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Hypothalamic input is required for development of normal
numbers of thyrotrophs and gonadotrophs, but not other
anterior pituitary cells in late gestation sheep
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To evaluate the hypothalamic contribution to the development of anterior pituitary (AP)

cells we surgically disconnected the hypothalamus from the pituitary (hypothalamo-pituitary

disconnection, HPD) in fetal sheep and collected pituitaries 31 days later. Pituitaries (n = 6 per

group) were obtained from fetal sheep (term = 147 ± 3 days) at 110 days (unoperated group)

of gestation and at 141 days from animals that had undergone HPD or sham surgery at 110 days.

Cells were identified by labelling pituitary sections with antisera against the six AP hormones.

Additionally, we investigated the colocalization of glycoprotein hormones. The proportions of

somatotrophs and corticotrophs were unchanged by age or HPD. Lactotrophs increased 80%

over time, but the proportion was unaffected by HPD. Thyrotrophs, which were unaffected

by age, increased 70% following HPD. Gonadotrophs increased with gestational age (LH+
cells 55%; FSH+ cells 19-fold), but this was severely attenuated by HPD. We investigated

the possible existence of a reciprocal effect of HPD on multipotential glycoprotein-expressing

cells. Co-expression of LH and TSH was extremely rare (< 1%) and unchanged over the last

month of gestation or HPD. The increase of gonadotrophs expressing FSH only or LH and

FSH was attenuated by HPD. Therefore, the proportions of somatotrophs, lactotrophs and

corticotrophs are regulated independently of hypothalamic input in the late gestation fetal

pituitary. In marked contrast, the determination of the thyrotroph and gonadotroph lineages

over the same time period is subject to complex mechanisms involving hypothalamic factors,

which inhibit differentiation and/or proliferation of thyrotrophs, but stimulate gonadotrophs

down the FSH lineage. Development of a distinct population of gonadotrophs, expressing only

LH, appears to be subject to alternative mechanisms.
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The anterior pituitary is a highly heterogeneous organ
composed of a variety of cells located throughout the
gland. The process by which the individual secretory
cells differentiate and proliferate during development is
largely unknown. Considerable progress has been made in
understanding the role played by transcription factors, but
we still know relatively little about the input of the fetal
hypothalamus in pituitary cell development. After birth,
hypothalamic factors are critical in regulating anterior
pituitary (AP) function, but the role played before birth
remains largely unknown.

Recent studies suggest that the timely expression
of various transcription factors is wholly responsible
for the composition of the AP, independent of the

hypothalamus (Dasen & Rosenfeld, 1999, 2001;
Melmed, 2003). A number of experiments in genetically
engineered mice are consistent with this view. For
example, corticotrophin-releasing hormone (CRH)
receptor knockout mice (Timpl et al. 1998) and
thyrotrophin-releasing hormone (TRH) knockout
mice have a normal complement of all pituitary cells
(Shibusawa et al. 2000), clearly suggesting that these
two hypothalamic factors are not required for normal
development of the AP.

On the other hand, numerous other studies of the
actions of various hypothalamic factors, including TRH,
on differentiation and proliferation of AP cells would
clearly suggest a potential role in AP development.
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For example, in cultured adult rat somatotrophs,
GH-releasing hormone (GHRH) stimulates somatotroph
proliferation (Billestrup et al. 1986). Similarly, in cultured
fetal cells, TRH induces thyrotroph differentiation
(Heritier & Dubois, 1993) and in pituitary primordia,
gonadotropin-releasing hormone (GnRH) effectively
stimulates the responsiveness of gonadotrophs during
early pituitary differentiation (Kudo et al. 1994).
Together, these studies suggest a high likelihood that
hypothalamic trophic factors are important for
determining the development of pituitary cells during
fetal life.

The present study was therefore aimed at assessing the
contribution of hypothalamic input on the development
of pituitary cells in vivo by measuring the effects
of total removal of hypothalamic input through the
functional disconnection of the pituitary from the
hypothalamus by surgery in late gestational fetal
sheep. Hypothalamo-pituitary disconnection (HPD) was
performed at 110 days gestation, representing a time many
hypothalamic factors are expressed and there is a patent
hypophysial portal system (Levidiotis et al. 1991). The
well established HPD procedure (Antolovich et al. 1990,
1991; Canny et al. 1998; Clarke et al. 1983; Poore et al.
1999) isolates the pituitary from hypothalamic influence
by severing the neural connections to the median eminence
while maintaining afferent and efferent blood flow to the
pituitary.

