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Cortistatin (CST) and somatostatin (SST) evolve from a common ancestral gene and share remarkable

structural, pharmacological, and functional homologies. Although CST has been considered as a nat-

ural SST-analogue acting through their shared receptors (SST receptors 1–5), emerging evidence indi-

cates that these peptides might in fact exert unique roles via selective receptors [e.g. CST, not SST, binds

ghrelin receptor growth hormone secretagogue receptor type 1a (GHS-R1a)]. To determine whether

theroleofendogenousCSTisdifferentfromSST,wecharacterizedtheendocrine-metabolicphenotype

of male/female CST null mice (cort�/�) at hypothalamic-pituitary-systemic (pancreas-stomach-adre-

nal-liver) levels. Also, CST effects on hormone expression/secretion were evaluated in primary pituitary

cell cultures from male/female mice and female primates (baboons). Specifically, CST exerted an un-

expected stimulatory role on prolactin (PRL) secretion, because both male/female cort�/� mice had

reduced PRL levels, and CST treatment (in vivo and in vitro) increased PRL secretion, which could be

blocked by a GHS-R1a antagonist in vitro and likely relates to the decreased success of female cort�/�

in first-litterpupcareatweaning. Incontrast,CST inhibitedGHandadrenocorticotropin-hormoneaxes

in a gender-dependent fashion. In addition, a rise in acylated ghrelin levels was observed in female

cort�/� mice, which were associated with an increase in stomach ghrelin/ghrelin O-acyl transferase

expression. Finally, CST deficit uncovered a gender-dependent role of this peptide in the regulation of

glucose-insulin homeostasis, because male, but not female, cort�/� mice developed insulin resistance.

The fact that these actions are not mimicked by SST and are strongly gender dependent offers new

grounds to investigate the hitherto underestimated physiological relevance of CST in the regulation of

physiological/metabolic processes. (Endocrinology 152: 4800–4812, 2011)

Cortistatin (CST) is a neuropeptide that shares struc-

tural, pharmacological, and functional homology

with somatostatin (SST), where these peptides have

evolved from a common ancestral gene (1, 2) and bind

with comparable affinity to SST receptors (sst1–sst5) (3).

The actions of SST are well studied and diverse, including

the (patho)physiological regulation of pituitary hormone

release, locomotor activity, pancreatic function, gastroin-
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testinalmotility (1,2,4).Althoughnotasextensivelystudied,

exogenousCST, likeSST,hasbeenshownto inhibitpituitary

GHandpancreatic insulin release (4–6).However, the func-

tions of SST and CST may not be one and the same (6, 7),

because the systemic and central expression of SST and CST

do not precisely overlap (4, 8, 9), which may explain the

ability of CST to exert unique immunomodulatory and an-

tiinflammatory actions not shared by SST (10). Also, even

when CST and SST are colocalized to the same neuron, their

expression was shown to be differentially regulated (9),

which may in part explain the fact that CST, but not SST,

induces slow-wave sleep and hypomotility (11).

These and other results have led to the hypothesis that

CST exerts its unique actions through specific receptors

not affected comparably by SST, although the true nature

of these putative receptors remains elusive (1, 7, 12). We

do know that much of the functional versatility of SST is

related to the complex set of widely distributed receptors

(3), where each cell type expresses variable levels of sst,

which can interact with each other or with other G

protein-coupled receptors forming homo- and/or het-

erodimers to activate different signaling cascades and

mediate multiple actions (3, 13). Therefore, molecular dif-

ferences between CST and SST may cause a unique pattern

of homo- and/or heterodimers after ligand binding, which

could result in a differential activation of intracellular sig-

nal transduction pathways. Consistent with this hypoth-

esis is a recent observation by our group showing novel

truncated sst5 variants in human (14) and mice (15),

which display differential ability to mediate CST- and

SST-induced Ca2� signaling. Finally, it remains a possi-

bility that CST activates non-sst to exert its unique actions,

and one study suggested that CST may interact with the

Mas-related MrgX2 receptor; however, this receptor is

not present in rodents and more likely functions as a proa-

drenomedulin receptor (16). Interestingly, CST, but not

SST, was shown to displace acylated ghrelin from its bind-

ing sites in the pituitary [likely growth hormone secreta-

gogue receptor type 1a (GHS-R1a)] (17), suggesting a

unique functional interaction between CST and the ghre-

lin system (12), where this action of CST may provide a

potential link between the antiinflammatory actions of

CST and ghrelin (18).

Although studies examining the effects of exogenously

administered CST indicate that some, but not all, actions

mimic those of SST (4, 6), information is lacking regarding

the physiologic role of endogenous CST in maintaining

endocrine function. To address this issue, in the present

study, we characterized the hypothalamic-pituitary-sys-

temic phenotypes of male and female CST null (cort�/�)

mice and compared them with endocrine phenotype of

SST null (sst�/�) mice, which has been previously re-

ported (19–24) or investigated in parallel with cort�/� in

the current series of studies. In addition, primary pituitary

cell cultures from normal male/female mice and female

primates were used to further ascertain whether CST can

directly regulate the expression and secretion of pituitary

hormones in diverse species. Our results demonstrate that

many of the actions of endogenous CST are distinct from

those previously established for SST.

