To
examine this, monolayers of !T3-1 cells were plated on glass
coverslips, treated with either vehicle or 100 nm GnRH for 10
min fixed with 4% paraformaldehyde, and stained with Alexa 594-conjugated phalloidin. After GnRH treatment, rapid
actin remodeling was evident as the formation of prominent
stress fibers (Fig. 2A). Consistent with actin cytoskeletal me-

diated movement, pretreatment with a pharmacological disruptor of the actin cytoskeleton, jasplakinolide, blocked the
GnRH-mediated morphological rearrangements (Fig. 2B).
Thus, GnRH binding to the GnRHR activates signaling
events that rapidly culminate in engagement of the actin
cytoskeleton. Engagement of the actin cytoskeleton has been
implicated as a requisite event in MAPK activation by multiple G protein-coupled receptors (17, 24). To test this in our
system, !T3-1 cells were serum starved for 3 h and then
treated in the presence or absence of 1 #m Jas for 30 min
before GnRH (100 nm) or PMA (100 nm) treatment. Consistent with earlier studies (25–27), both GnRH and PMA induced ERK phosphorylation in control cells. In contrast, Jas
pretreatment resulted in a loss of GnRH-induced ERK phosphorylation. Importantly, however, Jas pretreatment did not
visibly compromise ERK activation in response to PMA.
Thus, actin disruption with Jas interrupts GnRH but not
PMA signaling to ERK (Fig. 2C). To ensure that GnRH mediated actin remodeling was not unique to the !T3-1 cell line,
we repeated this analysis in L"T2 cells. This cell line is also
Phalloidin Alexa 594 staining of T3-1 cells

A

FIG. 2. GnRH-induced changes in cellular morphology
are mediated by the actin cytoskeleton. A, !T3-1 cells
were grown on glass coverslips, treated in the presence
or absence of 100 nM GnRH for 10 min, and then fixed
in 4% paraformaldehyde. Cells were then permeabilized
and stained with Alexa 594-conjugated phalloidin,
mounted on slides, and imaged using CLSM. B, !T3-1
cells stably expressing a GnRHR-YFP were pretreated
for 30 min with 1 #M Jas. Cells were imaged by CLSM
immediately before and after treatment with GnRH (100
nM). Images were taken every 60 sec after the administration of GnRH for up to 15 min. C, Serum-starved
!T3-1 cells were treated for 30 min in the presence or
absence of 1 #M Jas. Cells were then administered vehicle (0.1% dimethylsulfoxide), 100 nM GnRH, or 100 nM
PMA for 30 min. Samples were then lysed in radioimmunoprecipitation assay buffer and lysates analyzed by
Western blotting using antibodies specific for phosphorylated ERK. After probing with anti-phospho-ERK, blots
were stripped and reprobed with an antibody that detects ERK-1 and -2 independent of phosphorylation. UB,
Unbound.
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of gonadotrope origin but, unlike !T3-1 cells, expresses the
LH" subunit gene (28). Consistent with the !T3-1 data,
GnRH treatment of L"T2 cells led to actin remodeling; however, the formation of lamellipodia and cellular extensions
was more evident in these cells (Fig. 3)
Cell processes form after GnRH treatment of pituitary cell
primary cultures

The data above demonstrate that GnRH engagement of the
actin cytoskeleton leads to transient morphological changes
of transformed !T3-1 and L"T2 cells (Figs. 1 and 3). To assess
the effects of GnRH on bona fide pituitary cells, primary
cultures of ovine pituitary cells were established as previously described (18). A large field of dissociated pituitary
Untreated

10 min GnRH

10 min GnRH

10 min GnRH

10 min GnRH
Extension

Extension

FIG. 3. GnRH leads to actin remodeling in the gonadotrope derived
L"T2 cell line. L"T2 cells were grown on coated glass-bottom microwell dishes, incubated in the presence or absence of 100 nM GnRH for
10 min, and then fixed in 4% paraformaldehyde. Cells were then
permeabilized, stained with Alexa 488-conjugated phalloidin, and
imaged by CLSM.

