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ACTH (i.e., corticotropin) is the principal regulator of the hypo-
thalamus—pituitary-adrenal axis and stimulates steroidogenesis in
the adrenal gland via the specific cell-surface melanocortin 2
receptor (MC2R). Here, we generated mice with an inactivation
mutation of the MC2R gene to elucidate the roles of MC2R in
adrenal development, steroidogenesis, and carbohydrate metab-
olism. These mice, the last of the knockout (KO) mice to be
generated for melanocortin family receptors, provide the oppor-
tunity to compare the phenotype of proopiomelanocortin KO mice
with that of MC1R-MC5R KO mice. We found that the MC2R KO
mutation led to neonatal lethality in three-quarters of the mice,
possibly as a result of hypoglycemia. Those surviving to adulthood
exhibited macroscopically detectable adrenal glands with mark-
edly atrophied zona fasciculata, whereas the zona glomerulosa
and the medulla remained fairly intact. Mutations of MC2R have
been reported to be responsible for 25% of familial glucocorticoid
deficiency (FGD) cases. Adult MC2R KO mice resembled FGD pa-
tients in several aspects, such as undetectable levels of corticoste-
rone despite high levels of ACTH, unresponsiveness to ACTH, and
hypoglycemia after prolonged (36 h) fasting. However, MC2R KO
mice differ from patients with MC2R-null mutations in several
aspects, such as low aldosterone levels and unaltered body length.
These results indicate that MC2R is required for postnatal adrenal
development and adrenal steroidogenesis and that MC2R KO mice
provide a useful animal model by which to study FGD.

adrenocorticotropic hormone (ACTH) | familial glucocorticoid deficiency
(FGD) | hypothalamus-pituitary-adrenal | zona fasciculata

he adrenal gland regulates a number of essential physiological

functions in adult organisms through the production of steroids
and catecholamines. Maintenance of adrenal structure and function
is regulated through the integration of extra- and intracellular
signals. The pituitary hormone ACTH (i.e., adrenocorticotropic
hormone), which is derived from the proopiomelanocortin
(POMC) polypeptide precursor, is the principal regulator that
stimulates adrenal glucocorticoid (GC) biosynthesis and secretion
via the membrane-bound specific receptor for ACTH, ACTH
receptor/melanocortin 2 receptor (MC2R) (1).

It was previously demonstrated that, although POMC knock-
out (KO) mice are born at the expected Mendelian frequency,
three-quarters of POMC KO mice undergo neonatal death.
Furthermore, those mice surviving to adulthood exhibit obesity,
pigmentation defects, and adrenal insufficiency (2-4). POMC
KO mice possess macroscopically detectable adrenal glands that
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lack normal architecture (2, 4, 5). These results demonstrate the
importance of POMC-derived peptides in regulating the hypo-
thalamus—pituitary—adrenal axis and adrenal development.

Familial glucocorticoid deficiency (FGD), or hereditary un-
responsiveness to ACTH [Online Mendelian Inheritance in Man
(OMIM) no. 202200; www.ncbi.nlm.nih.gov/entrez/dispomim.c-
2i1?id=202200], is an autosomal recessive disorder resulting from
resistance to the action of ACTH on the adrenal cortex. Affected
individuals are deficient in cortisol and, if untreated, are likely
to die as a result of hypoglycemia or overwhelming infection in
infancy or childhood (6). Mutations of MC2R are responsible for
25% of FGD cases. Mutations of the MC2R accessory protein
MRAP, which plays a role in the trafficking of MC2R from the
endoplasmic reticulum to the cell surface, account for 20% of
FGD cases (7), and a third locus responsible for FGD has been
suggested (8). There has been no animal model for FGD, and
MC2R KO mice are likely to become a valuable tool for the
pathophysiological investigation of FGD.

