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The melanocortin system in the hypothalamus controls food
intake and energy expenditure. Its disruption causes severe obe-
sity inmice and humans. cAMP-response element-binding pro-
tein 1 (CREB1) has been postulated to play an important role
downstream of the melanocortin-4 receptor (MC4R), but this
hypothesis has never been confirmed in vivo. To test this, we
generatedmice that lackCREB1 in SIM1-expressing neurons, of
the paraventricular nucleus (PVN), which are known to be
MC4R-positive. Interestingly,CREB1�SIM1micedevelopedobe-
sity as a result of decreased energy expenditure and impairment
in maintaining their core body temperature and not because of
hyperphagia, defining a new role forCREB1 in the PVN. In addi-
tion, the lack of CREB1 in the PVN caused a reduction in vaso-
pressin expression but did not affect adrenal or thyroid func-
tion. Surprisingly,MC4R function testedpharmacologicallywas
normal in CREB1�SIM1 mice, suggesting that CREB1 is not
required for intact MC4R signaling. Thus CREB1 may affect
other pathways that are implicated in the regulation of body
weight.

Themelanocortin 4 receptor (MC4R)2 is widely expressed in
the central nervous system, including a number of sites that
contribute to coordinated control of body weight (1–3). The
essential role of the MC4R is evident from the presence of
severe obesity in both MC4R knock-out mice and in humans
with naturally occurring mutations (4, 5). These mutations
cause increased food intake and decreased energy expenditure

(4, 6, 7). One key site ofMC4R expression is the paraventricular
nucleus of the hypothalamus (PVN) (1–3). The PVN is an area
that regulates several neuroendocrine, behavioral, and auto-
nomic functions, especially food intake and energy expenditure
(8–11). It has been implicated in the regulation of body weight
as re-expression of MC4R in the PVN of mice on a null back-
ground rescues the obese phenotype (12). Mutations in the
SIM1 (single-minded 1) gene, a transcription factor that con-
trols development of the PVN, lead to the development of obe-
sity in humans and mice, further implicating the PVN as a key
regulator of body weight (13–17).
The MC4R is known to signal through Gs�, which in turn

activates adenylyl cyclase, leading to increased intracellular lev-
els of cAMP (1, 3, 18). Elevated cAMP levels induce phosphor-
ylation and activation of the transcription factor cAMP-re-
sponse element-binding protein (CREB1) through increased
activity of protein kinaseA, or PKA (19–22). The importance of
this pathway in body weight regulation in vivo is highlighted by
the fact that constitutive activation of PKA is associated with
leanness (23). The phosphorylation of CREB1 leads to the acti-
vation of CREB target gene expression (24, 25). CREB signaling
is complicated by the fact that a number of related transcription
factors including cAMP-response element modulator (CREM)
and activating transcription factor 1 are also phosphorylated by
PKA and can compensate for CREB1 in its absence. Although
activating transcription factor 1 is not thought to be expressed
in the murine brain, CREM is known to be up-regulated when
CREB1 is deleted. It is likely that both CREB1 and CREM have
overlapping yet distinct roles in regulating target gene expres-
sion (26–31).
Once phosphorylated, CREB1 recruits a coactivator complex

that includes CREB-binding protein and p300 to induce gene
expression (21). Recently, CREB1 has been shown to require
another specific family of coactivator proteins termed CRTCs
(CREB-regulated transcriptional coactivators) (32). Interest-
ingly CRTC1 KO mice develop obesity, whereas CRTC2 is
implicated in glucose homeostasis (33, 34).
Activation of MC4R has been shown to phosphorylate

CREB1 in vitro (35, 36). Thus CREB1 is postulated to mediate
the genomic actions ofMC4R in vivo (37), but this has not been
previously tested. To do this, we used the Cre/loxP system and
were able to delete CREB1 specifically in the PVN, the supra
optic nucleus (SON), the nucleus of the lateral olfactory tract
(NLOT), and the medial amygdala (MeAD) by using mice that
express the Cre-recombinase in SIM1 expressing neurons
(SIM1Cre mice). Our data demonstrate that CREB1�SIM1 mice
develop obesity on both chow andhigh fat diets. This appears to
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bemediated by a decrease in energy expenditure and an impair-
ment in maintaining their core body temperature, despite the
increase in CREM expression in hypothalamic areas where
CREB1 is absent. Surprisingly, MC4R signaling is not impaired
in these animals. The global function of the hypothalamic-pi-
tuitary-thyroid and hypothalamic-pituitary-adrenal axes are
also unchanged. However, vasopressin expression is decreased
in the PVN of CREB1�SIM1 mice. Taken together these data
suggest that CREB1 plays a specific role in body weight regula-
tion via modulation of energy expenditure through down-
stream genomic targets.

