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Abstract
Annexin 1 (ANXA1) is a member of the annexin family of phospholipid- and calcium-binding
proteins with a well demonstrated role in early delayed (30 min to 3 h) inhibitory feedback of
glucocorticoids in the pituitary. We have examined corticotrophs in wild-type and ANXA1
knockout mice to determine the effects of lack of ANXA1 in male and female animals. Anterior
pituitary tissue from ANXA1 wild-type, heterozygote and null mice was fixed and examined (i) by
confocal immunocytochemistry to determine the number of corticotrophs and (ii) by electron
microscopy to examine the size, secretory granule population and secretory machinery of
corticotrophs. No differences in these parameters were detected in female mice. In male ANXA1
null mice, there were approximately four-fold more corticotrophs than in wild-type animals.
However, the corticotrophs in ANXA1 null mice were smaller and had reduced numbers of
secretory granules (the reduction in granules paralleled the reduction in cell size). No differences
in the numerical density of folliculo-stellate, gonadotroph, lactotroph or somatotroph cells were
detected in male ANXA1 null mice. Plasma corticosterone, adrenocorticotrophic hormone
(ACTH) and pituitary pro-opiomelanocortin mRNA were unchanged but pituitary ACTH content
was increased in male ANXA1 null mice. Interleukin (IL)-6 pituitary content was significantly
elevated in male and reduced in female ANXA1 null mice compared to wild-type. In conclusion,
these data indicate that ANXA1 deficiency is associated with gender-specific changes in
corticotroph number and structure, via direct actions of ANXA1 and/or indirect changes in factors
such as IL-6.
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The hypothalamo-pituitary-adrenal axis (HPA) plays an essential role in the maintenance of
homeostasis. In normal circumstances, its activity is tightly regulated with changes in
glucocorticoid secretion occurring in accordance with the circadian rhythm and in conditions
of stress. Sex differences in HPA activity are well documented and a number of studies have
demonstrated that gonadal steroids act as regulators of HPA activity. Sexual dimorphism in

Correspondence to: Dr Helen C. Christian, Department of Physiology, Anatomy and Genetics, University of Oxford, South Parks
Road, Oxford OX1 3QX, UK (e-mail: helen.christian@anat.ox.ac.uk)..

Europe PMC Funders Group
Author Manuscript
J Neuroendocrinol. Author manuscript; available in PMC 2007 April 25.

Published in final edited form as:
J Neuroendocrinol. 2006 November ; 18(11): 835–846. doi:10.1111/j.1365-2826.2006.01481.x.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



corticosterone secretion was first reported by Kitay (1) and, subsequently, several groups
confirmed elevated corticosterone secretion in basal and some stress conditions in female
rodents relative to males (2, 3). Oestrogen exerts stimulatory effects on stress-induced
adrenocorticotrophic hormone (ACTH) and glucocorticoid release, whereas testosterone acts
to inhibit HPA activity (3). In the rat, there is evidence that changes in plasma corticosterone
are associated with oestrous cycle stage: peak ACTH and corticosterone levels are highest in
the afternoon of pro-oestrous (4), the time of maximal oestradiol secretion (5). Furthermore,
the stress responsiveness of the female rat HPA is known to vary with the oestrous cycle,
with increased corticosterone release in response to stress at pro-oestrous (6). In addition to
the established effects of sex steroids on HPA function in the rat in adulthood, it is now
evident that exposure to gonadal steroids influences HPA programming during perinatal
development (7) and is responsible for the pubertal shift in HPA responsiveness (8).

Annexin 1 (ANXA1) is a glucocorticoid-regulated protein that has been implicated in the
regulation of phagocytosis, cell signalling and proliferation, as a mediator of glucocorticoid
action in inflammation, and in the control of anterior pituitary hormone release (9, 10).
ANXA1 is found in abundance in the anterior pituitary gland, particularly in the agranular
S-100-positive folliculo-stellate (FS) cells (11). Functional studies have identified a key role
for ANXA1 in effecting certain acute, nontranscriptional inhibitory actions of the
glucocorticoids on the release of corticotrophin (ACTH) (12-14). The initial effect of
glucocorticoids in several tissues, including the anterior pituitary, is to cause
phosphorylation and externalisation of ANXA1 from the cytoplasm to the outer cell surface
where it is retained by a Ca2+-dependent mechanism (15-17). Subsequently, the steroids
induce de novo ANXA1 synthesis to replenish the intracellular stores of the protein (16).
Functional and binding studies suggest that the glucocorticoid-induced externalisation of
ANXA1 via an ATP-binding cassette transporter (18) is an important mechanism that
enables the protein to access binding sites (19) on the surface of the corticotrophs and
thereby to exert paracrine regulation of the release of ACTH. Our finding that the FS cells
are the principal source of ANXA1 in the anterior pituitary gland (11) and evidence that FS
cells are rich in glucocorticoid receptors (20) are both consistent with the proposal that
ANXA1 is a paracrine mediator of glucocorticoid action. FS cells form an extensive
functional intrapituitary circuitry via which information can be transferred (21) and pituitary
hormone secretion modulated through the release of several bioactive molecules, including
cytokines and growth factors [e.g. follistatin, interleukin (IL)-6, macrophage migration
inhibitory factor and leukaemia inhibitory factor] in addition to ANXA1 (22-24). Release of
many of these factors is also regulated by glucocorticoids and sex steroids (24, 25).

