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via LRb Tyr985 to attenuate the anti-adiposity effects of leptin, especially in females, potentially contributing to leptin
insensitivity in obesity.
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The	adipose-derived	hormone,	leptin,	acts	via	its	receptor	(LRb)	to	convey	the	status	of	body	energy	stores	
to	the	brain,	decreasing	feeding	and	potentiating	neuroendocrine	energy	expenditure.	The	failure	of	high	
levels	of	leptin	in	most	obese	individuals	to	promote	weight	loss	defines	a	state	of	diminished	responsive-
ness	to	increased	leptin,	termed	leptin resistance.	Leptin	stimulates	the	phosphorylation	of	several	tyrosine	
residues	on	LRb	to	mediate	leptin	action.	We	homologously	replaced	LRb	in	mice	with	a	receptor	with	a	muta-
tion	in	one	of	these	sites	(Tyr985)	in	order	to	examine	its	role	in	leptin	action	and	signal	attenuation	in	vivo.	
Mice	homozygous	for	this	mutation	are	neuroendocrinologically	normal,	but	females	demonstrate	decreased	
feeding,	decreased	expression	of	orexigenic	neuropeptides,	protection	from	high-fat	diet–induced	obesity,	
and	increased	leptin	sensitivity	in	a	sex-biased	manner.	Thus,	leptin	activates	autoinhibitory	signals	via	LRb	
Tyr985	to	attenuate	the	anti-adiposity	effects	of	leptin,	especially	in	females,	potentially	contributing	to	leptin	
insensitivity	in	obesity.

Introduction
The prevalence of obesity continues to increase at alarming rates 
throughout the world, fostering the rise in obesity-related comor-
bidities, such as diabetes and cardiovascular disease. While body 
energy homeostasis is closely regulated, only recently have we 
begun to understand the physiologic mechanisms that regulate 
feeding and body weight to effect this balance. One important 
effector of body energy homeostasis is leptin, which is produced by 
adipocytes as a signal of the repletion of body energy stores. Leptin 
acts in the CNS to promote satiety and enable neuroendocrine 
energy expenditure (1–7). The lack of leptin action due to muta-
tions in leptin (e.g., ob/ob mice) or in the active (b) form of the leptin 
receptor (LRb; e.g., db/db mice) or as a consequence of lowered fat 
stores results in increased appetite and an energy-sparing neuro-
endocrine starvation response that includes infertility and growth 
retardation (3, 8). In ob/ob and db/db animals, hyperphagia paired 
with decreased energy expenditure results in morbid obesity and a 
propensity to develop type 2 diabetes. Conversely, in normal leptin-
sensitive animals, high leptin levels tend to reduce appetite and 
permit neuroendocrine energy expenditure, and leptin administra-
tion decreases feeding and body weight while preserving metabolic 
energy utilization. The failure of elevated leptin levels to mediate 
weight loss in common forms of human obesity suggests the atten-
uation of leptin action (leptin resistance) in obese states, as with 
diet-induced obesity in rodents (9–11). Potential mechanisms to 
explain this leptin resistance include alterations in leptin transport 
into the CNS and inhibition of leptin signaling (12, 13).

Leptin binding activates the LRb-associated Jak2 tyrosine kinase 
to mediate tyrosine phosphorylation–dependent leptin signaling 
via several pathways (Figure 1A) (1, 14–17): phosphorylated LRb 
Tyr1138 recruits the latent transcription factor STAT3 to medi-
ate its activation (14, 16, 17), and Tyr1077 activates STAT5 dur-
ing LRb signaling in cultured cells (18). Phosphorylated Tyr985 
of LRb binds Src homology–containing tyrosine phosphatase-2 
(SHP2, also known as PTPN11), which participates in ERK acti-
vation during leptin signaling in cultured cells (16, 19). Tyr985 
additionally binds SOCS3 and contributes to the attenuation of 
LRb signaling in vitro (16, 19, 20). The LRb-associated Jak2 may 
also mediate signals independently of LRb tyrosine phosphoryla-
tion sites (1, 16) as well as provide a second, lower-affinity binding 
site for SOCS3 (21, 22). The cellular mechanisms by which leptin 
and LRb regulate signaling via other effector systems such as PI3K, 
mammalian target of rapamycin (mTOR), and AMP-activated pro-
tein kinase (AMPK) pathways are not yet understood (23–25).