To study specifically the roles of MC2R in adrenal gland
development, steroidogenesis, and carbohydrate metabolism, we
generated mice with an inactivation mutation of the MC2R gene.
We demonstrated that disruption of MC2R leads to neonatal
lethality in approximately three-quarters of MC2R KO pups,
possibly as a result of hypoglycemia. Those surviving to adult-
hood exhibited macroscopically detectable adrenal glands with
markedly atrophied zona fasciculata (zF) and lack of detectable
levels of GC and reduced serum concentrations of aldosterone
and epinephrine. Those surviving to adulthood exhibited hypo-
glycemia after prolonged (36 h) fasting as a result of the reduced
expression of the genes involved in gluconeogenesis.
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Fig. 1. Neonatal hypoglycemia in MC2R KO mice. (A) Blood glucose levels on
postnatal day 0.5 at 1200 hours. Detection limit was 20 mg/dl. Each point
indicates the glucose level of a single pup. The blood glucose level of 12 of 14
homozygous pups was under detection level (<20 mg/dl). The values below
detection level were plotted at 10 mg/dl. (B) MC2R pups were killed at 1200
hours, and liver RNAs were prepared. The experiments were performed with
postnatal day 0.5 MC2R~/~ (n = 6) and MC2R*"? (n = 9) mice. The expression
of phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase
(G6Pase), and peroxisome proliferator-activated receptor « (PPARa) in the
liver was determined by gRT-PCR. Data are expressed as means *= SEM.
Statistical significance was determined by t test. #, P < 0.05.

Results

Generation of MC2R KO Mice. To generate MC2R KO mice, a
targeting vector was constructed in which the portion of the
MC2R gene encoding the entire coding region (9) was replaced
with a neomycin-resistance gene cassette [supporting informa-
tion (SI) Fig. 74]. One of 545 neomycin-resistant colonies
screened was positive as assessed by Southern analysis with an
external probe (Fig. 7B). Chimeric founder mice were produced
from the targeted ES cell clones, and germ-line transmission of
the disrupted allele was obtained. MC2R KO mice were back-
crossed to C57BL/6J mice for five generations before use in this
study. To confirm the deficiency of MC2R, expression of the
MC2R gene in the adrenal gland was examined by quantitative
real-time PCR (qRT-PCR). No mRNA was detected in
MC2R ™/~ mice, and expression was decreased by approximately
half in MC2R*/~ mice (Fig. 7C).

Most of the MC2R KO Pups Died Shortly After Birth. Mice that were
homozygous null for MC2R were obtained by interbreeding het-
erozygous mice. Pups lacking MC2R were born at the expected
Mendelian ratio, suggesting that MC2R is not essential for embry-
onic development. Of 190 mice born from heterozygous MC2R KO
parents, 61 pups were dead before weaning at 4 wk of age.
Genotype analysis revealed that most of the 61 dead pups were
homozygous for the MC2R allele. Genotype analysis of 129 mice at
4 wk revealed 9 homozygote, 74 heterozygote, and 46 WT mice.
Approximately three-quarters of MC2R KO pups died before
weaning, mostly within 48 h after birth. Most of the mutant
newborn mice were indistinguishable from their WT littermates;
some homozygous pups were pink and had milk in their stomachs,
whereas some homozygous pups were lethargic and pale.