Materials and Methods

In vivo animal models
All experimental procedures were approved by the Animal

Care Committees of the University of Córdoba and University of
Illinois at Chicago. The development and validation of cort�/�
mice were previously described (25); sst�/� mice were gener-
ously provided by Dr. Hochgeschwender (24). C57Bl/6J male
and female mice, heterozygous for the cort null or sst null allele,
were bred to C57Bl/6J mice purchased from Charles River (Bar-
celona, Spain) to generate cort�/�, cort�/�, and cort�/� or
sst�/�, sst�/�, and sst�/� mice. Genotypes were determined
by PCR of tail-snip DNA as previously reported (21). Specific
primer sequences and genotyping protocols are provided in Sup-
plemental Fig. 1 and Table 1, published on The Endocrine So-
ciety’s Journals Online web site at http://endo.endojournals.org.
All mice were housed under standard light and temperature con-
ditions (12-h light, 12-h dark cycle, 22–24 C), with free access to
food and tap water. A subset of mice was supplied standard
rodent chow (SAFE-diets, Barcelona, Spain) and killed (�11 wk
old) by decapitation, without anesthesia, under fed conditions.
Blood and tissues were snap frozen and stored at �80 C for
further analysis. Other sets of mice were provided: 1) standard
chow or a low-fat diet (starting at 4 wk of age; 10% kcal from
fat; Research Diets, Gentofte, Denmark) and glucose tolerance
test (GTT) and insulin tolerance test (ITT) performed at 15–17
wk of age, or 2) standard chow diet and treated with CST-14 at
approximately 20 wk of age by continuous delivery via sc os-
motic pumps (125 ng/h for 7d; Alzet, Cupertino, CA), as previ-
ously described (26).

In vitro cell models (mouse and primate)

Experiment 1
For assessment and comparison of basal GH, prolactin (PRL),

and ACTH release, pituitaries of adult male and female cort�/�
and cort�/� mice [n � 4 (three to five pituitaries pooled/exper-
iment)] were dispersed into single cells and cultured in serum-
containing �-medium as previously described (15, 21, 22).

Experiment 2
For studies examining the direct effects of CST on the expres-

sion of all mouse pituitary hormones [GH, PRL, proopiomela-
nocortin (POMC) (ACTH-precursor), �-subunits of LH, FSH,
and TSH and the glycoprotein �-subunit (GAS)] and sst1–sst5,
as well as on GH, PRL, and ACTH release, pituitaries of normal
adult male and female C57Bl/6J mice [n � 4 experiments (three
to five pituitaries pooled/experiment)] were also dispersed into
single cells and cultured. In addition, pituitaries from female non-
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humanprimates [olivebaboon(Papioanubis); 9–14yrofage]were

obtainedafterpentobarbital sodiumoverdosefromcontrolanimals

used on other studies and dispersed into single cells as previously

described (21, 27). Doses of CST used have previously identified to

exert a maximal effect on pituitary hormone synthesis and/or re-

lease in other models (23, 28). In addition, an antagonist for the

GHS-R1a (BIM-28163) (28) was used to determine whether CST

signals through this receptor to mediated PRL release.

Assessment of mRNA levels

Total RNA was extracted from tissues or primary pituitary

cultures, reverse transcribed, and amplified by quantitative real-

time RT-PCR as previously described (15, 21, 22, 26, 27). In-

formation about primers is provided in Supplemental Table 1.

mRNA copy numbers of all mouse transcripts were adjusted by

a normalization factor (NF) calculated from the mRNA copy num-

bers of two to four separate housekeeping genes (glyceraldehyde-

3-phosphate-dehydrogenase, hypoxanthine-ribosyltransferase, �-

actin,and/orcyclophilin-A)usingtheGeNorm3.3application(29),

whereas expression of the mouse and baboon transcripts analyzed

in pituitary cultures were adjusted by cyclophilin-A expression,

where mouse NF or mouse/baboon cyclophilin-A mRNA levels did

not significantly vary between experimental groups, within tissue
type (data not shown).

Analysis of fertility and pup survival in cort�/�,

compared with cort�/� mice
We compared the time with conception (by inspection of

plugs), days of gestation, and litter size of female cort�/� and
cort�/� mice. In addition, we compared the percentage of
cort�/� and cort�/� female that raised a litter successfully until
weaning (21 d). Female mice were mated twice [at 9–10 (first
crossbred) and at 13–30 (second crossbred) wk of age].

For details of in vitro cell models, immunohistochemistry of
pituitary cells, measurement of free cytosolic calcium concen-
tration ([Ca2�]i), assessment of circulating hormones and me-
tabolite, GTT and ITT, and statistical analysis, please see Sup-
plemental Material and Methods.

Results

Confirmation of CST deficiency

Genotypes of all mice (Supplemental Fig. 1A) were de-

termined by using a protocol previously reported for the

FIG. 1. Regulation of pituitary somatotrope, lactotrope, and corticotrope cell axes in male and female wild-type (cort�/�, open columns) vs.

cort�/� (black columns) mice. A, Basal GH release (left), GH expression (middle), and circulating IGF-I levels (right). B, Growth curves from males

and females cort�/� (solid lines) and cort�/� (dotted line) littermates from 4 to 13 wk of age. C, Basal PRL release (left), PRL expression (middle),

and percentage of survival of the first litter of female cort�/� (open column) vs. cort�/� (solid column) mice (right). D, Basal PRL release in a

second group of male and female cort�/� (open columns) and cort�/� (black columns) as compared with male and female sst�/� (open

columns) and sst�/� (gray columns). E, Basal PRL levels in 7 d vehicle-infused (Veh) and CST14-infused (CST) female cort�/� and cort�/� mice

via sc osmotic pumps. F, Basal ACTH hormone release (left), POMC expression (middle), and circulating corticosterone levels (right). Values

represent mean � SEM (six to seven mice/genotype per gender) of hormonal circulating levels or absolute hormone mRNA copy numbers (adjusted

by NF). Percentages of litter survival from female mice are expressed as mean � SEM (n � 11–37 breeders). Asterisks indicate values that

significantly differ from their controls (cort�/� or sst�/�) (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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genotyping and validation of the sst colony (21). CST

mRNA was undetectable in cerebral cortex and hypothal-

amus of cort�/� mice (Supplemental Fig. 1B). However,

CST expression in cort�/� compared with cort�/� was

62.6 � 13.7 and 29.9 � 6.9% in males and females, re-

spectively, indicating that there is limited or no compen-

sation by the remaining CST allele. It should be noted that

there were no significant differences between cort�/� and

cort�/� mice in all the endpoints analyzed (data not

shown); and therefore, only comparisons between

cort�/� and cort�/� are shown and discussed below.

