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Abstract

Mutations of the regulatory subunit (PRKAR1A) of the cyclic adenosine monophosphate (cAMP)-dependent protein kinase
(PKA), leading to activation of the PKA pathway, are the genetic cause of Carney complex which is frequently accompanied
by somatotroph tumors. Aryl hydrocarbon receptor-interacting protein (AIP) mutations lead to somatotroph tumorigenesis
in mice and humans. The mechanisms of AIP-dependent pituitary tumorigenesis are still under investigation and evidence
points to a connection between the AIP and PKA pathways. In this study, we explore the combined effects of Aip and Prkar1a
deficiency on mouse phenotype and, specifically, pituitary histopathology. Aip+/− mice were compared with double
heterozygous Aip+/−, Prkar1a+/− mice. The phenotype (including histopathology and serological studies) was recorded at 3,
6, 9 and 12 months of age. Detailed pituitary histological and immunohistochemical studies were performed at 12 months.
Twelve-month old Aip+/− mice demonstrated phenotypic and biochemical evidence of GH excess including significantly
elevated insulin-like growth factor 1 levels, larger weight and body length, higher hemoglobin and cholesterol levels and a
higher frequency of growth plate thickening in comparison to Aip+/, Prkar1a+/− mice. Pituitary histopathology did not
uncover any pituitary adenomas or somatotroph hyperplasia in either group. These results demonstrate a slow progression
from elevated GH release to the formation of overt somatotropinomas in Aip+/− mice; the acromegalic phenotype of these
mice is surprisingly ameliorated in Aip+/−, Prkar1a+/− mice. This highlights the complexities of interaction between the AIP
and PKA pathway. Specifically targeting GH secretion rather than somatotroph proliferation may be an advantage in the
medical treatment of AIP-dependent human acromegaly.

https://academic.oup.com/
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Introduction
Pituitary adenomas are known to possess specific characteristics
that distinguish them from other tumors: While they can cause
deleterious effects, significant comorbidities and increased mor-
tality due to stimulation or suppression of pituitary hormone
secretion, and may exert local space occupying effects, they are
rarely malignant (1). Thus, the natural history of pituitary tumors
could be governed by unique molecular pathways that could
be elucidated by the study of hereditary predisposition to pitu-
itary tumors. A subset of familial isolated pituitary adenomas
(FIPAs, OMIM #102200) is caused by inactivating mutations in
the aryl hydrocarbon receptor-interacting protein (AIP) (2,3). Aip
heterozygosity (Aip+/−) in mice leads to a phenotype similar to
the one observed in human AIP mutated (AIPmut+) FIPA patients
(4). Aip+/− mice were shown to develop pituitary adenomas,
mostly somatotropinomas, that reach full penetrance by the age
of 15 months (4).

The cyclic adenosine monophosphate (cAMP)-dependent
protein kinase (PKA) pathway has been shown to be deregulated
in sporadic pituitary adenomas, which commonly display
activating somatic mutations of the Gsα subunit (encoded by
the GNAS gene) (5,6). In addition, some genetic conditions that
manifest with pituitary tumors also demonstrate alterations in
the PKA pathway. Carney complex (OMIM #160980), which can
lead to somatotropinomas or prolactinomas, is due to germline
inactivating mutations in the R1α regulatory subunit of the
PKA (encoded by the PRKAR1A gene) (7,8). Prkar1a+/− mice have
a phenotype resembling human Carney complex patients to
some extent, demonstrating bone tumors, Schwannomas and
thyroid neoplasms, but they do not develop pituitary tumors (9).
Pituitary-specific Prkar1a knockout mice, however, do exhibit an
increased incidence of growth hormone (GH)-secreting pituitary
adenomas (10). Prkar1a+/− mice bred within a background of
hemizygosity for the known tumor suppressor gene Rb1 also
develop pituitary adenomas (11), demonstrating that Prkar1a
haploinsufficiency may be a weak but definitely tumorigenic
signal in the pituitary, especially when combined with other
genetic defects.