We analyzed blood glucose levels on postnatal day 0.5 at 1200
hours. Three of 57 mice had already died at the time of analysis
(two were MC2R ™/~ and one was MC2R*/~). MC2R ™/~ pups
were significantly hypoglycemic compared with MC2R*/? pups
(Fig. 14). We found only one of 14 homozygous pups that
maintained normal blood glucose levels, comparable with those
in WT mice. It is possible that this pup could survive neonatal
death and grow to adulthood. Blood glucose levels for 12 of 14
homozygous pups were below detection level (<20 mg/dl).
Analysis of blood glucose levels on postnatal day 7 revealed that
MC2R ™/~ pups maintained glucose levels comparable with those
of WT mice (data not shown). Expression of phosphoenolpyru-
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vate carboxykinase (PEPCK), a rate-limiting enzyme for glu-
coneogenesis in liver, was significantly decreased, and expression
of glucose-6-phosphatase (G6Pase) was relatively decreased in
MC2R KO pups compared with MC2R ™" pups (Fig. 1B). The
expression of peroxisome proliferator-activated receptor «
(PPARa) responsible for B-oxidation of free fatty acids was
significantly increased in MC2R KO pups (Fig. 1B). These
results suggest that MC2R KO mice die as a result of hypogly-
cemia with decreased gluconeogenesis in the liver and defective
neonatal nutritional adaptation. A slight increase in mortality
was observed at 3—4 wk of age, due to undetermined cause(s),
but no increase in mortality was observed after that period.

The body weights of 12-wk-old MC2R KO mice were indis-
tinguishable from those of their littermates: MC2R ~/~, 28.7 =
0.8 g (n = 4); and MC2R*/*,28.8 = 0.6 g (n = 5). Whereas FGD
patients with MC2R mutations exhibited increased height and
POMC KO mice exhibited increased body length (10, 11), MC2R
KO mice did not exhibit any significant difference in body length
compared with that of their WT siblings: MC2R~/~, 9.58 = 0.17
cm (n = 5); and MC2R"”, 9.74 + 0.07 cm (n = 10).

Adrenal Hypoplasia in MC2R KO Mice That Survived to Adulthood. In
MC2R KO mice, adrenal glands were considerably reduced in
size compared with those of their WT siblings: male MC2R™/~,
0.58 = 0.02 mg per pair of glands (n = 4); and MC2R*/*,2.24 =
0.18 mg per pair of glands (n = 5). The histological analysis
revealed marked hypoplasia of zF in the mutant adrenal gland
(Fig. 24). The number of nuclei per 50-um-wide column in the
cortical area, however, was not significantly changed: male
MC2R*/~,138.2 + 13.3; and MC2R~/~, 147.7 + 19.8, P > 0.35;
and female MC2R*/~, 149.7 = 18; and MC2R~/—, 143.8 = 20.7,
P > 0.61. These results indicate that the total number of nuclei
in the zF was similar in MC2R KO and WT mice. Higher-
magnification images revealed that, in the MC2R KO mice, the
nuclei in zF were more densely packed with reduced cytoplasmic
volume (Fig. 2B), suggesting that a decrease in cell size, but not
cell number, accounted for the hypoplasia of zF. On the other
hand, the zona glomerulosa (zG) and the adrenal medulla (ME)
remained fairly intact as shown in the histological sections (Fig.
2B). To confirm this idea, we examined the expression patterns
of aldosterone synthase cytochrome P450 (P450aldo) and ty-
rosine hydroxylase (TH), markers for zG and ME, respectively.
Both of these markers were similarly expressed in WT and
MC2R KO mice (Fig. 2C), suggesting that the cells in zG and ME
had differentiated into the appropriate cell types. We also
noticed that the thickness of capsule was increased in MC2R KO
mice (Fig. 2B, brackets).

Ultrastructural examination of zF cells in MC2R KO mice
revealed that the number of lipid droplets was significantly
decreased and mitochondrial appearance was inactive compared
with that of WT mice (Fig. 3 B and D). In contrast, zG cells in
MC2R KO mice contained lipid droplets comparable with those
in WT mice, and zG cells were not significantly different from
those of WT mice (Fig. 3 4 and C). Chromaffin cells in MC2R
KO mice exhibited a marked depletion in epinephrine-storing
secretory granules (data not shown), and highly vascularized
connective tissue was developed in MC2R KO adrenal ME (data
not shown). The H&E staining of the adrenal glands of newborn
(postnatal day 0.5) MC2R KO mice was not significantly differ-
ent from that of WT siblings (data not shown), suggesting that
postnatal adrenal development was impaired in MC2R KO mice.