Impact of CST deficiency on somatotrope,

lactotrope, corticotrope, gonadotrope, and

thyrotrope axes

Somatotropes

Circulating GH levels were significantly higher in male

and female cort�/� mice, whereas GH mRNA levels where

elevated in female but not male cort�/� pituitaries, com-

pared with cort�/� controls (Fig. 1A). Differences in GH

output between genotypes were not associated with signifi-

cant changes in expression of hypothalamic GHRH or SST

(Supplemental Table 2), pituitary size (data not shown), or

the appearance and relative proportion of somatotropes

(Table 1 and Supplemental Fig. 2). Furthermore, elevation in

GHoutput in cort�/�micewasnotassociatedwithchanges

in pituitary expression of key components of pathways,

which would be predicted to enhance GH release [GHRH

receptor (GHRH-R), growth hormone secretagogue recep-

tor (GHS-R), ghrelin, In2-ghrelin, and ghrelin O-acyl trans-

ferase (GOAT)] (Fig. 2A), whereas paradoxically there was

a female-specific increase in pituitary expression of sst2A/

sst3/sst5/sst5TMD1 (Fig. 2B).

The elevated plasma GH levels found in cort�/� did

not result in significant changes in circulating IGF-I levels

(Fig. 1A) or hepatic expression of total IGF-I or IGF-I

variants 1–5, acid-labile subunit, GH-R, PRL receptor, or

MUP-3 (Supplemental Table 2). Pup weight at weaning

(3–4 wk old) did not differ between cort�/� and controls

(male cort�/� 8.94 � 0.34 vs. cort�/� 8.04 � 0.38 g;

female cort�/� 8.50 � 0.41 vs. cort�/� 8.70 � 0.31 g)

and growth rates were similar (Fig. 1B). Also, organ

weights [fat depots (visceral/sc), liver, and pancreas] (Ta-

ble 2) and food intake (male cort�/� 3.88 � 0.12 vs.

cort�/� 4.11 � 0.15 g/d; female cort�/� 3.78 � 0.11 vs.

cort�/� 3.59 � 0.11 g/d) were similar between cort�/�

and cort�/� mice.

Lactotropes

Circulating PRL levels were markedly decreased in

both male/female cort�/� mice at 11 wk of age (Fig. 1C,

left). A reduction in circulating PRL levels was also ob-

served in another set of cort�/� mice, whereas PRL levels

in sst�/� mice were elevated, compared with controls

(16–17 wk old) (Fig. 1D). Plasma PRL levels were higher

in female cort�/�, compared with male cort�/� mice,

and this gender-related divergence was maintained in

cort�/� mice (Fig. 1, C left and D). Moreover, in vivo CST

treatment increased basal circulating PRL levels in female

cort�/� and cort�/� mice as compared with their vehi-

cle-treatedcontrol groups (Fig. 1E). Interestingly, PRL lev-

els were rescued in CST-treated cort�/� to levels compa-

rable with those observed in vehicle-treated cort�/� mice

(Fig. 1E). The reduction in PRL output observed in

cort�/� mice was not associated with changes in pituitary

PRL mRNA levels (Fig. 1C, middle) or the appearance and

relative proportion of lactotropes (Table 1 and Supple-

mental Fig. 2). However, pituitary expression of dopa-

mine receptor type-2 (DR2) and PRL-releasing hormone

receptor were selectively elevated in female cort�/� mice,

compared with controls (Fig. 2C). Days to conception,

length of gestation, and litter size of cort�/� females did

not differ from that of cort�/� females (Supplemental

Table 3). However, the percentage of cort�/� females

that successfully cared for their first litter until weaning

was drastically reduced compared with cort�/� female

TABLE 1. Proportion of immuno-positive somatotroph, lactotroph, corticotroph, thyrotroph, and gonadotroph
cells from male and female cort�/� and cort�/� mice (n � 4 mice/genotype per gender)

Males Females

cort�/�

(mean � SEM)
cort�/�

(mean � SEM)
cort�/�

(mean � SEM)
cort�/�

(mean � SEM)

Somatotrophs 55.92 � 2.01 56.70 � 2.10 44.70 � 1.82 44.57 � 1.16
Lactotrophs 18.62 � 0.92 20.76 � 1.29 21.35 � 2.33 23.01 � 1.19
Corticotrophs 11.41 � 1.34 14.11 � 2.24 9.85 � 1.16 11.86 � 1.40
Thyrotrophs 6.78 � 0.65 6.64 � 0.57 5.71 � 0.46 5.76 � 0.80
Gonadotrophs 8.10 � 0.76 8.69 � 0.94 6.72 � 0.51 5.69 � 0.22

Values represent the mean � SEM (three to four pictures/immunohistochemistry per genotype/mice), where the proportions shown were derived
from counting more than 1000 cells/slide for each pituitary hormone tested.

Endocrinology, December 2011, 152(12):4800–4812 endo.endojournals.org 4803
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mice (Fig. 1C, right), but these differences disappeared in

the second litter (Supplemental Table 3).