While the detailed mechanisms of AIP-dependent pituitary
tumorigenesis are currently still being investigated, AIP is known
to physically and functionally interact with components of
the PKA pathway including phosphodiesterases, G proteins
and the catalytic and regulatory subunits of the PKA (12–18).
Since both Aip heterozygosity and Prkar1a haploinsufficiency
in mice contribute to pituitary tumorigenesis, we sought to
investigate the combined phenotypic effects of Aip and Prkar1a
heterozygosity in mice.

Results
Double heterozygous Aip+/−, Prkar1a+/− mice are lighter
and shorter than single heterozygous Aip mice

Body weight, body and tail length and organ weights were
recorded. Male double heterozygous Aip+/−, Prkar1a+/− (Aip/R1α)
mice were significantly lighter than their single heterozygous
Aip+/− (Aip) littermates at 10 and 11 months of age (Fig. 1A).
Female Aip mice were also heavier than Aip/R1α mice at 10–
12 months of age, but this difference did not reach statistical
significance (Fig. 1B). Similarly, body lengths and tail lengths
of Aip/R1α mice were shorter than those of single heterozy-
gous Aip mice (Fig. 1C for male mice and Fig. 1D and E for
females).

Male Aip mice at age 12 months had significantly higher
thymus weights compared with male Aip/R1α mice
(Supplementary Material, Fig. S2); no differences in thymus
weights of males at other ages or in female mice were detected
(data not shown). There was a trend toward higher liver weights
in 12-month-old Aip mice of both sexes; however, this did not
reach statistical significance (P = 0.120 for males and 0.371 for
females, Supplementary Material, Fig. S2).

Double heterozygous Aip+/−, Prkar1a+/− mice have
reduced biochemical markers of growth hormone
excess

Hematology showed significantly higher red blood cell (RBC)
counts (Fig. 2A) and hemoglobin (HB) levels (Fig. 2B) in 12-
month-old single heterozygous Aip compared with their double
heterozygous Aip/R1α littermates. No significant differences
in these parameters were detected at other ages (data not
shown). Clinical chemistry analyses demonstrated significantly
higher serum cholesterol in 12-month-old Aip mice (Fig. 2C)
and significantly elevated triglycerides at the ages of 3, 9 and
12 months in Aip mice (Fig. 2D); serum glucose was also higher,
but this difference did not reach statistical significance (Fig. 2E,
P = 0.10). Conversely, serum alkaline phosphatase was higher in
Aip/R1α mice compared with Aip mice (Fig. 2F); no significant
differences were detected in the levels of hepatic transaminases,
cholestasis parameters or parameters of hepatic synthetic
function (data not shown). In terms of serum insulin-like growth
factor 1 (IGF-1), a trend toward higher IGF-1 levels in Aip mice
was already visible at the age of 28 weeks (P = 0.054), reaching
statistical significance at age 49 weeks (P = 0.001, Fig. 2G). When
male and female mice were analyzed separately, there were
significantly higher levels of serum IGF-1 at 49 weeks in both
male and female Aip mice, with a seemingly more pronounced
difference in the males (158% in males versus 120% in females
compared with IGF-1 levels measured in Aip/R1α mice; Supple-
mentary Material, Fig. S2C and D). A two-way analysis of variance
(ANOVA) showed significant between-subjects effects in terms
of genotype (P < 0.001) but not in terms of gender (P = 0.235).

Aip mice have a higher frequency of thickened growth
plates

Histopathological analysis of Aip mice in comparison to Aip/R1α

mice revealed a significantly higher frequency of thickened
growth plates in tibial bones of male and female Aip mice at
12 months of age (P = 0.049, Fig. 3A). Growth plate thickening,
although it did not reach statistical significance, was also noted
in femoral and humeral bones as well as vertebrate bodies of
12-month-old Aip mice (Fig. 3A and B). Growth plate thickening
was not observed in any 3-month-old mice, whereas 6- and 9-
month-old mice did not exhibit significant differences in the
frequency of thickened growth plates (Supplementary Material,
Fig. S2E and F, respectively).