To explore further the role of ANXA1, ANXA1 null mice have recently been generated
(26). In models of experimental inflammation, ANXA1 null mice exhibit a prolonged and
exacerbated inflammatory response and are partially resistant to the anti-inflammatory
properties of glucocorticoids (26-28). Furthermore, gender differences were evident in that
the male ANXA1 null leucocyte response to an inflammatory episode was enhanced to a
greater extent than the female response (26). In the present study, we have used ANXA1
null mice to explore further the role of this mediator in HPA axis regulation by analysing the
morphological secretion-related characteristics of the anterior pituitary corticotrophs.

Materials and methods
Animals

ANXA1 null mice were generated by targeting of the ANXA1 gene in embryonic stem (ES)
cells as previously described (26). Gene targeting was performed by homologous
recombination in ES cells derived from strain 129 Agouti mice. Correctly targeted ES cells
were then injected into blastocysts from C57 Black females. The resulting chimaeric males
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were test-bred with C57 Black females to produce (129 × C57) F1 offspring, which were
then mated together to produce the F2 homozygous knockout animals used in the present
study. Male and female wild-type littermate controls, ANXA1 heterozygote and ANXA1
null mice (20–25 g body weight) were maintained on a standard chow pellet diet with tap
water ad lib. Animals were housed in groups of six per cage in a quiet room under a 12 : 12
h light/dark cycle (lights on 08.00 h) and temperature was maintained at 21–22 C. All
experiments were started between 08.00 h and 09.00 h to avoid changes associated with the
circadian rhythm. The Principles of Laboratory Animal Care (NIH Publication no. 85-23)
were followed and animal work was carried out under license in accordance with the UK
Guidance on the Operation of Animals, Scientific Procedures Act 1986. Anterior pituitary
tissue was collected immediately after decapitation for determination of ACTH content, pro-
opiomelanocortin (POMC) mRNA and electron microscopy of endocrine cells. For ACTH
analysis, anterior pituitaries were homogenised using brief sonication in 250 μl of ice-cold 5
N acetic acid with 2 mg/ml bovine serum albumin. Trunkal blood was also collected for
determination of plasma ACTH and corticosterone concentrations. For electron microscopy,
anterior pituitary tissue was immersion fixed in freshly prepared 3% w/v freshly prepared
formaldehyde, 0.05% v/v glutaraldehyde (VWR International Ltd, Lutterworth, UK) in
phosphate-buffered saline (PBS), pH 7.2 for 3 h at 4 °C.

For analysis of FS cells, mice were terminally anaesthetised by intraperitoneal injection of 3
mg sodium pentobarbital (Sagatal, Rhone Merieux, France) and perfused through the heart
with heparinised saline (0.9% NaCl and 10 U/ml heparin) followed by 3%
paraformaldehyde and 0.05% glutaraldehyde in PBS. In nonperfused pituitary tissue, the
intimate cell-to-cell contacts make visualisation of FS cells difficult. However, in perfusion-
fixed material, the cells become separated allowing the processes to be seen clearly. The
pituitary gland was removed and immersed in the same fixative for 3 h at 4 °C and prepared
for electron microscopy as described below.

Reverse transcriptase-polymerase chain reaction (RT-PCR) for POMC mRNA
Total RNA was isolated using RNeasy mini kit (Qiagen, Hilden, Germany) following the
manufacturer's instructions, eluted in 40 μl water and treated with DNAse (DNA-free;
Ambion, Witney, UK) to remove traces of genomic DNA contamination. A total of 3.5 μg
of RNA from each sample was subsequently reverse transcribed using 1 μl MMLV reverse
transcriptase (Clontech, Oxford, UK), 2 μl 10 mM dNTP, 2 μl 100 mM DTT in a total volume
of 20 μl. POMC primer sequences were: forward primer, 5′-
AGATGGCAGTCCAGAGCCGAGTCC-3′; reverse primer, 5′-
TGGCCCTTCTTGTGCGCGTTCTT-3′ (with an expected size of 377 bp). Each reaction
also contained primers for GAPDH which served as an internal control: forward primer 5′-
ACTCACGGCAAATTCAACGGCACAG-3′; reverse primer 5′-
TGGTCATGAGCCCTTCCACAATGCC-3′ (expected size 376 bp; all primers synthesised
by Sigma-Genosys, Hinxton, UK). 1 μl cDNA was used as a template in the PCR reactions
(total volume 50 μl). PCR conditions were optimised to an annealing temperature of 63 C
and 29 cycles (Expand High Fidelity PCR system; Roche, Hemel Hempstead, UK). A
negative control PCR was also run using the primers but omitting the cDNA in the reaction
tube. PCR products were separated on a 1% agarose gel stained with ethidium bromide,
photographed and analysed by scanning densitometry (TINA software version 2.10, Raytest
Isotopenmessgeraete GmbH, Straubenhardt, Germany).

