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SUMMARY C-fos is an early expression oncogene that can be stimulated by a variety of
regulators. It is expressed by subsets of all pituitary cells, with increased expression seen in
proestrous rats. However, in freshly dispersed pituitary cells studied during different stages
of the cycle, there is limited expression of fos by luteinizing hormone (LH) cells and little
basal expression by cells with follicle-stimulating hormone (FSH) antigens. Proestrus is a
time during which pituitary gonadotropes express peak levels of receptors for gonadotro-
pin-releasing hormone (GnRH) and epidermal growth factor (EGF). We hypothesized that if
GnRH or EGF stimulated fos activity in gonadotropes they would be most effective during
the peak expression of their receptors. Anterior pituitaries were removed, cut into small
pieces, and stimulated for 30 min. Total RNA was then collected and analyzed by Northern
analysis. Both EGF and GnRH caused an increase in c-fos mRNA levels in the anterior pitu-
itary gland compared with unstimulated pituitary glands assayed immediately after re-
moval from the pituitary. However, the stimulatory effects were no greater than those
seen with medium alone. This suggested that fos expression could be stimulated by local
factors either in the pituitary or the medium itself. The second phase of the study focused
on pituitary cells plated for 1 hr and then stimulated with EGF and GnRH for 15 min. Dual
immunocytochemistry was done to learn which cell types expressed the fos proteins. After
15 min, EGF and GnRH both increased the percentages of fos-bearing cells above levels
seen in medium alone. EGF stimulated fos proteins in subsets of FSH, adrenocorticotropin
(ACTH), and growth hormone (GH) cells. GnRH increased fos proteins in subsets of ACTH
and GH cells. These results suggest that EGF and GnRH may regulate fos expression, but not
necessarily in gonadotropes. They also highlight the need for carefully timed experiments
because endogenous factors in the pituitary itself may stimulate immediate early gene
expression.  (J Histochem Cytochem 46:935-943, 1998)
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C-fos and c-jun are early expression proto-oncogenes
that are expressed in low levels in most cells. They are
called primary or immediate early response genes. The
fos and jun proteins join to form the AP-1 protein.
This protein can then bind to the AP-1 binding site on
DNA to induce transcription of various genes (Raus-
cher et al. 1988). Expression of c-fos mMRNA and anti-
gens occurs once the cell has been stimulated. This
expression of the c-fos gene occurs rapidly and tran-
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siently (Kruijer et al. 1985; Franza et al. 1988; Sagar
et al. 1988). Mitosis, synthesis of proteins, and secre-
tion of proteins are all examples of changes in cell
function that are associated with the expression of c-fos.

Gonadotropin-releasing hormone (GnRH) is an im-
portant regulator of fos activity in both the brain and
the pituitary (Lee et al. 1990). GnRH stimulates c-fos
expression in the immortalized GnRH neuronal cell
line GT1. GT1 cells treated with GnRH increased
expression of c-fos, as shown by Northern analysis
(Cesnjaj et al. 1993). Cesnjaj et al. (1994) also re-
ported that GnRH stimulated c-fos in primary pitu-
itary cell cultures from randomly cycling female rats,
as well as c-fos, c-jun, and jun-B in the « T3-1 gonado-
trope cell line. Recent studies in our laboratory con-
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firm that c-fos is expressed by gonadotropes, particularly
those bearing luteinizing hormone-g (LHB) antigens
or mRNA (Armstrong and Childs 1997b).

Another regulatory factor for early gene expression
is epidermal growth factor (EGF). Muller et al. (1984)
utilized 3T3 fibroblast cells and showed that stimula-
tion with EGF increased the levels of c-fos MRNA in
the cell cultures within 1 hr. Sagar et al. (1991) treated
retinal Muller cells after treatment with EGF or TGFa.
This group showed stimulation of c-fos mMRNA within
30 min, and fos protein was induced within 1 hr.