Methods

Animals and surgery

All experimental procedures were performed with prior
approval from the University of Adelaide Standing
Committee on Ethics in Animal Experimentation. Fixed
fetal pituitary tissue from Merino ewes (singleton n = 7
and twin pregnancies n = 11) of known gestational age
(110 or 141 days gestation; term = 147 ± 3 days gestation)
(Houghton et al. 1997). A total of 18 fetal sheep pituitaries
were collected.

HPD of fetal sheep (n = 6) was performed at 110 days
gestation, as previously described (Clarke et al. 1983;
Antolovich et al. 1990; Houghton et al. 1997). All surgery
was performed under general anaesthesia using halothane
(0.5–4.0%) and N2O : O2 (50 : 50 v/v). Aseptic procedures
were followed and halothane concentrations adjusted to
maintain the appropriate level of anaesthesia. The sham
surgery, also performed at 110 days gestation, involved
identical procedures to those for HPD except that no neural
tissue was removed and the hypothalamus–pituitary
connection remained intact.

Pituitaries were also collected from intact unoperated
fetal sheep at 110 days gestation (n = 6; one fetus from
twin pregnancies) for use as a gestational age control.

All ewes were killed using an overdose of sodium
pentobarbitone (200 mg kg−1; Lethobarb; Virbac Pty Ltd,
New South Wales, Australia) at either 110 days gestation or
141 days gestation when pituitaries were collected. All fetal
sheep were delivered via laparotomy, weighed and killed
by decapitation.

Confirmation of HPD

The completeness of the disconnection of the
hypothalamus from the pituitary in the tissues used
for this study was confirmed in all HPD fetal sheep on
the basis of plasma prolactin (PRL) responses to the
administration of chlorpromazine (12.5 mg i.v.) and
TRH (50 μg i.v.). Basal plasma PRL concentrations
were significantly lower in HPD than sham operated
fetuses. HPD was further confirmed by the absence of a
PRL response to chlorpromazine, and pituitary viability
was confirmed by an intact PRL response to TRH.
Additionally, macroscopic examination of the lesion site
post mortem was used to confirm accurate and complete
anatomical disconnection (Houghton et al. 1997).

Immunohistochemistry

All pituitaries were rapidly removed post mortem
and immediately fixed in ice-cold 4% formaldehyde
in phosphate buffered saline (PBS; 0.01 m, pH 7.4)
for 24 h, and embedded in paraffin. Whole pituitary
glands were bisected along the coronal plane with the
neurointermediate lobe kept intact. Thus, the pars
intermedia and pars nervosa served as a positive
control for ACTH and negative control tissue for all
hormones, respectively. Sets of serial sections were cut
at 5 μm thickness, with adjacent sets separated by at
least 100 μm. Individual sections were mounted onto
poly l-ornithine-coated (Sigma, St Louis, MO, USA)
glass slides. Each section-mounted slide underwent a
photo-bleaching process under a 50 W halogen light
for a minimum of 24 h to reduce auto-fluorescence
(Farrand et al. 2006). Each section was immuno-stained
for expression of one of the six pituitary hormones.

Antigen retrieval was employed to normalize staining
(to be either clearly negative or positive) across sections,
thereby enabling the automated quantification described
below. Following comparison of the results of several
antigen retrieval trial results, Tris-HCl (0.1 m, pH 6.6)
was used as the antigen retrieval buffer with optimal
results for single-labelled immuno-staining of ACTH,
PRL and GH. Tris-base (10 mm, pH 9.0) was used as
the antigen retrieval buffer with optimal results for
single-labelled immuno-staining of TSH, FSH and LH,
and for double-labelled immuno-staining of TSH with LH
(TSH–LH). For double-labelled immuno-staining of FSH
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Table 1. Primary antibodies for immunohistochemistry

Antibody Dilution Antigen used to raise antibody Host species

ACTH 1 : 50 Human ACTH (24–39) Mouse
Prolactin 1 : 100 Ovine prolactin Rabbit
GH 1 : 1000 Ovine GH Rabbit
TSH 1 : 500 Ovine TSHβ Guinea pig
LH 1 : 500 Ovine LHβ Rabbit
FSH 1 : 200 Ovine FSHβ Guinea pig

Antibody for ACTH was from Dako, and the other antibodies were from the
NIH National Hormone and Peptide Program.

with LH (FSH–LH), the optimal antigen retrieval buffer
was PBS (0.01 m, pH 7.4).