Adrenal Hormones in MC2R KO Mice. Serum corticosterone levels in
MC2R KO mice were undetectable (Fig. 44): male MC2R /",
undetectable (n = 4); MC2R*/~, 72.0 = 8.9 ng/ml (n = 6); and
MC2R*'*,59.0 = 8.6 ng/ml (n = 5). ACTH levels were significantly
increased in MC2R KO mice (Fig. 4B): male MC2R~/~, 1,394 = 89
pg/ml (n = 4); MC2R"/~, 370 = 50 pg/ml (n = 6); and MC2R ™/,
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Fig. 2. Histological analysis of the adrenal gland of MC2R KO mice. (A and
B) H&E staining of sections from the adrenal gland of WT or MC2R KO mice.
Ten-week-old male or 13-wk-old female WT and MC2R KO mice were ana-
lyzed. (B) Higher-magnification images of zG, zF, and ME shown in A. The
white and black arrowheads in A indicate the border between zG/zF and
cortical zone/ME, respectively. The brackets in B indicate thickness of the
capsule, which was remarkably thicker in the mutant mice. (C) Immunofluo-
rescent detection of aldosterone synthase cytochrome P450 (P450aldo) and TH
in the adrenal gland of WT and MC2R KO mice. Both enzymes were normally
expressed in the mutant mice. (Scale bars, 50 um.)

281 *= 106 pg/ml (n = 5). Surprisingly, serum aldosterone levels
were significantly decreased in MC2R KO mice (Fig. 4C): male
MC2R /7,104 = 25 pg/ml (n = 4); and MC2R /", 343 =+ 103 pg/ml
(n = 5). In this regard, the MC2R-deficient mouse model is
different from patients with MC2R-null mutations, in whom there
is no mineralocorticoid deficiency and the renin—angiotensin sys-
tem (RAS) is not affected (OMIM no. 202200). Consistent with the
reduced serum corticosterone in MC2R KO mice, thymus and
spleen weights were significantly increased and adipose weight was
significantly decreased compared with those of WT mice (data not
shown).

We analyzed the corticosterone response to exogenously
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Fig. 3. Electron micrographs of the adrenal gland from MC2R KO mice. (A
and C) Electron micrographs of zG of WT or MC2R KO mice. (Scale bars, 2 um.)
(B and D) Electron micrographs of zF of WT or MC2R KO mice. (Scale bars, 5
um.) Note the remarkable decrease in lipids in zF in MC2R KO mice.

administered ACTH in MC2R KO mice. The responsiveness to
ACTH was completely abrogated in MC2R KO mice (Fig. 4E):
male MC2R~/~, ACTH, undetectable (n = 8); MC2R*/~, saline,
80.1 = 13.8 ng/ml (n = 11), and ACTH, 233.9 *+ 46.6 ng/ml (n =
11); and MC2R */*, saline, 75.2 = 20.9 ng/ml (n = 5), and ACTH,
186.9 = 37.6 ng/ml (n = 8). These results indicate that MC2R is
essential for corticosterone release in response to ACTH.

Because ACTH plays an essential role in regulating 11p-
hydroxylase (Cypllbl) expression, as well as other genes en-
coding enzymes involved in steroidogenesis (12), we analyzed the
expression of adrenal steroidogenic enzymes. Expression levels
of cholesterol side-chain cleavage enzyme P450scc (Cypllal)
(Fig. 54), Cyp2lal (Fig. 5B), and Cypllbl (Fig. 5C) were
significantly reduced in MC2R KO mice, reflecting the hypopla-
sia of zF. The expression of Cypllb2 [aldosterone synthase
(P450aldo)] was relatively reduced in adrenal glands from MC2R
KO mice (Fig. 5D). These results collectively indicate that the
reduction of corticosterone level (Fig. 44) is due to hypoplasia
of zF with reduced lipid droplets (Figs. 24 and 3C), together
with reduced levels of Cypl1bl and rate-limiting Cyp11al (Fig.
5A4 and C).