Histopathology also demonstrated basophilic hypertrophic
foci in the parotid and mandibular salivary glands of both Aip
and Aip/R1α mice at all ages. In addition, phenotypic changes
that had previously been noted in Prkar1a+/− mice were also
observed in our Aip/R1α mice, including hepatic eosinophilic
foci, splenic sinusoidal ectasia and numerous bone abnormali-
ties, in particular osteofibrous dysplasias (n = 9, 81.8%) and oste-
ofibromyxomas (n = 6, 54.5%) of the tail.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
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Figure 1. Weight, body and tail length of Aip+/− (Aip) and Aip+/− , Prkar1a+/− (Aip/R1α) mice. Monthly weights of (A) male and (B) female Aip and Aip/R1α mice. Body

and tail lengths of (C) male and (D) female Aip and Aip/R1α mice. (E) An example of two female 12-month-old littermates, with the single heterozygote (Aip) at the top

and the double heterozygote (Aip/R1α) at the bottom. Data shown are means ± standard error of the mean, differences between means were tested with independent

samples Student‘s t-tests or Mann–Whitney tests as appropriate. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

Pituitary histology and immunohistochemistry

Pituitary histopathology and immunohistochemistry were stud-
ied in Aip (n = 12) and Aip/R1α (n = 11) mice at 12 months of age.
We did not observe overt pituitary tumors or consistent signs

of hyperplasia; some female Aip mice (n = 3) showed scattered
mitoses (Supplementary Material, Fig. S3A and B).

Pituitary GH staining was performed in most 12-month-old
Aip (n = 9) and Aip/R1α (n = 9) animals. To quantify expression,

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
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Figure 2. Hematology, clinical chemistry and serum insulin-like growth factor 1 (IGF-1) levels in Aip+/− (Aip) and Aip+/− , Prkar1a+/− (Aip/R1α) mice of different ages.

Red blood cell count (RBC, A) and hemoglobin levels (B) in 12-month-old mice. Serum cholesterol (C), triglycerides (D), glucose (E), alkaline phosphatase (F) and IGF-1

levels (G) in mice at different time points. Data shown are means ± standard error of the mean, differences between means were tested with independent samples

Student’s t-tests or Mann–Whitney tests as appropriate. ∗P < 0.05, ∗∗P < 0.01.

staining intensity was rated by two independent blinded view-
ers. Neither qualitative (Fig. 4A–F) nor semi-quantitative (Fig. 4G)
differences in GH expression patterns were detected in Aip ani-
mals compared with Aip/R1α animals. Eosinophilia and cell pro-
liferation by Ki67 positivity were also rated on semi-quantitative

scales, which revealed no significant differences between Aip
and Aip/R1α mice (Supplementary Material, Fig. S3C).

To estimate the PKA pathway activity, phosphorylated cAMP
responsive element binding protein [phospho-CREB (cAMP
responsive element binding protein)] immunofluorescence

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
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Figure 3. Growth plate thickness in Aip+/− (Aip) and Aip+/−, Prkar1a+/− (Aip/R1α) mice. (A) Frequencies of thickened growth plates in 12-month-old male and female

Aip (n = 12) and Aip/R1α (n = 11) mice in different bones. (B–E) H&E stained slides of Aip (B, D) and Aip/R1α (C, E) animals: humerus in two male animals (B, C) and femur

in two female (D, E) animals. Growth plates are indicated with white arrowheads. Differences in frequencies between groups were tested with Pearson‘s Chi-squared

tests. ns, not significant, ∗P < 0.05.

(Supplementary Material, Fig. S3D–F and H–J) as well as
cAMP staining (Supplementary Material, Fig. S3G and K) were
performed on a subset of sections from 12-month-old Aip (n = 3)
and Aip/R1α (n = 3); no difference in staining pattern or intensity
was observed between those groups.

Discussion
We studied in detail the phenotype and pituitary histopathol-
ogy of double heterozygous Aip+/−, Prkar1a+/− (Aip/R1α) mice

in comparison to single heterozygous Aip+/− (Aip) mice. We
unexpectedly found that Aip/R1α mice do not present biochem-
ical and phenotypic evidence of GH excess like the Aip mice.
Aip mice demonstrated larger weight and body length, higher
RBC and HB levels, higher cholesterol, triglycerides and a trend
toward higher glucose levels, higher circulating IGF-1 levels,
higher thymus weight, and a higher frequency of growth plate
thickening.