EXPERIMENTAL PROCEDURES

Generation of CREB1�SIM1 Mice

To generate specific CREB1 knock-out (CREB1�SIM1) mice,
mice harboring the CREB1loxP/� allele (C57BL6, a gift of Dr. G.
Schutz) were crossed with SIM1Cre transgenic mice (mixed
C57Bl6, 129Sv, and FVB background) that express Cre-recom-
binase specifically in the PVN, medial amygdala, the SON, and
the NLOT (12, 28, 38). The CREB1loxP/� � SIM1Cre mice
obtained from this first breeding were crossed with the
CREB1loxP/�mice to obtain a second generation containing
control mice (WT, CREB1loxP/loxP, and SIM1Cre littermates)
and CREB1�SIM1 mice. Cre-mediated recombination of the
CREB1loxP/loxP exon 10 allele leads to a null allele that encodes a
truncated unstable protein devoid of DNA-binding and
dimerization domains. Thus the result is the loss of CREB1 (12,
28). To obtain the second cohort of mice maintained at 18 °C,
the same breeding scheme was used. Analysis of variance test-
ing in both cohorts across different parameters has shown no
differences between the three groups of controls: wild-type,
SIM1Cre, and CREB1loPx/loxP (littermates). For the third cohort
we used the following breeding scheme CREB1loxP/loxP �
CREB1�SIM1 to obtain CREB1loxP/loxP littermates and CREB1
�SIM1 mice.

Analysis of CREB1�SIM1 Mice

A first cohort of mice (WT, CREB1loxP/loxP, SIM1Cre, and
CREB1�SIM1) were housed individually at 22–24 °C using a 12 h
of light/12 h of dark cycle with chow food (Harlan Teklad) and
water provided ad libitum. A second cohort of mice
(CREB1loxP/loxP and CREB1�SIM) was housed individually at
18 °C (long mild-cold exposure) with the same diet conditions
as above. Finally, a third cohort (CREB1loxP/loxP and
CREB1�SIM) of mice was housed under the same conditions
above at 22–24 °C on a high fat diet (60% kCal fat, #D12492i;
Research Diets). Body weight and food intake were recorded
weekly. The mice were euthanized by decapitation to measure
serum corticosterone level or by CO2 inhalation. All of the
experiments were approved by the Institutional Animal Care
and Use Committee of Beth Israel Deaconess Medical Center.

Immunohistochemistry

Thebrainswere cut in coronal 30-�msections. Sections con-
taining the PVNwere frombregma�0.58 to�1.22mm. Immu-
nohistochemistry methods have been described previously
(39). The following primary antibodies were used: polyclonal

total anti-CREB1 (1:200; Cell Signaling Technology), poly-
clonal anti-CREM (1:50; Santa Cruz Biotechnology), anti-oxy-
tocin (OXT) and anti-[Arg8]-vasopressin (AVP; 1:500, Penin-
sula Laboratories). Secondary antibody rabbit IgG and
diaminobenzidine kits were used (Vector Laboratories, Inc.).
Immunohistochemistry analysis and quantification methods
have been established previously (40). Specifically, this tech-
nique has been used to quantify neuropeptides including OXT
and AVP (41–43).

Nissl Staining

The sections were delipidated in 1:1 alcohol/chloroform
overnight and then rehydrated with decreasing concentrations
(100–95, 60, and 30%) of ethanol to distilled water. The sec-
tions were stained in 0.1% cresyl violet solution for 3–5min and
destainedwith a solution containing 44ml of 95% of alcohol, 66
ml of chloroform, and nine drops of glacial acetic acid. They
were then dehydrated through increasing concentrations (30,
60, and 95–100%) ethanol for 3 min each and cleared with
xylene for 3 min (44).

Body and Blood Composition

Body Composition—To determine the body composition of
mice two different methods were used: 1) magnetic resonance
imaging with EchoMRITM (Echo Medical System) and 2)
PIXImus dual-energy x-ray absorptiometer with software ver-
sion 1.2 (GE Healthcare).
Blood Tests—Fed mice were euthanized between 8 and

10 a.m., and blood and tissue were collected. Serum was
extracted and assayed for insulin (Crystal Chem.), leptin (R & D
Systems Inc.), and corticosterone levels (Immunodiagnostic
Systems Ltd.). Radioimmunoassay was used for total T4 and
total T3 measurements (Coat-A-Count, Siemens). Blood glu-
cose was assessed by One Touch Ultra glucometer (LifeScan,
Inc.).

Thyrotropin-releasing Hormone (TRH) In Situ Hybridization

To determine the expression of TRH mRNA in situ hybrid-
ization was performed as described previously (39, 45). Briefly,
the images were acquired on Zeiss Axioimager. A1 with Axio-
vision 4.8 software (Oberkochen, Germany). Dark-field digital
images of each hypothalamic region of the brain were taken
with the same exposure time, brightness, and contrast. The
images were quantified using ImageJ (Public Domain, Devel-
oped at theNational Institute ofMentalHealth, Bethesda,MD).
The same threshold was used for comparison sets. The total
number of positive pixels/unit area (pixel density) was calcu-
lated subtracting background from areas not expressing TRH
mRNA. Pixel density in each region of the hypothalamus was
averaged from a minimum of three matching sections of the
PVN. The data represent the average pixel density � S.E.