Corticotropes

Circulating ACTH levels were significantly elevated in

female but not male cort�/� mice, compared with con-

trols, which was reflected by a significant increase in pi-

tuitary POMC expression only in female cort�/� mice

(Fig. 1F), without changes in the appearance or proportion

of corticotropes (Table 1 and Supplemental Fig. 2) or in

the expression of pituitary corticotrope-releasing factor

receptors (CRF-R)1/2 (Fig. 2C). Despite the sex-depen-

dent differences in ACTH synthesis and release, both

male/female cort�/� mice displayed elevations in circu-

lating corticosterone levels (Fig. 1F), although these alter-

ations were not associated with changes in the expression

of hypothalamic factors known to regulate adrenal-axis

function (CRF, urocortins 2 and 3, POMC, or neuropep-

tide Y) (Supplemental Table 2).

Gonadotropes and thyrotropes

CST deficiency did not alter pituitary expression of

�-subunits of LH, FSH and TSH, or GAS (Supplemental

Fig. 3A) and the appearance and proportion of gonado-

tropes and thyrotropes did not differ from controls (Table

1 and Supplemental Fig. 2). In addition, there was no

change in the expression level of hypothalamic factors

known to regulate gonadotrope (GnRH, kisspeptin-1) or

thyrotrope (TRH) function (Supplemental Table 2). Func-

tional integrity of the gonadotropes is further supported

by the fact that circulating levels of LH, testosterone, and

estradiol did not differ between cort�/� and cort�/�

mice (Supplemental Fig. 3B) and by the fact that female

cort�/� mice were fertile (Supplemental Table 3).

In vitro pituitary hormone output in the presence

and absence of endogenous CST and effect of CST

on primary pituitary cell cultures of mouse and

primate

Decreased levels of circulating PRL observed in vivo in

cort�/� mice of both genders and the elevated ACTH

levels observed only in female cort�/� mice were sim-

ilarly maintained in vitro, under basal conditions (Fig.

3A). In contrast, basal GH release did not differ between

primary pituitary cultures from cort�/� and cort�/�

mice (Fig. 3A).

Consistent with the observations obtained in cort�/�

mice in vivo, CST did not alter the expression of PRL,

�-subunits of LH, FSH, and TSH, or GAS in pituitary

cultures of normal male or female mice (Fig. 3B). How-

ever, CST inhibited GH and POMC mRNA levels in pi-

tuitary cells from normal female, but not male, mice (Fig.

3B). Moreover, CST significantly suppressed GH and

ACTH release in vitro, whereas it increased PRL secretion

in both normal male/female mice (Fig. 3C). In line with

both, the stimulatory and inhibitory, effects of CST on

pituitary hormone release, we observed that CST in-

creased [Ca2�]i levels, a second messenger required for

hormone secretory vesicle release (30), in a select popu-

lation of mouse pituitary cells (Table 3), whereas in an-

other population, CST decreased [Ca2�]i levels. There-

fore, these results reinforce the idea of the existence of two

FIG. 2. Expression of pituitary components involved in the regulation

of somatotrope, lactotrope, and corticotrope axes in cort�/� and

cort�/� mice. A, Expression of ghrelin, In2-ghrelin, GOAT, ghrelin

receptor (GHS-R), and GHRH-R; B, Expression of SST and SST receptors

isoforms/variants (sst); C, Expression of DR2, PRL-releasing hormone

receptor (PRLRH-R), and CRF-R1 and CRF-R2 in male (open columns)

and female (solid columns) cort�/� mice. Values are showed as

relative percentage of male or female cort�/� vs. control (cort�/�)

mice (shown by the dotted line set at 100%) and represent the

mean � SEM of five to eight mice/gender. Asterisk (*, P � 0.05)

indicates values that significantly differ from cort�/� within gender.

4804 Córdoba-Chacón et al. Endocrine Role of CST Is Distinct from SST Endocrinology, December 2011, 152(12):4800–4812
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populations of pituitary cells that differentially respond to

CST, one negatively (likely somatotropes and/or cortico-

tropes) and another positively (likely lactotropes).

CST treatment did not alter sst1 expression in pituitary

cultures, whereas it decreased sst2A/sst2B/sst5/sst5TMD2 in

both male/female mice and decreased sst3 only in pituitary

cultures from females (Fig. 3D).

As observed in mice, in vitro treatment with CST in-

hibited the spontaneous secretion of GH and ACTH and

decreased GH and POMC expression in pituitary cultures

from female baboons (Fig. 3E). Moreover, the same CST

treatment stimulated baboon PRL release, whereas it did

not alter PRL expression. Of note, CST-stimulated PRL

release was completely blocked by an antagonist of GHS-

R1a (Fig. 3F, left), suggesting that the stimulatory effect of

CST on baboon PRL release was directly mediated via the

ghrelin receptor. As observed with the baboon model, the

stimulatory effect of CST on mouse PRL release may also

be mediated via GHS-R1a, because CST-stimulated PRL

release observed in mouse primary pituitary culture was

completely blocked by the GHS-R1a antagonist, whereas

coincubation of the antagonist with SST did not alter the

inhibitory effect observed with SST alone on mouse basal

PRL release (Fig. 3F, right).

Effect of genotype (cort�/� vs. sst�/�) on the

ghrelin system

Because we have previously reported that sst�/� mice

have elevated levels of total ghrelin, but not acylated ghre-

lin (21, 22, 26), and ghrelin can act at the pituitary level to

regulate somatotrope, lactotrope, and corticotrope func-

tions, we explored in detail the ghrelin system in cort�/�

mice as well as expanded our investigations in sst�/� mice.