The phenotypic changes we observed in Aip compared
with Aip/R1α mice are similar to the clinical characteristics of

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
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Figure 4. Pituitary histopathology. (A–F) Pituitary growth hormone (GH) immunohistochemistry in different 12-month-old in Aip+/− (Aip, A-C) and Aip+/− , R1a+/−
(Aip/R1α, D–F) mice. (G) Summary of results (medians ± interquartile range) from semi-quantitative staining intensity evaluation of GH expression in pituitaries of Aip

(n = 9) and Aip/R1α (n = 9) mice. ns, not significant, A.U., arbitrary units.

human subjects with acromegaly and gigantism. Rapid growth
and increased body length is typical of gigantism in humans
and appears before the closure of the epiphyseal plate (19). In
contrast to humans, mice do not undergo epiphyseal fusion at
the time of sexual maturation (20) and continuously increased
longitudinal growth and body weight is well documented
in mouse models of acromegaly (21). In our male Aip mice,
increased body weight became apparent at the age of 7 months
and significant differences between groups were detected at
10 and 11 months (Fig. 1A), while body length was significantly
increased at 12 months of age (Fig. 1C). Estrogen inhibits GH
action and longitudinal growth, while testosterone enhances
GH secretion and responsiveness (20,22), which may explain
an amelioration of the growth phenotype in our female mice
(i.e. the lack of significant difference in body length and body
weight). In addition, we observed a lower apparent difference
in IGF-1 levels between Aip and Aip/R1α mice in 49-week-
old females (Supplementary Material, Fig. S2C and D), even
though the interaction term between gender and genotype
in two-way ANOVA did not reach statistical significance. An
increased frequency of growth plate thickening even in our 12-
month-old Aip mice (Fig. 3) also suggests increased stimulation
of longitudinal growth in these mice (23). Thickened articular
cartilages due to increased local and systemic IGF-1 production
are a hallmark of human acromegaly, and they are related to
disease activity (24). Our female Aip/R1α mice were significantly
heavier than their Aip littermates at 4 months of age (Fig. 1B)
and showed a longer body length at 6 months of age (Fig. 1D).
This transient difference may be due to a different timing of
growth spurts/plateaus in combination with a different body
composition in acromegalic mice; GH transgenic mice were

shown to be leaner than their wild-type (wt) littermates starting
from ages 4–6 months but not at earlier ages (21).

Acromegaly is frequently accompanied by metabolic comor-
bidities including type 2 diabetes and dyslipidemia. Mouse mod-
els of acromegaly demonstrated normoglycemia but impaired
glucose tolerance (25). While elevated serum cholesterol was
found on a normal as well as a high-fat diet, serum triglycerides
in GH transgenic acromegalic mice were normal under a nor-
mal diet and elevated on a high-fat diet (26,27). We detected
a tendency toward elevated glucose and significantly elevated
cholesterol as well as triglycerides in our 12-month-old Aip
mice (Fig. 2), which was accompanied by a tendency toward
higher liver weight in those animals (Supplementary Material,
Fig. S2). Interestingly, cholesterol and triglyceride levels showed
a different time course, with increased triglyceride levels at
all ages (Fig. 2E), and increased cholesterol only at 12 months
(Fig. 2D) in Aip mice. In human acromegaly, hypertriglyceridemia
is frequently observed, whereas the rate of hypercholesterolemia
is similar to that of the general population (28). In wt mice on
a standard chow diet, normal values for triglycerides quoted
between 85 and 120 mg/dL and for cholesterol at around 75–
100 mg/dL (26,29,30); however, these are highly variable. In terms
of cholesterol, however, these normal values correspond to the
values observed in our Aip/R1α mice and suggest a pathologi-
cally elevated serum cholesterol in Aip mice. To our knowledge,
this metabolic phenotype has not been described previously in
Aip+/− mice (4,31,32) or Aip−/− mice (33).

We found increased thymus weights in our 12-month-old Aip
mice (Supplementary Material, Fig. S1), whereas there were no
differences between groups in white cell or lymphocyte counts
(data not shown). Interestingly, a reversal of thymic aging (as well

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data


Human Molecular Genetics, 2020, Vol. 29, No. 17 2957

as increased extramedullary hematopoiesis) was shown for aged
rats with subcutaneously implanted GH3 cells which secrete GH
(34,35), while a higher number of thymic Hassall’s corpuscles was
detected in advanced human acromegaly (36).