Analysis of the MC4R Pathway

Expression of MC4RmRNA by In Situ Hybridization—In situ
hybridization for mouse MC4R mRNA was performed as
described above (1, 12).
MC4R Signaling—To test the functionality of the MC4R

pathway, we performed two tests using the MC3/4-R agonist
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melanotan II (MT II) and the MC4R-specific agonist Ro27-
3225. Briefly, on day 1, single-caged mice were fasted for 12 h.
30 min prior to the start of the dark cycle, the food was
returned, and themice were injected intraperitoneally with 200
�l of saline (0.9% sodium chloride injection; USP,Hospira Inc.).
Food intake was measured for 3.5 h following the injection. On
day 2, the same mice were fasted for 12 h. 30 min prior to the
start of the dark cycle, the foodwas returned, and themicewere
injected with 100 �g of MT II (H-3902; Bachem)/mouse in 200
�l of saline 30min before the start of the dark cycle. Again, food
intake was measured for 3.5 h (6, 12). The same protocol was
used to test Ro27-3225 (Sigma) at 6.6 mg/kg. As each mouse
served as its own control, a paired t test was used to analyze
these data (6, 12, 46).

Energy Expenditure and Core Body Temperature (CBT)

Indirect Calorimetry—The metabolic rates were measured
by indirect calorimetry in 12–14-week-old female CREB1�SIM1

and control mice (from the mice housed at 18 °C) by using the
16-chamber open-circuit Oxymax system of the comprehen-
sive laboratory animal monitoring system; Columbus Instru-
ments) and following a previously published protocol (12, 47).
Cold Exposure and CBT—The same group of mice used for

indirect calorimetry was then used for the cold challenge. To
determine the normalCBTofmice, we used a rectal probe (Physi-
temp Instruments Thermalert Model TH-8, Inc.). CBT readings
were taken twice daily (8:00 a.m. and 8:00 p.m.) for three consec-
utive days. Themean for each animal per time point was averaged
from the three days. The results are displayed as themeans� S.E.
per genotype per time point. During the cold challenge at 4 °C, the

CBT of each animal was monitored every hour over a 7-h period.
Body weight and the food intake were recorded at the beginning
and end of the experiment.

Intraperitoneal Glucose Tolerance Test (GTT) and Insulin
Tolerance Test (ITT)

GTT—Male and female CREB1�SIM1 and control mice were
fasted for 16 h prior to the start of the intraperitoneal GTT.
After a sample of fasted blood (time 0) was collected, the ani-
mals were given glucose (1 g/kg of body weight, 20% dextrose;
Baxter) intraperitoneally. Blood glucose readings were then
taken at 15, 30, 60, 120, and 180 min.
ITT—For the ITT, the same mice were fasted for 6 h. After a

sample of fasted blood was collected (time 0), the animals were
injected intraperitoneal with Humulin R (Eli Lilly and Co.). Blood
glucose readingswere then taken after 15, 30, 60, 120, and180min
using the One Touch Ultra (LifeScan, Inc.).

Real Time Quantitative PCR

Total mRNA was extracted from brown adipose tissue with
the RNA-STAT-60 kit and quantified with the NanoDrop�-
ND1000 (Thermo Scientific). cDNA was obtained by using the
Advantage� RT-for-PCR kit (Clontech Laboratories Inc.). To
quantify UCP1 (uncoupling protein 1), PGC1� (peroxisome
proliferator-activated receptors � coactivator 1),DIO2 (deiodi-
nase 2), ADRB1 (�-adrenergic receptor), ACC1 (acety-CoA
carboxylase 1), and GMPr (guanosine monophosphate
receptor) gene expressions, TaqMan� assays were used
(Mm00494069_m1, Mm01208835_m1, Mm00515664_m1,
Mm00431701_s1, Mm01304277_m1, and Mm00499395_m1,

FIGURE 1. CREB1�SIM1 mice overexpress CREM in the PVN, SON (arrows), NLOT, and MeAD. A and B, immunohistochemistry against CREB1 in CREB1lox/lox

and CREB1�SIM1 mice detailing the PVN and third ventricle (3V) (A) and detailing the SON, NOLT, and MeAD (black boxes) (B). In B, panels 1, 3, 5, and 7 are at 5�
magnification. The highlighted areas, shown in panels 2, 4, 6, and 8 are at 10� magnification. C, Nissl staining was performed in the same mice. D and E,
immunohistochemistry against CREM was performed in the same mice as detailing the PVN and third ventricle and detailing the SON (arrow), NLOT, and MeAD
(E). SCh, suprachiasmatic nucleus. Bar scale, 100 �m. Shown are representative images from a total of four animals/group.

Role of CREB1 in the Regulation of Body Weight

8096 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 10 • MARCH 11, 2011



respectively) (Applied Biosystems). Cyclophilin was used as a
control. Quantitative PCR was run using the Stratagene�
MX3000P� (Agilent Technologies). The gene to cyclophilin
ratio was calculated for each sample based on the arbitrary
value of copies determined by the standard curve for each gene.