To determine the physiological effect of reduced aldosterone
levels in MC2R KO mice, we measured serum electrolytes and
blood pressure at 12 wk of age. There were no differences in the
sodium concentrations of MC2R KO and WT mice, whereas
chloride levels increased significantly in male MC2R KO mice
and tended to increase in female MC2R KO mice (data not
shown). Female MC2R KO mice exhibited significantly in-
creased potassium levels (data not shown), whereas male MC2R
KO mice did not. Although no significant differences in blood
pressure were observed, the heart rate was significantly atten-
uated in MC2R KO mice (data not shown), consistent with
reduced epinephrine levels in MC2R KO mice (Fig. 4D). We
found that the expression of angiotensin receptor 1b (AT1bR)
was significantly increased in MC2R KO mice (Fig. 5E), sug-
gesting that renin—angiotensin system (RAS) signaling was en-
hanced in MC2R KO glomerulosa cells to compensate for the
complete absence of ACTH signaling.

Measurement of catecholamine levels demonstrated that epi-
nephrine levels were significantly reduced (Fig. 4D): male
MC2R /7, 0.12 = 0.02 ng/ml (n = 4); MC2R*/~, 0.72 = 0.14
ng/ml (n = 6); and MC2R*™/*, 0.59 = 0.08 ng/ml (n = 5).
However, norepinephrine and dopamine levels were not signif-
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Fig.4. Hormone levelsin MC2R KO mice. (A-D) Blood was collected at 1600
hours from male mice (male MC2R /-, n = 4; MC2R*/~, n = 6;and MC2R*/*, n =
5) fasted for 8 h. Serum corticosterone (A), ACTH (B), aldosterone (C), and
epinephrine (D) levels were determined. (E) Serum corticosterone response
after ACTH (10 ng per kg of body weight) or saline injection in 12-wk-old male
MC2R~/~ [saline, not determined (ND); ACTH, n = 8], MC2R*/~ (saline, n = 11;
ACTH, n = 11), or MC2R*/* (saline, n = 5; ACTH, n = 8) mice. ACTH or saline
was injected from 1000 to 1030 hours, and blood was collected after 60 min.
Data are expressed as means + SEM. Statistical significance was determined by
one-way ANOVA and Fisher’s protected least significant difference (PLSD) test
(A, B, D, and E) or t test (C). ###, P < 0.001; ##, P < 0.01; #, P < 0.05.

icantly altered in MC2R KO mice (data not shown). The
expression of TH was significantly reduced in MC2R KO adrenal
glands (Fig. 5F), whereas the expression of Phox2a, a specific
marker for chromaffin cells, was not significantly different (Fig.
5G), suggesting that MC2R is not required for chromaffin cell
development but is necessary for TH expression. These results
are consistent with a previous report that GC is not required for
chromaffin cell development (13). We also observed that the
expression of phenylethanolamine N-methyltransferase
(PNMT), which catalyzes the conversion of norepinephrine to
epinephrine and is modulated by GC, was significantly reduced
in adrenal glands from MC2R KO mice (Fig. 5H). These results
suggest that the reduced epinephrine level in MC2R KO mice is
due to the reduced expression levels of PNMT and TH.

MC2R KO Mice Develop Hypoglycemia upon Prolonged Fasting. We
measured blood glucose levels in animals both fed and fasted for
8 h. Interestingly, adult MC2R KO mice exhibited relatively
higher glucose levels than those of WT mice under fed and 8-h
fasting conditions. However, the difference was not statistically
significant (data not shown). MC2R KO mice exhibited relatively
reduced serum insulin levels compared with control littermates.
However, the difference was not statistically significant: male
MC2R /7, 2,044 = 190 pg/ml (n = 4); and MC2R*/*, 2,644 =
265 pg/ml (n = 5).