We and other workers have shown that EGF may
play an important role in the stimulation of gonado-
tropes during the estrous cycle (Fan et al. 1995; Arm-
strong and Childs 1997a,c). However, no one knows
the exact role of EGF in gonadotrope function. EGF
has been shown to stimulate the release of LH (Mi-
yake et al. 1985). Our recent studies have shown EGF
receptors (EGFR) on immature gonadotropes early in
the cycle. These cells were identified by their content
of LHB mRNA and absence of FSHB mRNA or gonad-
otropin antigens. The expression of EGFR by LH and
FSH antigen-bearing gonadotropes increased as the
gonadotropes increased their gonadotropin stores dur-
ing diestrus (Armstrong and Childs 1997a). This in-
crease was parallel to the increase seen in GnRH re-
ceptors in pituitary gonadotropes (Childs et al. 1994b;
Lloyd and Childs 1988).

Furthermore, expression of EGFR could be regu-
lated by EGF itself, which is a product of subsets of pi-
tuitary cells including gonadotropes and growth hor-
mone (GH) cells (Armstrong and Childs 1997c). This
suggests a local autocrine or paracrine regulatory loop
that may facilitate the development of the population
as it approaches the proestrous surge.

EGF’s functions in the gonadotrope population ap-
pear to involve differentiation events (such as produc-
tion of EGF receptors; Armstrong and Childs 1997c).
We hypothesized that EGF may work through fos to
stimulate one or more differentiation steps. Similarly,
GnRH is already known to stimulate fos in pituitary
cells. However, the exact cell type had not yet been
identified in the normal pituitary cell population. The
GnRH-stimulated fos activity in a gonadotrope cell
line reported by Cesnjaj et al. (1993) supports the hy-
pothesis that GnRH stimulates fos in normal pituitary
gonadotropes as well.

To test these hypotheses, pituitary cells were taken
at the time in the cycle when EGF or GnRH receptors
were at a peak (proestrous AM). Dual immunocy-
tochemistry was employed to determine the identity of
the cells with fos proteins and each of the pituitary
hormones. Northern analysis was utilized to deter-
mine if either EGF or GnRH stimulated an increase in
c-fos mMRNA in pituitaries taken from proestrous rats.
This article reports the results of this investigation.
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Materials and Methods

Animals and Collection of Anterior Pituitary Glands

Female Sprague-Dawley rats (Harlan-Sprague Dawley;
Houston, TX) weighing 250-300 g were housed three per
cage under artificial illumination between 0600 and 1800
hr. The rats were given food and water ad libitum. They
were acclimated for 7-10 days before the start of daily vagi-
nal smearing, which was performed to determine the stage of
the cycle. The females underwent at least two complete nor-
mal 4- or 5-day estrous cycles before they were used. The an-
imal care and use protocol was approved annually by the In-
stitutional Review Committee. All animals were sacrificed
between 0900 and 1000 hr. The animals were removed from
their housing room and sacrificed by decapitation in a sepa-
rate, adjoining room within seconds of removal from the
cage. The same animal handler performed these rapid proce-
dures, which were approved by the Animal Care and Use
Committee.

Anterior pituitary glands were dissected from the animal
and rapidly placed in cold Dulbecco’s modified Eagle’s me-
dium (DMEM) (JRH Biosciences; Lenexa, KS) containing
0.3% bovine serum albumin (BSA; Sigma, St Louis, MO),
1.8 g/500 ml HEPES (Sigma), and 24.65 mI/500 ml sodium
bicarbonate (JRH Biosciences). To prevent bacterial growth,
1 /100 ml gentamicin (Sigma) was used.

Collection of Total RNA

For the assays of c-fos mMRNA, the pituitaries were washed
three times with DMEM and then chopped into smaller
pieces. The anterior pituitary pieces were then stimulated for
30 min with 10 ng/ml EGF (Upstate Biotechnology; Lake
Placid, NY), 100 nM GnRH (Peninsula Laboratories; Bel-
mont, CA), or DMEM alone. The DMEM used at this time
contained identical reagents as listed above as well as 1 g/
50 ml ascorbic acid (Sigma). In addition, some RNA extrac-
tions utilized DMEM with these additives: 0.005 mg/ml in-
sulin, 0.05 mg/ml transferrin, and 0.001 mM sodium sele-
nite. Stimulation occurred at 37C in a CO,-controlled
environment. Total RNA was isolated by the single-step
method (Chomczynski and Sacchi 1987) using TRIzol (Gibco
BRL; Gaithersburg, MD). The total RNA pellets were al-
lowed to air-dry and then were stored in the —70C freezer.

