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ABSTRACT Recent data have identified leptin as an
afferent signal in a negative-feedback loop regulating the mass
of the adipose tissue. High leptin levels are observed in obese
humans and rodents, suggesting that, in some cases, obesity is
the result of leptin insensitivity. This hypothesis was tested by
comparing the response to peripherally and centrally admin-
istered leptin among lean and three obese strains of mice:
diet-induced obese AKRyJ, New Zealand Obese (NZO), and
Ay. Subcutaneous leptin infusion to lean mice resulted in a
dose-dependent loss of body weight at physiologic plasma
levels. Chronic infusions of leptin intracerebroventricularly
(i.c.v.) at doses of 3 ngyhr or greater resulted in complete
depletion of visible adipose tissue, which was maintained
throughout 30 days of continuous i.c.v. infusion. Direct mea-
surement of energy balance indicated that leptin treatment
did not increase total energy expenditure but prevented the
decrease that follows reduced food intake. Diet-induced obese
mice lost weight in response to peripheral leptin but were less
sensitive than lean mice. NZO mice were unresponsive to
peripheral leptin but were responsive to i.c.v. leptin. Ay mice
did not respond to subcutaneous leptin and were 1y100 as
sensitive to i.c.v. leptin. The decreased response to leptin in
diet-induced obese, NZO, and Ay mice suggests that obesity in
these strains is the result of leptin resistance. In NZO mice,
leptin resistance may be the result of decreased transport of
leptin into the cerebrospinal f luid, whereas in Ay mice, leptin
resistance probably results from defects downstream of the
leptin receptor in the hypothalamus.

In mammals, the maintenance of energy stores in the form of
triglycerides is of adaptive value, particularly in times of
nutritional scarcity. Numerous studies of humans and other
mammals have indicated that the size of the adipose tissue
mass is tightly regulated (1–3). The identification of leptin and
its receptors supports this finding and indicates that leptin is an
afferent signal in a negative-feedback loop regulating body
weight (4–6). The level of plasma leptin is positively correlated
with adipose tissue mass, and injections of recombinant leptin
reduce food intake and body fat content in normal animals
(7–10). Leptin injections also attenuate some of the hormonal
changes observed during starvation (11). While leptin treat-
ment decreases weight in normal mice, some investigators have
suggested that this is a pharmacological effect and that leptin’s
principle function is to signal starvation (12, 13). Recent data
have also suggested that the hypothalamus is an important
target of leptin action and that leptin’s metabolic effects are

qualitatively different from those of food restriction (6, 14–
18).

Plasma leptin levels are significantly higher in obese animals
and humans (7, 19, 20). These findings have led to the
conclusion that obese individuals are relatively insensitive to
endogenous leptin, and as a consequence become obese (7,
19). To directly test this hypothesis, the potency of subcuta-
neous and intracerebroventricular (i.c.v.) infusion of leptin was
compared among lean and diet-induced obese AKRyJ (DIO),
New Zealand Obese (NZO), and Ay mice. The i.c.v. infusion
was performed using a microsurgical technique for long-term
infusion into the third ventricle of mice (21). AKRyJ mice are
lean on a chow diet but have a heritable predisposition toward
developing obesity when fed a high-fat diet (22). NZO mice
inherit a polygenic obesity, and Ay mice carry a single domi-
nant mutation that results in obesity (23–25). These strains all
develop an obese syndrome associated with high blood levels
of leptin. The experiments reported here indicate that DIO,
NZO, and Ay mice are relatively insensitive to leptin. However,
in each case, the sensitivity differed, providing possible insights
into the mechanisms of leptin resistance and obesity in these
obese strains.

METHODS

Animal Maintenance. Animals were purchased from The
Jackson Laboratory (C57BLy6J, C57BLy6J Ay, AKRyJ) or
Charles River Breeding Laboratories (NZO) and maintained
in individual cages or housed in groups of four (AKRyJ). Mice
were maintained on a 12-hr light:dark schedule, fed, weighed
and, if necessary, injected between 1000 and 1200. All animals
were cared for according to approved institutional guidelines.

