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The molecular pathways that promote the proliferation and mainte-
nance of pituitary somatotrophs and other cell types of the anterior
pituitary gland are not well understood at present. However, such
knowledge is likely to lead to the development of novel drugs useful
for the treatment of various human growth disorders. Although
muscarinic cholinergic pathways have been implicated in regulating
somatotroph function, the physiological relevance of this effect and
the localization and nature of the receptor subtypes involved in this
activity remain unclear. We report the surprising observation that
mutant mice that selectively lack the M3 muscarinic acetylcholine
receptor subtype in the brain (neurons and glial cells; Br-M3-KO mice)
showed a dwarf phenotype associated with a pronounced hypoplasia
of the anterior pituitary gland and a marked decrease in pituitary and
serum growth hormone (GH) and prolactin. Remarkably, treatment of
Br-M3-KO mice with CJC-1295, a synthetic GH-releasing hormone
(GHRH) analog, rescued the growth deficit displayed by Br-M3-KO
mice by restoring normal pituitary size and normal serum GH and
IGF-1 levels. These findings, together with results from M; receptor/
GHRH colocalization studies and hypothalamic hormone measure-
ments, support a model in which central (hypothalamic) M; receptors
are required for the proper function of hypothalamic GHRH neurons.
Our data reveal an unexpected and critical role for central M3 recep-
tors in regulating longitudinal growth by promoting the proliferation
of pituitary somatotroph cells.

anterior pituitary gland | dwarfism | knockout mice

Various neurotransmitter systems have been implicated in
regulating somatotroph function and growth hormone
(GH) secretion, either by acting on the anterior pituitary gland
directly or by modulating the release of GH-releasing hormone
(GHRH) or somatostatin from the hypothalamus (for a com-
prehensive review, see ref. 1). However, the physiological rele-
vance of the individual pathways and the identity and localization
of the receptor subtypes involved in mediating these effects are
not well understood in most cases.

Pharmacological studies suggest that central muscarinic cho-
linergic pathways play a role in stimulating GH release in
experimental animals and humans (1-9). The identification of
the molecular pathways and the specific muscarinic ACh recep-
tor (mAChR) subtypes involved in mediating these responses
should be of considerable potential therapeutic interest. How-
ever, work in this area has been complicated by the existence of
5 molecularly distinct mAChR subtypes (M;—Ms) that are dif-
ficult to distinguish by classical pharmacological tools (10, 11).
Moreover, virtually all brain regions express multiple mAChRs
in a complex, overlapping pattern (12-15).

The M3 mAChR subtype is expressed at relatively high levels in
the hypothalamus but is also found in many other brain regions
(16-18). At present, little is known about the physiological rele-
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vance of these neuronal M3 mAChRs. To shed light on this issue,
we used Cre/loxP technology to generate a set of mutant mice,
referred to as Br-M3-KO mice, that selectively lacked the M3
mAChR subtype in the brain (neurons and glial cells). Strikingly,
Br-M3-KO mice showed a dwarf phenotype, associated with a
dramatic reduction in the size of the anterior pituitary gland, a
marked decrease in pituitary GH and prolactin levels, and signif-
icantly reduced serum GH, insulin-like growth factor-1 (IGF-1),
and prolactin levels. Remarkably, treatment of Br-M3-KO mice
with CJC-1295, a synthetic GHRH analog (19-21), restored normal
pituitary size, serum GH and IGF-1 levels, and longitudinal growth.
These data reveal an unexpected and critical role for central M3
receptors in promoting longitudinal growth.

Results

Generation of Brain-Specific Mz mAChR Knockout (KO) Mice (Br-M3-KO
Mice). We reported the generation of a mutant mouse strain that
harbored a floxed (fl) version of the M3 mAChR gene (22). To
obtain mutant mice that lack M3 mAChRs only in the brain
(neurons and glial cells), we mated the floxed M3 receptor mice
with a mouse strain carrying a nestin-Cre (NesCre) transgene (23).
In this strain, expression of Cre recombinase occurs only in those
cells that give rise to neurons and glial cells. To generate mutant
mice that were homozygous for the floxed M3 receptor allele and
carried the NesCre transgene (for the sake of simplicity, these mice
are referred to as Br-M3-KO mice in the following), we crossed M3
fl/+ mice with M3 fl/+ mice that were hemizygous for the NesCre
transgene. This mating strategy also produced 3 littermate control
groups, fl/fl, +/+, and +/+ Cre mice. All mouse genotypes were
obtained at the expected Mendelian frequency.