ACTH enzyme-linked immunosorbent assay (ELISA) and corticosterone
radioimmunoassay

ACTH was determined in duplicate by use of a commercially available ELISA (IDS Ltd,
Tyne and Wear, UK) according to the manufacturer's instructions. The assay sensitivity was
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0.5 pg/ml and the inter- and intra-assay coefficients of variation were 3.1% and 5.8%,
respectively. The assay is specific for full-length ACTH1–39 and does not detect ACTH
cleavage products. Plasma corticosterone was determined in duplicate by use of a
commercially available radioimmunoassay (IDS Ltd), according to the manufacturer's
instructions. The intra- and inter assay variation of the assay were 10.4% and 12.4%,
respectively.

Electron microscopy
Anterior pituitary tissue was prepared for electron microscopy by standard methods. Briefly,
segments of fixed anterior pituitary were stained with uranyl acetate (2% w/v in distilled
water), dehydrated through increasing concentrations of methanol (70–100%) at −20 °C and
embedded in LR Gold acrylic resin (London Resin Company Ltd, Reading, UK). Ultrathin
sections were prepared and mounted onto formvar-coated mesh nickel grids (Agar Scientific
Ltd, Stanstead, UK).

Endocrine cells in sections taken systematically from different depths of the embedded
tissue were identified on the basis of their secretory granule populations (shape, electron
density, size and distribution), and organelle structure, nucleus size and chromatin
characteristics. Immunogold labelling for ACTH, prolactin (PRL), luteinising hormone
(LH), growth hormone (GH) and S-100 was also performed to assist with the identification
of corticotrophs, lactotrophs, gonadotrophs, somatotrophs and FS cells, respectively (29).
Both type I and type II lactotrophs were analysed: type I lactotrophs contain small numbers
of large (> 250 nm diameter) irregularly shaped granules; type II lactotrophs contain large
numbers of small (< 150 nm diameter) spherical granules (30). Sections were incubated with
either rabbit anti-rat ACTH polyclonal antibody (1 : 250), rabbit anti-rat PRL (1 : 5000),
guinea-pig anti-rat LH (1 : 3000), monkey anti-rabbit GH (1 : 5000; all from the National
Hormone and Pituitary Programme, Torrance, CA, USA) or sheep anti-S-100 (1 : 400; Dako
Corp, Cambridge, UK) for 2 h and for 1 h with either anti-rabbit immunoglobulin (Ig)G 15
nm gold complex (ACTH, PRL) or Protein A-15 nm gold complex (LH, GH, S-100; gold
conjugates from British Biocell, Cardiff, UK). For control sections, the primary antibody
was omitted and replaced with 0.1 M phosphate buffer containing 1% w/v egg albumin.
Sections were then lightly counterstained with uranyl acetate and lead citrate. All antibodies
were diluted in 0.1 M phosphate buffer containing 1% w/v egg albumin. The sections were
viewed with a JEOL 1010 transmission electron microscope (JEOL, Peabody, MA, USA).
The proportion of each cell type in wild-type and ANXA1 null pituitary was determined. For
each pituitary (n = 4), four randomly orientated sections each containing ten grid squares of
intact tissue were assessed. The density of each cell population was determined by counting
the number of each cell type divided by the total number of cells per grid.

Electron microscopy morphological studies
For analysis of cell morphology by point counting (31), ten micrographs of each cell type
(corticotrophs, type I and II lactotrophs, somatotrophs, gonadotrophs and FS cells) per
animal were taken at a magnification of × 4000. The negatives were scanned into Adobe
Photoshop, version 5.5 (Adobe Systems Incoporated, San Jose, CA, USA) and printed onto
A4 paper for analysis at × 2.77 linear magnification (final linear magnification 1 μm = 1.11
cm). In all cases, the analyst was blind to the sample code. The following parameters were
calculated from endocrine cell micrographs: cytoplasmic, nuclear and total cell areas;
granule diameter and density; relative density of rough endoplasmic reticulum and dilation
of Golgi apparatus. Sections from four animals per group were examined. To determine total
and nuclear cell areas a 1-cm grid acetate sheet was placed at random over the cell and the
number of grid intersections that overlaid the cell was recorded. Cytoplasmic area was
determined by subtracting nuclear area from total cell area. The data obtained was

Morris et al. Page 4

J Neuroendocrinol. Author manuscript; available in PMC 2007 April 25.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



multiplied by an areal conversion factor of 1.23 because, on each micrograph, 1 cm2

represented 1.23 μm2. Mean granule diameter was determined by the overlay and match of
circles of known diameter onto granules in the cell for 30 granules per cell. To determine
granule areal density, a 0.7-cm grid was used: the number of intersections that overlaid a
granule was counted, adjusted by the areal conversion factor and divided by the cytoplasmic
area of the cell. Expansion of the rough endoplasmic reticulum (rER) and Golgi apparatus
was assessed visually and graded on a scale of 0–4 (0, no expansion; 4, the most expansion).
These estimates do not provide absolute measurements but do provide a basis for
comparison. The total, cytoplasmic and nuclear areas of FS cells were analysed from
scanned micrographs using Image J software (US National Institutes of Health, Bethesda,
MD, USA; http://rsb.info.nih.gov/ij).