The immuno-staining process began with the
rehydration of sections in successive 2 min HistoleneTM

(Fronine, New South Wales, Australia) and ethanol
rinses (100, 90 and 70%) followed by washing in
PBS (0.01 m, pH 7.4) three times for 5 min each. For
the double-labelling of FSH–LH, heat-induced antigen
retrieval was performed in the designated antigen retrieval
buffer for 10 min at 121◦C. Sections were incubated in
blocking solution (PBS, 0.01 m, pH 7.4), 0.01% azide,
10% normal donkey serum (Sigma-Aldrich, Inc., Saint
Louis, MO, USA) at room temperature in a humidified
chamber (30 min). Single-labelled immunofluorescence
was performed by incubating the sections for 24 h at 4◦C
with specific primary antibodies as indicated in Table 1.
Double-labelled immunofluorescence was performed by
incubating the sections for 24 h at 4◦C with a primary
antibody cocktail containing antisera against LH and
FSH, as noted in Table 1, to (co)localize gonadotrophins
or against LH and TSH to (co)localize LHβ and TSHβ.
Following primary antibody incubation, sections were
washed in PBS (0.01 m, pH 7.4) and incubated with
the appropriate fluorophore-conjugated secondary
antibody: Cy3-conjugated donkey anti-mouse IgG,
Cy3-conjugated donkey anti-rabbit IgG, Cy3-conjugated
donkey anti-guinea pig IgG, and Cy2-conjugated
donkey anti-rabbit IgG (1 : 200, Jackson Immuno-
Reseach, West Grove, PA, USA). Sections were washed
in PBS (0.01 m, pH 7.4) and incubated with 3 μm

4′,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Molecular Probes Inc., Eugene, OR, USA). The immuno-
stained sections were washed in PBS (0.01 m, pH 7.4) and
then mounted in antifade Fluorescent Mounting Medium
(Dako, Carpentaria, CA, USA).

Specificity and cellular localization of immunostaining

Although the specificity of the NIDDK polyclonal
anti-ovine antibodies has been well established (e.g. Sheng
et al. 1998; Liu et al. 2005), further assessment of the
specificity of immunostaining of these pituitary hormones

in the present system was accomplished with additional
control procedures. These included omission of primary
antibodies, replacement of the primary antibodies with
10% normal donkey serum, or incubations with primary
antibodies followed by secondary antibodies produced in
an inappropriate host species. We observed no immuno-
reactivity following any of these control procedures. We
have previously confirmed specificity of immunostaining
for oPRL, oTSHβ and oLHβ (Schwartz et al. 1999)
and have validated the use of the mouse monoclonal
antihuman ACTH antibody in ovine pituitaries,
confirming the specificity of ACTH immunostaining
(Farrand et al. 2006). Furthermore, to confirm the
specificity of the fluorophore-conjugated secondary
antibodies, separate sections incubated with each primary
antibody were then incubated with inappropriate
secondary antibodies to detect any bound fluorescence.

Epifluorescent imaging of pituitary cells

Immunohistochemical staining was visualized using an
AX70 epifluorescence microscope (Olympus, Tokyo,
Japan) connected to a digital camera (Photometrics
CoolSNAPfx , Roper Scientific, Tucson, AZ, USA).
Cy2, Cy3 and DAPI signals were individually imaged
using excitation/emission wavelengths of 492/510 nm,
550/570 nm and 358/461 nm. The primary antisera used
did not cause any fluorescence signals that would have
indicated inappropriate cross-reactions with secondary
antisera or spectral bleed-through of signals through
microscope filters.