Subcutaneous Pumps. Pumps were filled aseptically with
0.2-mm-filtered PBS (pH 7.4), artificial cerebrospinal f luid
(aCSF) (1 mM MgCl2y1 mM CaCl2y145 mM NaCly3 mM
KCl), or leptin in PBS (pH 7.4) and soaked in 0.9% NaCl at
37°C for 4 hr. Animals were anesthetized with methoxyflurane
and the pump was implanted subcutaneously dorsally.

Intracerebroventricular (i.c.v.) Cannula. Animals were
anesthetized with ketamine and xylazine and placed on a
stereotaxic apparatus (Kopf Instruments model 900 small
animal stereotaxic). The calvaria was exposed, and two 0.5-
mm-diameter holes were drilled posteriorly bilaterally. Self-
threading pins (TMS, Whaledent) were screwed into each hole
and a 1-mm-diameter hole was drilled over bregma. The
cannula, a 30-gauge needle angled at 9°, was implanted into the
third ventricle with the following coordinates: midline, 20.3
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mm AP, 3 mm ventral (0 point bregma). The cannula was
secured to the skull and the pins with acrylic and attached to
6 cm of Tygon tubing (0.01-inch diameter), which itself was
attached to 1 cm of tubing (0.03-inch diameter). An osmotic
pump was then attached to the end of this tubing, placed in the
dorsal subcutaneous space.

Indirect Calorimetry. Twenty-four-hour energy expendi-
ture was measured by indirect calorimetry. The calorimeter
system consists of a Magnos IV oxygen analyzer and a Uras 3G
carbon dioxide analyzer (Harmann Braun; Frankfurt, Ger-
many) and six Plexiglas metabolic chambers maintained in an
environmental room separate from the analyzers. First-pass
fresh air maintained at constant temperature and humidity is
pulled through the chambers at a fixed rate by individual
vacuum pumps located outside the environmental room. The
sampled air is pulled through a condenser (Hartmann Braun)
to remove humidity before being analyzed. Percentage of O2

consumed and CO2 produced is converted to mlymin by
multiplying by the flow rate corrected to standard temperature
and pressure. Energy expenditure was calculated from oxygen
consumption using standard formulae (26). The analyzers are
calibrated using a Westoff gas mixing pump (Digamix type
my300c; Bochum, Germany) and the entire system was tested

by burning propane. Estimation error for the respiratory
quotient is less than 1%.

Leptin Measurements. Blood was collected from the retro-
orbital venous plexus, using heparinized capillary tubes.
Plasma was collected and 50 ml was used with a leptin RIA kit
(Linco, St. Charles, MO) to determine serum leptin concen-
trations.

Body Composition Analysis. Animals were dehydrated in an
oven at 90°C for 4–7 days until constant mass was achieved.
The dried carcass was homogenized, and lipid was extracted
from 0.5-g aliquots for 3.5 hr in a Soxhlet apparatus with a 3:1
chloroformymethanol mixture. The extracted aliquot was
dried overnight and weighed. The difference in weight follow-
ing extraction represents lipid, and the remaining mass rep-
resents lean body mass.

Statistics. All statistics were calculated using the paired
Student’s t test. Values are expressed 6SD.

RESULTS
Peripheral Leptin Infusion. While it has been shown that

intraperitoneal (i.p.) injections of leptin (12.5 mgykg twice

FIG. 1. Dose–response of wild-type C57BLy6J mice (n 5 8 per
group) to recombinant murine leptin delivered by 14-day subcutane-
ous infusion pumps (Alzet). (A) Maximum body mass change in
response to leptin as a percentage of initial mass. (B) Fold increase in
serum leptin levels achieved by each dose. Blood was collected at time
of pump implantation by retro-orbital bleeding and again 10 days later
at the time of maximum body mass change. Leptin levels were
measured by RIA (Linco).