18208 | www.pnas.org/cgi/doi/10.1073/pnas.0706953104
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Fig.5. Adrenal gene expressionin MC2R KO mice. Expression of Cyp11a1(A),
Cyp21a1 (B), Cyp11b1 (C), Cyp11b2 (D), AT1bR (E), TH (F), Phox2a (G), and
phenylethanolamine N-methyltransferase (PNMT) (H) in adrenal glands from
female 12-wk-old MC2R~/~ (n = 4) and MC2R*/* (n = 3) mice was determined
by gRT-PCR. Data are expressed as means = SEM. Statistical significance was
determined by t test. ###, P < 0.001; ##, P < 0.01; #, P < 0.05.

We next evaluated the role of MC2R during prolonged
starvation. After 36 h of starvation, liver gluconeogenesis be-
comes the major source of blood glucose (14). During a 36-h fast,
MC2R KO mice exhibited a faster decline in blood glucose levels
(Fig. 6A4): male MC2R/~, 45.8 + 11.7 mg/dl (n = 5); and
MC2R*/*,79.2 = 9.5 mg/dl (n = 5). As anticipated, corticoste-
rone levels in WT mice were increased in response to fasting,
whereas corticosterone levels in MC2R KO mice were not
increased in response to a 36-h fast (Fig. 6B): male MC2R~/~,
undetectable (n = 5); and MC2R*/*, 94.4 + 23.4 ng/ml (n = 5).
Serum epinephrine was significantly decreased in MC2R KO
mice, whereas norepinephrine, dopamine, insulin, and glucagon
levels (data not shown) were not significantly different. The
expression of PEPCK, which is a rate-limiting enzyme in glu-
coneogenesis, was significantly decreased, and G6Pase was
relatively decreased in MC2R KO mice after a prolonged (36 h)
fast (Fig. 6C), indicating that the lower blood glucose levels in
MC2R KO mice were due to impaired gluconeogenesis.

Discussion

Immediately after birth, the maternal supply of substrates ceases
abruptly, and the newborn mouse has to withstand a brief period
of starvation before being fed with milk that is high in fat and low
in carbohydrates. The adaptation of neonates to these changes in
nutrition and environment requires modification of glucose and
fatty acid metabolism, which is controlled by the neonatal
increase in glucagon and the fall in insulin (15). Defective
gluconeogenesis leads to neonatal death (16). Plasma cortico-
sterone levels are high at delivery and rapidly decline during the
first 24 h after birth, and epinephrine and norepinephrine levels
are increased severalfold in newborns in response to the stresses
of birth, such as transient hypoxia, cold exposure, and cord
cutting (15). Because GC plays a critical role in the maintenance
of neonatal blood glucose levels through the induction of

Chida et al.
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gluconeogenesis, one-half of hepatocyte-specific GC receptor
KO mice die shortly after birth as a result of hypoglycemia (17).
Here, we demonstrated that MC2R KO mice are defective in this
adaptation, consistent with a previous report that 75% of POMC
KO mice die shortly after birth (2). Genetic replacement of
pituitary POMC in POMC KO mice (POMC~/~Tg") rescues
neonatal lethality in POMC KO mice, suggesting that peripheral
POMC, possibly ACTH, is important for neonatal survival (18).
These results collectively suggest that ACTH MC2R signaling
plays a critical role in the neonatal adaptation to nutrition
supply, consistent with the fact that patients with FGD often
suffer from neonatal hypoglycemia (OMIM no. 202200) (19).
Neonatal hypoglycemia in MC2R KO mice might be secondary
to low levels of both circulating corticosterone and epinephrine.
It is also interesting that a slight increase in mortality was also
observed at 3—4 wk of age because weaning is a crucial period
when mice need to adapt to nutritional modifications. In fact,
corticosterone concentration is low during the suckling period,
increases after 12 days, and peaks at 24 days (15). Further studies
are required to clarify the possible role of ACTH MC2R in
suckling/weaning adaptation.