Fluorescence microscopy
For visualisation of corticotrophs by immunofluorescence semithin (100 μm) sections of LR
Gold-embedded anterior pituitary tissue were prepared onto glass slides. Sections were
rinsed in PBS, blocked with 10% foetal calf serum (FCS) in PBS at room temperature for 1
h and incubated for 2 h with rabbit anti-rat ACTH polyclonal antibody (National Hormone
and Pituitary Programme, Torrance, CA, USA) at a dilution of 1 : 250 in 10% FCS in PBS.
Immunoreacted sections were washed with PBS then incubated for 1 h at room temperature
with a fluorescein-conjugated goat antirabbit IgG (Vector Laboratories Inc, Burlingame,
CA, USA). The slides were mounted in Vectashield mounting medium containing
propidium iodide (Vector Laboratories Inc, Burlingame, CA, USA) to counterstain cell
nuclei. Sections were then examined using a TCS confocal microscope (Leica Corp.
Microsystems, Wetzlar GmbH, Germany). The numerical density of corticotrophs in the
pituitary was quantified by counting the number of ACTH immuno-positive cells per 250
μm × 250 μm of section determined using Axiovision 4.2 Image analysis software (Zeiss,
Welwyn Garden City, UK). Four sections taken from different depths of the tissue block
were quantified per animal.

Detection of IL-6 by Western blot analysis
IL-6 was extracted from pituitary tissue by sonication(25 Hz, 20 s, Soniprep 150, MSE, UK)
on ice in EDTA(10 mM) containing Triton X-100(1% v/v, Sigma Chemical Co.) and the total
protein content of each sample determined by the Bradford assay. The extracted proteins
were separated by 10% SDS-PAGE [20 μg/channel in a volume of 20 μl by use of a midget
gel Hoeffer electrophoresis system and power pack (LKB, Milton Keynes, UK)] and
transferred electrophoretically to nitrocellulose paper (Bio-Rad laboratories Inc. Ltd, Hemel
Hempstead, UK). IL-6 was detected by overnight incubation(4 C) with a rabbit anti-IL-6
polyclonal antibody (diluted 1 : 1000; Abcam, Cambridge, UK) followed by antirabbit IgG
conjugated to horseradish peroxidase (diluted 1 : 5000; Sigma Chemical Co., Poole, UK)
and visualised by ECL (Amersham Biosciences, Little Chalfont, Bucks, UK). The blots
were scanned using a flatbed scanner (HP Scanjet 5200 with Adobe Photodeluxe Business
Edition v1.1) and the band intensity analysed using the TINA software programme (TINA
version 2.10, Raytest Isotopenmessgeraete GmbH, Germany). Leukaemia inhibitory factor
(LIF) was also detected in samples using the same method with rabbit anti-LIF primary
antibody (R and D Systems, Abingdon, UK) and antirabbit IgG peroxidase conjugated
secondary antibody, and the housekeeping protein β-actin with a monoclonal antiβ-actin
clone AC-15 (1 : 5000) and peroxidase-conjugated antimouse secondary antibody(1 : 5000;
all Sigma Chemical Co., Poole, UK).

Immunogold detection of IL-6
Male and female wild-type and ANXA1 null pituitary tissues, fixed in a mixture of freshly
prepared 3% formaldehyde and 0.05% glutaraldehyde in PBS for 4 h at 4 C, were washed
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briefly in PBS, and transferred to a solution of 2.3 M sucrose in PBS overnight. The
cryoprotected tissue was cut into 300-μm-thick slices with a Vibroslice (Camden
Instruments, Sileby, UK), slam-frozen (Reichert MM80E; Leica, Milton Keynes, UK),
freeze-substituted at −80 C in methanol for 48 h, and embedded at −20 C in LR Gold acrylic
resin (London Resin Company Ltd, Reading, UK) in a Reichert freeze-substitution system.
Ultrathin sections were prepared by use of a Reichert Ultracut S ultratome, mounted onto
formvar-coated nickel grids, incubated for 2 h with anti-IL-6 polyclonal antibody (dilution,
1 : 400; Abcam, Cambridge, UK) and for 1 h with antirabbit IgG-15 nm gold complex,
followed by 2 h with anti-S-100 (a FS cell marker) polyclonal antibody (dilution, 1 : 4000;
DAKO Corp., Cambridge, UK) and for 1 h with antisheep IgG-5 nm gold complex, then
lightly counterstained with uranyl acetate and lead citrate. All antibodies were diluted in 0.1
M phosphate buffer containing 0.1% w/v egg albumin. For control sections, the primary
antibodies were omitted and replaced with 0.1 M phosphate buffer containing 0.1% w/v egg
albumin. Sections were examined with a JEOL 1010 transmission electron microscope. The
number of 15 nm gold particles was counted in ten cells/-animal and calculated as particles/
μm2 by dividing the total number of gold particles counted by the cytoplasmic area.