To confirm the absence of M3 receptor protein in the brain of
Br-M3-KO mice, we used a previously developed combined
radioligand binding/immunoprecipitation strategy (17). This
analysis indicated that Mj receptor expression was virtually
eliminated in the brain of Br-M3-KO mice (Fig. 14). In contrast,
brains derived from the 3 control groups showed similar M;
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Fig. 1. Body weight and length and food intake of Br-M3-KO mice and
control littermates. (A) Lack of M3 mAChRs in brains from Br-Ms-KO mice. M3
mAChR densities in mouse brain and salivary glands (submandibular gland)
were determined by using a combined radioligand binding/immunoprecipi-
tation approach. For these studies, 4-month-old male mice (littermates) of the
indicated genotypes were used. Quinuclidinyl [3H]benzilate-labeled Mj3 re-
ceptors were solubilized from membrane preparations and immunoprecipi-
tated with an M3 receptor-specific antiserum (17). Each bar represents the
mean *= SEM of at least 3 independent experiments. (B) Growth curves of
Br-M3-KO mice and their control littermates (males). Starting from postnatal
week 4, Br-M3-KO mice weighed significantly less than their control litter-
mates (10-12 mice per group). (C) Physical appearance of a representative
Br-M3-KO and control (fl/fl) mouse (20-week-old males). (D) Body length
(distance from the tip of the nose to the base of the tail) of Br-M3-KO and
control littermates (24-week-old males; control, n = 29; Br-M3-KO, n = 10). (E)
Food intake studies (16-week-old males; control, n = 18; Br-M3-KO, n = 6). All
measurements were carried out with 20-week-old males (control, n = 17;
Br-M3-KO, n = 6). In D and E, the 3 control strains (+/+, +/+ NesCre, and fl/fl)
gave results that did not differ significantly from each other. The data ob-
tained with these mice were therefore pooled for the sake of clarity. Data are
given as means = SEM. *, P < 0.05; **, P < 0.01, as compared with the
corresponding control group(s).

receptor expression levels (Fig. 14). For control purposes, we
carried out similar studies with salivary gland membranes, which
are known to express M3 receptors at comparable levels (24).
Salivary gland membranes prepared from Br-M3-KO mice did
not show a decrease in M3 receptor density, confirming that
Br-M3-KO mice selectively lacked M3 receptors in the brain (Fig.
1A4). In the experiments reported below, floxed Ms receptor
mice lacking the NesCre transgene were used as control mice,
unless stated otherwise.

Metabolic Studies. We reported previously that whole-body M3
receptor KO mice display a series of pronounced metabolic
phenotypes, including decreased food intake and body fat con-
tent, and increased metabolic rate, locomotor activity, body
temperature, glucose tolerance, and insulin sensitivity (17, 25).
Interestingly, Br-M3-KO mice did not display any significant
changes in food intake (Fig. 1E), metabolic rate (Fig. S14),
locomotor activity (Fig. S1B), and body composition (Fig. S1 C
and D). Moreover, blood glucose and insulin levels, glucose
tolerance, insulin sensitivity, and body temperature were also
unaltered in Br-M3-KO mice (Fig. S2 and Table S1).

Br-M3-KO Mice Are Dwarfs and Show Reduced Serum GH and IGF-1
Levels. Strikingly, growth curves showed that Br-M3-KO mice
weighed considerably less than their corresponding littermate con-
trol groups (Fig. 1B). This difference in body weight was not
observed during the first 3 postnatal weeks but became highly
significant when the mice were ~4 weeks old. On average, adult
Br-M3-KO mice weighed ~25% less than their control littermates.
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Fig. 2. Serum GH and IGF-1 levels and pituitary gland weight and morphol-
ogy of Br-M3-KO mice and control littermates. (A and B) Serum GH and IGF-1
levels. Hormone levels were measured by RIA (20-week-old males; GH: control,
n = 31;Br-M3-KO, n = 20; IGF-1: n = 6 per group). (C) Total weight of pituitary
glands (20-week-old males; n = 10 per group). (D) Total brain weights (16-
week-old males; n = 10 per group). (E) Gross morphology of pituitary glands.
Representative glands from adult male Br-M3-KO and control mice are shown.
A, anterior pituitary; |, intermediate lobe; P, posterior pituitary. (Fand G) H&E
staining and GH immunostaining, respectively, of pituitary sections. Pituitary
glands from Br-M3-KO and control littermates (20-week-old males) were
sectioned and stained with H&E or incubated with a mouse GH antibody as
described in Materials and Methods. Note the pronounced hypoplasia of the
anterior pituitary of Br-M3-KO mice. Data are given as means =+ SEM. **, P <
0.01 as compared with the corresponding control group.