Our Aip mice demonstrated a significantly higher hemoglobin
as well as red blood cell count compared with Aip/R1α mice. GH
and IGF-1 have been shown to stimulate erythropoiesis in vitro,
in mice and in humans with GH deficiency (37–39); acromegaly
in humans is associated with increased red cell mass (40). On the
other hand, erythropoiesis mainly occurs in the bone marrow,
and this process may be impaired due to the bone tumors
present in Aip/R1α mice. Similarly, we would attribute the higher
alkaline phosphatase levels in Aip/R1α mice to the higher tumor
load in this group (9).

Significantly, while our Aip mice at 12 months of age dis-
played an acromegalic phenotype and demonstrated elevated
IGF-1 levels (Fig. 2G), we did not detect any pituitary histological
abnormalities indicating somatotropinoma formation or soma-
totroph hyperplasia.

To ascertain this finding, we performed a number of addi-
tional stains and semi-quantitative measurements (GH staining
and quantitation, cell proliferation by Ki67 staining, estimation
of acidophil cell prevalence by quantitation of eosinophilia, esti-
mation of PKA pathway activity by phospho-CREB immunofluo-
rescence and cAMP staining, Fig. 4 and Supplementary Material,
Fig. S3) in addition to the qualitative histopathological examina-
tion of pituitary sections. None of these investigations uncovered
any difference between the two groups.

Aip mice were previously shown to exhibit full penetrance of
pituitary tumors by the age of 15 months and an approximately
80% penetrance by the age of 12 months (4); hence, to enable a
good discrimination of pituitary pathological findings between
the two genotypes studied while avoiding a bias due to the co-
incidence of sporadic pituitary tumors frequently found in older
mice, we chose to focus on the age group of 12 months in the
present study. Other later research similarly did not detect any
overt pituitary tumors in the same Aip heterozygous mouse
model at 12 months of age (32).

The possible explanations for this include 1. a later manifes-
tation of a pituitary tumor phenotype, 2. a lower penetrance of
Aip-dependent pituitary tumors, or 3. a less severe pituitary phe-
notype (i.e. only subtle hypertrophy) in our Aip mice. In contrast
to the previously described complete penetrance in murine Aip-
dependent pituitary tumor formation (4), large clinical studies
estimate the penetrance of pathogenic AIP variants in humans
to be around 20% (3,41,42).

It is known that somatropinoma formation is often preceded
by a long period of somatotroph hyperplasia in humans with
Carney complex and that clinical and biochemical acromegaly
in humans can occur in the absence of radiologically or even
histologically detectable somatotroph adenomas (43–45). It is
therefore possible, and considering the phenotypic changes and
elevated IGF-1 levels, indeed likely, that pituitary GH secretion in
our 12-month-old Aip mice was already increased as a sign
of the very early stages of somatotropinoma formation, but
subtle signs of somatotroph hyperplasia were not yet evident on
histopathology. An elevated GH releasing hormone (GHRH) sen-
sitivity of Aip+/− pituitaries in terms of GH release was already
shown at the age of 3 months (32), confirming that this genotype
causes subtle changes in somatotroph function for a long period
of time; the clear phenotypic difference in our 12-month-old
mice might reflect the cumulative effects of long-standing
but small differences in somatotroph GH release. Moreover,
somatotroph GH synthesis (transcription and translation)

and GH release are two processes that are governed by
different intracellular signaling pathways: GH transcription is
stimulated by the PKA/CREB-dependent transcription-factor
Pit1, whereas GH release from intracellular storage vesicles
is regulated via PKA-dependent calcium influx as well as
PKA-independent effects (46). A rapid release of GH from
intracellular stores in connection with a slower upregulation
of cellular synthesis could preclude the immunohistochemical
detection of any elevation of intracellular GH levels by GH
staining.