Northern Analysis

Northern blot analysis was carried out as previously de-
scribed (Fan and Nagle 1996). At the time of use, the total
RNA collected from the female anterior pituitary gland was
quantified by comparisons of optical density (OD) absor-
bance at 260 and 280 nm. A value >1.6 for Aygp to Asgg Was
required for the RNA to be determined as uncontaminated.
Total RNA (20 wg) collected from the anterior pituitary
was separated on a 1% agarose gel (Gibco). The RNA was
transferred from the gel onto a Nytran membrane (Schliecher
& Schuell Maximum Strength Nytran Plus; Keene, NH).
Once the transfer to the Nytran membrane was complete,
the membrane was uv-crosslinked (Ultra Lum UVC 515
Ultraviolet Multlinker), dried for 1 hr, and prepared for
prehybridization. The prehybridization and hybridization
buffer consisted of 2 X Denhardt’s solution (Sigma), 50%
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formamide, 0.5% SDS, 5 X SSC, salmon sperm DNA, and
DEPC-H,0.

The DNA probe was labeled using a Prime It-1l Random
Primer Labeling Kit (Stratagene; La Jolla, CA). Briefly, the
c-fos DNA insert (a generous gift from Dr. Tom Curran,
St. Jude Children’s Research Hospital, Memphis TN) was
mixed with DEPC-H,O and random primers. Unincorpo-
rated nucleotides were removed by chromatography on Nuc-
Trap columns (Stratagene). Salmon sperm DNA was mixed
into the solution and the radioactivity of the probe was
quantified. The probe was added to the prehybridization
container and the membrane was hybridized overnight at
42C.

The following day the membrane was washed with 1 X
SSC and 0.1% SDS in DEPC-H,0 at 42C and then placed in
the autoradiography cassette with two intensifying screens
and film (Sigma) at —70C. The film was developed the next
day.

Dissociation of Pituitary Glands

For the plated cultures, pituitary glands were dissociated en-
zymatically and mechanically as described previously (Childs
et al. 1987). This protocol takes about 1 hr. Cells were
tested for viability by the trypan blue dye exclusion test. The
protocol produced 2-3 million cells/pituitary that were 98%
viable. Cells were plated for an additional 1 hr onto glass
coverslips (Thomas Scientific; Swedesboro, NJ) that were
coated with poly-d-lysine (Sigma) in plastic 24-well trays
(Corning; Corning, NY). The cells were plated at a density
of approximately 40,000-50,000 cells/well/50 nl DMEM.
The DMEM contained 0.005 mg/ml insulin (Sigma), 0.05
mg/ml transferrin (Sigma), and 0.001 mM sodium selenite
(Johnson Matthey; New York, NY). Cells were allowed to
settle down onto the coverslips for 15 min before being
placed in a 37C incubator for 45 min. Cells were then stimu-
lated with 10 ng/ml EGF (Upstate Biotechnology), or 10 nM
GnRH (Peninsula Laboratories) in DMEM or DMEM alone
for 15 min at 37C. After the 15-min stimulation, the cells
were fixed with 2% glutaraldehyde for 30 min, followed by
four washes with 4.5% sucrose. The cells were then stored
in the refrigerator until immunocytochemistry could be per-
formed (no longer than a week).

