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ABSTRACT Receptor subunits for the neurocytokine cil-
iary neurotrophic factor (CNTF) share sequence similarity
with the receptor for leptin, an adipocyte-derived cytokine
involved in body weight homeostasis. We report here that
CNTF and leptin activate a similar pattern of STAT factors in
neuronal cells, and that mRNAs for CNTF receptor subunits,
similarly to the mRNA of leptin receptor, are localized in
mouse hypothalamic nuclei involved in the regulation of
energy balance. Systemic administration of CNTF or leptin led
to rapid induction of the tis-11 primary response gene in the
arcuate nucleus, suggesting that both cytokines can signal to
hypothalamic satiety centers. Consistent with this idea, CNTF
treatment of ob/ob mice, which lack functional leptin, was
found to reduce the adiposity, hyperphagia, and hyperinsu-
linemia associated with leptin deficiency. Unlike leptin, CNTF
also reduced obesity-related phenotypes in db/db mice, which
lack functional leptin receptor, and in mice with diet-induced
obesity, which are partially resistant to the actions of leptin.
The identification of a cytokine-mediated anti-obesity mech-
anism that acts independently of the leptin system may help
to develop strategies for the treatment of obesity associated
with leptin resistance.

Ciliary neurotrophic factor (CNTF) is a pluripotent neurocy-
tokine expressed by glial cells in peripheral nerve and in the
central nervous system, which stimulates gene expression, cell
survival, or differentiation in a variety of neuronal and non-
neuronal cells (1, 2). In addition to preventing neuronal
degeneration in various lesion paradigms (1, 2), systemically
administered CNTF causes fever, acute-phase response,
weight loss, and anorexia in experimental animals (3-7) and
humans (8, 9). The effects of CNTF on body weight change and
food intake in mice are transient (6, 7), and their mechanism
is unknown.

CNTF exerts its biological actions through the binding,
sequential assembly, and activation of a multisubunit receptor
complex composed of a ligand-specific subunit (CNTFR«) and
two signal-transducing subunits, gp130 and leukemia inhibi-
tory factor (LIF) receptor (LIFR) (2, 10). Binding of CNTF to
CNTFRa triggers the subsequent association and het-
erodimerization of gp130 and LIFR, leading to the activation
of a signaling cascade mediated by protein tyrosine kinases of
the Jak family and STAT transcription activators (2, 10). The
signal transducers gp130 and LIFR share sequence similarity
(11) and signaling capabilities (12) with the recently identified
receptor (OB-R; refs. 11, 13, 14) for leptin, an adipocyte-
derived cytokine involved in body weight homeostasis (15-17).
Mice lacking leptin (ob/ob mice) or functional OB-R (db/db
mice) fail to restrain their food intake and become obese (11,
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14, 18). The hyperphagia and adiposity of ob/ob mice can be
reversed by systemic administration of leptin (15-17).

The objective of the present study was to investigate whether
the weight- and appetite-reducing effects of CNTF may be
mediated by a mechanism similar to that of leptin. To this end,
we compared the CNTF- and leptin-induced activation of
STAT factors in neuronal cells, the biological activities of
CNTF and leptin in obese mice, and the expression and
activation of the corresponding cytokine receptors in hypo-
thalamic satiety centers. Our results reveal a striking analogy
between the metabolic actions of a lipostatic hormone and a
neurocytokine.

MATERIALS AND METHODS

Protein Production. Recombinant human CNTF and DH-
CNTF (Ser-166 — Asp/Gln-167 — His CNTF; ref. 19), were
produced in Escherichia coli BL21 as previously described (20).
The DNA coding sequence for human leptin was assembled by
PCR using synthetic oligodeoxyribonucleotides according to
the method of Stemmer et al. (21) and subcloned into the
bacterial expression plasmid pRSET-5d (22). Human leptin
was produced using the same protocol as for CNTF. Following
purification by reverse-phase HPLC (20), all proteins migrated
as single bands of the expected size on reducing SDS/PAGE
gels stained with Coomassie blue, and they contained less than
5 ng of endotoxin per mg of protein, as determined by the
Limulus amoebocyte assay (Sigma).

