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Carney complex (CNC) is an inherited neoplasia
syndrome characterized by spotty skin pigmenta-
tion, myxomas, endocrine tumors, and schwanno-
mas. Among the endocrine tumors that comprise
the syndrome, GH-producing pituitary tumors are
seen in approximately 10% of patients, although
biochemical abnormalities of the GH axis are much
more common. To explore the role of loss of the
CNC gene PRKAR1A on pituitary tumorigenesis,
we produced a tissue-specific knockout (KO) of
this gene in the mouse. For these studies, we gen-
erated a mouse line expressing the cre recombi-
nase in pituitary cells using the rat GHRH receptor
promoter. These mice were then crossed with
Prkar1a conditional null animals to produce tissue-

specific KOs. Although prolactinomas were ob-
served in KO and control mice, the KO mice exhib-
ited a significantly increased frequency of pituitary
tumors compared with wild-type or conventional
Prkar1a�/� mice. Characterization of the tumors
demonstrated they were composed of cells of the
Pit1 lineage that stained for GH, prolactin, and TSH.
At the biochemical level, levels of GH in the serum
of KO animals were markedly elevated compared
with controls, regardless of the presence of a frank
tumor. These data indicate that complete loss of
Prkar1a is sufficient to allow the formation of pitu-
itary tumors and abnormalities of the GH axis, in
close analogy to human patients with CNC. (Molec-
ular Endocrinology 22: 380–387, 2008)

PITUITARY TUMORS ARE common neoplasms in
the population. A recent meta-analysis of the En-

glish-language literature on these tumors estimated that
the overall prevalence of pituitary adenomas is 16.7%
and suggested that a significant fraction of these tumors
may be clinically relevant (1). Although the large majority
of these are sporadic, pituitary tumors can also occur in
the setting of the genetic syndromes multiple endocrine
neoplasia type 1 (MEN1) and the Carney complex (CNC).
In MEN1, pituitary tumors are observed in 10–60% of
patients, and prolactinomas predominate (2). In CNC,
GH-producing pituitary adenomas are observed in ap-
proximately 10% of patients (3), although biochemical
abnormalities of the GH axis are much more common,
likely due to somatotroph hyperplasia (4, 5). Prolactino-
mas have also been reported in CNC kindreds, although
these are infrequent. Familial pituitary tumors have also
been described in isolation, occurring either as isolated
familial somatotropinomas when GH-producing tumors

are involved (6) or as familial isolated pituitary adenomas
when other types of pituitary tumors are seen in a family
(7). Although not occurring in an inherited fashion, pitu-
itary adenomas are also associated with the McCune-
Albright syndrome (8).

At the genetic level, CNC can be caused by null
mutations in the PRKAR1A gene, encoding the type
1A regulatory subunit of protein kinase A (PKA) (9).
Two independent mouse lines heterozygous for a null
allele of the Prkar1a gene do not develop pituitary
tumors up to 2 yr of age (10, 11).

These observations suggested that haploinsufficiency
for Prkar1a might not be sufficient for the development
of pituitary tumors in the mouse. To address this
question directly, we generated mice expressing the
cre recombinase in pituitary cells of the Pit1 lineage,
including GH-, prolactin (Prl)-, and TSH-producing
cells. We used this line to produce tissue-specific
knockout (KO) mice and report that these mice de-
velop pituitary tumors with high frequency by 18
months. Furthermore, we find that the tumors are
accompanied by abnormalities of the GH axis, anal-
ogous to observations made in human patients with
CNC (5). These data indicate that complete loss of
Prkar1a is required for CNC-associated pituitary tu-
morigenesis and that the secretory effects of the
loss of Prkar1a are limited to GH-secreting cells.

First Published Online November 1, 2007
Abbreviations: CNC, Carney complex; H&E, hematoxylin

and eosin; KO, knockout; MEN1, multiple endocrine neopla-
sia type 1; PKA, protein kinase A; Prl, prolactin; rGHRHR, rat
GHRH receptor; WT, wild type.