Immunocytochemical Studies

Anterior pituitary cells were collected and dispersed as men-
tioned above. Coverslips were single labeled for c-fos protein
or dual labeled for c-fos protein and one of the six pituitary
hormones. Single and dual immunochemical techniques have
been described previously (Childs et al. 1994a,b; Armstrong
and Childs 1997a—c). Briefly, cells were incubated at 37C
with the primary antibody raised against fos at a dilution of
1:1200. This rabbit polyclonal antibody Ab-2 to c-fos pro-
tein was purchased from Oncogene Science (Cambridge,
MA). The antibodies were detected using a DAKO (Santa
Barbara, CA) rapid detection kit with streptavidin—peroxi-
dase and black nickel-intensified diaminobenzidine (DAB).
Coverslips to be utilized for dual labeling protocols were
then incubated at 37C in one of the six pituitary hormone
antibodies (for dilutions see below). The antibodies were de-
tected using the DAKO rapid detection kit with streptavi-
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din—peroxidase and orange DAB. Antisera to pituitary hor-
mones were obtained from the following locations and used
at the described dilutions. Anti-bovine LHB was a gift from
J. G. Pierce and was used at a dilution of 1:40K. Anti-human
FSHB was used at a dilution of 1:10K and was generously
provided by the Pituitary Hormone Distribution Program
(NIDDK; Bethesda, MD) as was the anti-rat-B thyrotropin
which was used at a dilution of 1:45K. Anti-ACTH was
made in this laboratory from the 17-39 C-terminal fragment
of ACTH (Moriarty and Halmi 1972) and was used at a di-
lution of 1:30K. Rabbit anti-rat prolactin, used at a dilution
of 1:40K, and rabbit anti-rat GH, used at a dilution of
1:35K, were purchased from Chemicon (Temecula, CA).

Control labeling protocols were performed for both the
single label for c-fos protein and the dual label with c-fos
protein and pituitary hormones. For both primary antisera,
the antibodies were omitted from the diluent buffer and the
coverslips were incubated in buffer alone. In addition, the
antisera had been preabsorbed with each antigen as previ-
ously described (Armstrong and Childs 1997a-c; Childs et
al. 1994a,b). All controls showed no labeling for the antigen
in question.

Statistical Analysis

One or two rats were collected at a time for each experimen-
tal group until there were 6-8 rats/group. All rats were taken
on the morning of proestrus because of the peak expression
of EGF receptors (Armstrong and Childs 1997a) and GnRH
receptors (Lloyd and Childs 1988) seen at that time. Each
experiment was repeated at least three times. The final aver-
ages reported are of data from each of the repeated experi-
ments (n = 3-5). Data points for each experiment were col-
lected by counting cells plated on three coverslips. The
counts were done at X 40. Fields were randomly selected
and the first 100-250 cells encountered were counted and
analyzed. The raw counts of cells with single or dual labels
were inserted into an Excel template which automatically
calculated the percentage of cells labeled for each antigen as
well as the percentage of dual labeled cells. This enabled us
to constantly monitor the dual labeling to ensure that it did
not interfere with the detection of either antigen. The per-
centages from the three coverslips provided an average for
that experiment. These values were then averaged to pro-
duce the final data point (n = 3-5 experiments). To deter-
mine significance in a group of experiments, 1 X ANOVA or
2 X ANOVA tests were performed. If the f value was signifi-
cant (p<<0.05), individual differences were then detected by
the Fisher’s least significant difference (LSD) post hoc test.

Results
Regulation of c-fos mRNA by EGF and GnRH

The Northern analyses were done on pituitary pieces
that were freshly removed from the animals as well as
those that had been incubated in DMEM alone or
DMEM containing GnRH or EGF for 30 min. C-fos
MRNA was undetectable in pituitary pieces immedi-
ately after removal. However, a 30-min incubation in
defined medium with or without 10 ng/ml EGF or 100
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nM GnRH increased c-fos mMRNA levels. There were
no significant differences when the effects of medium
alone, EGF, or GnRH were compared (data not shown).
The defined medium contained the following addi-
tives: insulin, transferrin, sodium selenite, and bovine
serum albumin (0.25%). The BSA was needed because
at least two of the pituitary cell types will not respond
to secretagogues without it. To test possible effects of
insulin, transferrin, or sodium selenite, all additives
except the BSA were removed. Incubation in the re-
maining medium continued to stimulate the same in-
crement in expression of c-fos mMRNA. Neither EGF
nor GnRH increased expression beyond that of the
medium alone (data not shown).