We have previously demonstrated that signals mediated by 
Tyr1138 of LRb are central to the regulation of feeding and energy  
expenditure by leptin, while Tyr1138-independent signals are 
important for the control of glucose homeostasis, growth, and 
reproduction by leptin (26, 27). In this report, we examine the con-
tribution of Tyr985 to LRb function in vivo in order to determine 
whether Tyr985 mediates these Tyr1138-independent or other 
leptin actions. We also examine a role for Tyr985 in the attenua-
tion of leptin signaling.

Results
In order to understand the contribution of LRb Tyr985 to leptin 
action and inhibition in vivo, we generated mice in which the LRb-
specific exon 18b of the leptin receptor gene (Lepr) was homolo-
gously replaced by a mutant exon 18b containing a substitution 
of Tyr985 (LeprLeu985, encoding LRbL985) (Figure 1B). This Tyr→Leu  
mutation was employed to facilitate genotyping (it creates a novel 
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HindIII site), abrogate phosphorylation of the site, and block 
SHP2/SOCS3 recruitment, as demonstrated by the extensive study 
of this mutation in cultured cells (16, 19, 20). This gene-target-
ing strategy expresses mutant LRb molecules from the genomic 
context of endogenous LRb so that expression patterns and levels 
of mutant LRb mirror those of wild-type LRb (26). Heterozygous 
LeprLeu985/+ (l/+) animals were intercrossed to generate +/+, l/+, and 
homozygous (l/l) littermates for study (Figure 1C). We confirmed 
normal hypothalamic expression of leptin receptor mRNA in l/l 
mice by quantitative real-time RT-PCR (Figure 1D).

In order to determine the distribution and function of LRbL985 
in vivo, we examined leptin-stimulated signaling by analyzing the 
phosphorylation of STAT3 (pSTAT3) in the basomedial hypo-
thalamus by immunohistochemistry (Figure 1E). As expected, +/+ 
and l/l mice demonstrated similar patterns of leptin-stimulated 
STAT3 activation, confirming the normal distribution of func-
tional LRbL985 in l/l mice.

We initially examined the regulation of body weight in +/+, l/+, 
and l/l littermates on the segregating (C57;129) background fed a 
high-calorie breeder chow diet (Figure 2). The body weight of l/+ 
and l/l animals of each sex were lower than for +/+ animals (Fig-
ure 2, A and B); while these differences did not reach statistical 
significance for male l/l animals or l/+ animals of either sex, the 
body weight of l/l females was decreased significantly at older ages 
compared with that of +/+ females. This difference in body weight 

corresponded to a significant decrease in the weight of gonadal fat 
pads in l/l females only (Figure 2, C and F). Circulating leptin levels 
were decreased in l/l animals of both sexes compared with those 
of +/+ animals, however (Figure 2, D and G), suggesting the pos-
sibility of more modest affect of Tyr985 mutation on body adipos-
ity in males. Insulin levels, while not different in males, were sig-
nificantly decreased in l/l females (Figure 2, E and H), suggesting 
potentially increased insulin sensitivity in lean l/l females. Overall, 
these data suggest that mutation of Tyr985 of LRb in vivo results 
in decreased adiposity, especially in females, consistent with the 
notion of increased leptin action in these animals.

To investigate susceptibility to diet-induced obesity in l/l animals, 
we examined energy homeostasis in C57BL/6 l/l, l/+, and +/+ ani-
mals on normal chow (NC) and high-fat (HF) diets beginning at 5 
weeks of age (Figure 3, A–D). On this background, body weights of 
l/l and l/+ animals did not differ from age- and sex-matched +/+ ani-
mals, with the exception of older females fed HF chow, which were 
significantly lighter than +/+ and l/+ animals. Indeed, while weight 
gain over the course of the study was not different between +/+ and 
l/+ animals, l/l and +/+ males on any diet, or l/l and +/+ females on 
the NC diet, l/l females on the HF diet exhibited decreased weight 
gain over the course of the study (Table 1). While food intake did 
not differ by genotype in males on any diet (Supplemental Fig-
ure 1; supplemental material available online with this article; 
doi:10.1172/JCI30688DS1) or on NC diet for females, both l/l and 