Fig. 1C shows that the Br-M3-KO mice exhibited reduced
longitudinal growth, displaying a dwarf-like appearance. Specif-
ically, adult mutant mice were ~10% shorter than their control
littermates (Fig. 1D).

To explore the mechanisms underlying the dwarf phenotype
displayed by the Br-M3-KO mice, we next measured serum levels
of key hormones involved in somatic growth. Strikingly, Br-M3-KO
mice showed a significant reduction in the serum levels of GH (Fig.
2A4) and insulin-like growth factor I (IGF-1; Fig. 2B). In contrast,
the serum levels of the thyroid hormones, T3 and T4, and the sex
hormones, testosterone and estradiol (E2), were not significantly
different between Br-M3-KO and control littermates (Table 1).
Br-M3-KO mice also showed unchanged serum levels of ghrelin, a
hormone that stimulates pituitary GH release via activation of
central GH secretagogue receptors (GHSR) (26). However, serum
corticosterone levels were found to be significantly increased in
Br-M3-KO mice (Table 1). Consistent with this finding, Br-M3-KO

Table 1. Serum hormone levels of Br-M3-KO mice and control
littermates

Hormone Control Br-M3-KO
T3, ng/dL 64.5 = 3.7 66.4 = 5.6
T4, ng/dL 3.35+0.30 3.49 + 0.35
Testosterone, ng/mL 0.75 = 0.23 2.75 +1.10
Estradiol (E2), pg/mL 9.8 +33 15.6 = 3.4
Corticosterone, ng/mL 107 = 25 189 + 20*
Ghrelin, ng/mL 2,794 = 311 2,791 + 343
ACTH, ng/mL 285 + 38 497 + 53**
Prolactin, ng/mL 82.3 + 222 23.1 £ 7.3%
LH, ng/mL 0.11 = 0.01 0.15 = 0.02
FSH, ng/mL 1.27 = 0.06 1.02 = 0.20
TSH, ng/mL 2.19 £ 0.14 2.65 = 0.22

All data were obtained with 16- to 24-week-old male mice (littermates).
Data represent means = SEM (n = 6-9 per group). *, P < 0.05; **, P < 0.01
compared with the corresponding control value.
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mice also exhibited significantly elevated serum levels of ACTH,
the pituitary hormone that simulates corticosterone synthesis and
release from the adrenal cortex (Table 1).

GH is released into the blood stream from the anterior pituitary
gland and binds to specific receptors in the liver, where it triggers
the secretion of IGF-1. Circulating IGF-1 is considered the major
factor that mediates the stimulatory effects of GH on longitudinal
growth (27, 28). It is therefore likely that the observed decreases in
serum IGF-1 and GH levels displayed by the Br-M3-KO mice are
responsible for the observed growth deficit.

Br-M3-KO Mice Show a Pronounced Hypoplasia of the Anterior Pitu-
itary Gland. We next examined whether the lack of central M;
mAChRs affected the morphology of the pituitary gland, where
GH and several other important hormones are synthesized and
stored. We found that the pituitary gland of Br-M3-KO mice was
significantly smaller than that of their control littermates (Fig.
2F). Fig. 2C shows that the pituitary glands from Br-M3-KO
mice weighed ~75% less than those of control mice. In contrast,
total brain weight was similar in control and Br-M3-KO mice
(Fig. 2D). Fig. 2E indicates that the pituitary hypoplasia dis-
played by the Br-M3-KO mice was primarily caused by a
dramatic decrease in the size of the anterior pituitary (the size
of posterior pituitary appeared essentially unchanged). Besides
the pituitary hypoplasia displayed by the M3 receptor mutant
mice, we did not observe any noticeable differences in overall
brain morphology between the mutant and control mice (Fig.
S3). Interestingly, the deficits in pituitary size observed with
adult Br-M3-KO mice (Fig. 2E) were not observed with neonatal
Br-M3-KO mice (Fig. S4), consistent with the observation that
Br-M3-KO mice and control littermates showed similar body
weight during the first 3 postnatal weeks (Fig. 1B).