Other groups studying the same Aip-deficient mouse model
found an increased total GH secretion and an increased pituitary
ex vivo response to GHRH compared with wt mice, and similarly
no pituitary adenomas were identified at 12 months of age (32). A
notably slow progression from pituitary hyperplasia to adenoma
formation was even observed in the pituitaries of somatotroph-
specific Aip knockout mice (31). An increased release of GH
in the absence of somatotropinomas in our Aip mice bears
important implications for the medical treatment of human
AIPmut+ acromegaly and gigantism, suggesting that targeting
the production or release of GH may allow an earlier or more
efficacious treatment than an inhibition of somatotroph prolifer-
ation. Research suggests a differential response of somatostatin
analog treatment in relation to somatotroph AIP expression in
sporadic acromegaly (47).

To exclude any effect of different genetic backgrounds on the
differences between the groups of mice observed in the current
study, the Aip mice—originally generated in a C57BL/6Rcc
background—were crossed with Prkar1a haploinsufficient mice
available in our laboratory, which were maintained on a
C57BL/6/129Sv hybrid background (48). Conversely, however,
we cannot exclude that this mixed background contributed
to differences in onset or severity of Aip-dependent pituitary
adenomas in our Aip mice compared with the Aip mice
examined in the original publication (4). In human sporadic
acromegaly, cellular AIP levels were shown to be regulated by
miRNAs (49,50), and the investigation of genetic susceptibility
to FIPA has implicated a number of modifier loci (51), so it
is possible that the difference in a genetic background led
to a lower susceptibility to Aip-dependent tumorigenesis in
our mice. Supporting this hypothesis, even in somatotroph-
specific Aip knockout mice, somatotroph tumor formation
was only detected at the age of 40 weeks, thus suggesting
that other additional factors are required for tumor formation
(31). Similarly, human AIP-dependent FIPA has a relatively low
disease penetrance while patients with Carney complex present
with a heterogeneous phenotype concerning type and time of
disease manifestations. It is conceivable that modulations in AIP
expression or function could influence the clinical presentation
of Carney complex patients, whereas PKA pathway alterations
including germline or somatic PRKAR1A variants could exert an
effect on the penetrance of AIP-dependent FIPA. This aspect may
be interesting to investigate in the tumors of affected patients.

Since both Aip and Prkar1a haploinsufficiency separately lead
to an increase in pituitary tumor propensity in mice and human,
we hypothesized that the combined effects would cause a higher
frequency or severity of somatotropinomas and acromegalic fea-
tures in our double heterozygous Aip/R1α mice. On the contrary
though, we observed that these mice had lower biochemical
and phenotypic signs of GH excess. While some characteris-
tics of these Aip/R1α mice are clearly mainly caused by the
Prkar1a deficiency [e.g. frequent tail tumors most likely leading
to the significantly reduced tail lengths or increased alkaline
phosphatase levels probably reflecting the high tumor load in

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
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these mice (9)], a smaller body size or lower cholesterol and
triglyceride values have not been observed in Prkar1a+/− mice
in comparison to wt mice. Conversely, we also did not observe
an aggravation of the tumor phenotype of the Prkar1a+/− mouse
by a combination with Aip heterozygosity. We suggest that the
growth plate thickening observed in our 12-month-old Aip mice
is unrelated to the bone lesions in R1α mice, since those have
been shown to originate from an area adjacent to the growth
plate (52). In addition, direct and indirect actions of circulating
GH and IGF-1 on bone growth and the epiphyseal plate are well
documented (53,54).

We suggest that this unexpected observation of a less severe
acromegalic phenotype in Aip/R1α mice can be mechanistically
explained by an imbalance of Aip binding to R1α and/or the main
PKA catalytic subunit Cα. In the inactive state of the PKA, two
catalytic and two regulatory subunits are bound to each other.
Upon activation of the PKA pathway, the holoenzyme dissociates
into the active catalytic subunits and the regulatory subunits
(Fig. 5A). We demonstrated a physical interaction of Aip with R1α