Fos Stimulation by EGF and GnRH in Total Pituitary
Cell Populations

The dissociation protocol took 1 hr and the resulting
pituitary cultures were plated for an additional hour.
Therefore, in view of the endogenous increases in fos
activity seen in the previous group of experiments, it
was not surprising to detect fos proteins in these 2-hr
cultures. After 1-hr plating in defined medium, 26.3%
of pituitary cells expressed fos proteins.

After an additional 15-30 min in DMEM alone,
the values did not change. Figure 1A illustrates a field
showing baseline fos expression in several pituitary
cells after 1-hr plating and an additional 15 min in
medium alone. Note that the density of the labeling
varies from cell to cell.

Figure 2 shows the changes seen after EGF or
GnRH exposure. After only 15 min of incubation in
EGF or GnRH, the percentages of pituitary cells with
fos proteins were increased significantly to 34.2% and
31.8%, respectively. No further stimulation was seen
after 30 min. These values are significantly higher
than those seen for the DMEM controls. Figures 1B
and 1C illustrate the increased percentages of cells la-
beled for fos in EGF- (Figure 1B) or GnRH- (Figure
1C) treated cultures.

Fos Stimulation Within Specific Cell Types in the
Pituitary Gland

The dual labeling identified the specific cell types af-
fected by EGF or GnRH. EGF treatment significantly
increased fos expression in cells bearing the following
antigens: FSH (1.2-3.7% of pituitary cells), ACTH
(1.7-5.3% of pituitary cells), or GH (6.3-13.6% of
pituitary cells) (Figure 3). EGF treatment had no effect
on fos-immunolabeled cells that also contained LH,
TSH, or prolactin antigens.

Figure 3 also shows that GnRH treatment signifi-
cantly increased fos expression within each of the fol-
lowing antigen-bearing cells: ACTH (1.8-4.4% of pi-
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tuitary cells) and GH (6.3-10.4% of pituitary cells).
The other four pituitary cell types did not increase fos
expression compared with the control levels. Surpris-
ingly, GnRH stimulation had no effect on gonado-
tropes.

Figure 4 illustrates these data. Figures 4A and 4B
show different magnifications of nonstimulated pitu-
itary cells. A cluster of cells from Figure 4A is shown,
at higher magnification, in Figure 4B. The cluster in-
cludes orange-labeled growth hormone cells (GH).
Note that fos expression is seen in the nucleus of one
of the GH cells in this cluster. The remaining GH cells
do not appear to express fos, although fos is expressed
by non-GH cells in the field (Figures 4A and 4B).

Figures 4C-4D show fos expression after stimula-
tion by EGF. The lower magnification shown in Fig-
ure 4E illustrates two clusters, each of which shows a
GH cell with fos expression. Cluster 1 is magnified in
Figure 4C and cluster 2 is magnified in Figure 4D to
better visualize the dual labeled GH cells.

Finally, Figures 4F and 4G show the effects of EGF
on FSH gonadotropes. A cluster of cells is shown in
Figure 4F which was taken from a control (DMEM
only) population. One of the FSH cells expresses fos
proteins. After EGF stimulation, Figure 4G illustrates
the increased expression of fos by FSH cells. The FSH
labeling is also denser as a result of EGF stimulation.

Discussion

Our recent cytochemical studies showed that fos pro-
tein activity is highest in cells from proestrous rats.
However, the dual labeling evidence indicated that
most of the fos-bearing cells in this population are not
gonadotropes (Armstrong and Childs 1997b). This
initially raised a question about fos as a third messen-
ger in the activation of the gonadotrope during proestrus
and led to subsequent studies designed to learn if
GnRH can stimulate fos expression by gonadotropes
from proestrous rats. Furthermore, because the matur-
ing gonadotrope also expresses EGF receptors (Arm-
strong and Childs 1997a,c), we studied EGF as a pos-
sible activator of fos in gonadotropes. We hypothesized
that both EGF and GnRH would stimulate fos expres-
sion in gonadotropes during a period when their re-
ceptors were at a peak. Therefore, proestrous cells
were used in this phase of the study because expres-
sion of receptors for GnRH or EGF is at a peak (Lloyd
and Childs 1988; Childs et al. 1994a,b; Armstrong
and Childs 1997a,c).