To examine the morphology of the pituitary glands from
Br-M3-KO mutant mice and control littermates in greater detail,
we prepared pituitary gland sections and stained them with
either hematoxylin and eosin (H&E) (Fig. 2F) or an antibody
directed against GH (Fig. 2G). We noted that the size of the
posterior pituitary, which stores and releases only 2 major
hormones, vasopressin and oxytocin, was similar in Br-M3-KO
and control mice (also see Fig. 2F). In striking contrast, the size
of the anterior pituitary gland/area of GH staining was greatly
reduced in the Br-M3-KO mice compared with control litter-
mates (Fig. 2 F and G) [note that most cells of the anterior
pituitary are GH cells (somatotrophs) (29)].

Selective Reduction of Pituitary GH and Prolactin Levels in Br-M3-KO
Mice. Besides GH, the anterior pituitary synthesizes and releases
several other physiologically important hormones, including LH,
FSH, TSH, and prolactin. We found that pituitary GH and pro-
lactin levels were drastically reduced in Br-M3-KO mice (Fig. 3 A
and B). Consistent with this observation, serum prolactin levels, like
serum GH and IGF-1 levels, were significantly decreased (by
~70%) in Br-M3-KO mice, compared with control littermates
(Table 1). The major physiological function of prolactin is to
stimulate milk production in females (30). However, female Br-
M3-KO mice did not display any obvious impairments in their
ability to nurse their young, suggesting that low prolactin levels are
sufficient to maintain this function in female mutant mice.

In contrast to pituitary GH and prolactin amounts, the
pituitary levels (concentrations) of LH, FSH, and TSH (ex-
pressed in nanograms of hormone per microgram of pituitary
tissue) were similar in control and Br-M3-KO mice (Fig. 3 C-E).
In agreement with this observation, serum LH, FSH, and TSH
levels did not differ significantly between the M3 receptor
mutant mice and control littermates (Table 1).

The secretion of GH from somatotrophs and the proliferation
and maintenance of these cells are under the stimulatory control of
the hypothalamic GH-releasing hormone (GHRH) (1). To exam-
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Fig. 3. Hormone levels in pituitary gland extracts from Br-M3-KO mice and
control littermates and acute GHRH challenge test. (A-E) GH, prolactin, LH,
FSH, and TSH levels, respectively, in pituitary extracts from Br-M3-KO and
control mice (adult males). Pituitary extracts were prepared and hormone
levels were determined as described in Materials and Methods (n = 6 per
group). (F) Effect of GHRH administration on serum GH levels in Br-M3-KO
mice and control littermates. After i.p. administration of GHRH (10 pg per
animal), serum GH levels were measured by RIA at the indicated times (30-
week-old males; n = 8 per group). Data are given as means + SEM. *, P < 0.05;
**, P < 0.01 compared with the corresponding control group.

ine whether the GHRH-GH pathway was still functional in Br-
M3-KO mice, we injected Br-M3-KO mice and control littermates
with a single dose of GHRH (10 ug per mouse, i.p.) and measured
serum GH levels 5 and 15 min after GHRH administration. As
expected, GHRH administration led to a robust increase in serum
GH levels in the control mice (Fig. 3F). In contrast, the corre-
sponding GH responses were greatly reduced in Br-M3-KO mice
(Fig. 3F), consistent with the finding that pituitary GH levels were
very low in Br-M3-KO mice (Fig. 34).

GHRH Neurons Express Mz mAChRs. In contrast to the posterior
pituitary, the anterior pituitary is not of neuronal origin; it is
derived from the oral ectoderm (31). As a result, the NesCre
transgene is not expressed in the anterior pituitary (23, 32). It
seemed therefore reasonable to assume that the defect leading
to the hypoplasia of the anterior pituitary in Br-M3-KO-mice
does not reside in the pituitary itself but involves other brain
regions that stimulate the growth of the anterior pituitary.