Statistical analysis
All morphometric values represent the mean ± SEM (n = 4 animals per group). Preliminary
analysis confirmed that the data were normally distributed. Subsequent analysis was
undertaken by one-way ANOVA with post hoc analysis performed using the Bonferroni test.
Semi-quantitative measures of IL-6 were made by comparisons of Western blot band optical
densities (arbitrary units). ANXA1 null expression was expressed as a percentage of the
wild-type of the same gender and expressed as the mean ± SEM (n = 4 gels); statistical
comparisons between the normally distributed groups were made by Student's t-test. For
ACTH and corticosterone hormone data, preliminary analysis by the Shapiro and Wilks test
confirmed that the data were normally distributed. Subsequent analysis was performed by
two-way ANOVA with post hoc comparisons by Scheffe's test. Data was expressed as mean ±
SEM (n = 8 animals). In all cases, P < 0.05 was considered statistically significant.

Results
Basal hypothalamo-pituitary-adrenal axis activity

Figure 1 demonstrates the amount of anterior pituitary POMC mRNA, ACTH content,
circulating ACTH and corticosterone measured in wild-type and ANXA1 null mice. POMC
and GAPDH mRNA was detected as appropriately sized bands by RT-PCR whereas the
negative control reactions yielded no band (Fig. 1a,b). No difference in the amount of
anterior pituitary POMC mRNA in wild-type and ANXA1 null mice was detected.
However, anterior pituitary ACTH content was significantly greater (P < 0.05) in ANXA1
null male mice compared to wild-type but no significant difference was measured between
female ANXA1 null male mice and wild-type (Fig. 1c). No significant differences were
measured in circulating basal ACTH (Fig. 1d) or corticosterone (Fig. 1e) in wild-type and
ANXA1-null mice.

Corticotroph morphology
Electron microscopic analysis of corticotroph morphometric parameters are shown in Figs 2
and 3. In all of the morphometric parameters measured, there was no difference measured
between female wild-type, heterozygote and ANXA1 null mice (Figs 2a-c and 3a-e). By
contrast, total cell area (Fig. 2a), cytoplasmic area (Fig. 2b) and nuclear area (Fig. 2c) were
all significantly (P < 0.01) reduced in ANXA1 null male mice compared to wild-type.
Nuclear area was also significantly (P < 0.05) reduced in heterozygote male corticotrophs
compared to wild-type (Fig. 1c) but male heterozygote cell area (Fig. 2a) and cytoplasmic
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area (Fig. 2b), although reduced in mean size, were not significantly different to wild-type
corticotrophs. Granule area was significantly (P < 0.05) reduced in ANXA1 null male mice
compared to wild-type (Fig. 3a) but, when the reduction in ANXA1 null cytoplasmic area
was taken into account, no significant difference was detected in the numerical density of
corticotroph granules between wild-type and ANXA1 null mice (Fig. 3b). Granule diameter
was not affected in heterozygote or ANXA1 null corticotrophs (Fig. 3c). rER (Fig. 3d) and
Golgi apparatus (Fig. 3e) were both significantly reduced in ANXA1 null compared to wild-
type male corticotrophs. Figure 4 shows electron micrographs of anterior pituitary from
wild-type and ANXA1 null mice. In wild-type mice, corticotrophs were stellate, single and
characterised by pale cytoplasm and peripheral secretory granules (Fig. 4a). In male
ANXA1 null mice, many more immunoidentified corticotrophs were present, often in
clusters (Fig. 4b). Analysis of corticotroph cell density by immunofluorescence microscopy
confirmed these observations (Fig. 5). Figure 5(a) illustrates the distribution of single
corticotrophs in a section of wild-type male anterior pituitary, whereas many clusters of
corticotrophs are visible in ANXA1 null male anterior pituitary (Fig. 5b). Quantification of
corticotroph cell density in this tissue (Fig. 5c) revealed a significant (P < 0.01) 4.4-fold
increase in the corticotrophs of male ANXA1 null mice compared to wild-type mice with
data for heterozygotes intermediate between wild-type and null mice. By contrast, no
significant difference in corticotroph cell density was detected among female wild-type,
heterozygote and ANXA1 null mice (Fig. 5c).

Folliculo-stellate cell morphology
Electron microscopic analysis of FS cell morphometric parameters is shown in Fig. 6.
Electron micrographs demonstrate, after perfusion fixation, the characteristic ultrastructural
appearance of FS cells with elongated cytoplasmic processes but no secretory granules in
wild-type male (Fig. 6a) and ANXA1 null (Fig. 6b) male mice. Cell (Fig. 6c) and
cytoplasmic (Fig. 6e) area were significantly greater in male and female ANXA1 null FS
cells compared to wild-type (P < 0.01) whereas nuclear area (Fig. 6d) was significantly
greater in male but not female ANXA1 null FS cells (P < 0.01). Quantification of FS cell
density (Fig. 6f) revealed no significant difference in the FS cell density in male or female
wild-type and ANXA1 null anterior pituitary.