Figure 1
Generation of mice expressing LRbL985. (A) Cartoon of signaling by LRb showing the activation of specific signals by individual tyrosine phos-
phorylation (pY) sites. (B) Targeting strategy for generation of the LeprL985 allele. Shown is the targeting vector containing the LRb-specific exon 
18b with the mutation of Tyr985 (which also generates a novel HindIII site) (exon18b-L985) plus Neo and thymidine kinase (TK) cassettes for 
positive and negative selection, respectively. Recombination in ES cells replaces the wild-type exon 18b with exon 18b-L985 and the Neo cas-
sette, to mediate physiologic expression of the mutant LRb from the endogenous Lepr gene, as previously described (26). (C) Southern blot 
using a Lepr locus probe, demonstrating correct targeting of the locus in +/+, l/+, and l/l mice. M, marker. (D) qPCR for hypothalamic LRb mRNA 
expression in +/+ and l/l mice. (E) Hypothalamic detection of STAT3(PY) in +/+ and l/l mice. Age- and sex-matched animals were treated i.p. with 
vehicle or leptin for 30 minutes. Brains were processed for immunohistochemical detection of STAT3(PY) in the hypothalamus; representative 
sections showing the ARC and ventromedial hypothalamic nucleus (VMH) are shown. For reference, position of the third cerebral ventricle (3V) 
is shown. Original magnification, ×20.
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l/+ females demonstrated decreased food intake compared with +/+ 
animals at the inception of HF feeding (Figure 3, E and F).

These data demonstrate that the absence of LRb Tyr985 in females 
decreases body weight and also serves to decrease intake of palat-
able HF diets, suggesting that measures of adiposity should also be 
decreased in l/l females. Indeed, fat pad weight was decreased in l/l 
compared with that of +/+ females on either diet, and this decreased 
adiposity was reflected in decreased levels of circulating leptin in 
the l/l females, even those on the NC diet — suggesting decreased 
adiposity in l/l females, even in the absence of detectable alterations 
in total body weight on this diet (Figure 4, A and 
B). Neither adipose tissue weight nor leptin lev-
els were different between genotypes in males 
(Supplemental Figure 1). Thus, l/l females dem-
onstrate decreased adiposity compared with +/+ 
mice on both outbred and inbred backgrounds, 
especially when exposed to a palatable, calorical-
ly dense diet. Circulating insulin levels in ad libi-
tum–fed animals were also decreased in young 
l/l and l/+ females as well as in older l/l animals 
on the HF diet (Figure 4C), consistent with 
appropriately increased insulin sensitivity with 
decreased adiposity in l/l females. No difference 
in insulin levels was observed between male l/l 
and +/+ animals (Supplemental Figure 1).

Metabolic rate, as determined by oxygen consumption, was not 
different between female +/+ and l/l animals (Supplemental Fig-
ure 2), however the finding of decreased measures of adiposity in 
l/l animals on NC diet in the absence of measurable changes in 
food intake or energy expenditure may result from errors inher-
ent to the measurement of food intake (e.g., chewing of less-palat-
able NC) or, alternatively, could result from altered partitioning 
of nutrients in the l/l animals. The decreased feeding and normal 
metabolic rate of l/l females in the face of decreased adiposity and 
lower leptin levels suggest increased leptin sensitivity of l/l animals. 

Figure 2
Leanness in l/l mice. (A and B) Mice 
of the indicated sex and genotype 
were weighed weekly from the time of 
weaning until the age of 8 weeks. No 
difference between curves by repeat-
ed measures ANOVA; *P < 0.05, l/l 
versus +/+ animals for pairwise com-
parisons (ANOVA) at indicated age. 
(C–H) Data regarding adipose tis-
sue weight and hormone levels from  
8-week-old female +/+ and l/l mice 
from A and B. (C–E) Female mice. 
(F–H) Male mice. All values repre-
sent mean ± SEM. *P < 0.05 versus 
+/+ mice, by ANOVA.