The hypothalamus synthesizes several hormones that are
known to stimulate the proliferation of specific cell types of the
anterior pituitary. Studies with mice that lack hypothalamic
GHRH neurons or that have been subjected to manipulations
that impair the function of these neurons suggest that GHRH
stimulates the proliferation of both GH- and prolactin-
expressing cells of the anterior pituitary (33, 34). It is well known
that the hypothalamus expresses relatively high levels of Mj
receptors (17, 18). Since Br-M3-KO-mice showed a selective
reduction in pituitary GH and prolactin levels, it is possible that
the activity of hypothalamic M3 receptors is required for the
proper function of GHRH neurons.

In the mouse hypothalamus, GHRH is primarily expressed by
specialized cells of the arcuate nucleus (35). To examine whether
the GHRH-containing cells of the arcuate nucleus also express M3
mAChRs, we carried out a series of in situ mRNA hybridization
studies combining radioactive and nonradioactive detection tech-
niques. We found that most (but not all) of the hypothalamic
GHRH neurons coexpress M3 mAChR mRNA (Fig. 4).

Hypothalamic GHRH and Somatostatin Levels Are Significantly Re-
duced in Br-M3-KO Mice. To examine whether hypothalamic
GHRH levels were altered in Br-M3-KO mice, we measured
total hypothalamic GHRH content by ELISA. We found that
GHRH levels were reduced by ~40-50% in Br-M3-KO mice, as

Gautam et al.

www.manaraa.com


http://www.pnas.org/cgi/data/0900977106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0900977106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0900977106/DCSupplemental/Supplemental_PDF#nameddest=SF4

y A

Downloaded at Palestinian Territory, occupied on December 31, 2021

Fig. 4. Colocalization of M3 mAChR and GHRH mRNA in neurons of the
arcuate nucleus of WT mice. (A) Labeling of M3 receptor mRNA-positive cells
(red Alexafluor-594 signal). (B) Labeling of GHRH mRNA-positive cells by using
a GHRH-specific 35S-labeled riboprobe. Autoradiographic silver grains (origi-
nally black) were colored green by using Adobe Photoshop. (C) Overlay of M3
receptor mRNA (A) and GHRH mRNA (B) expression. (D) Overlay of A, B, and
DAPI (nuclear chromosomal) stain. For details, see Materials and Methods.
Arrows point at cells that express both M3 receptor and GHRH mRNAs.

compared with control littermates (Fig. 54). GHRH and GH
release are known to be under the inhibitory control of soma-
tostatin, which is stored in different subsets of hypothalamic
neurons (1). ELISA studies showed that hypothalamic soma-
tostatin levels were reduced by ~35% in Br-M3-KO mice (Fig.
5B). Since somatostatin generally exerts an inhibitory effect on
longitudinal growth (via inhibition of GH release), it is likely that
the decrease in hypothalamic somatostatin levels displayed by
Br-M3-KO mice is a compensatory event triggered by reduced
peripheral GH and IGF-1 levels (1).

CJC-1295 Rescue Experiments. Given the findings presented above,
we next tested the hypothesis that the hypoplasia of the anterior
pituitary gland and the resulting decreases in serum GH and IGF-1
levels and longitudinal growth exhibited by Br-M3-KO mice were
due to reduced hypothalamic GHRH release. Specifically, we
examined whether chronic administration of CJC-1295, a synthetic
GHRH analog (19-21), was able to prevent the various hormonal
and morphological deficits characteristic of Br-M3-KO mice. CJC-
1295 selectively and covalently binds to endogenous albumin after
injection, thereby extending its half-life and duration of action.
Br-M3-KO mice and control littermates were treated with CJC-
1295 (one daily s.c. injection of 2 ug per mouse) for 8 weeks.
CJC-1295 treatment was initiated when mice were 1 week old and
Br-M3-KO mice did not yet display any significant growth retar-
dation (Fig. 1B). Nontreated Br-M3-KO mice and control litter-
mates served as additional controls.