Western Blotting

50 mg of brown adipose tissue from mice was homogenized
in 1 ml of lysis buffer (Cell Signaling Technology) containing
protease and phosphatase inhibitors using a TissueLyser (Qia-
gen) for 1 min at 30 Hz. The homogenates were centrifuged at
16,000 � g for 20 min at 4 °C, and the supernatant was trans-
ferred to a fresh tube. The proteins were resolved using 10%
NuPAGE bis-tris gels (Invitrogen) and transferred to nitrocel-
lulose membranes. The blots were probed for UCP1 (anti-
UCP1, 1:200; Santa Cruz Biotechnology Inc.) and visualized
using the ECL-Plus kit (Amersham BiosciencesTM GE Health-
care). For actin, the blots used to detect UCP1 were stripped
and reprobed for actin (anti-actin, 1:1000; Sigma).

Plasmid Construction

To construct pGL3-avp-luc, �2009 to �27 of the putative
mouse avp promoter was PCR-amplified from BAC RP24–
388N9 (forward primer, CTCTGGTGGACATGCCACTC;
reverse primer, GCAGCAGCTAGCCGTAGTGTTGAGCA-
TCCTGGC; an added NheI restriction enzyme site is shown in
bold type) and cloned into pGL3-basic (Promega) using KpnI-
NheI sites and sequenced.

Cell Culture and Transient Transfection

293T cells were transfected in six-well plates with 10 ng of
a CMV-�-galactosidase expression vector and 50 ng of a
pGL3-avp-luc or pGL3 alone to determine the response to
cAMP. To determine the response to CREB and CREM,
293T cells were transfected with the above reporters and 50
ng of either pKCR2-CREB (35, 36), pKCR2-CREM�, or
pCDNA3.1-CREM�2 (CREMplasmids are a generous gift from
Dr. P. Sassone-Corsi) as indicated. pGL3-avp-luc was also
cotransfected with pKCR2 and pCDNA3.1 alone. All of the
transfections were performed with LipofectamineTM 2000
(Invitrogen) in serum-freeOptiMemmedium (Invitrogen). Six-
teen hours after transfection, the cells were treated with or
without 8-bromo-cAMP (250 �M) for 8 h. The cells were lysed
and assayed for luciferase and �-galactosidase activity, respec-
tively. All of the transfections describedwere performed in trip-
licate. The data shown are the means � S.E. of at least three
separate experiments.

Statistical Methods

All of the data are presented as the means � S.E. To test for
differences between groups of mice an analysis of variance test
was run followed by a post hoc test Bonferonni adjustment. The
data sets were analyzed using a two-tailed unpaired Student’s t
test. For the MT II and Ro27-3225 tests and the cold challenge
experiments, a two-tailed paired Student’s t test was run as each
mouse served as its own control. Type one error �was set at 5%
for all of our statistical analysis.

RESULTS

Generation of Mice Lacking CREB1 in the Paraventricular
Nucleus—To generate mice that lack CREB1 in the PVN, we
crossed transgenicmice expressingCre-recombinase under the
control of SIM1 regulatory elements with mice possessing
a conditional CREB1 allele (12, 28). As shown in Fig. 1A,
CREB1�SIM1 mice do not express CREB1 in the PVN. The
CREB1�SIM1mice also lack expression of CREB1 in other areas
known to express SIM1 including the NLOT (Fig. 1B), SON
(Fig. 1B), andMeAD (Fig. 1B). Because the deletion of themem-

FIGURE 2. CREB1�SIM1 mice have an increase in body weight, fat mass, and
serum leptin levels on a chow diet. A, body weight in females and males.
B, body composition by magnetic resonance imaging (percentage of lean
and fat mass) in females and males. C, serum leptin levels in females and
males. The data are represented as the means � S.E. *, �p � 0.05. For n �
males/females: WT, n � 10/8; CREB1lox/lox, n � 12/12; SIM1Cre, n � 6 females;
CREB1�SIM1, n � 11/13. The mice were housed at 22 °C.
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bers of the CREB family can induce neuronal apoptosis, we
verified the integrity of the areas that lack CREB1, using Nissl
staining and did not see evidence of neuronal loss (Fig. 1C).
CREM, a member of the CREB family, can compensate for
CREB1 in its absence. Therefore, we examined CREM expres-
sion by immunohistochemistry and found it to be up-regulated
in areas where CREB1 is deleted (Fig. 1, D and E), further con-
firming the integrity of these neurons. Thus mice lacking
CREB1 in SIM1 neurons (27) are a viable model to examine the
role of CREB1 in vivo.
The Lack of CREB1 Leads to Obesity—To test the role of

CREB1 in vivo, we followed the body weight of male and female
CREB1�SIM1mice and their respective controls on chow diet in
the first cohort housed at 22 °C. As is shown in Fig. 2A, the body
weights of male and female CREB1�SIM1 mice are increased
beginning at 22 weeks and 16 weeks of age, respectively, and
this is associated with a significant increase in body fat content
and serum leptin levels (Fig. 2, B and C). We also looked for
indications of glucose intolerance in male and female
CREB1�SIM1 mice. Once the mice were obese, we found evi-
dence of glucose intolerance in male CREB1�SIM1mice but not
in female mice as demonstrated by a GTT (supplemental Fig.
S1A). Also, male CREB1�SIM1 mice have a significant increase
in serum insulin in the fed state (supplemental Fig. S1C), with
no change in blood glucose (supplemental Fig. S1D). However,
the ITT is normal in both male and female CREB1�SIM1 mice
compared with controls (supplemental Fig. S1B). ITTs and
GTTswere also performed in the same group ofmice on a chow

diet at 8–10 and 16–18 weeks of age. No difference was
observed between the control groups and theCREB1�SIM1mice
(data not shown).
A second group of male and female CREB1�SIM1 mice on a