Activation of c-fos occurs in a very short time
frame, as shown by these and other experiments (Au-
telitano and Sheppard 1993; Cesnjaj et al. 1993). The
Northern analysis experiments showed that c-fos mMRNA
levels were upregulated by medium alone within 30 min
after the pituitary glands were collected. These results
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Figure 1 Single labeling for fos pro-
teins in population of cells from pro-
estrous rats. (A) Some pituitary cells
express fos proteins after 1 hr in cul-
ture and 15 min in medium alone (ar-
rows). The labeling is confined to the
nucleus (inset), but it varies from a
light gray to dense black. Both EGF (B)
and GnRH (C) stimulated additional
cells to produce fos proteins after only
15 min. Note also that there are more
cells that exhibit the darkest label for
fos proteins in their nucleus. Bar = 20
pm; inset = 10 pm.

Control

A

+EGF

+GnRH
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Fos Expression by Proestrous AP Cells

Stimulation by EGF and GnRH
40 r

*

2r

24

percentages of total pituitary cells

DMEM EGF GnRH
Stimulant (15 min)

Figure 2 Bar graph illustrating the counts of fos-labeled cells.
Cells incubated for 15 min in medium alone showed 21-26% cells
with fos proteins in the nucleus. Exposure to EGF or GnRH pro-
duced a 31-38% increase in expression. *, significantly different
from control values.

agree with those of Sheng and Greenberg (1990), who
reported that c-fos expression can only be seen for a
short time before it is degraded. We modeled our ini-
tial studies after those of Cesnjaj et al. (1994), who
looked at cell cultures from randomly cycling female
rats. They stimulated the pituitary cell cultures with
GnRH for 30 min and found significant increases in
c-fos expression. The present studies correlate with
those of Cesnjaj et al. in that they show that GhnRH
does increase expression of fos proteins in primary
cultures of pituitary cells in 15-30 min.

Endogenous Regulation of c-fos mRNA Expression

The present studies raised questions about the events
that occur as the pituitaries are removed from the ani-
mal. This affects interpretation of data from assays of
fos MRNA or proteins. When we assayed pituitary
pieces immediately after removal, no c-fos mMRNA was
detected. However, after 30 min of incubation in
medium alone, c-fos MRNA was activated. Neither
GnRH nor EGF stimulated c-fos mRNA levels above
the background levels seen with this defined medium.
Similarly, additional experiments in medium without
insulin, sodium selenite, and transferrin also showed
that medium alone continued to be a stimulant for
c-fos expression. Therefore, under these experimental
conditions we were unable to separate possible stimu-
latory effects of GnRH and EGF on c-fos mRNA from
effects seen after removal from the pituitary and incu-
bation in a defined medium.

These data suggest that c-fos mMRNA is stimulated
by local factors, possibly in response to the stress asso-
ciated with pituitary removal from the body. Locally
produced EGF or other growth factors by pituitary
cells themselves are candidates for regulation of this
response. Therefore, to show fos stimulation by any
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growth factor, one must define the basal conditions
carefully and recognize that exogenous stimulation
may be superimposed on endogenous stimulation by
resident growth factors. The pituitary will undoubt-
edly respond to its removal from the influence of the
hypothalamus, and early gene expression may mediate
that response.

Identity of the fos-producing Cells

The findings from the Northern analysis suggested
that one must be cautious about interpreting data
from any in vitro studies. Nevertheless, the studies by
Cesnjaj et al. (1994) and the present study show that
information about factors that regulate fos expression
could be obtained once baseline values were low
enough. It is possible that the endogenous stimulation
is self-limiting, which may allow tests of regulatory
factors at later time points.

In the studies by Cesnjaj et al. (1994) the pituitary
cells had been grown for several days in serum-con-
taining medium. The serum was then removed and the
cells were incubated in serum-free medium with or
without GnRH for 30 min. In their studies, c-fos
MRNA was detected in the control cultures and
GnRH stimulated increases in c-fos mMRNA beyond
that of the control values.