Figure 3
Decreased body weight and feeding in l/l females 
during HF feeding. (A–D) C57BL/6 female (A and 
B) and male (C and D) +/+, l/+, and l/l animals were 
provided NC (A and C) or HF (B and D) diets from 
the age of 5 weeks and weighed weekly until 12 
weeks of age. All values represent mean ± SEM. 
ANOVA and repeated measures ANOVA, P = NS, 
except for #P < 0.02 for l/l versus other groups 
where indicated. (E) Weight gained per female 
mouse from 5–12 weeks of age on each diet. 
(F) Food intake for first week of divergent diet for 
female mice of the indicated genotype. *P < 0.05, 
**P < 0.01 versus +/+ animals, by ANOVA.
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Indeed, the baseline pSTAT3 in the arcuate nucleus of the hypo-
thalamus (ARC), which reflects signaling by endogenous leptin via 
LRb, tended to be higher in l/l compared with +/+ ARC tissues and 
was significantly increased in l/l compared with +/+ animals on 
NC diet (Figure 4D), even though circulating levels of leptin were 
lower in l/l animals — indicating increased leptin sensitivity of sig-
naling by LRbL985 compared with LRb in vivo (20, 28, 29).

An important component of leptin action is mediated by the 
ARC, where leptin promotes the expression and secretion of appe-
tite-suppressing (anorectic) neuropeptides derived from the proo-
piomelanocortin (POMC) precursor and inhibits the production 
and release of the orexigenic peptides neuropeptide Y (NPY) and 
agouti-related peptide (AgRP) (2). In order to determine whether 
the lean phenotype of l/l females may result in part from enhanced 
leptin action in these ARC neurons, we examined neuropeptide 
mRNA expression in hypothalami from +/+ and l/l females fed NC 
and HF diets (Figure 5, A–C). While POMC mRNA levels demon-
strated no consistent alteration among groups, both AgRP and 
NPY mRNA levels tended to be lower in the l/l mice and were sig-
nificantly lower in l/l animals on the HF diet compared with +/+ 
animals on the HF diet (P < 0.05), consistent with the prediction 
of increased sensitivity to leptin in l/l animals. We also examined 
mRNA expression for the binding partners of Tyr985 (SOCS3 and 
SHP2), which were not altered in l/l compared with +/+ animals on 
either diet (Figure 5, D and E).

In order to directly compare leptin sensitivity in +/+ and l/l ani-
mals, we examined the physiological response to low-dose leptin 
treatment in 6-week-old NC-fed l/l and +/+ females (Figure 6). In 
this paradigm, the amount of leptin administered had little effect 

on body weight in +/+ animals (17.1 ± 0.3 g  
before treatment, 16.8 ± 0.3 g follow-
ing leptin treatment; P = NS). In female 
l/l mice, however, treatment resulted in 
a more than 5% decrease in overall body 
weight (16.3 ± 0.3 g before treatment,  
15.2 ± 0.3 g following leptin treatment; 
P < 0.001 versus +/+ mice) and decreased 
feeding by approximately 1.5-fold com-
pared with +/+ animals (food intake prior 
to leptin treatment, 4.5 ± 0.2 g/d for +/+  
mice, 4.5 ± 0.1 g/d for l/l  mice; during 
leptin treatment, 3.4 ± 0.2 g/d for +/+ 
mice, 2.8 ± 0.2 g/d for l/l mice [P < 0.001]; 
following leptin treatment, 4.6 ± 0.2 g/d 
for +/+ mice, 4.7 ± 0.2 g/d for l/l mice). 
Thus, female l/l animals are more sensitive 
to leptin than are +/+ animals, suggesting 
that Tyr985 inhibits leptin action in vivo.

Our previous finding of hyperphagia and obesity but preserved 
reproductive and growth function in mice lacking LRb Tyr1138/
STAT3 signals suggests that LRb mediates control of the reproduc-
tive and growth axes by signals other than Tyr1138/STAT3 (26, 30). 
The C57BL/6 l/l males and females were also fertile and displayed 
normal growth, suggesting that signals mediated by Tyr985 are not 
required for the stimulation of the growth and reproductive axes by 
leptin (Table 2). In addition, the finding of appropriately decreased 
circulating insulin levels in lean normoglycemic l/l mice also sug-
gests appropriate regulation of insulin sensitivity independently of 
Tyr985 (Figures 2 and 4). Glucose levels in ad libitum–fed animals 
did not vary among genotypes on any diet (data not shown).