HFD also became obese (Fig. 3A). There was no difference in
food intake in male and female CREB1�SIM1 mice on the HFD
(Fig. 3B), suggesting that the development of obesity is second-
ary to decreased energy expenditure. Lean and fat mass were
measured in thesemice at 33 weeks of age, andmale and female
CREB1�SIM1 mice have similar lean mass (Fig. 3C) but
increased fat mass (Fig. 3C) compared with control mice.
Despite the development of obesity in CREB1�SIM1 mice on a
HFD, both GTTs and ITTs at 28–29 weeks of age (and earlier
time points) are not different from controls (supplemental Fig.
S2).
CREB1�SIM1 Mice Have Lower Energy Expenditure and Are

Cold-intolerant—Mice lacking CREB1 in the PVN, SON,
NLOT, and MeAD develop obesity on chow and HFD, with
normal food intake indicative of decreased energy expenditure.
However, we next noticed that when genetically identical kin-
dred were housed at a lower temperature of 18 °C, male and
female CREB1�SIM1 mice are significantly leaner than controls
early in life (Fig. 4A) but then converge to controls by 11 weeks
of age for males and 18 weeks of age for females. When trans-
ferred to a warmer environment (22 °C) for comprehensive lab-
oratory animal monitoring system analysis, these mice demon-
strated decreased oxygen consumption and significantly lower
respiratory exchange ratio and heat production (Fig. 4B), indi-

FIGURE 3. CREB1�SIM1 mice develop obesity on a HFD. A, body weight in control and CREB1�SIM1 mice. B, food intake in control and CREB1�SIM1 mice. C, body
composition (dual-energy X-ray absorptiometer) in control and CREB1�SIM1mice. The mice were 33 weeks old. A group of male and female mice was fed with
high fat diet and held at 22 °C. For n � males/females: CREB1lox/lox, n � 14/10; CREB1�SIM1, n � 10/15. *, p � 0.05; **, p � 0.01.
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cating a decrease in energy expenditure and heat production
consistent with what we found previously.
To further explore this discrepancy in body weight pheno-

type as a result of housing temperature, we measured the CBT
of CREB1�SIM1 and control mice. CREB1�SIM1mice have a sig-
nificantly lower CBT compared with controls, especially in the

evening (Fig. 4C). To further confirm this, we performed a cold
challenge test in which CBT, body weight, and food intake were
monitored for 7 h at 4 °C. CREB1�SIM1 mice have a lower CBT
during the first 3 h of cold exposure (CE) compared with con-
trols (Fig. 4D). After 3 h of cold exposure, CREB1�SIM1 mice
recover their body temperature, which remains normal until

FIGURE 4. CREB1�SIM1 mice housed at 18 °C have decreased body weight. A, body weight of mice fed a normal chow diet and housed at 18 °C (second
cohort). For n � males/females: CREB1lox/lox, n � 8/8; CREB1�SIM1, n � 8/9. B, comprehensive laboratory animals measurement system was performed in the
female CREB1lox/lox and CREB1�SIM1 mice (14 weeks old; n � 8/group) housed at 18 °C. The comprehensive laboratory animal monitoring system room was
maintained at 22 °C. R.E.R., respiratory exchange ratio � VO2/VCO2. C, core body temperature in CREB1lox/lox and CREB1�SIM1 mice at room temperature (18 °C)
in the morning (8:00 a.m.) and the evening (7:00 p.m.). D, core body temperature for 7 h at room temperature on day 1 (18 °C) and during cold exposure on day
2 (4 °C). *, p � 0.03. The data are represented as the means � S.E. *, p � 0.05. At room temperature 18 °C, n � 8 mice/group; during cold exposure 4 °C; n � 7– 8
mice/group. As each mouse is its own control, a paired t test was used to analyze these data. *, p � 0.05.
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the end of the experiment.Whereas bothCREB1�SIM1 and con-
trol mice increase their food intake during cold exposure (sup-
plemental Fig. S3A), only CREB1�SIM1 mice lose significant
weight, indicating the increased energy cost of maintaining
body temperature (supplemental Fig. S3B).