For each fetal pituitary, in each of the three to
five sets of sections, spanning anterior to posterior
regions, 10–20 randomly selected, non-overlapping fields
(medial to lateral and inferior to superior) were photo-
graphed for each hormone or combination of hormones
targeted on a section at 400× magnification (with oil
immersion), using V++ image capture software (Total
Turnkey Solutions, New South Wales, Australia). Greyscale
images were acquired (1300 × 1030 pixel resolution) for
each fluorescent label resulting in two images per field
(single-labelled immunostaining) and three images per
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field (double-labelled immunostaining). All images were
saved in tagged image file format.

Quantification

Extensive quantification (more than 120 000 cells per
animal group) was determined using the image analysis
software, analySIS (Soft Imaging Systems, Munster,
Germany) (Farrand et al. 2006). For each photographed
field, the total number of nuclei, identified by DAPI, and
the number of cells immunopositive for each antigen
were identified using a mechanical threshold function that
establishes a window of optical density values equating to
unequivocal positive staining. The number of nuclei and
immunopositive cells in all sections were totalled for each
animal per treatment. Results from the six animals per
treatment group were compared as described below. For
each antigen, the accuracy of the automated quantification
method was validated against manual cell counts, whereby
the total number of nuclei and immunopositive cells in five
non-overlapping fields were assessed.

Figure 1. Single-labelled immunofluorescent staining for ACTH,
GH, PRL, TSH, LH and FSH
Photomicrographs from a 141 days gestation sham-operated fetal
sheep pituitary demonstrating single-labelled immunofluorescent
staining for ACTH, GH, PRL, TSH, LH and FSH in the anterior lobe (AL),
intermediate lobe (IL) and neural lobe (NL). Scale bar = 25 μm.

Statistical analysis

Corticotrophs, somatotrophs, lactotrophs, thyrotrophs
and gonadotrophs were defined as any pituitary cell
immunopositive for ACTH, GH, PRL, TSH and LH (or
FSH), respectively. Double-labelled cells were assigned to
population categories based on the phenotypic expression
of TSH–LH or FSH–LH. Cell populations were represented
as a proportion of the total number of pituitary
cells. Analysis was performed on the total number of
animals within each treatment group expressing the
various hormones. The group proportion of pituitary
cells expressing ACTH, GH, PRL, TSH, LH or FSH or
combinations of TSH–LH or FSH–LH was calculated.
There was an uneven distribution of male and female
pituitaries among treatment groups (110 days gestation:
5 male/1 female; Sham: 3 male/3 female; HPD: 5 male/1
female). In the sham treatment group, where there were
three males and females, there was no difference in the
proportion of AP cells between sexes (data not shown)
and therefore data from fetuses of both sexes were pooled
in all analyses. Thus, for each pituitary cell type we
determined (a) the ontogenic change over late gestation
and (b) the effect of HPD on the proportion of pituitary
cells in each phenotypic population. Each pituitary cell
type is presented as a proportion of pituitary cells. In
all cases, results are expressed as the mean (n = 6 per
group) ± s.e.m. Data sets were determined to be normally
distributed by the Kolmogorov–Smirnov test, after which
analyses for significance of effects by age and HPD were
assessed by one-way ANOVA. Where ANOVA indicated a
significant effect, differences among groups were assessed
using Tukey’s test post hoc (Dythan, 2003). Differences
were considered statistically significant at P-values less
than 0.05.

Results

Specificity of immunostaining

The immunohistochemistry provided clear and specific
staining of cells for the various AP hormones and nuclei.
ACTH, PRL, GH, TSHβ, LHβ and FSHβ were localized to
the cytoplasm of specific pituitary cells (Fig. 1). Staining
was not observed for any of these peptides in the neural
lobe. Cells within the intermediate lobe stained positively
for ACTH in the same proportion as found in an earlier
study (Farrand et al. 2006). Preabsorption of ACTH,
GH, PRL, TSHβ and LHβ antisera with corresponding
peptides completely abolished immunostaining, as
previously shown (Schwartz et al. 1999; Farrand et al.
2006). No staining was present when normal donkey serum
was substituted for each of the primary antibodies (data
not shown). Positive signals were only observed when the
optic cube appropriate for each fluorophore was used, and

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



J Physiol 586.4 Hypothalamic control of pituitary development 1189

no spectral bleed-through was evident. Additionally, there
were no readily identifiable contiguous concentrations of
the various cell types.