We furthermore confirmed that l/l mice are neuroendocrinologi-
cally different from db/db animals by interbreeding l/+ and db/+ ani-
mals to generate (fertile) db/l animals, which were then interbred 
to obtain littermate db/db and l/l animals. Comparison of these 
animals confirmed the preservation of reproductive function and 
growth in l/l relative to db/db animals (Supplemental Table 1).

Discussion
Mutation of Tyr985 in vivo results in reduced feeding and adi-
posity, decreased orexigenic ARC neuropeptide expression, and 

Table 1
Body weight and weight gain by C57BL/6 animals of all genotypes on NC and HF diets

Sex	 Genotype	 Diet	 Weight	5	wk	(g)	 Weight	12	wk	(g)	 Weight	gain	5–12	wk	(g)
Female +/+ NC 17.0 ± 0.4  21.2 ± 0.5 4.2 ± 0.3
 l/+ NC 16.8 ± 0.3 21.8 ± 0.5 5.0 ± 0.4
 l/l NC 16.5 ± 0.4 20.8 ± 0.3 4.4 ± 0.3
 +/+ HF 16.7 ± 0.3 24.1 ± 0.5A 7.4 ± 0.5A

 l/+ HF 16.1 ± 0.5 25.1 ± 2.0A 8.9 ± 1.9A

 l/l HF 16.1 ± 0.6 22.0 ± 0.7A,B 5.9 ± 0.4A,B

Male +/+ NC 19.1 ± 0.3 24.9 ± 0.4 5.8 ± 0.3
 l/+ NC 18.3 ± 0.5 24.1 ± 0.5 5.7 ± 0.4
 l/l NC 18.5 ± 0.5 24.8 ± 0.4 6.3 ± 0.4
 +/+ HF 18.8 ± 0.5 29.7 ± 1.3A 10.9 ± 1.0A

 l/+ HF 19.2 ± 0.3 29.3 ± 1.0A 10.1 ± 1.2A

 l/l HF 17.7 ± 0.6 28.4 ± 2.2A 9.7 ± 1.4A

Data shown are mean ± SEM. AP < 0.001, compared with NC-fed animals, in group and pairwise com-
parisons, by ANOVA. BP < 0.05 compared with sex- and diet-matched +/+ animals, by ANOVA.

Figure 4
Decreased measures of adiposity and increased hypothalamic leptin 
action in female l/l animals. (A and C) Serum leptin and insulin levels 
from female mice from Figure 3 at 4 and 10 weeks of age. (B) Weight 
of perigonadal fat pads from animals in Figure 3 at time of sacrifice. 
(D) At the age of 12 weeks, the ARC was dissected for the detection 
of STAT3(PY) (representative data shown in inset) and total STAT3 by 
immunoblotting. The ratio of STAT3(PY) normalized for total STAT3 is 
plotted for each group of animals. Data are normalized to levels in NC 
+/+ animals, which were set as 100%. All values represent mean ± SEM. 
*P < 0.05 versus +/+ animals of same age and diet, by ANOVA.
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increased baseline STAT3 activation in female l/l mice — all in the 
face of low leptin levels. Coupled with the increased sensitivity of 
l/l animals to exogenous leptin, these observations suggest that 
mutation of Tyr985 blocks the activation of an inhibitory Tyr985-
dependent LRb signal, ultimately leading to increased leptin sen-
sitivity in vivo. These results suggest an important role for Tyr985 
in the attenuation of leptin action in vivo, consistent with results 
from cultured cells, which confirms an important role for Tyr985 
in the inhibition of LRb signaling (20, 28, 31).