STAT Activation Assay. The murine septal neuron-—
neuroblastoma hybrid cell line SN-56 (23) was maintained in
complete culture medium (Dulbecco’s modified Eagle’s me-
dium containing 10% fetal calf serum, penicillin, glutamine,
and sodium pyruvate). Cells were plated in 100-mm dishes and
used 24 hr later, when semiconfluent. An expression vector
containing the entire coding region (nucleotides 141-3,770) of
human OB-R (13) was prepared as previously described (24)
and was transfected into the cells by using Lipofectamine
(GIBCO/BRL) according to the manufacturer’s instructions.
After 24 hr, cells were distributed into 60-mm culture dishes
containing complete culture medium, and after an additional
24 hr, they were deprived of serum for 4 hr before a 10-min
treatment with cytokines, as specified in Results. The cells were
then washed with ice-cold phosphate-buffered saline contain-
ing 50 mM NakF, collected by centrifugation, and frozen in
liquid nitrogen. Total cell extracts were prepared as previously
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receptor; RT-PCR, reverse transcription-PCR; DIO, diet-induced
obesity.
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described (25). Binding of activated STAT factors to the
high-affinity SIE m67 oligonucleotide (26) was determined by
electromobility shift assays according to Sadowski and Gilman
(27), using 10 ug of cell extract. The oligonucleotide probe was
labeled by filling in 5’ protruding ends with the Klenow
fragment of DNA polymerase in the presence of [a-3?P]dATP
and [@-*?P]dCTP (3,000 Ci/mmol; 1 Ci = 37 GBq). Complexes
were resolved on 5% polyacrylamide/2.5% glycerol/0.5X TBE
(45 mM Tris borate/0.5 mM EDTA, pH 7.8) gels, which were
then dried and subjected to autoradiography.

Animal Studies. Experiments were performed using groups
of male 10- to 18-week-old C57BL/6J ob/ob and C57BL/KS
db/db mice, and 19-week-old AKR/J mice rendered obese by
feeding a high-fat diet (28) starting at 12 weeks of age. Except
where noted otherwise, animals were housed in individual
cages with ad libitum access to water and either standard or
high-fat (AKR mice) rodent chow, under a 12-hr light—dark
cycle (lights on at 0730, off at 1930). They were accustomed to
daily (900 hr) intraperitoneal injections of vehicle (0.9%
saline/0.2 mg/ml endotoxin-free bovine serum albumin) for
two days before the beginning of the treatment (day 0) with
either vehicle or cytokines. Animals were weighed after injec-
tion and food intake was determined by recording the amount
of chow remaining in food dishes. In pair-feeding experiments,
vehicle-treated mice were either fed ad libitum or fed the
amount of chow consumed by DH-CNTF-treated mice during
the preceding 24-hr period, starting at day 1. Blood samples
were taken from the retroorbital sinus 24 hr after the last
injection (900), or 7 hr after the last injection and the removal
of food (1600). Serum glucose was determined by the glucose
oxidase method and serum insulin by radioimmunoassay (Am-
ersham), using rat insulin as standard.

Locomotor activity was measured by scoring the number of
times mice crossed the middle of their home cages during 3 hr
of the dark cycle (2100-2400). Grooming behavior was as-
sessed by focal observations in home cages (five observations
of 1 min each during 30 min of the light cycle), using a rating
scale from 0 to 3 (0, no activity; 1, weak; 2, normal; and 3,
hyperactive). Conditioned taste aversion experiments were
performed using a two-bottle paradigm with 0.1% saccharin as
a novel taste (29).

Body Composition. Carcasses were homogenized, and 2-g
aliquots were lyophilized and then oven-dried at 90°C until
weight was constant. Fat was then extracted with diethyl
ether/ethanol (20:1, vol/vol) (30). Water and fat mass were
calculated from the weight differences after dehydration and
fat extraction, respectively. Lean mass was defined as the
remaining amount of carcass.

Determination of zis-11 mRNA Levels by Reverse Transcrip-
tion (RT)-PCR. Hypothalamic RNA was extracted using a
commercial kit (Biotecx), and the relative expression levels of
the tis-11 primary response gene (31) and of B-actin (as
control) were determined by RT-PCR. First-strand cDNA,
prepared from 1 pg of RNA using (dT)7NN as primer, was
amplified using primers derived from murine tis-11 (5'-
ATGGATCTCTCTGCCTCTACGAGAGCCTC-3" and 5'-
TAGGGGCAGCGGCCCTGGAGGTAGAACTTG-3") or
murine B-actin (5'-TCATGAAGTGTGACGTTGACATC-
CGT-3' and 5'-CCTAGAAGCACTTGCGGTGCACGATG-
3"). Following PCR amplification for 30 cycles (1 min 94°C, 1
min 62°C, 2 min 72°C), products were resolved on a 1% agarose
gel and visualized by ethidium bromide staining. Under these
conditions, staining intensity was proportional to the amount
of input cDNA.