FIG. 2. Response of wild-type C57BLy6J mice to i.c.v. leptin
infusion. The third ventricle was stereotaxially cannulated with a
30-guage needle connected to an osmotic pump. The animals were
infused with aCSF for 1 week, after which they were infused with either
recombinant murine leptin at a dose of 8 ngyhr (n 5 6) or PBS vehicle
control (n 5 6). The animals were then followed for 30 days and body
mass (A) and food intake (B) were measured. At the end of the 30-day
experimental infusion the pumps were changed back to aCSF and the
animals were followed for 14 more days. p, Significantly (P # 0.05
different from PBS control.
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daily) into wild-type mice results in a significant reduction in
food intake and body weight, supraphysiological doses were
required (8). To assess whether leptin has weight reducing
effects at physiological levels, leptin was infused into the
subcutaneous tissue of wild-type mice by using osmotic infu-
sion pumps (Alzet; Palo Alto, CA). The potency of the
weight-reducing effects of leptin was directly related to the
relative rise in plasma leptin concentration during the infusion
period (Fig. 1). Increasing plasma leptin concentration above
the endogenous level (5 ngyml) resulted in a dose-dependent
loss of body weight and body fat content. Subcutaneous
infusion of leptin at a rate of 200 ngyhr led to a 1.4-fold
increase in plasma leptin from 5 to 7 ngyml and resulted in a
5% reduction in body weight, as compared to a 2% weight gain
over the same period of time in animals receiving PBS. A
2.1-fold increase in leptin level led to a 9% reduction in weight.
A loss of 15% of total weight and a complete loss of body fat
was observed with a 5-fold increase in plasma leptin level
(infusion rate of 500 ngyhr).

i.c.v. Leptin Infusion. Previous data have suggested that the
central nervous system, in particular the hypothalamus, is an
important target of leptin action (6, 14–16, 18). If true,
administration of leptin at low doses i.c.v. should replicate the
effects of higher doses administered peripherally. To test this,
the effect of chronic i.c.v. leptin infusion was compared with
continuous subcutaneous infusion. Thirty-gauge cannula were
surgically implanted into the third ventricle of mice and

connected to an osmotic pump placed in the dorsal subcuta-
neous space. This procedure allows the infusion of leptin into
the cerebrospinal f luid (CSF) at a constant rate for 4 weeks.
i.c.v. infusion of leptin at 8 ngyhr resulted in a significant
decrease in food intake and a 15% decrease in body weight as
compared with controls (Fig. 2). This dose had no effect when
infused peripherally (data not shown). Furthermore, i.c.v.
infusion of 8 ngyhr of recombinant human leptin did not lead
to the presence of human leptin in plasma as measured using
a human-specific leptin RIA (data not shown).

i.c.v. infusion of leptin caused a rapid reduction in body
weight, with a maximal weight loss at 8 days of treatment which
was stably maintained for the entire 30-day infusion period
(Fig. 2). Food intake reached a nadir after 3 days of infusion
but then returned to the level of PBS controls by the eighth day
of infusion. Despite the return of food intake to normal, the
reduced weight was maintained for the duration of the leptin
infusion. After replacement of the leptin infusion with aCSF,
the animals exhibited a marked hyperphagia and quickly
recovered the lost weight. To further characterize the effect of
i.c.v. leptin on energy balance, food intake was measured in
treated mice and 24-hr energy expenditure was assessed by
indirect calorimetry (Fig. 3). Measures were made at several
time points in groups receiving i.c.v. leptin or i.c.v. PBS and in
a third group of mice receiving i.c.v. PBS but pair-fed to the
leptin-treated group. The data indicated that after 3 days of
i.c.v. leptin infusion, the treated animals had entered a state of

FIG. 3. Effect of i.c.v. leptin infusion vs. pair-feeding on 24-hr energy expenditure. Three groups of mice were cannulated as before and placed
in metabolic chambers (n 5 6 per group). One group was infused with leptin at 8 ngyhr, a control group was infused with PBS, and a final control
group was infused with PBS and pair-fed to the leptin-infused group. Food intake was measured daily and energy expenditure was measured at
four different times: baseline, 3 days following leptin infusion or PBS control, 2 weeks after beginning leptin infusion or PBS control, and 10 days
following infusion with aCSF during the recovery phase. Energy expenditure and food intake are graphed as a percentage of the PBS control group.
Mass change refers to the mass change relative to the baseline mass at day 0. p, P , 0.05 vs. PBS; #, P , 0.005 vs. PBS; 1, P , 0.005 vs. leptin;
3, P , 0.05 vs. leptin.