Molecular Endocrinology is published monthly by The
Endocrine Society (http://www.endo-society.org), the
foremost professional society serving the endocrine
community.

0888-8809/08/$15.00/0 Molecular Endocrinology 22(2):380–387
Printed in U.S.A. Copyright © 2008 by The Endocrine Society

doi: 10.1210/me.2006-0428

380

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/22/2/380/2661055 by guest on 10 April 2024



RESULTS

Generation of rGHRHR-cre Mice

To generate the pituitary-specific KO of Prkar1a in our
mice, it was first necessary to obtain a mouse line
expressing the cre recombinase in the appropriate
tissue. A mouse line that used the glycoprotein hor-
mone �-subunit promoter to drive cre expression in
the pituitary (�GSU-cre) had previously been de-
scribed (12). This line was reported to express cre in all
five pituitary cell subtypes, although there was signif-
icant expression in other tissues, most notably skeletal
and cardiac muscle. For our studies, we elected to
generate a new line of cre mice using the rat GHRH
receptor (rGHRHR) promoter to drive cre expression.
The promoter for this gene was chosen because GH-
RHR had been reported to be expressed exclusively in
the pituitary and the kidney (13); furthermore, trans-
genic mice containing a rGHRHR-luciferase transgene
expressed luciferase solely in the pituitary gland (14),
suggesting that it could function in a highly tissue-
specific fashion.

To generate the construct, the rat Ghrhr promoter
was isolated and cloned in front of the EGFP-cre
structural gene (15) followed by a granulocyte colony-
stimulating factor (GCSF) polyadenylation signal (Fig.
1A). Multiple transgenic lines carrying the construct
were identified and screened by crossing the offspring
to the Z/AP (16) or Rosa26(lacZ) (17) reporter lines.
One of the lines generated with the construct (3242)
showed stable expression of cre activity (as detected
by reporter enzyme staining, Fig. 1B) in a discrete
subset of cells of the pituitary gland, and this line was
chosen for further characterization.

Screening of a panel of 16 mouse tissues, including
major organs, endocrine glands, and other tissues,
demonstrated that reporter activity was confined to
the pituitary gland. A full description of the rGHRHR-

cre line, including the embryonic pattern of expression
of the transgene, will be reported elsewhere (40).

To determine which cells of the pituitary expressed cre
activity, mice carrying the transgene were crossed with
the Rosa26(lacZ) reporter strain, which expresses lacZ in
the presence of cre activity (17). Pituitaries from these
mice were isolated and stained in whole mount for �-ga-
lactosidase activity. The samples were then postfixed,
sectioned, and subjected to immunohistochemistry us-
ing specific antisera for each of the pituitary hormones
(Fig. 2). As shown in Fig. 3, quantitation of hormonal
staining from the anterior pituitary showed a distribution
of cell types similar to that observed in previous studies
(18). However, when only lacZ-positive cells were
counted, it became clear that the majority of cre activity
is confined to cells producing GH and Prl. Because
TSH-, ACTH, and LH/FSH-producing cells are present in
significantly lower numbers in the pituitary, it was
thought that the low rate of double staining (�2% of
cells) of these cell types represented nonspecific back-
ground. However, as discussed below, it appears that
the TSH staining may be a real phenomenon. Even for
cells producing GH or Prl, the penetrance of cre expres-
sion in these cell types was less than 100% (Table 1),
similar to what has been observed in the �GSU-cre line
(12).