cells was imaged using the differential interference contrast
(DIC) channel of an LSM 510 confocal microscope (Zeiss,
New York), and GnRH (100 nm) was then added. For cells
that responded with morphological changes, images were
collected every 60 sec for 30 min. GnRH treatment led to
formation of cell processes (marked by arrows) that extended
as much as 1 cell diameter (Fig. 4). A video sequence of this
cell behavior is available online as supplemental material
(published as supplemental data on The Endocrine Society’s
Journals Online Web site at http://endo.endojournals.org;
see accompanying movie file).
GnRH stimulates the formation of cell processes and spatial
repositioning in ex vivo pituitary slices

The in vitro data (Fig. 4) confirm the ability of GnRH to
stimulate the formation of processes in dissociated pituitary
cells. To determine whether this type of movement is also
evident in intact murine pituitaries, we used an ex vivo paradigm with live pituitary slices. We adapted a developmental brain slice approach (19) to the pituitary, preparing 200#m-thick sections adhered to coverslip surfaces and viewed
using inverted epifluorescence optics. In Fig. 5A, a phase
image demonstrates the morphological integrity of the 200#m-thick pituitary slice from an adult mouse. To directly
visualize cells within the murine pituitary, we used an adenoviral construct in which enhanced GFP (eGFP; CLONTECH) expression was placed under transcriptional control
of the constitutive RSV promoter (RSV-GFP). As an initial
test of the utility of adenovirus in the pituitary slice paradigm, purified, high-titer viral stocks were prepared and
then slices were infected with total viral titers of 4 ! 109 PFU.
After infection, slices were viewed at 24 and 48 h after infection to assess eGFP expression levels (Fig. 5B). To assess
whether this approach resulted in infection of gonadotropes,
slices were fixed and processed for immunoreactive LH"
using a Cy-3-labeled secondary antibody (Fig. 5C). Images
were obtained with a Zeiss LSM 510 confocal microscope
using the !40 objective and the 488 and 543 laser lines. Based
on colocalization (overlay of red and green signals is presented as yellow) of eGFP and immunoreactive LH" (Cy-3 red
signal), gonadotropes were susceptible to infection and support expression of eGFP (Fig. 5D).
To assess the functional viability of the pituitary slices, a
RIA was used to investigate the production of LH in response
to GnRH treatment. After 1 h of baseline imaging (no GnRH),
incubation medium was harvested and replaced with fresh
culture medium. GnRH (100 nm) was then administered for
1 h, and again medium was collected and replaced. Medium
samples were then analyzed for the concentration of LH
using RIA as previously described (29). LH concentrations
were approximately 3-fold higher in media obtained from
pituitary slices after 1 h of GnRH treatment (25 $ 1.41 ng/
ml), compared with baseline (7.5 $ 1.95 ng/ml) (P % 0.05).
Thus, the functional integrity of GnRH-induced gonadotropin secretion was retained in pituitary slices.
To directly observe the dynamics of GnRH stimulated cell
motion in living pituitary slices, images of RSV-GFP infected
murine pituitaries were collected every 5 min during a baseline period (no GnRH treatment) and after 90 min of GnRH
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GnRH Induced Movement in Dissociated Ovine Pituitaries
4 min GnRH

9 min GnRH

14 min GnRH

5 min GnRH

10 min GnRH

15 min GnRH

6 min GnRH

11 min GnRH

16 min GnRH

7 min GnRH

8 min GnRH

12 min GnRH

13 min GnRH

17 min GnRH

18 min GnRH

FIG. 4. GnRH treatment of pituitary cells in primary culture stimulates the formation of cellular processes. Primary cultures of dissociated
ovine pituitary cells were incubated for 24 h and then treated with 100 nM GnRH for the indicated times. Images were acquired using CLSM
in DIC mode. Arrows indicate the formation of a cellular process in a responding cell.