8880 Physiology: Halaas et al. Proc. Natl. Acad. Sci. USA 94 (1997)



negative energy balance in which caloric intake was reduced by
more than 50%, while energy expenditure remained un-
changed. These findings at day 3 of the leptin infusion are
different from those seen in the pair-fed group, in which the
decreased food intake was associated with a 35% decrease in
energy expenditure (P , 0.02). At 14 days, after maximal
weight loss had been achieved, energy expenditure and food
intake in the leptin-treated animals were equivalent to those of
the PBS-infused and the pair-fed groups. Replacement of the
leptin infusion by aCSF resulted in a state of positive energy
balance in which caloric intake was increased while energy
expenditure was unchanged. Positive energy balance was main-
tained until the weight of the leptin-treated group returned to
that of the control group. In aggregate, these data suggest that
addition of exogenous leptin adjusts the set point for body
weight to a lower but stable level by reducing food intake
without the compensatory reduction in energy expenditure
observed in equivalently food-restricted animals.

The dose–response relationship of i.c.v. leptin was evaluated
(Fig. 4). In these studies, infusion of leptin at several doses
between 3 ngyhour and 500 ngyhour led to an equivalent
degree of weight loss and a complete loss of body fat. There
was a tendency (statistically nonsignificant) for the groups
receiving the higher infusion rate to lose weight more quickly.
However, all groups eventually lost equivalent amounts of
weight. Leptin infusion at rates of 2 ngyhr or lower were
without effect. Thus, the dose–response curve for i.c.v. leptin
is very steep, a finding also observed after administration of a
single dose of i.c.v. leptin (27).

Leptin Treatment of Obese Mice. All murine models of
obesity tested, with the exception of obyob, have high circu-
lating leptin levels, suggesting that they may be resistant to its
weight-reducing effects (unpublished data) (7, 20). To test this,
peripheral or i.c.v. leptin was administered to three strains of
obese animals: DIO, NZO, and Ay. AKRyJ mice are lean on
a standard chow diet but become obese when fed a high-fat diet
(45% calories of fat) (22). NZO mice exhibit a polygenic form
of obesity, whereas Ay mice carry a single dominant mutation
in the promoter of the agouti gene (23, 24, 28). Both Ay and
NZO failed to respond to high dose administration of subcu-

taneous leptin at doses as high as 5 mgyhr, which is 10-fold
higher than that required for a maximal response in lean mice
(Fig. 5A and B). In addition, these animals did not respond to
high doses of intraperitoneal leptin (12.5 mgykg, twice daily. In
contrast, the DIO mice did respond to high-dose intraperito-
neal leptin but to a lesser extent than AKRyJ mice fed a chow
diet; the DIO mice lost 30.5% (614.1%) of their body fat vs.
82.7% (619.7%) of body fat in the lean group on a chow diet
(Fig. 5C). The effects of i.c.v. infusion of leptin were tested in
both Ay and NZO mice which did not respond to high-dose
peripheral leptin. i.c.v. leptin infusion of the NZO mice led to
weight loss at a low dose of 5 ngyhr (Fig. 5A). In Ay mice,
infusion of leptin i.c.v. did not result in demonstrable weight
loss at doses as high as 50 ngyhr (Fig. 5B). Infusion of leptin
in Ay mice at a rate of 500 ngyhr did lead to a modest but
significant weight loss. Thus, while i.c.v. leptin in NZO mice
resulted in significant depletion of adipose tissue at a dose of
5 ngyhr, only a partial response was seen in Ay mice even at
doses 100-fold higher. The correct placement and functional
status of the cannulas in the Ay mice receiving low doses of
i.c.v. leptin were tested by measuring water intake after
infusion of angiotensin II at 3 ngyhr (21). The animals that did
not respond to i.c.v. leptin but that subsequently received i.c.v.
angiotensin II showed an increased water intake from 10.4
(61.4) ml to 31.8 (61.7) ml (.300% increase), confirming that
the cannulas were properly positioned.