Taken together, these data demonstrate that CREB1�SIM1

mice at 22 °C have decreased energy expenditure, explaining
the development of obesity on chow and high fat diets. At lower
temperatures, CREB1�SIM1 mice must expend more energy to
maintain their normal CBT, which induces weight loss.
CREB1�SIM1 Mice Have a Defect in Brown Adipose Tissue—

To further determine how differences in temperature homeo-
stasis may occur, we examined UCP1 mRNA and protein
expression as an indicator of brown adipose tissue (BAT) acti-
vation.UCP1mRNAwas equally increased in both control and
CREB1�SIM1mice in response to CE (Fig. 5A). However, UCP1

protein expression is more abundant in CREB1�SIM1 mice at
baseline anddoes not respond further to theCE, suggesting that
CREB1�SIM1 mice cannot activate BAT in response to severe
CE (Fig. 5B).
We next examined the expression of a number of genes

involved in BAT function including ACC1, DIO2, PGC1�,
GMPr, andADRB1. As expected, both control andCREB1�SIM1

mice had increased expression of ADRB1 consistent with sym-
pathetic activation of BAT after CE (Fig. 5C). No change in
ADRB3 expression was observed (data not shown). However,
expression of DIO2 and PGC1� was significantly decreased in
CREB1�SIM1mice afterCE,whereasGMPr gene expressionwas
enhanced after CE (Fig. 5,D–F) (48).UCP2 gene expression did
not change between control and CREB1�SIM1 mice after CE
(data not shown). Importantly, creb1mRNAexpression in BAT
is not modified in CREB1�SIM1 mice (data not shown). Thus
CREB1�SIM1 mice have a defect in responding to CE despite
enhanced sympathetic stimulation.
The impaired ability of the sympathetic nervous system in

CREB1�SIM1 to stimulate BAT mice is supported by the gene
expression patterns of these mice on HFD. Here, CREB1�SIM1

mice showed slightly increased Adrb1 expression (supplemen-
tal Fig. S4A) and significantly decreasedGMPr expression (sup-
plemental Fig. S4B), suggesting impaired sympathetic activa-
tion. This is supported by increased ACC1 expression
(supplemental Fig. S4C), which is a marker of fatty acid synthe-
sis. The exact mechanism underlying the defect remains to be
fully characterized because UCP1, DIO2, and PGC1� are all
equally expressed in control and CREB1�SIM1 mice on HFD
(supplemental Fig. S4, D–F).
Disruption of CREB1 Does Not Impair the MC4R Pathway—

Because the MC4R is expressed in SIM1-positive neurons and
CREB1 has been hypothesized to be phosphorylated in MC4R-
positive neurons in the PVN (37), we analyzed theMC4R path-
way inCREB1�SIM1mice. In situ hybridization ofMC4RmRNA
shows similar expression in control and CREB1�SIM1 mice,
demonstrating that CREB1 is not required for MC4R expres-
sion (Fig. 6A). In addition, we pharmacologically tested the
melanocortin pathway in CREB1�SIM1 lean mice by using two
different analogues of �-MSH, the first specific to MC3/4Rs,
MT II, and the second specific only to the MC4R, Ro27-3225.
Compared with saline, both male and female control and
CREB1�SIM1mice showed a similar decline in food intake 3.5 h
after injection of either MT II or Ro27-3225 (Fig. 6, B and C).
Thus MC4R signaling as it relates to food intake appears to be
normal in CREB1�SIM1 mice, which is consistent with the lack
of hyperphagia seen in obese CREB1�SIM1 mice.
TheHypothalamic-Pituitary-Thyroid and -Adrenal Axes Are

Normal in CREB1�SIM1Mice—To evaluate the function of neu-
roendocrine circuits emanating from the PVN, we first looked
at TRH mRNA expression in control and CREB1�SIM1 mice.
TRHmRNA expression is enhanced inCREB1�SIM1mice com-
pared with control mice (Fig. 7A). In contrast, serum T4 levels
were similar in control andCREB1�SIM1mice fed a chow diet at
22 °C (Fig. 7B). Because thyroid hormone can participate in the
maintenance of CBT, we also assessed the total T4 and total T3
serum levels in control and CREB1�SIM1 mice after 7 h of cold
exposure (4 °C) and again saw no difference (Fig. 7, C and D).

FIGURE 5. Impaired BAT activation in CREB1�SIM1 mice. A, uncoupling pro-
tein 1 (UCP1) relative mRNA expression at room temperature (18 °C) or after
7 h of CE at 4 °C. B, Western analysis and its quantification of UCP1 and actin at
room temperature (RT, 18 °C) or after 7 h of CE at 4 °C. �, positive control; BAT
from control mice after cold exposure. C–F, �-adrenergic 1 receptor (ADRB1)
(C), DIO2 (D), PGC1� (E), GMPr (F) relative mRNA expression, at room temper-
ature (18 °C) or after 7 h of CE at 4 °C. The data are represented as the means �
S.E. At room temperature 18 °C, n � 8 mice/group; during cold exposure 4 °C,
n � 7– 8 mice/group. *, p � 0.05; **, p � 0.005.
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Wealso did not see differences in serumcorticosterone levels in
control andCREB1�SIM1mice fed a chow diet at 22 °C (Fig. 7E).
These data suggest that the decrease in energy expenditure and
CBT observed in CREB1�SIM1 mice is not due to global altera-
tions in the hypothalamic-pituitary-thyroid and hypothalamic-
pituitary-adrenal axes.
CREB1�SIM1 Mice Have a Decrease of AVP but Not OXT in

the PVN—Although both the thyroid and adrenal axis appeared
normal, we next examined the expression of OXT and AVP,
which are produced in MC4R- and SIM1-positive neurons in
the PVN. OXT and AVP have been hypothesized to play a
protective role in the prevention of obesity (14, 15). To accom-
plish, this we used quantitative immunohistochemistry to
determine their abundance in the PVN. Whereas OXT levels
were similar in control and CREB1�SIM1mice (Fig. 8, A and B),
AVPproductionwas significantly reduced in the PVN (Fig. 8C).