Tumorigenesis in PitKO Mice

To determine whether loss of Prkar1a was sufficient
to cause pituitary tumorigenesis, mice carrying the
rGHRHRcre transgene were crossed to mice carrying
a conditional null allele of Prkar1a (10). These mice
contain loxP sites surrounding exon 2 of the Prkar1a
gene, and excision of this sequence results in a complete
null allele (10). The mice were bred for two generations to
produce mice of both the rGHRHRcre;Prkar1aloxP/� and
the rGHRHRcre;Prkar1aloxP/loxP genotype (henceforth
referred to as pitHET and pitKO mice, respectively). The

eGFP-cre GCSF(A)nrat GHRH-R promoter
1.7 kb

EcoRI EcoRI EcoRI BamHI BamHI

rGHRHR cre

PIA

A

B

PIA

Fig. 1. rGHRHR-cre Mice Express Cre Recombinase Activity in the Anterior Pituitary
A, Diagram of the rGHRHR-cre transgene. See Materials and Methods for details of the construction of the transgene; B,

rGHRHR-cre mice express cre activity in the anterior pituitary. Left, H&E staining of a frozen section of the pituitary of an
rGHRHR-cre(3242) mouse; right, alkaline phosphatase staining (purple) from a Z/AP cross reveals cre activity in isolated clusters
of cells in the anterior pituitary. A, Anterior lobe; I, intermediate lobe; P, posterior lobe.
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mice were born in expected Mendelian ratios, and no
difference in viability or in weight of the mice was de-
tectable up to 9 months of age (data not shown).

Small groups of mice were killed at 9, 12, and 18
months, and the pituitaries were analyzed for tumor
formation. No tumors were observed at 9 or 12
months, but tumors were noted at histological exam-
ination from the first group of mice studied at 18
months. Based on these preliminary studies, we
elected to study a large group of mice at 18 months of
age to determine tumor incidence and subtype.

For this study, we analyzed 49 mice, including 21
pitKOs, 13 pitHETs, and 15 wild-type (WT) mice. The WT
mice lacked a cre transgene and thus carried two normal
alleles of Prkar1a in their pituitaries. Because we did not
observe any difference in any facet of the study between
pitHETs and WT mice, these groups were combined to
form a single control group for comparison with the
pitKO group. Of note, the control and KO mice were
littermates all derived from three to four breeding pairs.
One pitKO mouse had a visible tumor at the time of
necropsy, whereas all others were grossly normal. For
this reason, the pituitary gland from each mouse in the
study was isolated and studied by histology (Fig. 4) and
immunohistochemistry (Fig. 5), where appropriate.

Overall, as shown in Table 2, tumors were observed in
15 of the 49 mice (30.6%), but the frequency was sig-
nificantly higher in the pitKO mice (10 of 21, 48%) than in
the control animals (five of 28, 18%; P � 0.05). All tumors
in the control group except one were prolactinomas (n �
4), providing a background rate of pituitary tumors in this
group of 14% (four of 28), which was not different from
the rate of prolactinomas in the pitKO group (four of
21, 19%; P nonsignificant). The difference in tumor
rate in the pitKO mice was due to the much higher
incidence of nonprolactinomas, which were observed
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GH
Prl

LH/FSH
ACTH
TSH

All pituitary cells:
hormone staining

LacZ+ cells only:
hormone staining

Fig. 3. Distribution of Hormone Staining and Cre Activity in
rGHRHRcre Mice

Hormone staining data from pituitaries (as shown in Fig. 2)
were quantitated, and the summary data are shown to indi-
cate the relative distribution of the individual hormone-pro-
ducing pituitary cell types. A, The distribution of cell subtypes
for the entire pituitary gland (note that gonadotroph cells
producing LH and FSH are shown as a single cell type); B,
distribution of cell subtypes for those cells expressing cre
recombinase, as determined by lacZ staining. Percentages
for each slice of the pie chart are indicated.

Table 1. Frequency of Cre-Mediated Recombination in
Pituitary Cell Types

Cell Type %cre Positive %cre Negative

GH 72.9 27.1
Prl 38.8 61.2
TSH 4.7 95.3
ACTH 7.1 92.9
LH/FSH 11.4 88.6

Fig. 2. Cre Activity Is Limited to Cells that Produce GH, Prl, and TSH
Pituitary glands from lacZ reporter crosses were stained in whole mount for �-galactosidase (blue), postfixed, and then

analyzed by immunohistochemistry for hormone subunit production. Staining for each of the hormones is indicated by the brown
diaminobenzidine color. Each panel shows sections of the same pituitary gland stained for the hormones indicated in the upper
right of each picture. Note the colocalization of blue and brown colors in the GH, Prl, and TSH panels, whereas no colocalization
is observed for ACTH, LH, or FSH. A scale bar, applicable to all panels in the figure, is shown at lower right.