In Situ Hybridization. Serial coronal brain sections were
prepared in the region containing the arcuate and paraven-
tricular hypothalamic nuclei. /n situ hybridization was per-
formed according to previously described procedures (32),
using ¥S-labeled cRNA probes. Probes for murine OB-Rb,
CNTFRe, LIFR, and fis-11 were obtained by RT-PCR ampli-
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fication of mouse brain RNA using appropriate oligonucleo-
tide primers, and corresponded to nucleotides 2850-3407
(GenBank accession no. U46135), 246-856 (numbering ac-
cording to the human sequence; GenBank accession no.
M73238), 2620-3217 (numbering according to the human
sequence; GenBank accession number X61615), and 1-950
(GenBank accession no. M58565) of the respective coding
sequences. The specificity of the probes was confirmed by
DNA sequencing and Northern analysis using total mouse
brain RNA.

RESULTS AND DISCUSSION

STAT Activation by CNTF and Leptin. We directly com-
pared the ability of CNTF and leptin to induce STAT factor
activation in murine septal neuron-derived SN-56 cells, which
express functional CNTF receptors (20). CNTF induced a
pattern of STAT activation characteristic of gp130-signaling
cytokines (33), with predominant DNA binding of STAT3
homodimers and, to a lesser degree, STAT1 homodimers and
STAT1/STAT3 heterodimers (Fig. 1). Leptin produced no
detectable signal (Fig. 1), consistent with the fact that SN-56
cells do not express OB-RbD, the signaling-competent long-
form splice variant of leptin receptor (12, 24, 35) (as deter-
mined by RT-PCR analysis; data not shown). In SN-56 cells
transfected with an expression vector for human OB-Rb (24),
both cytokines triggered STAT activation in a dose-dependent
and saturable manner, with ECsj values in the ng/ml range
(A.D., AD.M,, and R.L., unpublished data). The pattern of
leptin-induced STAT factors was similar to that induced by
CNTF (Fig. 1), consistent with the sequence similarity, includ-
ing the presence of consensus motifs for Jak kinase and STAT
factor interaction sites, between OB-Rb and receptors of the
gp130 family (11). Similar results were obtained in an OB-Rb-
transfected hypothalamic cell line (ref. 24 and unpublished
results).

Anti-Obesity Effects of CNTF. To determine whether CNTF
shares biological activities with leptin, cytokines were admin-
istered to genetically obese mice and mice with diet-induced
obesity (DIO). In agreement with previous reports (15-17, 36),
leptin treatment of mutant ob/ob mice, which do not express
functional leptin, reversed the obesity and hyperphagia asso-
ciated with leptin deficiency. Daily intraperitoneal adminis-
tration of human CNTF (from 2 to 50 ug per mouse) to ob/ob
mice also produced a progressive and dose-dependent de-
crease of body weight, as well as a rapid reduction in food
intake (Fig. 2). At the highest dose tested (50 ug), CNTF
caused a 16% decrease in body weight after 7 days, as
compared with a 5% increase in vehicle-treated controls, and
a 5-fold decrease in food intake. These effects were compa-
rable in magnitude to those of a high dose (100 ug) of leptin
(13% = 2% and 95% = 2% reductions in body weight and food
intake, respectively; P < 0.0001 by Student’s ¢ test; see also
Table 1). The human CNTF superagonist variant DH-CNTF,

transfected
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Fic. 1. Effects of leptin and CNTF on STAT factor activation in
SN-56 cells and SN-56 cells transfected with human OB-Rb. Cells were
incubated for 10 min in the presence or absence of CNTF (C) or leptin
(L) (100 ng/ml). Arrows denote the positions of migration of DNA-
bound STAT3 homodimers (a), STAT1-STAT3 heterodimers (b), and
STAT1 homodimers (c) (34).
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FiG. 2. Effects of CNTF and leptin on body weight (Left) and food
intake (Right) in genetically obese mice (ob and db) and mice with
(DIO). Mice received daily intraperitoneal injections of either vehicle
or cytokines (amounts in ug per mouse), starting at day 0. Body weight
is expressed as percent of the original weight on day —2 and represents
the mean * SEM (n = 3 for ob/ob and db/db, n = 5 for DIO mice).
Baseline weights for each group of vehicle-treated animals were (in g):
ob/ob, 49.3 + 0.3; db/db, 39.1 + 2.5; DIO, 42.6 * 0.8. Statistical
significance was determined by repeated measures ANOVA. For all
groups, P values for the effects of treatment, time, and time X
treatment were P < 0.05, P < 0.0001, and P < 0.01, respectively.