Specifically, plasma levels of acylated and total (acylated

� unacylated) ghrelin were clearly elevated in female but

not in male cort�/� mice compared with cort�/� con-

trols (Fig. 4A, left). This pattern compared well with, and

is likely supported by, the markedly increased levels of

expression of ghrelin and GOAT in the stomach of female

cort�/� mice (Fig. 4B, left). In contrast to the up-regula-

tion of ghrelin and GOAT expression in the stomach of

cort�/� mice, pituitary (Fig. 2A) and hypothalamic (Sup-

plemental Table 2) expressions of the various components

of the ghrelin system were similar to controls (i.e. ghrelin,

In2-ghrelin variant, GHS-R, and GOAT).

Of note, the rise in acylated ghrelin observed in female

cort�/� mice was associated with an increase in stomach

SST expression (a known inhibitor of gastrointestinal

ghrelin release), without alterations in the expression of

sst (Fig. 4C) or gastrin (Supplemental Table 2). The

increase in stomach SST expression observed in female

cort�/� was associated with an increase in circulating

SST levels, which did not reach statistical significance

(P � 0.07) (Fig. 4D).

As in cort�/� mice, the ghrelin system is also altered in

sst�/� mice; however, the level of regulation differs. Spe-

cifically, total ghrelin levels were elevated in both male/

female sst�/� mice, whereas acylated ghrelin levels were

not altered (Fig. 4A, right). In addition, stomach expres-

sion of ghrelin was up-regulated in male, but not female,

sst�/� mice, whereas GOAT mRNA levels remained un-

changed (Fig. 4B, right).

Effect of genotype (cort�/� vs. sst�/�) on

glucose homeostasis

Given that the alterations in the endocrine phenotype of

cort�/� mice (elevated GH, corticosterone, acylated and

nonacylated ghrelin, and a reduction in PRL) could all

impact systemic insulin sensitivity, coupled with the fact

that CST and SST have been shown to inhibit insulin re-

lease, we explored the effect of genotype on whole-body

glucose homeostasis. Circulating insulin (Fig. 5A), gluca-

gon or glucose (Table 2) levels, did not significantly differ

between cort�/� and cort�/� mice. Also, the response to

TABLE 2. Body weight, organs weight, and glucose levels in ad libitum-fed and fasting state and glucagon levels in
male and female cort�/� mice vs. littermate controls (cort�/�)

Males Females

cort�/�

(mean � SEM)
cort�/�

(mean � SEM)
cort�/�

(mean � SEM)
cort�/�

(mean � SEM)

Body weight (g) 26.61 � 0.57 25.87 � 0.66 20.64 � 0.44 20.01 � 0.25
Visceral fat (g) 0.44 � 0.03 0.43 � 0.04 0.33 � 0.04 0.25 � 0.02
Subcutaneous fat (g) 0.29 � 0.02 0.25 � 0.02 0.20 � 0.03 0.16 � 0.03
Liver (g) 1.13 � 0.05 1.08 � 0.06 0.95 � 0.04 0.88 � 0.01
Pancreas (g) 0.12 � 0.02 0.13 � 0.02 0.10 � 0.00 0.09 � 0.00
Glucose; fed (mg/dl) 169.00 � 10.04 146.25 � 16.27 160.10 � 9.86 156.37 � 9.81
Glucose; fasted (mg/dl) 121.67 � 9.67 137.75 � 7.77 101.30 � 8.61 118.13 � 12.16
Glucagon (ng/ml) 2.79 � 0.69 2.14 � 0.21 2.69 � 0.15 2.97 � 0.45

Values represent the mean � SEM of five to eight mice/genotype per gender.
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GTT did not differ between cort�/� and cort�/� mice

(Fig. 5, B and C). Interestingly, cort�/� males, but not

females, were insulin resistant as assessed by ITT, where

glucose levels remained significantly higher in male

cort�/� mice, compared with controls, at both 60 and

120 min after insulin injection (Fig. 5, B and C).

Similar to cort�/� mice, it has been previously re-

ported that insulin and glucagon levels are unaltered in

sst�/� mice (22, 31), which was confirmed in this study

for female sst�/�. However, we found that insulin levels

were significantly increased in male sst�/� and slightly,

but not significantly, elevated (P � 0.08) in male cort�/�

(Fig. 5D). However, in contrast to the insulin resistance

observed in male cort�/� mice, the response to ITT ob-

served in male sst�/� mice did not differ from their re-

spective controls (Fig. 5, E and F).

Discussion

Based on the remarkable structural similarity between

CST and SST, their close sst-binding profiles and a limited

set of in vivo and in vitro results, it has been implicitly

assumed that CST is a mere SST analog regulating endo-

crine function. This overly simplistic assumption is chal-

lenged by the results obtained in the present study, where

we have performed for the first time a thorough charac-

terization of the endocrine-metabolic profile of cort�/�

mice at the hypothalamic-pituitary and systemic levels.

We report that endogenous CST serves to enhance pitu-

itary PRL and suppress GH and ACTH output, in a gen-

der-dependent fashion. The fact that these changes occur

without alterations in the appearance and number of so-

matotropes, corticotropes, or lactotropes indicates that

endogenous CST is critical for regulating pituitary hor-

mone synthesis and/or release but does not play a major

role in the development of these pituitary cell types. These

observations, coupled with the fact that the normal mouse

pituitary does not express high levels of CST (data not

shown), suggest that the absence of CST from a nonpitu-

itary source likely accounts for changes in GH, ACTH,

FIG. 3. Direct effect of CST or lack of endogenous CST on pituitary

hormonal expression and secretion of male/female mice and female

baboons. A, GH, PRL, and ACTH release levels (24-h culture; ng/ml) in

primary pituitary cell cultures of male and female cort�/� (white columns)