Therefore, we knew that GnRH could stimulate
fos. The finding that it was stimulatory in populations
of a gonadotrope cell line led to the hypothesis that it
stimulated fos production in normal gonadotropes as
well. Therefore, one objective of our in vitro studies
was to test this hypothesis and determine which cell
types might be responding to GhRH with fos produc-

Dual Label: Fos and Pituitary Hormones
Proestrous Rat Population

20  HHl pmMEM

percentages of total pituitary cells

LH FSH ACTH PRL GH TSH
Anterior Pituitary (AP) Hormone

Figure 3 Dual labeling showed changes in fos proteins in subsets
of some of the pituitary cell types. After 15 min, 10 nM GnRH stim-
ulated significant increases in cells with fos and GH or ACTH anti-
gens. EGF stimulated significant increases in cells with fos and FSH,
GH, or ACTH antigens. *, significant difference between control
and experimental groups.
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Figure 4 Dual labeled fields allowed the

identification of the cells expressing fos and

pituitary hormones. A-E were dual labeled

for fos proteins and growth hormone (GH).

A and B were incubated in DMEM alone.

Clusters of cells are seen with only fos or GH
immunoreactivity alone. (B) One cluster

shown at higher magnification contains a

GH cell that also expresses fos proteins. (C-E)

Cells after 15 min in EGF; C is low-magnifica-

tion view. (C,D) Two cell clusters are shown

in higher-magnification views. Both clusters

contain a GH cell with fos immunoreactivity.

(F,G) FSH cells and fos proteins. Only one of

the FSH cells contains fos proteins in F, /
which is from a control population. (G) A B
larger colony of more densely labeled FSH

cells. Several of the FSH cells show labeling

for fos proteins in their nuclei. Bars: A = 20

pwm; B =10 pm.

tion. Furthermore, since GnRH and EGF receptors
peak at the same time (proestrous AM), we hypothe-
sized that the gonadotropes may be acutely sensitive
to effects of EGF or GnRH early in proestrus. This
would be an ideal time to test EGF’s effects on fos
proteins.

In these experiments, we also wanted to reduce the
time between removal from the animal and fixation to
that needed for dissociation (1 hr) and plating (1 hr),
to reduce the time during which endogenous factors
may be stimulating fos. When we compared cells fixed
at the end of the plating period with those fixed after
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the 15 min needed for the stimulation, medium alone
did not produce increases in fos proteins as detected in
immunocytochemical tests. Therefore, a baseline was
established above which the effects of stimulatory fac-
tors could be detected. Both GhnRH- and EGF-treated
cultures showed 30-40% increases in the percentages
of cells expressing fos proteins overall in the pituitary
(over those produced by medium alone) (Figure 1).
However, our studies showed some surprising re-
sults about the identity of the fos-producing cells.
GnRH stimulated fos expression in ACTH, GH, and
prolactin cells but did not stimulate fos production in
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proestrous gonadotropes. EGF stimulated fos expres-
sion in FSH cells, ACTH cells, and GH cells, cells
known to possess EGF receptors (Fan and Childs
1995).

Effects of GnRH on fos Proteins

There is no doubt that gonadotropes express the c-fos
early response gene and that GnRH stimulates expres-
sion of c-fos mMRNA or fos proteins in the anterior pi-
tuitary (Cesnjaj et al. 1994; Padmanabhan et al.
1995). The present studies and recent publications
(Cesnjaj et al. 1994; Armstrong and Childs 1997b)
provide proof that normal gonadotropes express fos.
In our recent study, the highest expression of fos by
pituitary gonadotropes (metestrus) did not coincide
with the highest expression of GnRH receptors (LlIoyd
and Childs 1988) (proestrus). It is possible that any
GnRH effect on gonadotrope fos occurs in the cells
that retain receptors early in the cycle (about 40% of
the gonadotropes). This is a subject for future studies.