382 Mol Endocrinol, February 2008, 22(2):380–387 Yin et al. • Pituitary-Specific Knockout of Prkar1a
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/22/2/380/2661055 by guest on 10 April 2024



in six of 21 animals (29%), compared with only one such
tumor in the control group. All of the nonprolactinoma
tumors stained for multiple hormone subtypes (Fig. 5),
with tumors exhibiting staining for all hormones from this
lineage (Prl/GH/TSH) being the most common.

Hormonal Profiles in PitKO Mice

To determine whether the immunohistochemical char-
acteristics of the tumors correlated with serum hor-
mone levels, we measured GH, Prl, and TSH levels in

Fig. 5. Immunohistochemical Characterization of PitKO Tumors Demonstrates Proliferation of Pit1-Derived Cell Types
The tumor from Fig. 3, A–C, was stained for Pit1 and pituitary hormones. Note that the tumor stains clearly for the Pit-1

transcription (upper left) and strongly for GH (upper right). There is also focal TSH staining, indicated by the arrows (lower right).
Note the absence of ACTH staining in the tumor, although this marker strongly stains the intermediate lobe of the pituitary, as
expected (lower left). This tumor also exhibited staining for Prl but not for FSH or LH.

Fig. 4. PitKO Mice Exhibit Pituitary Tumorigenesis
A, H&E-stained section of a pitKO gland showing the presence of a small adenoma, indicated with the dashed line; B, section

of the same tumor shows loss of the normal reticulin staining pattern in the region of the tumor (dashed circle); C, higher-power
view of the same tumor showing the presence of multiple mitotic figures (black arrows) and dysplastic nuclei (white arrows); D,
H&E-stained section of another pitKO pituitary showing the presence of two small adenomas (dashed lines) in the gland. A scale
bar applicable to panels A, B, and D is shown at lower right. A separate scale bar for panel C is included in that panel.
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a subset of the mice from the cohort, including 15
pitKOs and 18 control mice (10 WT, eight pitHET), as
shown in Table 3. In no case were there any detectable
differences in hormone levels between the WT group
and the pitHET group (data not shown).

Taken as a whole, mice with prolactinomas (n � 6) had
significantly higher prolactin levels than mice without
these tumors (n � 27) (91.2 � 46.8 vs. 22.4 � 20.7 ng/ml,
P � 0.01). In these animals, levels of GH or TSH were not
significantly different between the groups. Similarly,
analysis of all nonprolactinoma tumors showed signifi-
cant elevation of GH in the tumor group (n � 7) com-
pared with the mice without these tumors (n � 26)
(40.0 � 56.6 vs. 11.4 � 12.9 ng/ml, P � 0.01). Although
there was a slight increase in TSH levels in the nonpro-
lactinoma tumor group (323.8 � 248.7 vs. 221.4 � 93.5
ng/ml), this did not reach statistical significance. Prl lev-
els were also not different between the tumor groups.
These data indicated that hormonal staining of the tu-
mors correlated well with serum hormone levels.

More importantly, however, when hormone levels from
the pitKO mice were compared with the control group,
there was a significant elevation in GH production that
was observed even in the absence of frank tumors
(28.27 � 41.4 vs. 8.44 � 20.7 ng/ml, P � 0.01). Despite
the increased GH in the pitKO mice, we did not observe
any significant differences in weight between the two
groups. (35.0 � 7.3 g vs. 34.2 � 8.3 g, P not significant).
Comparison of the GH levels to mouse weight showed a
moderate but statistically significant correlation between
these variables (Pearson correlation coefficient 0.36, with
a 95% confidence interval of 0.01–0.64 at � � 0.05),
which was the same across all groups of animals.