We observed significant adrenocortical hypoplasia in adult
MC2R KO mice compared with WT siblings. Although zG cells
remained fairly intact, zF cells were severely atrophied (Fig. 2),
indicating that MC2R is not required for proper development of
zG cells but is required for that of zF cells. Adrenal glands of
rodents possess a transient zone between the adrenal cortex and
the adrenal ME called the murine X zone. The overall function
of the X zone remains unclear (20). Detailed studies are required
to clarify the possible effect of ACTH deficiency on X zone
regression. Because the adrenal glands from MC2R KO pups
were indistinguishable in size and histological appearance from
those from WT littermates at birth (data not shown), consistent
with POMC KO mice (21), the ACTH MC2R signaling pathway
regulates postnatal development of the adrenal gland. It was
previously proposed that POMC-derived peptides other than
ACTH contribute to adrenal development, function, and main-
tenance. Specifically, cleavage of the N-terminal POMC (amino
acids 1-74) results in the generation of shorter peptides with
mitogenic properties (22). If POMC-derived peptides other than
ACTH have any role in adrenal development, the adrenal
phenotype of MC2R KO mice should be less severe than that of
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POMC KO mice. Compared with the adrenal structure of
POMC KO mice previously reported (2, 4), the adrenal struc-
ture/morphology of MC2R KO mice was intact, especially in zG.
The total number of nuclei in zF of MC2R KO mice was not
significantly changed (Fig. 24), suggesting that the proliferation
of zF in MC2R KO mice was comparable with that in WT mice.
In contrast, it was previously demonstrated that adrenal glands
of POMC KO mice on postnatal day 14 had reduced prolifer-
ating cell nuclear antigen (PCNA)-positive cells (21). These
differences could be explained by the possible role of POMC-
derived peptides other than ACTH in adrenal development (22),
although we could not exclude the possibility of difference due
to genetic background or of compensatory function by other
MCRs in the absence of MC2R. Simultaneous comparison of
POMC KO mice and MC2R KO mice is required to clarify these
possibilities.

We analyzed the adrenal gene expression involved in the
syntheses of corticosterone, aldosterone, and catecholamines in
MC2R KO mice at 12 wk of age. Two previous studies have
shown adrenal gene expression profiles in POMC KO mice.
Karpac et al. (21) demonstrated that the expression of Cyp11b2,
Cypl1bl, and TH in POMC KO mice at 5 wk of age was not
significantly different from that in WT mice and suggested that
the essential role for POMC peptides is in the maintenance of the
adrenal gland and not in differentiation. Coll et al. (23) also
analyzed the expression of Cypllbl and Cypllal and demon-
strated that the expression of both was reduced in POMC KO
mice at 8§ wk of age. Although the latter results were consistent
with ours, the former results were not. We could not fully explain
the reason for the difference: however, one possible explanation
is that adrenal glands of POMC KO and MC2R KO mice at 5 wk
of age are indistinguishable from those of WT mice and that they
regress thereafter, as suggested by Karpac et al. (21). Further
developmental studies on the adrenal gland in POMC KO and
MC2R KO mice are needed to clarify these issues.

We found that the adrenal glands in MC2R KO mice produce
aldosterone at reduced levels, as has been observed in POMC
KO mice (2, 4). In this regard, the MC2R-deficient mouse model
is different from FGD type 1 patients, who have been reported
to exhibit normal serum aldosterone levels (24). This disparity
could be explained by the fact that the majority of humans have
one or two missense alleles, and homozygous nonsense muta-
tions are very rare. It was recently reported that a small number
of such patients may provide biochemical evidence of mineralo-
corticoid deficiency (25). The role of ACTH in aldosterone
production is further supported by the fact that glucocorticoid
receptor (GR) KO mice had enlarged adrenal glands with greatly
increased expression of not only Cypllbl but also Cypl1b2 at
embryonic day 18.5 (26). GR KO mice had increased ACTH
levels as a result of the deficiency of negative feedback by
corticosterone (26). It is possible that increased ACTH levels in
GR KO mice are directly responsible for the increased expres-
sion of Cyp11b2 in zG. These observations collectively indicate
that ACTH MC2R signaling is an important regulator of aldo-
sterone production.