and Cα both in complex and separately (15), whereas others have
found an interaction of Aip with Cα but not R1α (16), suggesting
that there may be different affinities or dynamics of Aip binding
to Cα and R1α. Reduced Aip levels lead to PKA pathway activation
in somatotrope cells (13,15) and to somatotropinoma formation
and mild GH excess in mice (4,31,32). In this situation, the lower
amount of intracellular Aip may have a higher binding affinity
for R1α and/or the inactive holoenzyme rather than unbound Cα,
thereby leaving it in a highly active state (Fig. 5B). Under reduced
Aip and R1α levels, Aip normally bound to R1α may relocate to
Cα and inhibit its function, or to the holoenzyme and impede
its dissociation, thereby causing an overall lower PKA pathway
activity (Fig. 5C). While we did not detect any difference between
Aip and Aip/R1α mice in immunohistochemical cAMP staining or
phospho-CREB immunofluorescence, we suggest that this lack
of documented difference does not preclude a subtly altered
PKA pathway activity over a potentially long period of time. It
would be interesting to specifically investigate the physical and
functional aspects of an interaction between the PKA pathway
and Aip in this mouse model by biochemical techniques includ-
ing co-immunoprecipitation or PKA activation; however, these
techniques are limited by the small amount of protein present
in mouse pituitary gland.

In conclusion, we show here that Aip+/− mice have a GH
excess phenotype which mirrors that of human acromegaly,
including significantly elevated IGF-1 levels, without histopatho-
logical pituitary abnormalities. This phenotype is ameliorated
in double heterozygous Aip+/−, Prkar1a+/− mice, potentially due
to changes in the binding dynamics between Aip and R1α as
well as Cα. These findings support the notion that multiple
environmental and genetic factors contribute to the acromegalic
phenotype as well as to somatotroph tumor development, and
they highlight the complexity of physical and functional inter-
action between Aip and the PKA pathway, including the catalytic
and regulatory PKA subunits.

Materials and Methods
Animals

Mice were housed with ad libitum access to food and water
on 12 h light/dark cycle. Prkar1a+/− mice carrying a deletion of
exon 2 were generated in our laboratory, as described previously
(9). Aip+/− mice, containing a gene trap vector construct in the
intronic region between Aip exons 2 and 3, were kindly provided

by Prof. Karhu (University of Helsinki) and were described previ-
ously (4). Homozygous null mutations in Aip and Prkar1a in mice
are both embryonic lethal (4,9,33); Aip+/− mice and Prkar1a+/−
mice were crossed and maintained on a C57BL/6129Sv/B6 hybrid
background. Double heterozygous (Aip+/−, Prkar1a+/−) offspring
were compared with single heterozygous Aip+/− mice at ages 3,
6, 9 and 12 months. Body weights were recorded monthly for all
animals.

Animal studies were performed under protocol ASP12-033
and were approved by the Eunice Kennedy Shriver National Insti-
tute of Child Health and Human Development Institutional Ani-
mal Care and Use Committee.

Genotyping

For all animals, genotyping was performed from tail DNA by
PCR. For Prkar1a, three primers (5′-AGCTAGCTTGGCTGGACG
TA-3′, 5′-AAGCAGGCGAGCTATTAGTTTAT-3′ and 5′-CATCCATCT-
CCTATCCCCTTT-3′) were used, where the wt allele led to
a 242 bp product and the null allele to a 180 bp fragment
(Supplementary Material, Fig. S1A). Aip genotyping was per-
formed as described (4); the wt allele led to a 177 bp fragment,
whereas a 193 bp fragment was created from the mutant allele
(Supplementary Material, Fig. S1B).

Histopathological evaluation

Male and female single heterozygous Aip+/− and double het-
erozygous Aip+/−, Prkar1a+/− mice were sacrificed at the ages
of 3 (n = 12), 6 (n = 12), 9 (n = 12) and 12 months (n = 23). Termi-
nal blood was collected by cardiac puncture; clinical chemistry
and hematology were immediately analyzed by standard proto-
cols. Gross pathological analysis, organ weights (thymus, heart,
spleen, liver, kidneys and brain) and body lengths were recorded
immediately.

Organs and tissues were then formalin fixed and paraffin
embedded, sectioned onto glass slides and histopathological
analysis was performed on hematoxylin/eosin (H&E)-stained
sections by standard procedures (Histoserv, Inc., Germantown,
MD).