The GnRH-mediated increase in fos expression ap-
pears to be in either GH cells (which may become
transitional gonadotropes; Childs et al. 1994a) or cor-
ticotropes. The data on GH cells correlate with previ-
ous studies showing that 32% of GH cells express
GnRH receptors during early proestrus (Childs et al.
1994b). Perhaps GnRH regulates changes in this pop-
ulation to support the estrous cycle activity and fos is
a third messenger in the regulatory pathway. For ex-
ample, GH cells are known to express LHE mRNA
and FSHB mRNA during peak periods of expression
in proestrus (Childs et al. 1994a). GnRH regulates
transcription of gonadotropin mRNAs (Ramey et al.
1987; Lalloz et al. 1988; Mercer 1990).

GnRH receptors are not found on corticotropes.
However, GnRH actions could also be mediated indi-
rectly by paracrine interactions. Further evidence for
paracrine interactions modulated by GnRH can be
seen in studies by Tilemans et al. (1992). These workers
have shown that treatment with GnRH in immature
rat pituitary cell aggregates, increased [3H]-thymidine
incorporation into corticotropes and lactotropes while
inhibiting DNA replication in somatotropes. The ef-
fects of GnRH on these cells were clearly dependent
on gonadotropes. If gonadotropes were removed from
the aggregates, GhnRH produced no increases in triti-
ated thymidine.

Finally, one possible paracrine factor that might
mediate the GNnRH action on these cells is angiotensin
Il. Gonadotropes have been shown to release angio-
tensin 1l (Houben et al. 1990; Schwartz and Cherny
1992). Angiotensin Il can act in a paracrine manner to
stimulate release of prolactin (Houben et al. 1990)
and the release of ACTH (Schwartz and Cherny
1992). Because of these paracrine interactions, it can
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be postulated that GnRH binds to its receptor on the
gonadotropes to stimulate the release of angiotensin
I, which in turn stimulates the release of hormones
from target pituitary cell types. This stimulation could
involve fos as a third messenger.

Effects of EGF on fos Proteins

As stated above, corticotropes do not have GnRH re-
ceptors. However, they do have receptors for EGF
(Fan and Childs 1995; Armstrong and Childs 1997a).
Therefore, they may be stimulated by EGF produced
by other cell types, such as GH cells or gonadotropes
themselves.

Mouihate and Lestage (1995) have shown that EGF
can be released from gonadotropes, and EGF is a
known secretagogue for ACTH (Childs et al. 1991; re-
viewed in Schwartz and Cherny 1992). EGF also stim-
ulates ACTH cell differentiation (Childs et al. 1991)
and proliferation in the corticotrope population (Childs
et al. 1995). Therefore, the increased fos activity medi-
ated by GnRH may reflect a paracrine interaction
with EGF as the mediator. This hypothesis is further
supported by our findings in the present study that
show direct effects of EGF on expression of fos by cor-
ticotropes.

In addition to its effects on corticotropes, EGF in-
creases fos expression in GH cells and FSH cells. The
increase in percentages of FSH cells with fos brings the
final values to levels similar to those expressed by LH
cells. Therefore, it is possible that EGF is selectively
stimulating fos expression by LH cells, leading to
translation of FSH (monohormonal LH cells are be-
coming bihormonal). This hypothesis is supported by
the cytochemical data showing increased labeling for
FSH in EGF-treated cells (Figure 4G). Alternatively,
EGF could be acting on a population of monohor-
monal FSH cells to prepare them for the proestrous or
estrous surge secretory activity.

Summary and Conclusions

To summarize, both EGF and GnRH may regulate im-
mediate early gene expression in key pituitary cells, ei-
ther directly or indirectly via paracrine factors. The
dual cytochemical evidence showed the identity of the
target cells and the fact that multiple cell types may be
stimulated. Whereas this study showed that the in
vitro studies are valuable in that they enable one to
test individual secretagogues or growth factors in a
system that removes the cells from other regulators
(such as steroids or other serum influences), they must
also be interpreted with caution. The Northern blot
analyses of fos mMRNA in the anterior pituitary gland
assayed within 30 min of removal from the gland
showed significant increases in expression of c-fos in
medium containing virtually no exogenous growth
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factors. Therefore, local paracrine or autocrine regula-
tors may also play a role in regulating early gene ex-
pression. This background regulation must be consid-
ered in designing the in vitro experiments.
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