Lactotroph, gonadotroph and somatotroph morphology
Electron microscopic analysis of lactotrophs, gonadotroph and somatotroph cell
morphometric parameters in male wild-type and ANXA1 null mice is shown in Table 1. In
all of the morphometric parameters, excepting rER, there was no difference measured
between wild-type and ANXA1 null mice. rER was significantly increased in ANXA1 null
compared to wild-type lactotrophs, gonadotrophs and somatotrophs. Analysis of cell density
of lactotrophs, gonadotrophs and somatotrophs revealed no significant differences between
wild-type and ANXA1 null anterior pituitary (Table 1). No significant difference was
measured in total cell number per grid square between wild-type and ANXA1 null anterior
pituitary (data not shown).

IL-6 expression in the pituitary gland
IL-6 was readily detected as a single 24-kDa immunoreactive band by Western blotting.
Figure 7 demonstrates that IL-6 expression was significantly increased (P < 0.01) in male
ANXA1 null mice compared to wild-type (Fig. 7a, lanes 3 and 4 versus lanes 1 and 2; Fig.
7E) but, in contrast, was significantly decreased (P < 0.05) in female ANXA1 null mice
compared to wild-type (Fig. 7b, lanes 3 and 4 versus lanes 1 and 2; Fig. 7f). No change was
observed in the amount of β-actin detected in male (Fig. 7c) or female (Fig. 7d) extracts
(lanes 1 and 2 wild-type versus lanes 3 and 4 ANXA1 null). IL-6 was also readily detected
in freeze-substituted anterior pituitary tissue from wild-type (Fig. 8a) and ANXA1 null mice
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(Fig. 8b) by immunogold labelling. The IL-6 immunoreactivity was localised exclusively to
the cytoplasm of the FS cells, which were identified by morphological criteria and S-100
labelling (Fig. 8). Quantitative analysis of the IL-6 labelling by counting the gold particles
confirmed the semiquantitative densitometry data obtained from Western blot analysis
(Table 2). No significant difference in the anterior pituitary expression of LIF was detected
when comparing wild-type and ANXA1 null tissues by Western blot analysis, immunogold
labelling and electron microscopy (data not shown).

Discussion
In the present study, we demonstrate that a lack of ANXA1 is associated with a dramatic
increase in corticotroph density, but not FS cell, gonadotroph, lactotroph or somatotroph
density, in the anterior pituitary of male mice. The expansion of the corticotroph population
was accompanied by a general decrease in corticotroph cell dimensions (i.e. cell, nuclear,
cytoplasmic area) and a reduced total area of granules. The reduced granule content of
individual corticotrophs is likely to indicate decreased production of ACTH in view of the
decrease in both cell size and rough endoplasmic reticulum. The male heterozygotes had
intermediate values of corticotroph dimensions, suggesting a dose-dependent effect of the
ANXA1 gene. By contrast, somatotroph, gonadotroph and lactotroph morphology was not
obviously affected by ANXA1 knockout excepting a relatively subtle change of an increase
in the amount of rER. The effects on corticotrophs of ANXA1 knockout were gender
specific because no significant changes in female corticotroph parameters could be detected.

The clustering of corticotrophs in the male ANXA1 null pituitary strongly suggests that cell
proliferation was the cause of the approximately four-fold increase in corticotrophs.
Corticotroph turnover is dependent on the mitogenic actions of corticotropin-releasing
hormone (CRH) (32-34) and the antiproliferative and proapoptotic actions of
glucocorticoids (35). The striking increase in corticotrophs in male ANXA1 null mice
initially suggested that in males, but not females, a lack of ANXA1-mediated glucocorticoid
feedback at the hypothalamus (36) had increased CRH secretion causing proliferation of
corticotrophs. However, paraventricular nucleus CRH expression was not altered in male or
female wild-type or ANXA1 null mice (J. C. Buckingham and C. John, personal
communication), although it is possible that corticotroph sensitivity to CRH could have
increased.