Strikingly, CJC-1295 treatment of male or female Br-M3-KO
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Fig. 5. Hypothalamic GHRH and somatostatin levels in Br-M3-KO mice and
control littermates. Hypothalamic GHRH (A) and somatostatin (SS) (B) levels
were measured by ELISA. Data are presented as means = SEM (n = 6 per group;
24-week-old males). **, P < 0.01 compared. with the corresponding control
group.
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Fig. 6. CJC-1295 administration restores normal growth in Br-M3-KO mice.
(A and B) Growth curves of male (4) and female (B) Br-M3-KO mice and control
littermates. Mice were either injected with CJC-1295 (2 g s.c. per mouse per
day; week 1 to 9) or left untreated. (C) Body length of CJC-1295-treated
Br-M3-KO and control mice (9-week-old males and females). Data are pre-
sented as means = SEM (n = 5-8 per group). *, P < 0.05; **, P < 0.01 compared
with the corresponding littermates.

mice was able to fully rescue the growth deficit associated with
the lack of central Mj; receptors (Fig. 6). Fig. 6 A and B shows
that the growth curves of CJC-1295-treated Br-M3-KO mice
were similar to those of CJC-1295-treated control mice. It should
be noted that CJC-1295 also significantly increased the body
weight of control mice compared with nontreated control ani-
mals (Fig. 6 4 and B). At the end of the 8-week treatment period,
the body lengths of CJC-1295-treated Br-M3-KO mice were not
significantly different from those of CJC-1295-treated control
mice (males or females) (Fig. 6C).

CJC-1295 treatment also rescued the hypoplasia of the anterior
pituitary gland displayed by nontreated Br-M3-KO mice (Fig. S5 4,
C, and D). Fig. S54 shows that the size of the anterior pituitary
gland was similar in CJC-1295-treated Br-M3-KO mice and control
littermates, consistent with the outcome of H&E staining and GH
immunostaining studies of pituitary sections (Fig. S5 C and D).
Moreover, total pituitary weight did not differ significantly between
CJC-1295-treated Br-M3-KO and control mice (Fig. S5B).

Finally, we also measured serum GH and IGF-1 levels in
CJC-1295-treated and nontreated Br-M3-KO mice and control
littermates (males and females). We found that CJC-1295-treated
Br-M3-KO mice showed a ~2- to 4-fold increase in serum GH
levels compared with nontreated Br-M3-KO mice (SI Materials and
Methods and Fig. S6 A and C). In fact, the serum GH levels of
CJC-1295-treated Br-M3-KO mice were not significantly different
from those measured in CJC-1295-treated (or nontreated) control
littermates (Fig. S6 A and C). CJC-1295 treatment of Br-M3-KO
mice also led to a ~2-3-fold increase in serum IGF-1 levels as
compared with nontreated Br-M3-KO mice (Fig. S6 B and D). The
serum IGF-1 levels observed with CJC-1295-treated Br-M3-KO
mice were not significantly different from those measured in
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nontreated control mice, but somewhat lower (P < 0.01) than those
displayed by CJC-1295-treated control mice (Fig. S6 B and D).

Discussion

In the present study, we demonstrated that Br-M3-KO mice
displayed a dramatic hypoplasia of the anterior pituitary gland,
associated with greatly reduced pituitary GH and prolactin
levels. Moreover, serum GH and IGF-1 levels, the major endo-
crine regulators of postnatal growth in mammals, were signifi-
cantly decreased in these mutant mice, leading to greatly reduced
longitudinal growth.

The anterior pituitary, in contrast to the posterior pituitary, is
not of neuronal origin but is derived from the oral ectoderm. As
a result, the NesCre transgene used in the present study is not
expressed in the anterior pituitary (23, 32). It is therefore
unlikely that the defect leading to the hypoplasia of the anterior
pituitary in the Br-M3-KO mice resides in the pituitary itself. It
is well established that GHRH, which is released from specific
hypothalamic neurons, plays a key role in stimulating the pro-
liferation of pituitary somatotroph cells (1, 33). Because Mj
mAChRs are expressed in the hypothalamus at relatively high
density (17, 18), we speculated that hypothalamic M3 receptor
activity might be required for the proper function of GHRH
neurons, resulting in the observed hypoplasia of the anterior
pituitary and reduced longitudinal growth of Br-M3-KO mice.
Consistent with this notion, we found that treatment of Br-
M3-KO mice with CJC-1295, a synthetic GHRH analog (19-21),
restored normal pituitary size and serum GH and IGF-1 levels,
and normal longitudinal growth. The ability of CJC-1295 to
rescue the various hormonal and morphological deficits of
Br-M3-KO mice supports the concept that the primary defect
underlying the dwarf phenotype of these mutant mice does not
reside in the pituitary gland itself but most likely involves
impaired function of hypothalamic GHRH neurons.