(100 nm) treatment. Remarkably we found that GnRH treatment led to not only cell process formation but also spatial
repositioning of cells. Solid arrows mark two eGFP-labeled
cells of interest in baseline video (Fig. 6A). Dashed arrows
mark the location and process formation of the same eGFPlabeled cells after the administration of 100 nm GnRH for 60
min (Fig. 6B). GnRH treatment led to a pronounced increase
in both the rate of movement and net distance moved of a
small subset of eGFP cells in the analyzed field. GnRH treatment also led to a dramatic increase in process formation in
a different subset of eGFP-labeled cells (Fig. 6C). The effects
of GnRH were reversed with treatment with the GnRH antagonist Antide (10 nm) (data not shown). A video sequence
showing this cell behavior in slices is available on line as
supplemental material (see accompanying movie file).
The process formation in the ex vivo pituitary slice is consistent with the cellular motion evident in the L"T2 cell line
and the dissociated pituitary cells (Figs. 3 and 4); however,
the whole cell movement leading to spatial repositioning in
the pituitary was entirely unexpected and suggests that
GnRH-responsive cells possess an intrinsic capacity to migrate. To test GnRH influences on pituitary cell migration in
a different setting, we used modified Boyden chambers (transwells) with dissociated ovine pituitary cells in the presence or absence of GnRH (100 nm) in serum-free DMEM.
Consistent with the ex vivo data, when cells were incubated
in the presence of GnRH, there was an 8-fold increase (P %

0.01) in the number of cells that crossed the transwell membrane (Fig. 7). These results indicate that pituitary cells can
respond to GnRH by at least two types of distinct cellular
motion including process formation and cell movement.
Discussion

Given the central role of GnRH in reproduction, much
effort has been devoted toward understanding the physiological consequences of regulating GnRH secretion from the
brain and its receptor in the pituitary. Toward this end, we
found that GnRH binding leads to rapid and transient morphological changes in the gonadotrope-derived !T3-1 cell
line. Importantly, when antagonist treatment was followed
with GnRH (100 nm), movement was abrogated. These findings demonstrate that the actions of GnRH were mediated
through GnRHR signaling.
Our data suggest that GnRH-induced cell movements are
mediated by the actin cytoskeleton, a result consistent with
the ability of GnRH to lead to actin reorganization in HEK293
cells (17) and prostate cancer cell lines (30). It is interesting
that in both HEK293 cells and the pituitary-derived !T3-1 cell
line, GnRH-induced actin assembly not only mediates cell
movements but also appears to be fundamental to GnRH
signaling to the level of MAPK activation. Thus, gonadotrope
movement and intracellular signaling are linked to GnRH
engagement of the actin cytoskeleton. At present it is not
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FIG. 5. GFP expression is detectable in gonadotropes using adenoviral-mediated gene transfer. A, A large field DIC image was taken of the
murine pituitary slice before imaging. B, Murine pituitary slices were prepared and infected with adenovirus containing RSV-GFP as described
in Materials and Methods. C, After live slice imaging, pituitary slices were fixed in 4% paraformaldehyde and subjected to ICC for the "-subunit
of LH (LH") using a CY-3 conjugated secondary antibody. D, Colocalization of the green (GFP) and red (LH staining) signals is evident as yellow
in the overlay of the DIC images.

entirely clear at what level these cellular events are linked;
however, several points can be made. First, it is clear that
ERK activation itself is not required for GnRH engagement
of the actin cytoskeleton and that pharmacological bypass of
the GnRHR using phorbol ester leads to ERK activation in an
actin-independent fashion (data not shown). Thus, ERK activation is functionally downstream of GnRH-mediated actin
reorganization. Second, we established that the GnRHR is
localized to low-density microdomains termed lipid rafts,

and raft localization of the GnRHR is essential for signaling
to ERK (16). Third, Davidson et al. (17) suggested that GnRH
signaling to the actin cytoskeleton and ERK is via integrinmediated activation of focal adhesion kinase in membrane
focal adhesion complexes. Importantly, integrins and focal
adhesions have been implicated in recruitment of Rho family
members to membrane lipid rafts, an event that appears to
underlie not only cytoskeletal engagement and migration but
also polarity and cell movement along a chemotactic gradient