A more careful analysis of the different subpopulations of neu-
rons in the PVN (Fig. 8D) demonstrates that the anterior par-
vicellular, medial magnocellular, and medial parvicellular
nuclei are most affected. Because OXT and AVP are also
expressed in the SON, we quantified their expression in this

FIGURE 6. The MC4R pathway is not affected by the lack of CREB1. A, in situ
hybridization of MC4R mRNA expression (dark field) and thionin staining
(inset). Bar scale, 100 �m. Representative images from a total of three animals/
group. B, MT II test. After 12 h of fasting, saline (day 1) or MT II (day 2) was
injected, and food intake was measured over a 3.5-h period. For n � males/
females: WT, n � 8/8; CREB1lox/lox, n � 8/8; SIM1Cre, n � 6/8; CREB1�SIM1 n � 8/9.
C, Ro27-3225 Test. After 12 h of fasting, saline (day 1) or Ro27-3225 (day 2) was
injected, and food intake was measured over a 3.5-h period. The data are
represented as the means � S.E. For n � males/females: CREB1lox/lox, n � 5/7;
CREB1�SIM1, n � 8/8. *, p � 0.05.

FIGURE 7. CREB1�SIM1 mice have normal endocrine function. A, in situ
hybridization for TRH was performed in CREB1lox/lox and CREB1�SIM1 mice and
subsequently quantified (n � 5). B, total T4 at 22 °C. C and D, total T4 (C) and
total T3 (D) after 7 h at 4 °C (n � 8/group). E, corticosterone serum levels in
male and female mice at 33 weeks of age on a chow diet. The data are repre-
sented as the means � S.E. For n � males/females: WT, n � 10/8, CREB1lox/lox,
n � 12/12, SIM1Cre, n � 6 males; CREB1�SIM1, n � 11/13.
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area and observed no difference between control and
CREB1�SIM1 mice (supplemental Fig. S5, A–D).
To confirm that AVP expression could be influenced by the

cAMP-CREB pathway, we cloned the murine AVP promoter
upstream of luciferase and tested its activity in 293T cells.
Indeed, 8-bromo-cAMP was able to stimulate expression of
luciferase, consistent with what has been described previously
with the AVP rat promoter (Fig. 8E) (49). Interestingly, when
we cotransfected two isoforms of CREM, we observed a signif-
icant repression of luciferase activity when compared with
cotransfected CREB1 (Fig. 8F). The cotransfection of CREM
isoforms or CREB1 did not affect cAMP stimulation (Fig. 8F).

DISCUSSION

CREB1 is a transcription factor that can drive the expression
of numerous genes (27, 50) implicated in the regulation of food
intake and energy expenditure including TRH, CRH,OXT, and
AVP (14, 15, 51–53). In addition, CREB1 has been postulated to
play a key role downstream of theMC4R in the PVN (37). Thus
to test the role of CREB1 in body weight regulation and MC4R
signaling, we chose to delete CREB1 from SIM1-positive neu-
rons in the PVN using a conditional targeting strategy. Indeed,
all MC4R neurons in the PVN express SIM1 (16). However,
because SIM1 is also expressed in other neuronal groups, we
deleted CREB1 in the NLOT, SON, and MeAD. A PVN-only
specific Cre currently does not exist, making this the best avail-
able strategy to test the role of CREB1 in a unique set of neurons
known to regulate body weight.
Importantly, we have established that the deletion of CREB1

from the PVN does not impair the integrity of these neurons.
Lack of CREB1, CREM, or both can induce apoptosis and neu-
rodegeneration as described previously (26, 28–30). However,
by deletingCREB1,we have clearly up-regulatedCREMexpres-
sion, which could potentially compensate for the lack of
CREB1. Thus this model may under-represent the importance
of the CREB family in body weight regulation. The third mem-
ber of the CREB family, activating transcription factor 1 does
not appear to be expressed in the murine brain (54).
By deleting CREB1 in neurons where SIM1 is expressed, we

found that obesity was induced provided the animals were
housed at warmer temperatures (22 °C). Surprisingly, this obe-
sity was not the result of increased food intake but was second-
ary to decreased energy expenditure. Furthermore, glucose
intolerance in these mice was relatively mild despite the devel-
opment of obesity. Mice that lack Gs� in the brain develop a
similar phenotype (55). Indeed, Gs� lies immediately down-
stream of the MC4R and is proximal to CREB1. Disruption of
the maternal (but not paternal) Gs� allele in the brain leads to
the development of obesity, insulin resistance, and diabetes