which possesses increased biological activity on mouse neuro-
nal cells (20), produced reductions in body weight (Table 1)
and food intake (data not shown) at doses ~'5 of those for
CNTF. This result, together with the lack of activity of CNTF
variants (20) with impaired receptor interaction (data not
shown), suggest that the anti-obesity effects of CNTF are
mediated through activation of the CNTF receptor complex.

The db/db mouse mutant is resistant to the action of leptin
(15-17, 36), due to a mutation in the gene coding for OB-R
resulting in the production of a receptor splice variant with a
truncated intracytoplasmic domain (11, 14). In contrast, treat-
ment of db/db mice with CNTF led to dose- and time-
dependent weight loss and suppression of food intake (Fig. 2).
The superagonist DH-CNTF elicited comparable effects at
~Y5 the dose of CNTF (see Table 1). Other weight-loss-
inducing cytokines such as tumor necrosis factor and interleu-
kin 1 have been reported to enhance leptin expression and
release from adipose tissue (37), suggesting that their meta-
bolic effects are mediated, at least in part, through the leptin
system. The results obtained in ob/ob and db/db mice, to-
gether with the inability of CNTF to activate signaling through
OB-Rb and to bind to the mutant db/db OB-R (A.D., 1.G.,
ADM.,, and R.L., unpublished results) demonstrate that
CNTF does not act by stimulation of leptin release or direct
activation of leptin receptors.

AKR mice rendered obese by feeding a high-fat diet (DIO
mice) have been reported to be less sensitive than ob/ob mice
to the weight- and appetite-reducing actions of leptin (17). This
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Table 1. Effects of cytokines and pair-feeding on body weight,
serum insulin, and glucose in obese mice

Weight change,  Serum glucose, = Serum insulin,

Treatment g mM ng/ml
Experiment 1 (ob/ob, 7 days)

Vehicle +1.6 £ 0.1 ND 63.3 = 12.7

Leptin —6.5 £ 0.4%* ND 81x 9.1%

CNTF —8.2 = 0.1** ND 43+ 1.0*

DH-CNTF =7.7 £ 0.8** ND 32+ 29*
Experiment 2 (ob/ob, 4 days)

Vehicle +0.5 £ 0.5 ND 72.5 £25.7

DH-CNTF -84 + 0.5%*§ ND 81+ 0.2

Pair-fed —7.0 £ 0.5%* ND 111 = 0.4*
Experiment 3 (db/db, 7 days)

Vehicle +0.2+04 233 +0.8 91 % 42

Leptin -0.8 0.5 28.7 + 0.8* 9.7% 26

CNTF —6.8 £ 0.5%* 8.4 + 1.7%* 82+ 21
Experiment 4 (dg/db, 4 days)

Vehicle 0.0+0.3 30.1 2.0 ND

DH-CNTF ~ —6.8 = 0.4%*§ 12.3 = 1.9%*% ND

Pair-fed =53 £ (0.4%* 248 54 ND

Mice were treated with vehicle, leptin (100 ng), CNTF (50 ug), or
DH-CNTF (10 pg). Blood samples were taken 24 hr after the last
injection (experiments 1 and 3), or 7 hr after the last injection and the
removal of food (experiments 2 and 4). Data represent mean values =
SEM from three to six animals per treatment group. ND, not deter-
mined. *, P < 0.05 vs. vehicle; #*, P < 0.001 vs. vehicle; §, P < 0.05
vs. pair-fed; f, P < 0.001 vs. pair-fed (Student’s ¢ test).

finding, together with the observation that plasma levels of
leptin are higher in DIO mice than in lean littermates, led to
the proposal that diet-induced obesity is associated with leptin
resistance (38, 39). As depicted in Fig. 2, a 5-day treatment of
DIO mice with a 100 ug daily dose of leptin caused modest
decreases in body weight (7% = 1%; P < 0.05 vs. vehicle) and
food intake (27% = 2%; P < 0.05). In contrast, CNTF (50 ug)
and DH-CNTF (10 pg) elicited potent reductions in body
weight (19% = 1% and 24% = 1%, respectively; P < 0.0001)
and food intake (76% = 4% and 73% = 7%, respectively; P <
0.0005) in DIO mice. The finding that CNTF can reverse the
obesity of db/db as well as DIO mice could help to develop
strategies for the treatment of human obesity, which was
postulated to be associated with leptin resistance (38, 40, 41).