and cort�/� (gray columns) mice under basal condition. B, Effect of CST-

14 (100 nM, 24 h) on GH, PRL, POMC, LH, FSH, TSH, and GAS expression

on primary pituitary cell cultures of male (white columns) and female

(black columns) wild-type (cort�/�) mice. C, Effect of CST-14 (100 nM,

24 h) on GH, PRL, and ACTH release on primary pituitary cell cultures of

male (white columns) and female (black columns) wild-type (cort�/�)

mice. D, Effect of CST-14 (100 nM, 24 h) on SST receptors

isoforms/variants (sst) on primary pituitary cell cultures of male (white

columns) and female (black columns) wild-type (cort�/�) mice. E, Effect

of CST-17 (100 nM, 24 h) on GH, PRL, and POMC expression (left) and on

GH, PRL, and ACTH release (right) in primary pituitary cell cultures of

female baboon. F, Effect of 100 nM CST-17 (in baboons; 100 nM), 1 �M

CST-14, or 100 nM SST-14 (in mice) (24 h) alone or in combination with

BIM-28163 (GHS-R1a antagonist; 10 nM) on PRL release in primary

pituitary cell cultures of female baboon and mice [vehicle-treated control

(C) was set at 100%]. Values are represented as the means � SEM of three

to four independent experiments (three to five wells/treatment per

genotype/gender) and in B–E are expressed as percentage of vehicle-

treated controls (shown by the dotted line set at 100%). Asterisks (*, P �

0.05; **, P � 0.01; ***, P � 0.001) indicate values that differ from the

corresponding controls within genders (from vehicle-treated controls for

B–E and from cort�/� within genders for A). In F, values that differ

significantly (P � 0.05) are designated by different letters (a and b).

TABLE 3. Percentage of primary cultured pituitary
cells showing positive or negative changes in �Ca2��i in
response to CST-14 (100 nM) in female mice

cort�/� (75 cells)

Cells %Max � SEM Time � SEM

1 �Ca2��i 12% 140.47 � 9.82 41.11 � 7.49
2 �Ca2��i 16% 77.69 � 3.72 40.00 � 6.42

Percentage of maximum response (%Max) and time of response to
CST administration are also indicated.
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and PRL release observed in cort�/� mice in vivo. The

actions of CST on pituitary cell function may be in part

direct, because CST application to primary pituitary cell

cultures of normal mice and baboons resulted in stimula-

tion of PRL and inhibition of GH and ACTH release.

There is also a possibility that CST-mediated changes in

hypothalamic and systemic inputs to the pituitary may

contribute to changes in hormone release observed in

cort�/� mice. However, the involvement of CST-medi-

ated changes in hypothalamic input is lessened by the ob-

servation that expression of key hypothalamic factors

known to regulate somatotrope, corticotrope, and lacto-

trope function did not differ between cort�/� and

cort�/� mice. However, we cannot discount the possi-

bility that in the absence of CST, there could be changes in

neuronal activity, without changes in

neuropeptide synthesis, which may

contribute to PRL, GH, and ACTH lev-

els observed in cort�/� mice. In the fol-

lowing discussion, we will separately

explore the potential direct and indirect

mechanisms by which CST may medi-

ate each pituitary axis (PRL, GH, and

ACTH) and compare and contrast

these effects with those of SST.

Previous studies have reported that

CST, as well as SST, can inhibit PRL

release from prolactinomas in vivo and

in vitro (32, 33). However, exogenous

administration of CST does not affect

PRL output in healthy men (32, 34, 35)

and actually stimulates PRL release in

male rats (36) and female mice (present

study). Results from the current study

show for the first time that endogenous

CST is indeed a physiological stimula-

tor of lactotrope function, because cir-

culating PRL levels are markedly sup-

pressed in male/female cort�/� mice.

In fact, reduced PRL output was main-

tained in vitro, suggesting the absence

of endogenous CST input may have

permanently changed the internal pro-

gramming of lactotropes. The observed

reduction in circulating PRL levels is in-

deed of physiologic importance, be-

cause cort�/� females, although fer-

tile, did not adequately care for their

first litters, whereas multiparous cort�/�

females effectively maintained litters

until weaning. It should be noted that a

similar maternal phenotype was re-

ported in mice heterozygote for the null PRL-receptor al-

lele (37), indicating that appropriate PRL input is required

to initiate optimum milk production and maternal behav-

ior in first time mothers (38, 39).

These results are in sharp contrast to that observed in

sst�/� mice, where circulating PRL levels are in fact ele-

vated. These disparate effects of CST vs. SST on lactotrope

function directed us to explore the potential mechanisms

mediating CST regulation of PRL secretion. We observed

that the stimulatory effect of CST on PRL output can

might be direct, because CST clearly increased PRL release

(but not expression) in primary pituitary cultures of mice

and baboons. These results are in striking contrast with

the inhibitory effect exerted by SST on PRL secretion in

pituitary cultures of mouse (present study), baboon (40),

FIG. 4. Impact of lack of endogenous CST or SST in the regulation of stomach ghrelin and

SST systems. A, Circulating levels of acylated and total (acylated plus nonacylated) ghrelin in

male and female cort�/� (white columns) vs. cort�/� (gray columns) mice (left) and sst�/�

(white columns) vs. sst�/� (gray columns) mice (right). B, Stomach expression of ghrelin and

GOAT of male (open columns) and female (solid columns) cort�/� vs. cort�/� mice (left

panel) and sst�/� vs. sst�/� mice (right panel). C, Stomach expression of SST and SST

receptors isoforms/variants (sst) of male (open columns) and female (solid columns) cort�/�

vs. cort�/� mice. D, Circulating SST levels in male and female cort�/� (white columns) vs.

cort�/� (gray columns) mice. Circulating hormone levels (A and D) are represented as the

mean � SEM of male and female cort�/� or sst�/� vs. littermate controls (cort�/� or sst�/

�, respectively; four to 10 mice/genotype per gender). Expression levels (B and C) are showed

as relative percentage of male or female cort�/� vs. control (cort�/�) mice (shown by the

dotted line set at 100%) and represent the mean � SEM of five to eight mice/genotype per gender.