FIG. 6. GnRH treatment increased the rate of movement and net distance moved of adenoviral infected
RSV-GFP cells in live pituitary slices. A, Murine pituitary slices were prepared and infected with an adenovirus containing RSV-GFP as in Fig. 5. Movement
of GFP-labeled cells was observed directly using timelapse video microscopy and movements were analyzed
using MetaMorph image analysis software. Solid arrows mark GFP-labeled cells in the absence of GnRH.
Dashed arrows mark the final location and process
formation of the same GFP-labeled cells 60 min after
100 nM GnRH treatment (B). The video sequence is
available as supplemental material. The graph (C)
shows that movements of cell bodies increased significantly after GnRH exposure (repeated measures
ANOVA comparing baseline with 30 min exposure:
F(1, 21) # 28.5, P % 0.001) and then desensitized after
60 min. The movement of processes, however, continued over the full 90-min observation period (repeated
measures ANOVA comparing baseline and three time
periods of exposure: F(3, 18) # 4.3, P % 0.02). Data
depicted are means $ SEM.
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FIG. 7. GnRH treatment increased the number of dissociated ovine
pituitary cells migrating in transwell chambers. Dissociated ovine
pituitary cells were serum starved for 2 h and placed in the upper
chamber of the transwell at a concentration of 100,000 cells per 0.1
ml in serum-free medium. Serum-free medium or serum-free medium
containing 100 nM GnRH was placed in the lower chamber of the
transwells. Cells in the upper chamber of the transwells were incubated in the presence or absence of GnRH (100 nM) overnight. Each
treatment was performed in duplicate. After overnight incubation,
cells were washed and stained with crystal violet for 30 min. Cells
remaining in the upper chamber were removed with a cotton swab and
the filters were removed. Cells that migrated to the bottom of the filter
were mounted with coverslips and counted using a hemocytometer.
Error bars represent SEM with three replicates. *, P % 0.01. Trt,
Treatment.

(31–34). Thus, lipid rafts may serve as the most proximate
platform for organizing GnRHR signaling to actin and ERK.
Consistent with this notion, depletion of cellular cholesterol
sufficient to lead to raft disruption resulted in the loss of
GnRH signaling to ERK (16) and dissociated cell movements
(data not shown). Finally, in terms of cell locomotion, it is
interesting to note that the membrane blebbing induced by
GnRH treatment of the gonadotrope-derived !T3-1 cell line
is similar to membrane behaviors associated with apoptosis;
however, nonapoptotic membrane blebbing has been implicated as a mode of cell locomotion in both transformed and
nontransformed cells (22, 23).
In the current study, GnRH-mediated changes in cellular
architecture were recapitulated in bona fide pituitary cells. We
found that dissociated ovine pituitary cells can respond to
GnRH with process formation. Our current results, however,
further suggest that pituitary cells are capable of whole cell
movements in response to GnRH. In other systems, studies
have shown actin-dependent migration of human prostate
cancer cell lines in response to GnRH (30). Our results with
video microscopy, cell lines, transwell chambers, and dissociated cells show that GnRH is capable of inducing process
formation and cell migration in anterior pituitary cells.
To better understand pituitary cell movements in the context of an intact gland, we adopted an ex vivo pituitary slice
paradigm that allowed us to directly visualize pituitary plas-
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ticity in situ. An important finding of this study is that GnRH
treatment of living pituitary slices led to a pronounced increase in both the rate of movement and net distance moved
of eGFP-labeled cells. Thus, these data demonstrate two distinct hormone-induced changes in movement of endocrine
cells in the anterior pituitary gland. It is not likely that these
cell movements are a futile or random expenditure of energy.
We propose that these GnRH-responsive cells are moving to
appose themselves to vascular endothelium, thus gaining
more immediate access to the bloodstream for hormone release from the basolateral membrane. This hypothesis is not
without precedent. Childs (7) noted that GnRH-stimulated
gonadotropes developed processes and, later, that these processes extended to blood vessels during peak LH secretory
episodes (8). A similar suggestion lies in a striking series of
static three-dimensional reconstructions of pituitary vasculature and corticotrophs (35, 36). The current live imaging
data in cells and slices place an exclamation mark on the
potential for a greater extent of plasticity with particular
vascular targets. We recognize that the ability of cells to move
through extracellular matrices often requires matrix remodeling via the activity of members of the matrix metalloproteinase (MMP) family. Importantly, GnRH treatment of the
gonadotrope-derived !T3-1 cell line leads to release of active
MMP2 and MMP9 and enhances the gelatinolytic activity of
these enzymes within 5 min of treatment (37). Thus, gonadotropes appear to possess an intrinsic capacity for matrix
remodeling that is responsive to GnRH input.
In summary, we have used video microscopy in three
different paradigms, immortalized pituitary cells, primary
dissociated pituitary cells, and live pituitary slices to demonstrate GnRH-induced cell movement evident as both
cellular repositioning and extension of cellular processes.
Contrary to current dogma, our data suggest that the adult
pituitary displays significant plasticity that is evident as
not only cellular process formation but also whole cell
movements.
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