Here we described the initial characterization of MC2R KO
mice and confirmed and extended the importance of ACTH-
MC2R in neonatal adaptation to nutrition supplies, adrenal
development, and the production of corticosterone and aldo-
sterone. The possible role of ACTH-MC2R in adipose metab-
olism (27), B-cell function (28), and skin homeostasis (29) could
be clarified by further analysis of MC2R KO mice.

Materials and Methods

Animals. Generation of MC2R KO mice is described in S/
Materials and Methods. For analysis of tissue weight, 12-wk-old
mice of each genotype were evaluated. Adrenal glands were
dissected, cleaned of fat under a stereoscopic microscope, and
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weighed. Epididymal white adipose tissue, inguinal white adi-
pose tissue, thymus, and spleen were dissected and weighed.
Whole-tissue samples were isolated and placed on saline-
saturated filter papers to remain hydrated until weighing. All of
the mice were kept under specific pathogen-free conditions in an
environmentally controlled clean room in the Laboratory Ani-
mal Research Center, Institute of Medical Science, University of
Tokyo. The experiments were conducted according to institu-
tional ethical guidelines for animal experiments and safety
guidelines for gene manipulation experiments.

Blood Analysis. For analysis of basal hormone levels, 12-wk-old
adult mice of each genotype were evaluated. After 8 h of fasting,
at 1600 hours, mice were anesthetized with diethyl ether, and
blood samples were collected rapidly from the heart. Serum
electrolyte concentrations were measured by the ion-selective
electrode method (SRL, Tokyo, Japan). Serum corticosterone,
ACTH, and aldosterone levels were determined by RIA with
detection limits of 4.8 ng/ml (Amersham, Little Chalfont, United
Kingdom), 5 pg/ml (Mitsubishi, Tokyo, Japan), and 0.05 ng/ml
(Aldosterone-RIAKIT II; SRL), respectively. Serum catechol-
amine levels were determined by HPLC (SRL). Male MC2R ™+,
MC2R*/~, and MC2R ~/~ mice of 12 wk of age were injected i.p.
at 1000 hours with either ACTH (Peptide Institute, Osaka,
Japan) at a dose of 10 ug/kg or saline. Animals were killed by
decapitation, and blood was collected after 60 min.

Blood Pressure Measurement. Blood pressure and heart rate were
measured in conscious mice by the indirect tail-cuff method
(BP-98A; Softron, Tokyo, Japan) as described in ref. 30.
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described in SI Materials and Methods. For determination of
relative mRNA concentrations, total adrenal gland or liver
RNA, isolated by sepazol, was subjected to reverse transcription
by using SuperScript III (Invitrogen, Carlsbad, CA). The cDNA
was analyzed by automated fluorescent real-time PCR with
SYBR Green (Invitrogen) by using an iCycler iQ (Bio-Rad,
Hercules, CA). Ribosomal protein S3 (RPS3) was used as a
control. Primer sequences were designed by using Universal
ProbeLibrary Assay Design Center (www.roche-applied-
science.com/sis/rtpcr/upl/adc.jsp) (Roche Applied Science, Indi-
anapolis, IN) or Primer Bank (http:/pga.mgh.harvard.edu/
primerbank) (31) as described in SI Materials and Methods.

Statistical Analysis. All values were calculated as means + SEM.
Comparisons of two groups were analyzed by using Student’s ¢
test; for comparisons of more than two groups, one- or two-way
ANOVA was performed, followed by Fisher’s protected least
significant difference (PLSD) tests, to analyze statistical differ-
ences in each group. In all analyses, a two-tailed probability of
<5% (i.e., P < 0.05) was considered statistically significant.
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