Importantly, the phosphorylation and action of Tyr985 is pro-
moted by leptin-stimulated Jak2 activation; Tyr985-dependent 
attenuation of LRb signaling thus represents a leptin-stimulated 
autoinhibitory signal, the magnitude of which would be predicted 
to increase in proportion to leptin levels and thus more 
profoundly attenuate the amplitude of the LRb signal at 
high leptin levels, as found in obesity. Consistent with this, 
our data demonstrate a more robust divergence of feeding 
and body weight between +/+ and l/l animals fed HF diet 
or breeder chow than in +/+ and l/l animals fed NC diet. 
Indeed, while weight gain over the course of the NC feed-
ing study was similar in +/+ and l/l animals, the increased 
weight gain attributable to HF diet (weight gained on NC 
diet subtracted from weight gained on HF diet) was 3.2 
g for +/+ females, but only 1.5 g for l/l females. Hence, at 
lower leptin levels in lean animals fed NC diet, the inhibi-
tory function of Tyr985 on leptin action appears to be 
relatively modest but becomes more pronounced with 
increased adiposity and higher circulating leptin levels. 
The action of Tyr985 thus provides one reasonable mecha-
nism to explain the leptin resistance associated with obe-
sity. The more pronounced effect of Tyr985 mutation in 
the face of obesity-predisposing, high-leptin states (such as 

diet-induced obesity) is reminiscent of results for deletion of 
the Tyr985-binding inhibitor of leptin signaling, SOCS3, but 
contrasts with the effect of PTP1B knockout (32–35). PTP1B, 
another important physiologic inhibitor of leptin and insulin 
action, is not appreciably increased by leptin treatment, and 
mice null for this molecule demonstrate increased leanness 
on both NC and HF diets, with the effect being more promi-
nent on the NC diet (34, 36).

Since Tyr985 of LRb recruits both SHP2 and SOCS3 (20, 28, 
29), the failure of LRbL985 to recruit either of these proteins 
could theoretically underlie the lean, leptin-sensitive pheno-
type of l/l mice. Most data from cultured cells and animals 
support a primary role for SOCS3 in the inhibition of LRb 
signaling, however (19–21, 32, 35, 37, 38). SOCS3 mRNA 
expression was similar between +/+ and l/l mice, suggesting 
the effect of LRb Tyr985 in the attenuation of leptin action 
in vivo is not due to differences in SOCS3 expression between 
+/+ and l/l animals. Since leptin treatment increases STAT-
dependent SOCS3 expression, the finding that SOCS3 mRNA 

expression is not increased in l/l females with enhanced baseline 
STAT3 signaling is consistent with the possibility that factors 
other than leptin may represent the main regulators of hypotha-
lamic SOCS3 expression under physiologic conditions.

While female l/l animals consistently display a leptin-sensitive 
and lean phenotype, male l/l animals display remarkably little of 
this effect. The female predominance of the lean hypophagic l/l 
phenotype is an intriguing and unexpected result from this study. 
These results are consistent with the finding of a similarly more 
robust leptin-sensitive phenotype for SOCS3-deficient females 
than males, however (32, 35). While the mechanism for this sex 
specificity remains unclear, these findings are consistent with 
the observation that the regulation of feeding in females is more 

Figure 5
ARC neuropeptide and Tyr985-interacting protein gene expres-
sion in l/l females. ARC mRNA levels for (A) POMC, (B) AgRP, 
(C) NPY, (D) SOCS3, and (E) SHP2 from animals in Figure 3. 
Data are normalized to levels in NC +/+ animals, which were set 
as 100%. All values represent mean ± SEM. *P < 0.05 versus +/+ 
animals of same age and diet, by ANOVA.

Figure 6
Increased in vivo leptin sensitivity in l/l mice. Seven-week-old female +/+ 
and l/l mice fed NC were injected i.p. twice daily with PBS for 3 days, then 
with leptin for 3 days, and then with PBS for 2 days. (A) Body weight was 
measured once per day during the injection period. Day 1 represents the 
average weight during the initial (first 3 days) PBS injections. Arrows indi-
cate times of leptin injections. (B) Average 24-hour food intake during injec-
tion periods. All values represent mean ± SEM. *P < 0.05 and #P < 0.001 
versus +/+ mice.
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responsive to leptin, while that in males is more responsive to insu-
lin (39, 40) — which predicts that specific sensitization of leptin 
signaling would result in a stronger phenotype in females than 
in males. Indeed, estrogen interacts with the same neural and sig-
naling apparatus as leptin in the hypothalamus to regulate body 
energy homeostasis (41). Determining the precise roles for various 
sex-specific factors, such as gonadal hormones, in the sex specific-
ity of the l/l phenotype will require additional study.