We found that hypothalamic GHRH levels were greatly
reduced in Br-M3-KO mice. Moreover, in situ mRNA hybrid-
ization studies showed that GHRH neurons of the arcuate
nucleus, the primary site of GHRH synthesis and storage in mice
(35), also express M3 mAChRs. In agreement with this obser-
vation, a recent electrophysiological study demonstrated that
GHRH neurons are endowed with functional mAChRs, activa-
tion of which leads to enhanced action potential firing (36).

Interestingly, selective ablation of GHRH neurons in transgenic
mice results in phenotypic changes very similar to those observed
with Br-M3-KO mice, including a selective reduction in pituitary
levels of GH and prolactin (34). GHRH itself has little effect on
prolactin synthesis or release (37), consistent with the observation
that GHRH KO mice showed normal pituitary prolactin content
(38). These findings support a model in which hypothalamic GHRH
neurons synthesize 1 or more additional factors or hormones that
stimulate the proliferation of pituitary lactotrophs (ref. 34; also see
ref. 39). Taken together, these findings are consistent with a model
in which M3 mAChR activity is critical for the proper function of
GHRH neurons. However, we cannot completely exclude the
possibility that Ms receptors expressed by other hypothalamic
neurons or other brain regions affect the activity of GHRH neurons
through a more indirect mechanism.

While GHRH stimulates GH release from the pituitary gland,
another hypothalamic hormone, somatostatin, exerts an inhib-
itory function on the secretion of GH (but not its biosynthesis)
(1). We found that hypothalamic somatostatin levels were sig-
nificantly reduced in Br-M3-KO mice, excluding the possibility
that increased central somatostatin signaling is responsible for
the observed decrease in circulating GH and IGF-1 levels. It is
likely that the observed decrease in hypothalamic somatostatin
content is due to feedback inhibition triggered by low serum GH
and IGF-1 levels (1). It should be noted in this context that
mutant mice deficient in somatostatin show growth curves
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identical to their WT littermates (40), suggesting that the
GHRH/GH system plays the dominant role in the regulation of
postnatal growth in mice. Taken together, these findings strongly
suggest that it is unlikely that changes in hypothalamic soma-
tostatin synthesis or release make a significant contribution to
the growth deficit displayed by the Br-M3-KO mice.

Interestingly, whole-body dopamine transporter (41) and
brain-specific Gg/11 KO mice (32) show phenotypic changes
similar to those described here for Br-M3-KO mice, indicating
that dopamine and Gg-type G proteins, like ACh, also play
important roles in regulating the proliferation and maintenance
of specific cell types of the anterior pituitary gland.

We previously reported that whole-body M3 receptor KO mice
show normal (17) or only slightly reduced (25) body length and
display serum IGF-1 levels similar to their control littermates
(17). One possible explanation for the observed differences in
growth phenotypes between whole-body M3 receptor KO and
Br-M3-KO mice is that whole-body M3 receptor KO mice lack
Mj; receptors throughout development, raising the possibility
that compensatory pathways are able to evolve that mimic the
growth-promoting effects of M3 receptor activity. In contrast, in
Br-M3-KO mice, NesCre-mediated deletion of the M3 receptor
gene occurs relatively late during embryonic development (42).

In comparison with GHRH KO mice (38, 43) or mice with a
nonfunctional GHRH receptor (little mice) (29), Br-M3-KO
mice showed a milder degree of growth reduction and pituitary
hypoplasia. One possible explanation for this observation is that
not all GHRH neurons appear to express M3 receptors.

In conclusion, the phenotypic analysis of Br-M3-KO mice re-
vealed an unexpected and critical role of central M3 receptors in the
proliferation of the anterior pituitary and the stimulation of lon-
gitudinal growth. Our results suggest that central M3 receptors
represent a potential pharmacological target to enhance or inhibit
GH release in the treatment of various forms of human growth
disorders.