Duration and Specificity of the CNTF Effects. A 25-day
treatment of db/db mice with DH-CNTF led to a progressive
and steady decrease in body weight, which by day 10 reached
a level corresponding to that of strain-matched lean mice (Fig.
3). In parallel, DH-CNTF elicited an ~50% decrease in food
intake, which persisted throughout the treatment. In contrast,
the CNTF superagonist elicited only transient effects in strain-

Body weight (g)
Food intake (g)

i O 1 L.
0 10 20 30 40 0 10 20 30 400 10 20
Day of measurement

16 bt v

F1G. 3. Duration of DH-CNTF effects on body weight and food
intake in obese vs. lean mice. C57BL/KS db/db mice (circles), or age-
and sex-matched C57BL/KS +/+ mice (squares), housed in groups of
five, received daily intraperitoneal injections of either vehicle (empty
symbols) or 10 ug of DH-CNTF (filled symbols) for 25 days. From day
26, all mice were treated with vehicle. Food intake is the number of
grams consumed per group divided by five.
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matched wild-type mice. Thus, DH-CNTF rapidly depressed
both food intake and the rate of body weight change in lean
mice, but these effects subsided after approximately 5 and 10
days of treatment, respectively (Fig. 3). Interestingly, leptin
also elicits transient effects in lean mice (15, 42).

A possible explanation for the observed differences between
obese and lean animals is that CNTF, similarly to leptin (15,
16), predominantly depletes adipose mass, such that the extent
and duration of its effect would depend on the size of fat
depots. Indeed, DH-CNTF specifically reduced the percentage
of body fat in ob/ob and db/db mice, while increasing that of
body water and lean mass as compared with vehicle-treated
controls (Table 2). The absolute weight loss induced by
DH-CNTF could be accounted for by a predominant loss of
body fat (60-70% of lost mass), accompanied by a smaller
reduction in water mass (see absolute weights in Table 2).
Leptin produces similar effects in ob/ob mice (15, 16). Thus,
in obese mice, CNTF shares specific anti-adiposity effects with
leptin, rather than acting as a “cachectic” cytokine. Why does
CNTF lead to a reduction in muscle (4) or protein (7) mass in
lean, but not in obese, animals? A plausible explanation for this
apparent discrepancy is that the predominant fat-depleting
effect of the cytokine leads to a nearly total loss of body fat in
lean animals (ref. 4 and unpublished results), which causes
protein loss as a secondary event.

We next ascertained that CNTF does not induce toxicity,
malaise, or illness. Irreversible toxicity was ruled out by the
finding that body weight and food intake rapidly returned to
pretreatment levels following interruption of cytokine admin-
istration, in both db/db (Fig. 3) and ob/ob mice (data not
shown). Locomotor activity was not significantly altered by a
3-day treatment of db/db mice with DH-CNTF (10 pg) as
compared with vehicle-treated controls (activity scores: 43 *
6 and 49 = 6, respectively; n = 5). Likewise, DH-CNTF
treatment did not alter grooming behavior (activity scores:
1.2 = 0.6 and 1.0 = 0.4, for DH-CNTF- and vehicle-treated,
respectively) and did not induce any form of stereotypic
behavior. The behavioral effects of longer treatments or of
higher doses remain to be analyzed. The possibility that the
cytokine causes taste aversion was examined in DIO mice by
using a two-bottle paradigm with 0.1% saccharin as a novel
taste (29). Similarly to leptin, which was reported to reduce
water intake in ob/ob mice (16), DH-CNTF (10 png) caused a
decrease in water intake of DIO mice 2 days after conditioning
(1.8 = 0.1 ml vs. 2.8 = 0.2 ml in vehicle-treated controls; n =
9; P < 0.001). However, DH-CNTF did not cause taste
aversion (saccharin intake 49 = 2% of total fluid vs. 51 * 4%
in controls). These results indicate that the satiety effect of
DH-CNTF is not due to cytokine-induced sickness behavior.