associated with reduced sympathetic nervous system activity
and energy expenditure (56). This appears to be primarily due
to a lack of Gs� in the PVN. Similar to ourmodel, these animals
had no evidence of hyperphagia. These data suggest that the
PKA-CREB1 pathway may be important in the regulation of
energy expenditure by the MC4R. In contrast, our pharmaco-
logic data clearly show that CREB1 is not required for the reg-
ulation of food intake by the MC4R. Thus it remains possible
that MC4R is able to signal through other non-PKA/CREB
pathways such as the MAPK pathway or through the EPACs
(exchange proteins directly activated by cAMP). These path-
ways have been linked to both the MC4R and cAMP signaling
(57–59).
Another striking finding in CREB1�SIM1 mice is that devel-

opment of obesity is prevented when they are housed at colder
temperatures. BecauseCREB1�SIM1mice have a defect in BAT-
mediated adaptive thermogenesis, they must evoke other ther-
mogenic mechanisms that are less efficient and therefore lead
to an increase in energy expenditure when housed in the cold.
Previous work has demonstrated that theMC4R plays a critical
role in energy homeostasis and regulation of adaptive thermo-
genesis by activating UCP1 in BAT through the sympathetic
nervous system (7, 60, 61). Consistent with this, CREB1�SIM1

mice are unable to further activate UCP1 protein levels in
response to a cold challenge indicative of a deficit in BAT acti-
vation. Impairment of PGC1� and DIO2 induction in BAT of
CREB1�SIM1 mice during a cold challenge despite their
enhanced sympathetic stimulation further supports this
hypothesis. Indeed, the PVN, which contains SIM1 and AVP
immunoreactive positive neurons, projects to the dorsal vagal
complex, as well as to sympathetic centers located in the spinal
cord (62–66). Because AVP expression is decreased in our
mouse model, this could explain why sympathetic nervous sys-
tem function is altered. Taken together, the data suggest that
CREB signaling in the PVN regulates body weight by altering
energy expenditure potentially through the sympathetic nerv-
ous system and possibly the MC4R, which has been shown to
affect this pathway when activated.
Finally, our work demonstrates that obeseCREB1�SIM1mice

have altered AVP protein expression in the PVN but not in the
SON, implicating AVP in the phenotype of CREB1�SIM1 mice.
Indeed, the AVP promoter contains two CRE sites (49, 67) and
responds to cAMP in our transfection system. Additionally,
down-regulation of AVP is associated with the development of
obesity (11, 14, 42, 68). Essentially, AVP appears to be specifi-
cally targeted in CREB1�SIM1 mice because the regulation of
other key PVN-specific neuropeptides and the pathways they
control are unaffected. Further work will be required to deter-

FIGURE 8. CREB1�SIM1 mice have decreased in AVP expression. A, immunohistochemistry for OXT in CREB1lox/lox and CREB1�SIM1 mice. B, quantification of
OXT immunohistochemistry in CREB1lox/lox and CREB1�SIM1 mice. C, immunohistochemistry for AVP in CREB1lox/lox and CREB1�SIM1 mice. D, quantification of AVP
expression in CREB1lox/lox and CREB1�SIM1 brains. The data represent the pixel density in whole PVN and in the different subnuclei of the PVN and are expressed
as the means � S.E. *, p � 0.05. The mice were 33 weeks old, fed with chow diet, and housed at 22 °C (n � 4/group). PaAP, paraventricular hypothalamic nucleus,
anterior parvicellular part; PaDC, paraventricular hypothalamic nucleus, dorsal cap; PaLM, paraventricular hypothalamic nucleus, lateral magnocellular part;
PaMM, paraventricular hypothalamic nucleus, medial magnocellular part; PaMP, paraventricular hypothalamic nucleus, medial parvicellular part; PaPo, para-
ventricular hypothalamic nucleus, posterior part; PaV, paraventricular hypothalamic nucleus, ventral part; 3V, third ventricle. Bar scale, 100 �m. E, 293T cells
were transfected with either pGL3 AVP-luc or pGL3-luc alone and a CMV-� galactosidase control. *, p � 0.05. F, 293T-cells were cotransfected with AVP-Luc, a
CMV-� galactosidase control, and either pKCR2-CREB, pKCR2-CREM�, or pCDNA3.1-CREM�2 in the presence or absence of 250 �M 8-bromo-cAMP (8-Br-cAMP).
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mine the role of AVP in the phenotype seen in CREB1�SIM1

mice.
In summary, we demonstrate that disruption of CREB1 in

SIM1-positive neurons led to an obese phenotype similar to
that of the PVN-specific Gs� knock-out mice. Our findings
clearly underline the value of the PKA-CREB1 pathway in the
regulation of body weight. However, the phenotype of both
CREB1�SIM1 mice and Gs� knock-out mice is milder and dis-
tinct fromboth theMC4R knock-outmouse and the SIM1 hap-
loinsufficient mouse. This suggests that the MC4R may only
partially signal through the PKA-CREB1 pathway in the PVN to
mediate its effects.
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ment 134, 1663–1670

30. Parlato, R., Rieker, C., Turiault, M., Tronche, F., and Schütz, G. (2006)
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