The increase in corticotroph proliferation could arise directly as a result of ANXA1
deficiency because ANXA1 exerts both the antiproliferative (37, 38) and pro-apoptotic (39)
actions of glucocorticoids. There is strong evidence for ANXA1 inhibition of cell
proliferation (40-43) and ANXA1-binding sites have been identified on the surface of
corticotrophs (19), which may be related to the FPR receptor family implicated in ANXA1
signalling (44, 45). Therefore, increased proliferation in the ANXA1 null mice could have
been mediated via the lack of ANXA1 actions to directly inhibit signalling, or indirectly
inhibit secretion, of a juxtacrine or paracrine proliferation or pro-apoptotic signal from
another anterior pituitary cell type. Factors within the anterior pituitary gland that play an
important role in the regulation of corticotroph proliferation, include epidermal growth
factor (46), leukemia inhibitory factor (LIF) and IL-6 (47, 48) derived from FS cells,
macrophages and T cells. We therefore measured pituitary content of LIF and IL-6 in wild-
type and ANXA1 null mice by Western blot analysis and immunogold electron microscopy.
Although no differences were measured in LIF content, pituitary IL-6 content was elevated
in male ANXA1 null mice and reduced in female ANXA1 null mice compared to wild-type.
Immunogold electron microscopy confirmed these findings and localised IL-6 exclusively to
the cytoplasm of FS cells. It therefore is possible that the increased corticotroph population
in male ANXA1 null mice is secondary to chronic changes in FS cell IL-6 production.
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However, although pituitary IL-6 content was decreased in female ANXA1 null mice, no
change in corticotroph number was measured compared to wild-type. Because FS cells are
the principal source of ANXA1 in the anterior pituitary gland, changes in the number and/or
morphology of FS cells might also have been expected. Although FS number was not
affected, FS cell size was increased in male and female ANXA1 null tissue suggesting
increased cell activity.

From the present study, it is not clear when the increase in number of corticotrophs
occurred. The corticotrophs are the first hormone-producing cells of the pituitary to reach
terminal differentiation. Expression of POMC starts in corticotrophs at about day 12.5 of
embryonic development in the mouse (49) following the expression of the transcription
factors Tpit-1/Tbx19 and NeuroD1 (50). It is possible that changes occurred at this point to
regulate the differentiation and/or proliferation of progenitor cells. It is also possible that the
expansion of the corticotroph population in the ANXA1 null mice occurred postnatally
because the adult corticotroph population is surprisingly labile; for example, acute stress by
a novel environment has been shown to increase the rat corticotroph population by 20%
(51).

Despite the abundant evidence that ANXA1 plays a role in glucocorticoid feedback in the
pituitary, gene deletion does not appear to affect feedback. Although thymic weights are
reduced in tissue mass in relation to body weight in ANXA1 null mice (52), breeding
statistics and growth are normal (26) and there are no obvious signs of hypercortism.
Circulating basal ACTH secretion, corticosterone secretion and the amount of anterior
pituitary POMC mRNA were unchanged in ANXA1 null male mice despite the expansion of
the corticotroph population in these animals. However, pituitary ACTH content was elevated
in male ANXA1 pituitary although the other HPA axis parameters had maintained
homeostasis. There was no alteration in the basal HPA axis function in female ANXA1 null
mice and no significant change in the ACTH content, number or morphology of the
corticotrophs. It is a little more difficult to link the reduction in the size and secretory
granule population in ANXA1 null male mice with the functional data and IL-6 pituitary
content data. It would appear likely that the increase in basal IL-6 in male ANXA1 null mice
represents more production and secretion of IL-6 that would act directly to stimulate ACTH
release (53, 54) and therefore would be expected to increase the activity of the corticotrophs.
However, the reduction in granule profile area indicates a reduction in the total number of
granules per corticotroph because the average individual granule diameter and granule areal
density remain unchanged and rER and Golgi apparatus had declined. Therefore, it is most
likely that the ACTH content of the corticotroph population as a whole is increased because
of the increased numbers of corticotrophs. One reason for the lack of effect of ANXA1
deletion on feedback control of ACTH may be functional redundancies amongst members of
the annexin protein family. In the anterior pituitary, the absence of ANXA1 has been shown
to be accompanied by an increase in expression of Annexin IV but its function is as yet
unexplored (52).

Sex hormones or gender differences are well known to influence the inflammatory response,
basal cytokine release and the responsiveness of the HPA axis to stress (1-8, 26). The
mechanisms that underly the absence of an effect of ANXA1 deletion on the corticotroph
population in females are unknown. However, it is likely that gonadal factors contribute to
the gender difference observed in pituitary Il-6 content and corticotroph population size in
ANXA1 null mice, and to the sexual dimorphism previously reported in the ANXA1 null
mouse leucocyte response to inflammation (26). The gonadal status of the male and female
animals and their genital tracts were not grossly different in the ANXA1 null mice (52). It is
possible that, in males, testosterone influences corticotroph number directly in the absence
of putative inhibition by ANXA1 although, to our knowledge, corticotroph expression of
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androgen receptors has not been investigated. We are currently exploring the hypothesis that
gonadal factors contribute to the sexual dimorphism in ANXA1 biology by examining the
effects of gonadectomy and steroid replacement on the mouse phenotype.