Asterisks (*, P � 0.05; **, P � 0.01; ***, P � 0.001) indicate differences between controls (�/�) and

knockout (�/�) mice within gender. n.d., Not determined; n.m., not measured.
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rat, and fish (6), especially in light of the highly similar

binding profile of SST and CST for the family of sst1–sst5

(41). Therefore, it is reasonable to think that the unique

stimulatory effect of CST on PRL release is exerted

through a receptor not shared by SST. Interestingly, it has

been reported that CST, but not SST, binds with high

affinity to GHS-R1a, the receptor for ghrelin (12, 17),

which, in turn, is known to stimulate PRL secretion (34,

42, 43). Therefore, we sought to determine whether CST-

induced PRL release could be mediated by GHS-R1a ac-

tivation. Indeed, use of a specific GHS-R1a antagonist

fully blocked CST-stimulated PRL release in mouse and

baboon pituitary cultures, thereby indicating that CST

may act via GHS-R1a to stimulate PRL release. Of note,

there is circumstantial evidence suggesting that CST and

ghrelin can work together to enhance PRL release, based

on a report showing CST enhances ghrelin-mediated PRL

release in humans (34). In addition to the direct stimula-

tory action of CST on PRL release, we cannot exclude the

possibility that CST may also serve to reduce dopaminer-

gic tone to the pituitary, where dopamine is a direct in-

hibitor of PRL synthesis and release (44). And indeed, pi-

tuitary expression of the DR2 was up-regulated in female

cort�/�mice,whichmayhavecontributedtosuppressionof

circulating PRL. CST may also serve to suppress hypotha-

lamic dopamine production; however, this possibility is less-

ened by the observation that expression of hypothalamic ty-

rosine hydroxylase (the rate limiting enzyme in dopamine

synthesis) was modestly down-regulated in cort�/� mice

(Supplemental Table 2). Nonetheless, future in vivo studies,

using dopamine receptor antagonist, will be required to un-

equivocally determine whether CST can also alter PRL out-

put by influencing dopamine production.

It has been previously reported that CST treatment, like

SST, inhibits GH release in vitro and in vivo (32–34, 45).

However, this inhibitory action of CST is not consistently

FIG. 5. Impact of lack of endogenous CST or SST on glucose homeostasis. Circulating insulin levels in male and female cort�/� (white columns)

vs. cort�/� (gray columns) (A) and sst�/� (white columns) vs. sst�/� (gray columns) (D) mice. GTT (top) and ITT (bottom) of male (right) and

female (left) cort�/� (solid lines) vs. cort�/� (dotted lines) mice (B) and of male (right) and female (left) sst�/� (solid lines) vs. sst�/� (dotted

lines) mice (E). Area under curve (AUC) of GTT (top) and ITT (bottom) conducted in male and female cort�/� (white columns) vs. cort�/� (gray

columns) mice (C) and of male and female sst�/� (white columns) vs. sst�/� (gray columns) mice (F). GTT and ITT were performed as we

previously reported (26). Values are represented as the means � SEM (n � 6–12 mice/genotype per gender). Asterisks (*, P � 0.05; **, P � 0.01;

***, P � 0.001) indicate values that significantly differ from cort�/� (A–C) or sst�/� (D and E) within gender.
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observed (33, 46, 47), and depending on the species studied

and the dose used, CST can actually stimulate GH release

(32, 46, 48). Results from the current study show for the first

time that endogenousCST is indeedaphysiological inhibitor

of GH secretion (being markedly elevated in both male/fe-

male cort�/� mice), similar to that reported in sst�/� mice

(20, 22, 24). Also, consistent with that previously reported

for sst�/� mice (20, 22, 24), elevated plasma GH levels ob-

served in cort�/� mice did not increase linear growth, sug-

gesting that the absence of CST is not a critical factor in the

control of GH-induced somatic growth, at least under the

conditions examined here. However, in contrast to sst�/�

mice, where elevated GH was associated with an increase in

IGF-I in females and feminization of hepatic PRL receptor

and MUP-3 expression in males (22), these endpoints were

not altered in cort�/� mice. Therefore, CST and SST may

differentially regulate the pattern of GH release, a parameter

whose nature is critical in regulating GH receptor sensitivity

and downstream signaling.

The inhibitory actions of endogenous CST on GH se-

cretion may be in part direct, because we observed that

CST can inhibit GH release from pituitary cultures of mice

and baboons. Curiously, the regulation of GH release by

CST was associated with parallel changes in GH mRNA

levels only in females. In addition to the direct effects,

CST-mediated changes in systemic factors may augment

GH release in cort�/� mice, including elevated glucocor-

ticoids, which have been previously shown to directly

stimulate GH release in primary pituitary cultures from a

number of species (23, 49). Also, in female cort�/� mice,

in vivo GH release may be further enhanced by the increase

in circulating acylated ghrelin levels (probably due to the

up-regulation in stomach ghrelin and GOAT expression),

which has been previously shown to be a direct stimulator

of GH release (23, 49). Although both CST and SST ul-

timately suppress GH output, we believe that the mecha-

nisms by which endogenous CST inhibits GH release and

the systemic impact of these GH changes differ from that

mediated by SST, because 1) elevated GH output was not

maintained in primary pituitary cultures of cort�/� mice,

whereas it was in sst�/� cultures (22); 2) only GH ex-

pression was elevated in the pituitaries of female cort�/�

mice, whereas GH, GHRH-R, and GHS-R expression was

enhanced in pituitaries of female sst�/� mice (22); and 3)

an overall up-regulation in the expression of pituitary sst

subtypes (sst2/sst3/sst5/sst5TMD1) was found in female

cort�/� but not in sst�/� mice (19). Therefore, these

results demonstrate that CST is not a mere natural analog

of SST in regulating gender-dependent, metabolic/endo-

crine GH-related secretions.