Effects of ontogeny and HPD on pituitary cell
development

Pituitary cells identified as corticotrophs, somatotrophs
and lactotrophs could be all detected at 110–141 days
gestation. Despite the likely increase in the total number
of AP cells over this period, there was no significant
effect of gestational age on the proportion of corticotrophs
and somatotrophs (Fig. 2). In contrast, the proportion of
lactotrophs effectively doubled between 110 and 141 days
gestation (Fig. 2). Thus, from 110 to 141 days gestation
corticotrophs and somatotrophs increased in proportion
to overall pituitary growth, whereas the proportion of
lactotrophs increased disproportionately.

Pituitary cells identified as thyrotrophs and
gonadotrophs could be all detected at 110 and 141 days
gestation. There was no significant change in the relative
proportion of thyrotrophs between 110 and 141 days
gestation (Figs. 2, 3). In contrast, there was a marked
increase (P < 0.05) in the proportion of gonadotrophs,
defined as expressing either LH or FSH. The proportion
of cells expressing LH increased by approximately half
between 110 and 141 days gestation (Fig. 2). The increase
in the proportion of cells staining positive for FSH over
the same period is even more dramatic (Fig. 2).

There was no significant difference in the proportion
of corticotrophs, somatotrophs or lactotrophs at 141 days
gestation as a result of disconnection of the fetal pituitary
from the hypothalamus.

In contrast to the absence of a gestational effect in
the proportion of thyrotrophs in pituitaries from intact
fetuses, disconnection of the fetal pituitary from the
hypothalamus resulted in a significant increase in
TSH-positive cells between 110 and 141 days gestation
(P < 0.05). Importantly, compared to sham pituitaries,
HPD was also associated with a relative decrease (P < 0.05)
in the proportions of cells expressing either LH or FSH at
141 days gestation (Fig. 2).

In the dedicated colocalization experiments, we
identified cells that express either LH-only (LH+/FSH–);
FSH-only (FSH+/LH–); or both FSH and LH (FSH–LH)
(Figs. 3A, 4A). Significantly, the proportion of cells
expressing LH-only was not affected by either gestational
age or HPD. In marked contrast, between 110 and
141 days gestation there was an increase (P < 0.05) in
the proportion of the population of cells that express
both hormones (FSH–LH). Consistent with the effect
observed in single-labelled gonadotrophs, HPD markedly
attenuated the normal increase between 110 and 140 days
gestation (P < 0.05) of cells coexpressing FSH and LH.
Cells expressing FSH-only were present far less frequently

than those coexpressing FSH and LH. The qualitative
pattern of effects of gestation (increase) and HPD
(attenuation of the increase) on FSH-only cells parallels
that of the coexpressing cells. The proportional increase
over gestation in total LH cells or total FSH cells, as
observed in single labelled immunostaining, can thus be
attributed to the appearance of the population of cells
that coexpress FSH and LH, rather than increases in the
respective LH-only and FSH-only cells.

Our single-label immunostaining showed an opposite
effect of HPD on the proportion of LH and TSH expressing
cells, suggesting a reciprocal hypothalamic influence on
the expression of glycoprotein hormones. Accordingly, we
hypothesized that there might be a population of cells
that express both LH and TSH, with the potential to
favour one over the other depending on signals from the
hypothalamus. However, colocalization of TSH and LH
was extremely rare (Figs. 3B, 4B), with fewer than 1%
accounted for in the fetal pituitary at 110 days and 141 days
gestation. The majority of cells exclusively expressed
LH-only (LH+/TSH–) or TSH-only (TSH+/LH–). Note
that for comparison of Fig. 4B with Fig. 4A, the numbers
of cells represented by LH-only bars in Fig. 4B include
all LH-positive cells that do not coexpress TSH; so these
include cells immunopositive for LH+/FSH– as well as
FSH–LH. Thus, we have identified that cells expressing
LH and TSH are restricted to individual pituitary cell types
and changes that occur in the proportions of these cells are
likely to be attributable to independent changes that occur
in different cells.