DISCUSSION

Abnormalities of the PKA axis are well established as
a cause of human pituitary adenomas. This is best
characterized in the case of activating mutations of the
stimulatory G protein subunit Gs� (encoded by the
GNAS gene, also known as the GSP oncogene) (19).
These mutations were also described as causing pi-
tuitary tumors in association with the McCune-Albright
syndrome (8) and have subsequently been reported in
30–50% of all GH-producing pituitary adenomas (20,
21). These mutations lead to constitutive activation of
the G protein, with subsequent stimulation of adenylyl
cyclase, cAMP generation, and PKA activation. Inac-
tivating mutations in PRKAR1A also cause elevated
PKA activity (9), so it was not surprising that CNC
patients also develop abnormalities of the GH axis and
frank GH-producing pituitary adenomas (4). In con-
trast to the situation with GNAS mutations, mutations
of PRKAR1A in sporadic pituitary tumors are ex-
tremely uncommon, as is allelic loss of the gene (22–
24). The possibility that PRKAR1A expression can be
altered by epigenetic means has been raised by recent
data showing that immunostaining for PRKAR1A is
reduced in GH-producing tumors and that this reduc-
tion enhances growth of this particular pituitary cell
type (25). Interestingly, a similar study analyzing non-
secreting tumors showed no significant changes in
PRKAR1A, either in vivo or in vitro (26).

Knockout of a wide variety of general tumor suppres-
sor genes from the mouse leads to hyperplasia or tumor
formation of the intermediate lobe, such as is seen in
mice carrying mutations in pRb, p27Kip1, and p18Ink4

Table 2. Incidence of Tumors in PitKO and Control Mice

Mice Tumors Tumor rate Prolactinoma Rate Nonprolactinomaa Rate

KO 21 10 0.48 4 0.19 6 0.29
Non-KO 28 5 0.18 4 0.14 1 0.04
Total 49 15 0.31 8 0.16 7 0.14

P � 0.05b P � NS P � 0.05b

NS, Not significant.
a The nonprolactinoma tumors showed the following: in the WT mouse, the tumor stained for Prl and TSH. In the KO mice, four
tumors stained for Prl, TSH, and GH; one tumor stained for Prl and TSH only, and one tumor stained for Prl and GH only.
b Comparison of KO vs. non-KO by Fisher’s exact test.

Table 3. Hormonal Measurements in Study Mice

N PRL (ng/ml) � SD GH (ng/ml) � SD TSH (ng/ml) � SD

All prolactinomas 6 91.2 � 46.8a 12.7 � 8.7 206.3 � 54.1
Others 27 22.4 � 20.7 18.5 � 32.4 249.6 � 150.9

All nonprolactinomas 7 29.3 � 30.8 40.0 � 56.6a 323.8 � 248.7
Others 26 36.4 � 39.7 11.4 � 12.8 221.4 � 93.5

All pitKO 15 34.1 � 26.4 28.3 � 41.4a 221.3 � 107.2
All controls 18 35.6 � 45.7 8.4 � 6.25 257.6 � 160.2

a Difference between groups significant at P � 0.01 by Mann-Whitney U test.
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(27–31). The relevance of these observations to human
tumor pituitary tumorigenesis is unclear (see discussion
in Refs. 32 and 33). Pituitary tumors can also be obtained
in mice by the overexpression of strong oncogenes (e.g.
SV40 T antigen). Again, the relevance to the human
condition is uncertain. Alterations of hormone regulation
of pituitary cells, such as in GHRH-overexpressing trans-
genic mice or knockout of dopamine receptors, leads to
the formation of pituitary tumors in target adenohy-
pophyseal cells; however, the relevance of these models
to human pituitary tumors is also questionable, because
human adenomas are known not to harbor similar alter-
ations in the vast majority of cases. Of note, the intro-
duction of a mutation in p27KIP1 into the GHRH-overex-
pressing line led to a marked potentiation of
tumorigenesis (28).