In conclusion, these data indicate that ANXA1 deficiency is associated with gender-specific
changes in corticotroph number and structure, via direct actions of ANXA1 and/or indirect
changes in factors such as IL-6. ANXA1 therefore appears to coordinate the balance of cell
growth and number in the anterior pituitary. Although homeostasis of basal HPA function
was achieved in the ANXA1 null mouse, it is possible that ANXA1 may contribute
physiologically to the dimorphic HPA response between the sexes. The experiments
described here will prompt further investigations into the mechanism of ANXA1 regulation
of corticotroph cell number.
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Fig. 1.
Pituitary pro-opiomelanocortin (POMC) mRNA, adrenocorticotrophic hormone (ACTH)
content, circulating ACTH and corticosterone in wild-type (WT) and ANXA1 null mice.
Reverse transcriptase-polymerase chain reaction gels showing (A) POMC mRNA (predicted
size 377 bp) and (B) GAPDH mRNA control (predicted size 376 bp) in wild-type and
ANXA1 null anterior pituitary. Control lane is negative control. Histograms showing (C)
pituitary ACTH content, (D) circulating ACTH and (E) circulating corticosterone in wild-
type and ANXA1 null mice. Filled bars, male; open bars, female mice. Data are mean ±
SEM (n = 8 for all groups). *P < 0.05 versus wild-type of the same gender.
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Fig. 2.
Analysis of (A) cell size, (B) cytoplasmic area and (C) nuclear area in wild-type (WT),
heterozygous (HT) and ANXA1 null anterior pituitary corticotrophs. Filled bars, male; open
bars, female corticotrophs. Data are mean ± SEM (n = 4 for all groups). *P < 0.05, **P <
0.01 versus wild-type of the same gender.
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Fig. 3.
Analysis of (A) total granule area, (B) granule areal density, (C) granule diameter, (D) rough
endoplasmic reticulum (rER) areal density, and (E) Golgi apparatus dilation in corticotrophs
from wild-type (WT), heterozygous (HT) and ANXA1-null mice. Filled bars, male; open
bars, female corticotrophs. Data are mean ± SEM (n = 4 for all groups). *P < 0.05 versus
wild-type of the same gender.
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Fig. 4.
Electron micrographs of anterior pituitary from male (A) wild-type and (B) ANXA1 null
mice. In wild-type male mice, corticotrophs (C) were stellate, single and characterised by
pale cytoplasm and peripheral secretory granules. In ANXA1 null male mice, many more
immunoidentified corticotrophs were present, often in clusters. Their ultrastructural
appearance was similar to that in wild-type mice. F, Folliculostellate cell; L, lactotroph; S,
somatotroph. Scale bar = 2 μm.
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Fig. 5.
Analysis of corticotroph cell density in wild-type (WT), heterozygote and ANXA1 null
mice. Immunofluorescence detection of adrenocorticotrophic hormone-labelled
corticotrophs in (A) wild-type and (B) ANXA1 null pituitary and (C) quantification of
corticotroph cell density. Filled bars, male; open bars, female corticotrophs. Data are mean ±
SEM (n = 4 for all groups). **P < 0.05 versus wild-type of the same gender. Scale bars = 50
μm.
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Fig. 6.
Electron micrographs and analysis of folliculo-stellate (FS) cell size in wild-type (WT) and
ANXA1 null mice. Micrographs illustrating (A) a typical male wild-type FS cell and (B) male
ANXA1 null FS cell. Analysis of FS (C) cell area, (D) nuclear area, (E) cytoplasmic area and
(F) FS cell density. Data are mean ± SEM (n = 4 for all groups). **P < 0.05 versus wild-type
of the same gender. Scale bars = 1 μm.
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Fig. 7.
Western blot analysis of interleukin (IL)-6 in anterior pituitary from ANXA1 wild-type
(WT) and null mice. (A) IL-6 and (C) β-actin Western blots: wild-type male, lanes 1 and 2;
ANXA1 null male, lanes 3 and 4; (B) IL-6 and (D) β-actin Western blots: wild-type female,
lanes 1 and 2; ANXA1 null female, lanes 3 and 4. Total integrated densitometry data for
male tissue (E) and female tissue (F). Data are mean ± SEM (n = 5 experiments) and
represent integrated densities for IL-6 expressed as percentage wild-type; *P < 0.05, **P <
0.01 versus wild-type of the same gender.
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Fig. 8.
Electron micrographs from freeze substituted (A) wild-type and (B) ANXA1 null male
pituitary showing immunogold detection of interlleukin (IL)-6 and S-100 in folliculo-stellate
(FS) cells. IL-6 gold particles (15 nm; arrowheads) were scattered over the cytoplasm.
Increased density of labelling was observed in ANXA1 null FS cells. S-100 gold particles (5
nm arrows) confirmed identification of FS cells. S, Somatotroph cell. Scale bars = 1 μm.
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Table 2

Quantification of Interleukin (IL)-6 Gold Particles in the FolliculoStellate Cells of Male and Female Wild-
Type and ANXA1 Null Mice.

IL-6 immunogold (gold particles/μm2)

Wild-type, male 4.2 ± 0.4

ANXA1 null, male 8.7 ± 1.1**

Wild-type, female 4.6 ± 0.5

ANXA1 null, female 2.3 ± 0.3*

The data are expressed as gold particles per μm2 within the total cytoplasmic area. Values represent mean ± SEM (n = 4 animals).

*
P < 0.05,

**
P < 0.01 versus wild-type of the same gender.
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