Figure 2. Numbers of AP cells immunopositive for ACTH, GH,
PRL, TSH, LH and FSH
Numbers of AP cells immunopositive for ACTH, GH, PRL, TSH, LH and
FSH in 110 days gestation (white), 141 days gestation sham-operated
(grey) and 141 days gestation HPD-operated (black) fetal sheep as a
percentage of the total number of cells. Values represented as
means ± S.E.M. ∗P < 0.05 compared with 110 days gestation control.
†P < 0.05 compared with 141 days gestation sham-operated.
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Discussion

In this study we successfully identified the extent of
hypothalamic influence on the relative proportions
of pituitary cells over late gestation in fetal sheep.
Furthermore, we determined the ontogenic profile of these
cells over the last quarter of gestation, as quantitative
descriptions are scant. In intact fetuses we found
that the proportion of corticotrophs, somatotrophs and
thyrotrophs increased in step with the growth of the AP,
whereas the proportions of lactotrophs and gonadotrophs
increased disproportionately during late gestation.

Surgical removal of hypothalamic input from the
pituitary increased the proportion of thyrotrophs and

Figure 3. Photomicrographs of fetal sheep
pituitary glands from 110 and 141 days gestation
sham- and HPD-operated groups showing
double-labelled immunofluorescence
A, LH and FSH (co)expression: LH was found to be
coexpressed with FSH in greater proportions of cells at
141 days gestation than at 110 days gestation. As a
result of HPD there are visibly fewer cells per field.
FSH–LH cells are evident as yellow/orange cells. Very few
cells expressing FSH-only (red) are seen. B, LH and TSH
(co)expression: TSH–LH double-labelled cells are very
rare in all groups. Cells expressing TSH-only (red) or
LH-only (green) are seen. Purple arrow, cell stained
positive for FSH-only (A) or TSH-only (B). Blue arrow, cell
stained positive for LH-only. Yellow arrow, cell stained
positive for FSH–LH or TSH–LH. Scale bar applies to all
images: 10 μm

significantly attenuated the increase in proportion of
gonadotrophs expressing FSH or LH. Interestingly,
removal of hypothalamic input from the pituitary did
not alter the proportion of corticotrophs, somatotrophs
or lactotrophs. As a result of observing an opposite
effect of comparable magnitude of HPD on the
proportions of TSH and LH expressing cells, we examined
hypothalamic influence on their colocalization. We
observed no dual-labelled TSH–LH cells at any of the
ontogenic stages studied. Thus, disconnection of the fetal
pituitary from the hypothalamus significantly increased
the proportion of cells expressing TSH, and decreased the
proportion of cells expressing FSH or LH independently
of each other. Together, these results suggest that late in
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gestation the hypothalamus exerts a net negative influence
on the differentiation or proliferation of thyrotrophs and
a net positive influence on gonadotrophs. It appears to
have no net effect on corticotrophs, somatotrophs and
lactotrophs.

Together, these results suggest that a normal
complement of the most numerous components of the
sheep anterior pituitary, lactotrophs and somatotrophs,
is established in late gestation independently of
hypothalamic input. In addition corticotrophs are
unaffected by hypothalamic disconnection, as are a
population of gonadotrophs that express only LH. In
marked contrast, the increase in FSH cells, but also
LH–FSH cells, is severely curtailed by hypothalamic
disconnection, and the hypothalamus exerts a tonic
inhibitory effect on cells of the thyrotroph lineage.
These surprising results show that one or more of the
hypothalamo-hypophysial factors inhibit differentiation
and/or proliferation of thyrotrophs, but stimulate the FSH
gonadotroph lineage.

Between 110 and 140 days gestation, the AP grows.
Although weights or volumes of the anterior pituitary were
not specifically measured in the present study, it is possible
to estimate the growth of the gland over this period at
approximately 60% (Smith et al. 1993). Accordingly, while
it is also possible to expect that proportional changes in
the composition of the anterior pituitary translate into
numbers of cells that reflect a 60% increase, it must be
borne in mind that changes in weight are not necessarily
reflected 1 : 1 with changes in total numbers of cells and
that the anterior pituitary also includes hormone-negative
cells. In studies in which the effects of HPD on pituitary
volume were measured there was no significant change as
a result of HPD, and so comparisons between sham and
HPD pituitaries are likely to represent the same number
(Antolovich et al. 1990).

The proportion of pituitary cells expressing each
hormone was not specifically totalled in this study because
during development pituitary cells store, as well as release,
more than one AP hormone (Villalobos et al. 1997,
2004; Denef et al. 2005). However, rough estimates of the
totals at 110 days gestation (71%) compared with 141 days
gestation (93% sham; 89% HPD) suggest that a lower
proportion of cells are differentiated at 110 days gestation.