Mice of either sex heterozygous for mutation of Tyr985 (l/+ 
mice) display relatively little of the lean, leptin-sensitive pheno-
type demonstrated by the homozygous l/l females. Most measures 
of energy balance in the l/+ female mice trend toward a phenotype 
intermediate between that of the +/+ and the l/l animals, suggest-
ing that, while the effect of Tyr985 mutation is not dominant, a 
50% reduction in this pathway may predispose toward leanness, 
consistent with codominance as for heterozygosity for SOCS3 
(32). Thus, it is possible that variability of the Tyr985/SOCS3 
pathway in large, heterogeneous populations of genetically 
diverse individuals (such as humans) could meaningfully impact 
energy balance. At a molecular level, this also suggests that the 
amplitude of LRb signaling is regulated by the relative amount of 
SOCS3 within the LRb dimer or oligomer and that SOCS3 levels 
within the LRb signaling complex may roughly approximate the 
amount of phosphorylated Tyr985.

While it has become increasingly apparent that actions outside 
the ARC mediate important aspects of the leptin response and con-
tribute to the regulation of body energy homeostasis (42, 43), ARC 
neurons remain a crucial site of leptin action, and the finding of 
decreased orexigenic ARC neuropeptide mRNA levels in l/l mice 
suggests that increased leptin sensitivity in these animals oper-
ates at least in part in these specific neurons of the ARC. While 
the unaltered POMC expression in the hypothalamus of l/l mice 
might suggest some neuronal specificity to the phenotype of these 
mice, it is also possible that our inability to detect such changes is a 
consequence of the virtually maximal expression of this gene in fed 
animals, as were studied in this experiment. Although the effects of 
Tyr985 and other sensitizers of leptin signaling are most easily and 
commonly studied by examining the regulation of STAT3 signal-
ing, the increased suppression of AgRP and NPY mRNA expression 
in the l/l animals also suggests the importance of Tyr985 in atten-
uating STAT3-independent signals, since the regulation of these 
neuropeptides may be largely independent of STAT3 (26, 44, 45).

The phenotype of l/l mice also suggests that, while Tyr985 is 
required for SHP2 signaling, this signal is not required for the reg-
ulation of growth or reproduction by leptin and does not mediate 
essential anorectic signals. This finding contrasts with the finding 
of obesity and altered neuroendocrine function in animals with 

deletion of SHP2 in the forebrain (37), consistent with 
the notion that disruption of SHP2 alters signaling 
by numerous factors other than leptin, and in a wide 
variety of neuronal populations (46, 47). Since LRb 
Tyr1138/STAT3-independent signals contribute to 
the regulation of growth, reproduction, and glucose 
homeostasis by leptin (26), the LRb Tyr1077/STAT5 
pathway or signals mediated by the LRb-associated 
Jak2 independently of LRb tyrosine phosphorylation 
(18, 24, 30) are likely candidates to mediate the con-
trol of these neuroendocrine actions by leptin.

Overall, these results suggest that the inhibitory 
LRb Tyr985 signal may underlie the decreased incre-

mental responsiveness to leptin observed in conditions of increased 
adiposity and leptin levels (the hallmark of leptin resistance), espe-
cially in females. This thus suggests a role for this feedback pathway 
in leptin resistance and the establishment or maintenance of com-
mon forms of obesity.

Methods
Animals. Interbreeding of l/+ mice yielded +/+, l/+, and l/l mice for study at 
the expected Mendelian frequencies. Genotyping of ES cell clones was by 
Southern analysis; mice were initially genotyped as described for other LRb 
knock-in mice (26) and subsequently genotyped via SNP analysis by auto-
mated fluorescent real-time PCR (Applied Biosystems). l/+ animals were 
backcrossed to the C57BL/6 background using a speed congenic protocol at 
Charles River Laboratories Inc. to greater than 95% homozygosity (N4–N6 
animals) before intercrossing to generate experimental C57BL/6 animals. 
C57BL/6 and C57BL/6 db/+ mice for breeding were from The Jackson Labo-
ratory. Mice were housed in accredited animal facilities of the Joslin Diabetes 
Center (Boston, Massachusetts, USA) and the University of Michigan with 
ad libitum access to chow and water. Mice for study were housed individually 
from the time of weaning at 21 days of age, with weekly monitoring of body 
weight. All procedures were approved by the Institutional Animal Care and 
Use Committee at Joslin Diabetes Center and the University of Michigan.