Previous studies of pituitary tumorigenesis relevant
to CNC have been carried out in heterozygous KO
mice, which are the best genetic model for the human
disease. In our studies of Prkar1a heterozygous mice
up to 2 yr of age, a pituitary tumor was seen in only one
mouse (10), making its connection to genetic modifi-
cation unclear. Similarly, in another mouse model of
Prkar1a mutation, no pituitary tumors were observed
up to 19 months (11).

In contrast to these previous studies, the pituitary-
specific KO mice in the present study developed pituitary
tumors with high frequency, although not until advanced
age (Table 2). Similar to the observations in the Prkar1a
heterozygous mice, no tumors were observed in the
subset of mice characterized as pitHET mice. This ob-
servation suggests that haploinsufficiency for Prkar1a is
not sufficient to promote tumorigenesis and that com-
plete loss of Prkar1a is necessary for tumor formation.
This observation is in keeping with our previous hypoth-
esis regarding the need for complete loss of this protein
in tumor formation (10). Given the fact that it took the
mice an extended period of time to develop tumors, it is
possible that loss of Prkar1a is not sufficient for tumori-
genesis and that the long lead time may be explained by
the need to accumulate additional genetic hits. At
present, there are not enough data to scientifically eval-
uate this statement. It is interesting to note that in most
mouse pituitary tumor models, tumor formation does not
occur until the mice reach an advanced age. This may be
due to the fact that the pituitary has an extremely low
postnatal proliferation rate or the fact that it has a low
rate of accumulation of additional hits. More data are
needed to address this point.

One of the interesting observations from this study
is that although the mice have apparently lost Prkar1a
in all Pit1� cells, the large majority of the tumors ex-
pressed GH. The three Pit1 lineages all respond to
hormonal input signals via G protein-coupled recep-
tors. For the GH lineage, most of the signal is mediated
through the GHRHR, which is a type B1 G protein-
coupled receptor that transduces signals through
cAMP-mediated signaling (34). In contrast, Prl secre-
tion is primarily mediated in the pituitary by tonic neg-
ative feedback by the dopamine D2 receptor, which

couples to the inhibitory G protein subunit (Gi). Indeed,
KO of the dopamine D2 receptor from mice leads to
the frequent production of prolactinomas (35). Pro-
lactinomas are the most common tumor observed in
MEN1 patients, and mice heterozygous for Men1 mu-
tations develop prolactinomas by 16 months at a rate
fairly similar to human patients (10), suggesting that
the connection between Men1 signaling and cell pro-
liferation may be relatively specific for this cell type.
Finally, TSH-producing cells respond predominantly
to TRH, which transduces its signal through the ino-
sitol phosphate-PKC pathway (36). Thus, there ap-
pears to be a direct relationship between activation of
PKA signaling and hyperactivity of the somatotroph
cell type. As is seen in CNC patients, pitKO mice
exhibited excess GH secretion even in the absence of
frank tumors (4). Cell activation extended beyond hor-
mone secretion and included excess cell growth and
tumorigenesis. This model may therefore serve as a
new means to address questions of somatotroph
growth or as a model to test new therapies aimed at
acromegaly in human patients. This may be of partic-
ular relevance given that there is a substantial portion
of human patients with acromegaly that are not surgi-
cally cured of their disease.

Recently, a transgenic mouse model in which cre
expression was driven by the rat GH promoter was
described (37). In that model, cre expression was ob-
served predominantly in GH-producing cells, with
much lower expression of cre in other cell types, in-
cluding lactotrophs. The authors propose that GH-
and Prl-producing cells develop in a parallel fashion, in
contrast to previous evidence suggesting that Prl cells
arise from somatotrophs. Our data do not provide a
means to discriminate between these two models,
although our data clearly indicate that these two cell
types (in addition to a percentage of thyrotrophs) share
a common embryonic precursor, which has been tar-
geted by the rGHRHRcre transgene.