The increase in the proportion of lactotrophs represents
a maturational change in late gestation. Lactotrophs are
the last cells to appear; thus an increase in the proportion
of lactotrophs in late gestation was expected. The lack
of effect of pituitary disconnection suggests there is
negligible hypothalamic influence on development of
these cells over this time period. It is noteworthy that the
proportion of lactotrophs, even at 141 days gestation, is
not as high as usually reported. This is likely to reflect the
immature state of the pituitary. The increase in lactotrophs
between 110 days and 141 days gestation would suggest,

however, that lactotrophs are on a trajectory to become the
predominant cell soon after birth.

Removal of hypothalamic input from the pituitary

The greater proportion of thyrotrophs observed in
HPD fetal pituitaries at 141 days gestation suggests that
hypothalamic input exerts a modulatory influence on
thyrotroph development in the fetus during late gestation.
Previous findings in TRH-null mice (Shibusawa et al.
2000) suggest that TRH is not required for thyrotroph
development, and the present results would support the

Figure 4. Percentage of pituitary cells expressing FSH-only,
LH-only and FSH–LH (A), and TSH-only, LH-only and TSH–LH (B)
Percentage of pituitary cells expressing FSH-only (FSH+/LH–), LH-only
(LH+/FSH–), and FSH–LH (A), and TSH-only (TSH+/LH–), LH-only
(LH+/TSH–), and TSH–LH (B), in 110 days gestation (white), 141 days
gestation sham-operated (grey) and 141 days gestation HPD-operated
(black) fetal sheep anterior pituitaries. ∗P < 0.05 compared with
110 days gestation, †P < 0.05 compared with 141 days gestation
sham-operated. NB: for comparison of B with A, the numbers of cells
represented by LH-only bars in B include all LH-positive cells that do
not coexpress TSH; so these include cells immunopositive for
LH+/FSH– as ell as FSH–LH.
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concept that positive influence from the hypothalamus
is not required for increases in TSH-containing cells.
HPD removes all hypothalamic factors from the pituitary
and the present data are consistent with net inhibitory
hypothalamic influence on TSH cells during development.
A study in another model of development, fetal rats
following encephalectomy, resulted in no change in
numbers of thyrotrophs. (Begeot et al. 1981). Although
the reasons for discrepant results between HPD and
encephalectomy studies are unknown, encephalectomy
would clearly involve gestational adaptation and not
simply isolation of the AP from the hypothalamus. With
respect to HPD, it should also be remembered that
this procedure might also be expected to alter feedback
on the AP from peripheral target organs. In the case
of the hypothalamo-pituitary-thyroid axis, diminished
TRH drive would ultimately be expected to result in
decreased secretion of thyroid hormones. It is possible that
lower feedback inhibition at the pituitary might influence
the differentiation/proliferation of thyrotrophs, and this
possibility cannot be ignored.

It has been proposed that there is an absolute
requirement for gonadotropin-releasing hormone input
to gonadotrophs for the maintenance of gonadotrophs, at
least in the adult animal (Childs, 1997). On that basis,
one would expect there to be a reduction in LH and
FSH immunostaining cells in HPD fetal pituitaries and
our results clearly support the literature. Remarkably,
our results show that the proportion of LH-staining
cells falls by only 12%. Although subtle, the decrease in
gonadotrophs following HPD suggests development of
these cells is dependent on positive hypothalamic input. It
has been shown (Pilavdzic et al. 1997) that gonadotrophs
expressing LH or FSH are almost entirely absent (< 2%)
at 32 weeks gestation in anencephalic human fetuses. This
is interesting because both LH and FSH expressing cells
are absent and there is clearly a greater impact than we
obtained by the simple loss of hypothalamic input. Perhaps
additional factors originating outside the hypothalamus
may be influencing the development of LH-containing
cells. Alternatively, there may be paracrine or autocrine
roles within the pituitary cell population.