Reversal of Obesity-Associated Metabolic Defects by CNTF.
In addition to its weight- and appetite-regulating actions,
CNTF reversed the hyperglycemia and hyperinsulinemia as-
sociated with the ob or db mutations. Mice bearing the ob
mutation on the C57BL/6 background exhibit strong hyper-
insulinemia (with nearly normal glucose levels after the age of
2-3 months) (43), which can be corrected by leptin treatment
(15, 16, 36). Treatment of ob/ob mice with CNTF or DH-
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CNTF also led to strong reductions in serum insulin levels
(Table 1, experiments 1 and 2). The db/db mutant on the
C57BL/KS background is characterized by severe hypergly-
cemia (with nearly normal insulin levels after the age of 2-3
months) (44). As previously reported (15, 16, 36), leptin was
unable to reverse hyperglycemia in db/db mice. In contrast,
CNTF and DH-CNTF led to 2- to 3-fold reductions in both fed
and fasted serum glucose levels, without affecting the already
low levels of insulin (Table 1, experiments 3 and 4). CNTF was
previously shown to cause hypoglycemia in lean mice (6). The
DH-CNTF-induced reductions in body weight, serum insulin,
and serum glucose exceeded those induced by pair-feeding of
ob/ob or db/db mice to the food intake of cytokine-treated
animals (Table 1, experiments 2 and 4). These results show that
the effects of CNTF, similarly to those of leptin (15, 42, 45) are
not solely due to decreased food intake.

Expression of CNTF Receptor Subunits in Brain Regions
Involved in Body Weight Control. Part of the fat-depleting
activity of CNTF could be related to its ability to inhibit
lipoprotein lipase in cultured adipocytes (46), an effect medi-
ated by soluble CNTFRa (2, 46) and shared with other
gp130-signaling cytokines (47). OB-Rb is expressed in adipose
tissue (14), raising the possibility that leptin might also exert a
direct action on fat cells. Yet gp130-signaling cytokines have
only modest effects, if any, on lipolysis or lipogenesis in
cultured adipocytes, and it has been pointed out that inhibition
of lipoprotein lipase activity alone is unlikely to lead to fat cell
depletion (47). Moreover, such a mechanism would not explain
the potent appetite-reducing effects of CNTF and leptin.

A more likely explanation for the overlapping biological activ-
ities of leptin and CNTF is that the cytokines stimulate common
effector pathways in brain areas involved in the regulation of
energy intake and expenditure. OB-Rb is predominantly ex-
pressed in such regions, including the arcuate, ventromedial, and
paraventricular hypothalamic nuclei (48, 49). To determine
whether hypothalamic satiety centers could also be targets for
CNTF, in situ hybridization was performed using cRNA probes
for murine OB-Rb, CNTFRe, and LIFR. As shown in Fig. 4, the
arcuate and paraventricular nuclei of the mouse hypothalamus
express mRNAs for leptin and CNTF receptor subunits. Further
studies are in progress to determine whether the receptors for
leptin and CNTF are expressed by neurons [as already reported
for CNTFR« in the rat central nervous system (50, 51), including
the paraventricular nucleus (51)] or glia, and whether they are
coexpressed by the same cells.

Activation of Hypothalamic Cells by CNTF and Leptin. In
agreement with the existence of a cytokine signaling pathway to
central satiety centers, systemically administered leptin activates
early signaling responses in mouse hypothalamus (52, 53). If the
mechanism of action of CNTF is similar to that of leptin,
hypothalamic responses should be detectable also after periph-
eral administration of CNTF. The tis-11 primary response gene
(31), which is rapidly induced by CNTF and other STAT3-
dependent cytokines (50), was used as a marker for cellular
activation. Hypothalamic #is-77 mRNA of ob mice was found to
be significantly elevated 1 hr after intraperitoneal injection of
leptin or DH-CNTF as compared with vehicle-treated controls