Leptin stimulation and immunohistochemical analysis of hypothalamic signaling. 
Eight- to ten-week-old mice were treated with recombinant mouse leptin 
(5 μg/g) (National Hormone & Peptide Program) or vehicle i.p. for 30 min-
utes before being deeply anesthetized (90 mg/kg sodium pentobarbital) 
and perfused transcardially with formalin. Removal of the brain, post-
fixation, cryoprotection, sectioning, and immunohistochemistry were as 
described in ref. 11. In brief, free-floating tissue sections were blocked in 
donkey serum and then incubated with antiphosphorylated STAT3 anti-
body (1:2,000) obtained from Cell Signaling Technology Inc. Sections were 
developed using diaminobenzidine, and images were captured under light 
microscopy with a digital camera.

Phenotypic data. Blood was collected for serum determination of insulin 
and leptin (Rat Insulin ELISA Kit and Mouse Leptin ELISA Kit; Crystal 
Chem Inc.) between 2 pm and 4 pm. Snout-anus length was measured 
with a micrometer. Body composition was determined by dual-energy– 
x-ray absorptiometry (DEXA) (PIXImus; Lunar). For HF diet–fed animals, 
45 kcal% fat chow (catalog no. D12451; Research Diets Inc.) was provided 
from 5 weeks of age. Breeder chow was Purina Labdiet 5008. NC was Purina  
Labdiet 5001. Food consumption was determined by weighing the chow 
once every second day during the first week of HF feeding.

In vivo leptin sensitivity. Female +/+ and l/l mice of 7 weeks of age were 
injected i.p. at 8 am and 4:30 pm with PBS or leptin (1 mg/kg) according 
to the following scheme: PBS injections for 3 days, followed by leptin injec-
tions for 3 days, followed by PBS injections for 2 days. Animals and chow 
were weighed daily during the injection period.

Table 2
Reproductive and growth phenotype of C57BL/6 +/+ and l/l animals on NC diet

	 Male	 Female
Genotype	 +/+	 l/l	 +/+	 l/l
Fertility (reproduced/tested) 9/9 11/11 11/11 12/12
Lean mass (g) 22.7 ± 0.6 23.4 ± 0.8 18.8 ± 0.4 19.0 ± 0.3
Fat mass (g) 4.6 ± 0.2 4.8 ± 0.3 4.1 ± 0.3 3.5 ± 0.2
Snout-anus length (mm) 90.8 ± 1.2 93.1 ± 0.8 89.9 ± 1.7 89.8 ± 0.7

Data are mean ± SEM. For all l/l animals, P = NS versus +/+ animals, by unpaired  
2-tailed Student’s t test.
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Analysis of hypothalamic protein and RNA. Hypothalami were isolated 
from random-fed 8-week-old mice between 10 am and 12 am, and ARC 
was microdissected and snap-frozen. Analysis of STAT3(PY) was as 
described in ref. 11. For other samples, total RNA was isolated using 
ULTRASPEC RNA reagent (BIOTECX Laboratories Inc.). For deter-
mination of relative RNA concentration, total hypothalamic RNA was 
subjected to automated fluorescent RT-PCR on an ABI Prism 7700 
Sequence Detection System (Applied Biosystems). GAPDH control, 
SOCS3, and LRb primers and probes were as supplied by Applied Bio-
systems. POMC, AgRP, and NPY primers and probes were as previously 
described (26). Each predicted RT-PCR product spanned an intron/
exon junction. Each RT-PCR reaction was determined to be in the lin-
ear range for quantitation by comparison with serial dilutions of input 
hypothalamic or ARC RNA.

Statistics. Statistical analysis was performed by ANOVA or unpaired  
2-tailed Student’s t test using the statistical software SigmaStat 3.0 (Sys-
tat Software Inc.) or ezANOVA (http://www.sph.sc.edu/comd/rorden/ 

ezanova/home.html). Analyses were within groups, except for some 
instances of repeated measures as noted in the text or figure legends.
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