In the present study, when we examined colocalization
of FSH and LH (i.e. FSH–LH cells) we found that FSH
and LH are coexpressed in many cells. This is consistent
with earlier reports of coexpressing gonadotrophs such
as observed in the juvenile and adult male rhesus
monkey (Meeran et al. 2003). We showed that there
is a substantial, persistent population of gonadotrophs
that express LH-only (i.e. cells LH+/FSH–) and, in
contrast to other gonadotrophs, these cells are unaltered
by HPD. Together, these data suggest that although some
gonadotrophs may develop in the absence of hypothalamic
input, achieving a full complement of gonadotrophs that
coexpress both gonadotrophins requires hypothalamic

signalling. Thus, it is possible that during late gestation,
gonadotroph development may be, in part, dependent on
hypothalamic input, or at least hypothalamic influence
may be maintaining this cell type.

Another unexpected finding is that the substantial
proportion of gonadotrophs that only express LH
also appear to be unaltered by age, unlike FSH–LH
cells. This suggests independent regulation of sub-
populations of LH-expressing cells and warrants further
investigation.

As our single-label immunostaining clearly showed
an opposite effect of comparable magnitude of HPD
on the proportion of LH and TSH expressing cells, we
examined hypothalamic influence on their colocalization.
We hypothesized that during fetal development there
might be a population of cells capable of producing
glycoprotein hormones, the determination of which is
produced being dictated by the hypothalamus. We found
that dual-labelled TSH–LH immunopositive cells were
extremely rare (< 1%) in all groups we studied. In contrast
to the present study in fetal sheep, previous work has
shown colocalization of TSH with LH in the mouse (Nunez
et al. 2003; Villalobos et al. 2004), and sexually mature ewe
(Mignot & Skinner, 2005); explanations for the apparent
discrepancy, other than the differences in stage of life are
not readily apparent.

The relative proportions of corticotrophs were altered
neither by age nor HPD, suggesting either independence
from hypothalamic input (Timpl et al. 1998) or that it
is required before 110 days gestation. In support of this,
it has been shown that expression of ACTH is apparent
before the formation of Rathke’s pouch (Kouki et al. 2001).
The absence of any significant change in the proportion
of corticotrophs over the time period of the present study
is consistent with some previous observations (Matthews
et al. 1994), but not others in which increases (Braems
et al. 1996) or decreases (Antolovich et al. 1989; Perez et al.
1997) were reported. The reason for the inconsistency is
not readily apparent, except that a variety of age windows
methods and anti-ACTH antibodies were associated with
the reports. In any event, the proportion of corticotrophs
at 110 days and 140 days in the present study is comfortably
within the range of values (10% to 21%) reported across
all the aforementioned studies. The presence of the same
proportions of somatotrophs and lactotrophs following
HPD as in age-matched intact fetuses suggests that these
cells develop normally in the absence of hypothalamic
input. This is consistent with somatotroph and lactotroph
cell numbers in anencephalic human fetuses (Begeot et al.
1984; Pilavdzik et al. 1997).

The differential staining of individual and coexpressing
AP cells provided clear and specific cytoplasmic immuno-
staining. Since fixation in formalin can impair binding
of antibodies we included an antigen retrieval step (Shi
et al. 2001), using suitable buffers, at 121◦C for 10 min.
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This treatment evened out binding across all sections and
enhanced only the specific binding.

To our knowledge this is the first time the late gestational
developmental change and hypothalamic influence on
the separate expression of all pituitary hormones in
the fetal sheep pituitary have been assessed in a single
study. We have demonstrated an overall increase in
thyrotrophs following HPD, possibly due to removal
of a modulatory hypothalamic influence. In contrast,
we have shown that HPD decreases the proportion of
gonadotrophs expressing FSH–LH or only FSH, suggesting
hypothalamic input is essential for maintenance of
these gonadotrophs. Cells expressing only LH appear
to be independently regulated during late gestation.
In addition, we found colocalization of LH and TSH
extremely rare indicating that changes in numbers of cells
expressing TSH or LH occur independently and that this
is restricted to individual pituitary cell types during late
gestation. With respect to lactotroph, somatotroph and
corticotroph development, maintenance of these cell
types during late gestation appears to be independent
of hypothalamic input. The findings from our study
raise interesting questions regarding identification of
non-hypothalamic and/or intrapituitary factors that
may influence pituitary cell development during late
gestation. Continued research will be required to further
investigate the factors that regulate the development of
pituitary cell populations and to assess their physiological
importance.
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