Table 2. Effects of DH-CNTF treatment of obese mice on carcass composition

Body composition

Water Fat Lean mass
Mice Treatment g % g % g %
ob/ob Vehicle 18.1 £ 0.9 38.0+ 1.5 221 +1.2 46.3 + 1.7 7502 158 £ 0.5
DH-CNTF 15.5 = 0.4* 42.8 = 1.7* 14.1 = 1.6** 38.7 = 3.0* 6.7+ 0.5 185 £ 1.6
db/db Vehicle 16.5 £ 0.6 38.8+13 19.1 =15 44.6 = 2.2 7104 16.6 = 1.0
DH-CNTF 13.3 £ 0.5%* 414+13 12.5 = 0.8** 38.1 = 1.4* 6.7+0.2 20.6 = 0.7%*

Mice were treated for 10 days with either vehicle or 10 ug of DH-CNTF. Results are the mean = SEM (n = 5). *, P < 0.05;

#x, P < (.01 vs. vehicle by Student’s ¢ test.
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CNTFR«

F1G. 4. Expression of receptor subunits for leptin (OB-Rb) and
CNTF (CNTFRa and LIFR) in mouse hypothalamus. A, arcuate
nucleus; P, paraventricular nucleus. (X100.)

(Fig. 5A4). In situ hybridization revealed a similar pattern of fis-11
staining for leptin and DH-CNTF; the arcuate nucleus was a
major site of activation by both cytokines (Fig. 5B).

This result demonstrates that systemically administered
CNTF and leptin can signal to a brain region that has been
implicated as an important target of leptin action (36, 49). It
cannot be excluded that the cytokines activate hypothalamic
cells indirectly, for instance through peripheral mediators or
via afferent nerves. Yet the rapidity of this effect, together with
the expression of specific receptors for CNTF and leptin in the
arcuate nucleus, argues for a direct action on the hypothala-
mus. Both CNTF (54) and leptin (55) can cross the blood—
brain barrier. Cytokines may penetrate into the brain by means
of specific transport systems, as reported for leptin (55). They
may also gain access through circumventricular organs lying
outside the blood-brain barrier, such as the median eminence,
which is adjacent to the arcuate nucleus (56). Further studies
are necessary to distinguish between these possibilities. In
addition, it will be important to determine whether CNTF can
alter the expression of neural mediators involved in energy
homeostasis, such as neuropeptide Y, whose synthesis in the
arcuate nucleus is down-regulated by leptin (36, 49).

Conclusions. The present results are consistent with the idea
that the shared biological activities of CNTF and leptin involve
a related mechanism of action. In addition to their pharma-
cological significance, these findings raise the possibility that
CNTF or related molecules, such as a putative second ligand
for CNTFRa (57) or LIF [whose receptor is part of the CNTF
receptor complex (2)], might play a physiological role in the

Proc. Natl. Acad. Sci. USA 94 (1997)

tis-11/ Vehicle

tis-11/ DH-CNTF

itis-11/LEPTIN

Fic. 5. Effects of leptin and CNTF on tis-11 expression in mouse
hypothalamus. Groups of three ob/ob mice received intraperitoneal
injections of vehicle (—), leptin (L, 100 ng), or DH-CNTF (D-C, 10 ug)
and were sacrificed 1 hr later by cervical dislocation. (4) Relative
expression levels of #is-11 and B-actin (as control), as determined by
RT-PCR. (B) In situ hybridization on coronal brain sections from
vehicle- or cytokine-treated mice, using a 33S-labeled cRNA probe for
murine tis-11. (X100.)

regulation of energy balance. Even though null mutations in
the CNTF or LIF genes (58, 59) have not been reported to be
associated with metabolic defects, other gp130-signaling cyto-
kines might play compensatory roles. In contrast to CNTF- or
LIF-deficient animals, mice lacking CNTFRa (57) or LIFR
(60) present severe neuronal deficits, suggesting the existence
of additional receptor ligand(s). Since these mice die perina-
tally, the possible roles of such factors in adult animals remain
unknown. Considering the glucose-lowering effects of CNTF,
it is noteworthy, however, that the livers of LIFR-deficient
mouse embryos contain increased glycogen stores, suggesting
fetal hyperglycemia (60). Further studies, using CNTF recep-
tor antagonists (20) or conditional receptor-knockouts, will
help to assess the possible involvement of CNTFRa or LIFR
ligands in the regulation of body weight and metabolism.
Finally, the present findings raise the intriguing possibility
that leptin may share additional biological activities with
CNTF, such as the ability to regulate neuronal cell survival or
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differentiation. A role for leptin in central nervous system
function would be consistent with the expression of OB-Rb
mRNA in rodent thalamus, cortex, and hippocampus (48).
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