In summary, we have generated a mouse line ex-
pressing cre recombinase in the subset of pituitary
cells that express the Pit1 transcription factor. This
gene, which turns on late in embryogenesis, is re-
quired for the development of cells that secrete GH,
Prl, and TSH, and mice carrying the transgene express
cre in all three of these pituitary cell types. In mice
carrying a tissue-specific KO of the CNC gene
Prkar1a, pituitary adenomas develop with a moderate
frequency and appear to be limited to cells of the
appropriate lineage. There is also clear evidence that
pitKO mice exhibit hormone abnormalities limited to
the GH axis, in close analogy to CNC patients. These
mice serve as a good model not only for the pituitary
tumorigenesis observed in this human condition but
also with more general applicability to studying signal-
ing pathway-specific phenomena in the pituitary and
as a potential model to test therapies aimed at treating
this human condition.
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MATERIALS AND METHODS

Mouse Breeding and Maintenance

The generation of the rGhrhr-cre mice will be presented in full in
a separate manuscript (40). The Prkar1a conditional allele has
previously been described (10). Animals were bred and main-
tained in microisolator racks with 12-h light, 12-h dark cycles
and allowed to age undisturbed, except for monitoring and
periodic weighing of a subset of mice. All animal work described
in this manuscript was conducted in accordance with the high-
est standards of ethical care for experimental animals. The
research was conducted under The Ohio State University ani-
mal protocol 02-A-0097.

Analysis of Cre Expression

For initial studies of cre expression, transgenic mice were bred
to the Z/AP reporter line (16), and tissues were collected from
double-transgenic offspring and analyzed for �-galactosidase
and alkaline phosphatase activities as described (38). For colo-
calization of �-galactosidase activity and hormone immunore-
activity, whole pituitaries were removed and fixed in cold 4%
paraformaldehyde for 1 h and then stained with X-gal as above.
After staining was completed, samples were postfixed in 10%
formalin and processed as described below.

Analysis of Mouse Pituitaries

Mice were killed by CO2 inhalation, and their pituitary glands
were inspected visually, removed, and placed immediately in
10% buffered formalin. Pituitaries were embedded in paraffin
and sectioned sagittally. Paraffin-embedded sections 4–5 �m
thick were stained with hematoxylin and eosin (H&E) or the
Gordon-Sweet silver method for reticulin matrix. Immunohisto-
chemical stains to localize adenohypophyseal hormones were
performed using the streptavidin-biotin peroxidase technique.
Primary antisera directed against rat pituitary hormones were
used at the following dilutions: GH, 1:2500; Prl, 1:2500; TSH�,
1:3000; FSH�, 1:600; LH�, 1:2500 (all provided through the
National Hormone and Peptide Program, Torrance, CA), and
prediluted ACTH, further diluted 1:20 (Dako Corp., Carpinteria,
CA). Transcription factor expression was determined using a
polyclonal antiserum to Pit-1 from Babco (Berkeley, CA) and a
monoclonal antibody to Tpit (kindly provided by Dr. J. Drouin,
Montreal, Canada). Immunolocalization was detected with the
streptavidin-biotin-peroxidase complex technique and 3,3�-dia-
minobenzidine. Negative controls were performed with normal
mouse ascites or normal rabbit serum replacing the primary
monoclonal or polyclonal antibody, respectively, after preab-
sorption of the primary antibody or antiserum with purified an-
tigen. Colocalization studies were performed as previously de-
scribed (39).

Analysis of Hormone Levels

Mice were anesthetized with CO2, and whole blood volume
was withdrawn by cardiac puncture with samples being
placed immediately on ice. Samples were spun at 1000 � g
for 5 min at 4 C to pellet cells, and the resultant serum was
stored at �20 C until completion of the study, when all
samples were analyzed in batch. All hormone levels were
analyzed in duplicate in a single run at the National Hormone
and Peptide Program. Statistical analysis of tumor incidence
was performed by Fisher’s exact test. Analysis of hormone
levels was analyzed according to Mann-Whitney U analysis.
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