Immunohistochemistry and immunofluorescence

Pituitaries were further analyzed by immunohistochemistry
and immunofluorescence. Briefly, sections were deparaffinized
and rehydrated in an ethanol dilution series, followed by heat-
induced antigen retrieval. The primary antibodies were rabbit
anti-rat GH (1:400) (Dr AF Parlow, National Hormone and Peptide
Program, Harbor-UCLA Medical Center, Torrance, CA, USA), rabbit
anti-Ki67 (ab15580, Abcam, Cambridge, UK, 1:500), anti-phospho-
CREB (ab32096, Abcam, 1:150) and anti-cAMP (07-1497, Millipore,
Burlington, MA, 1:100). For GH and Ki67 staining, antigen retrieval
was performed by the Envision Flex target retrieval solution
(high pH) (Agilent, Santa Clara, CA, USA) at 95◦C for 20 min,
followed by antibody incubation for 60 min at room temperature
and detection by the Flex+ (rabbit) detection kit (Agilent)
on a Dako autostainer system according to manufacturer’s
recommendations.

For phospho-CREB and cAMP immunohistochemistry,
antigen retrieval was performed using a Tris-based antigen
unmasking solution (Vector laboratories, Burlingame, CA, USA)
at 100◦C for 20 min followed by primary antibody incubation at
4◦C overnight. For Phospho-CREB immunofluorescence, an Alexa
Fluor (555) donkey-anti rabbit secondary antibody (Invitrogen,

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa178#supplementary-data
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Figure 5. Schematic model of the binding dynamics of Aip with R1α and Cα in somatotrophs of different mouse models, contributing to GH secretion and

somatotropinoma formation. (A) In the wild-type mouse, the inactive cAMP-dependent protein kinase (PKA) holoenzyme separates into its subunits upon PKA pathway

activation, where the active catalytic subunit Cα exerts its downstream effects. Aip can bind the holoenzyme as well as the unbound catalytic and regulatory (R1α)

subunits, probably with different affinities. (B) During lower Aip levels, e.g. in the Aip+/− mouse, Aip binding to unbound Cα may be reduced thereby freeing Cα for

an increased activation of downstream targets, leading to more PKA pathway activation, increased GH secretion and somatotroph tumor formation. (C) In the double

heterozygous Aip+/−, Prkar1a+/− mouse, Aip that was previously bound to unbound R1α may now be free to bind to Cα, thereby inhibiting its catalytic activity and

reducing GH secretion.

Carlsbad, CA, USA) was used and slides were mounted with DAPI
Prolong Gold (Invitrogen). cAMP was detected by the ImmPRESS
anti-rabbit detection kit (Vector laboratories).

Pituitary sections of all available 12-month-old mice were
qualitatively and semi-quantitatively evaluated. Eosinophilia
was scored using H&E stained slides on a scale from 0 (low)
to 2 (high). Ki67 positivity was scored on a scale from 1 to 4
(<1, 1–2, 2–5, and 5–10%); both were performed by one blinded
viewer (TR). Evaluation of GH expression was performed by
two blinded viewers (MHSR and TR) who independently rated
staining intensity on a scale from 1 to 5 (intermediate to very
strong).

Insulin-like growth factor 1 measurements

Blood samples for IGF-1 analysis were obtained between 8 and
10 a.m. by tail venipuncture in male and female single and
double heterozygous mice at the ages indicated. Serum was
separated and stored at −20◦C for later use. Samples were diluted
1:300 (for ages 18 and 28 weeks) or 1:50 (for age 49 weeks) and
analyzed in duplicate by IGF-1 ELISA (Boster Biotech EK0378 for
ages 18 and 28 weeks or ALPCO 22-IG1MS-E01 for age 49 weeks)
according to manufacturer’s instructions.

Statistics

Data were tested for normality using the Shapiro–Wilk test.
Groups were compared using independent samples Student’s t-
tests, two-way ANOVA or Mann–Whitney-U tests, as appropri-
ate. Differences in frequency were tested using two-sided Chi-
squared tests. Data shown are means ± standard error of the
mean or medians ± interquartile range or n as stated.

Supplementary Material
Supplementary Material is available at HMG online.
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