Materials and Methods

Mouse Maintenance and Diet. Mice were housed in a specific pathogen-free
barrier facility, maintained on a 12 hr light/dark cycle. Mice were fed ad
libitum with a standard mouse chow [4% (wt/wt) fat content; Zeigler). All
experiments were approved by the Animal Care and Use Committee of the
National Institute of Diabetes and Digestive and Kidney Diseases.

Generation of Mutant Mice Lacking M3 mAChRs in Neuronal Precursor Cells
(Br-M3-KO Mice). We recently established a mutant mouse strain harboring a
floxed version of the M3 mAChR gene (M3 fl/fl mice) (22). These mice were
crossed to transgenic mice that express Cre recombinase under the control of
the rat nestin promoter (23, 42). The NesCre transgenic mice were obtained
from the The Jackson Laboratory (official strain name: B6.Cg-Tg(Nes-
cre)1KIn/J; genetic background: C57BL/6J). The resulting M3 fl/+ NesCre mice
were then crossed with M3 fl/+ mice to generate Ms fl/fl NesCre mice (referred
to as Br-M3-KO mice throughout the text) and the 3 corresponding littermate
control groups (Ms fl/fl, +/+, and +/+ Cre mice). Mice were genotyped by PCR
analysis of tail DNA as described in ref. 22.

Quantification of M3 mAChR Expression Levels by Using an Imnmunoprecipitation
Strategy. To quantitate the expression of M3 mAChR protein in mouse tissues,
we used a combined radioligand binding/immunoprecipitation strategy, as
described in detail in ref. 17 (also see SI Materials and Methods).

Body Length and Composition, Food Intake, Metabolic Rate, and Locomotor
Activity Measurements. Body length was defined as the distance between the
tip of the nose and the base of the tail. Body composition, food intake,
metabolic rate, and locomotor activity measurements were carried out at
room temperature, as described previously (25).

Hormone Measurements. Serum hormone concentrations were determined by
RIA by the Vanderbilt University Hormone Assay and Analytical Services Core
or by Ani Lytics. Samples for the measurement of serum GH levels were usually
collected between 8 and 10 a.m.

To determine pituitary hormone levels (GH, prolactin, LH, FSH, and TSH),
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pituitary extracts were obtained by sonicating individual pituitary glands in
0.01 M NaHCOs. Pituitary hormones levels were measured by RIA in the
laboratory of the National Hormone and Peptide Program (Torrance, CA). To
quantitate the hypothalamic levels of GHRH and somatostatin, hypothalami
were removed surgically and GHRH and somatostatin levels were measured in
hypothalamic extracts by ELISA (Phoenix Pharmaceuticals). Hypothalamic ex-
tracts were prepared by sonicating individual pituitary glands in the buffer
provided with the ELISA kits.

Acute GHRH Injection Studies. To measure GHRH-induced GH release, Br-
M3-KO mice and control littermates were injected i.p. with 10 ug of human
GHRH (Phoenix Pharmaceuticals). Blood samples for serum GH determinations
were collected 5 and 15 min after GHRH administration by means of retro-
orbital sinus puncture.

CJC-1295 Rescue Experiments. One-week-old Br-M3-KO mice and control lit-
termates (males and females) were treated for 8 weeks with CJC-1295 (one
single s.c. injection of 2 ug per mouse per day; time of injection: 9-10 a.m.).
CJC-1295 was a gift from ConjuChem (Montreal).
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Histology. Whole brains or pituitary glands were harvested from control and
Br-M3-KO mice. Tissue sections were processed and sectioned for H&E and/or
GH immunostaining by standard techniques (see S/ Materials and Methods for
details).

In situ mRNA Hybridization Studies. To examine whether mouse GHRH
neurons express M3 mAChRs, coronal hypothalamic sections (12 um thick)
were hybridized with digoxigenin-labeled M3 mAChR-specific and 355-labeled
GHRH-specific riboprobes (see S/ Materials and Methods for details).

Statistics. Data are expressed as means = SEM for the indicated number of
observations. Statistical significance of difference between groups was deter-
mined by using 2-tailed Student’s t test or one-way ANOVA followed by
appropriate post hoc tests.
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