Although studies examining the impact of CST on cor-

ticotrope function are limited, it has been reported that

CST, like SST, reduces cortisol levels in patients with

Cushing disease (50). Results from the current study show

for the first time that endogenous CST is also a physio-

logical inhibitor of adrenal-axis function, because circu-

lating corticosterone levels are markedly elevated in both

male and female cort�/� mice, compared with their

cort�/� controls, similar to that reported in sst�/� mice

(21, 24). Intriguingly, one might expect that chronic ele-

vation in circulating glucocorticoids would serve to feed-

back negatively at the hypothalamic and pituitary level to

prevent excess ACTH and subsequent glucocorticoid

overproduction. However, in cort�/� mice, ACTH levels

and pituitary POMC expression remain elevated in female

mice (and there was a trend for an increase in POMC

mRNA in pituitaries of male cort�/� mice). Also, female-

specific increases in ACTH release are maintained in vitro.

The increase in ACTH secretion observed in vivo may be

due to a direct pituitary effect, because CST inhibited

male/female ACTH release and female POMC mRNA lev-

els in primary pituitary cultures of mice and baboons. It is

also possible, but not directly tested here, that central loss

of CST disrupts central glucocorticoid feedback inhibition

allowing for elevated ACTH production, a hypothesis that

is supported by the fact that hypothalamic CRH mRNA

levels were unaltered in cort�/� mice. In addition, the

female-specific elevation of circulating ACTH levels in

cort�/� may be in part related indirectly to the effects of

CST on ghrelin system function, where elevated acylated

ghrelin can augment ACTH production, as previously re-

ported in humans (34, 35, 51), baboons (21), and other

species (52). Although both CST and SST ultimately sup-

press ACTH output, we believe the mechanisms by which

endogenous CST inhibits corticotrope function and the

overall systemic impact of elevated glucocorticoids differ

from that mediated by SST, because 1) a gender- and model-

dependent regulation of pituitary POMC (up-regulated in

female cort�/� and in male sst�/�), ghrelin, and GHS-R

(elevated only in female sst�/�) was observed (22); 2) cir-

culating total ghrelin levels were increased in male/female

sst�/� and in female, but not male, cort�/� mice; and 3) an

up-regulation in the expression of stomach ghrelin was

found in female cort�/� and in male sst�/� mice (22).

It is clear that the lack of endogenous CST leads to

gender-dependent enhancement of GH, corticosterone,

nonacyl, and acylated ghrelin, whereas PRL output is im-

paired. Because each of these hormones has been shown to

have profound effects on metabolic function, and the fact

that CST and SST has been shown to suppress insulin

release in vivo (4, 6, 32, 34), we performed preliminary

experiments to evaluate whole-body metabolic function in

cort�/� and sst�/� mice. Male cort�/� mice were in-

sulin resistant but glucose tolerant, whereas the response
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of female cort�/� mice, or male and female sst�/� mice,

to ITT and GTT did not differ from controls. A normal

GTT response in male sst�/� has also been observed by

others (31). Keeping in mind that male and female

cort�/� and sst�/� mice all show elevations in circulat-

ing GH and corticosterone (present study and Refs. 21,

24), and that both, GH and glucocorticoids, are known to

impair insulin signaling (53), the questions arises why do

male cort�/� exclusively develop insulin resistance? One

possibility is that the pattern and/or magnitude of GH

release in male cort�/� mice is such that the well-char-

acterized counterregulatory actions of GH on hepatic glu-

cose production in response to insulin-driven hypoglyce-

mia are stronger in males, compared with females. This is

supported by the elevated levels of glucose at late time

points (60 and 120 min) after insulin injection. In addi-

tion, the elevated levels of nonacylated ghrelin, shown to

be up-regulated in female cort�/� mice and male and

female sst�/� (21, 22, 54), but not male cort�/� mice,

could also play a protective role in pancreatic function,

because it has been previously shown that nonacylated

ghrelin exerts a favorable influence on insulin sensitivity

and glucose homeostasis (55, 56).

In summary, the present detailed evaluation of the en-

docrine axis of cort�/� mice has revealed for the first time

that endogenous CST is required to maintain normal levels

of PRL and directly enhance pituitary PRL release. Con-

versely, CST serves an inhibitory role for gastrointestinal

acylated ghrelin production, as well as for GH and ACTH

production, all of these actions being modulated in a gen-

der-dependent fashion. Indeed, despite the striking struc-

tural similarities of CST and SST (1, 2), comparison of the

endocrine phenotype of cort�/� and sst�/� mice clearly

demonstrate that the mechanisms by which CST inhibits

GH and ACTH release are unique and that CST, but not

SST, augments PRL production. Hence, our results reveal

that CST is not a simple natural alternate for SST but

possesses unique endocrine-metabolic actions of its own,

which may involve physiologically relevant functions, in-

cluding PRL production and the linked maternal care,

ghrelin, insulin, and glucose homeostasis and additional

components of the somatotropic and the stress axes. These

results also underscore the importance of identifying the

selective mechanisms of action (tissue-specific source, cell-

specific targets, receptors, intracellular signals) that confer

the distinct functional abilities of these two peptides. In

addition, we provide evidence that the CST, SST, and

ghrelin systems are intricately interconnected. Further in-

vestigations into this relationship may provide important

information into designing drugs to modulate both health

and disease.
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