DISCUSSION

Obesity is associated with important psychological and medical
morbidities, the latter including hypertension, hyperlipidemia,
and non-insulin-dependent diabetes mellitus (NIDDM) (29).
Several lines of evidence have suggested that obese individuals
have a higher ‘‘set point’’ for body weight relative to lean
subjects (1–3). The identification of leptin has suggested a
possible mechanism for the maintenance of different weights
in different individuals. Thus, a higher set point present in
obese individuals may be the result of a relative or absolute
insensitivity to leptin. Indeed, both obese rodents and obese
humans generally have high plasma levels of leptin, suggesting
that they are relatively insensitive to its effects (unpublished
data) (7, 20). Resistance to leptin’s effects on adipose tissue
homeostasis would be predicted to lead to a temporary state
of positive energy balance and an increase in adipose mass with
stable maintenance of a new higher body weight. Although the
high leptin levels seen in obese animals suggested they may be
relatively resistant to its weight-reducing effects, this possibil-
ity had not been formally tested. The data presented here
demonstrate that, among three strains of obese mice, there are
variable degrees of leptin resistance. It is anticipated that
similar variation in leptin sensitivity will be observed among
obese humans.

Studies of the leptin sensitivity of obese rodents required
that the dose–response relationship be established in wild-type
animals. Previous data have indicated that supraphysiologic
doses of intraperitoneal leptin are required for weight loss in
wild-type animals (8–10, 27). The data presented here suggest
that this high dosage requirement was the result of the
suboptimal pharmacokinetics of the intraperitoneal mode of
administration. In the current studies, a clear weight-reducing
effect of leptin at physiologic levels was observed after sub-
cutaneous infusion. It has recently been suggested that leptin’s
principle role is to suppress the physiologic response to star-
vation (11–13). The data presented here confirm that leptin
also plays an important role in the response to weight gain and
suggests that a physiologic increase in endogenous leptin levels
in lean animals acts to return an animal’s weight to its ‘‘set
point.’’

The measurement of energy balance in animals receiving
i.c.v. leptin demonstrates that leptin acts to blunt the reduced

FIG. 4. Dose–response of wild-type C57BLy6J to i.c.v. leptin. The
animals’ maximal body mass change in response to i.c.v. infused leptin
at doses ranging from 0 to 500 ngyhr was measured and is shown as a
percentage of the initial body mass at the beginning of leptin infusion
(n 5 6 for all doses but 500 ngyhr, where n 5 4).
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energy expenditure that typically follows reduced caloric in-
take. This effect is different from that observed in obyob mice,
which show an increase in energy expenditure after leptin
treatment (8, 9). These and other data indicate that leptin’s
effects are qualitatively different from those that accompany
food restriction. For example, leptin-induced weight loss is
specific for the adipose tissue mass, whereas equivalent food
restriction alone reduces both adipose and lean body mass (8).
The physiological basis for the observed differences in energy
expenditure in leptin-treated and pair-fed mice is unknown but
could include differential effects on brown fat andyor loco-
motor activity (9, 30). Finally, it should be noted that animals
receiving leptin either i.c.v. or subcutaneously initially enter a
state of negative energy balance which returns to normal once
adipose stores have been depleted. This is in contrast to
wild-type or obyob mice parabiosed to dbydb animals, which
enter a persistent state of negative energy balance and even-
tually die, presumably due to starvation. It is possible the death
of the parabiotic animal is partly a result of stress from the
surgery and subsequent parabiotic union coupled to a state of
persistent hyperleptinemia. Alternatively, the death of animals
parabiosed to dbydb mice may reflect the presence of factors
in addition to leptin in dbydb mice.

The increased potency of leptin in lean mice when admin-
istered i.c.v. is consistent with other data indicating that the
central nervous system, in particular the hypothalamus, is the
principle site of leptin action (6, 10, 14, 18, 27). Indeed, chronic
infusions of very low doses of leptin into the third ventricle
replicate the weight-reducing effects of leptin administered
peripherally at much higher doses. The effects of i.c.v. leptin
are specific, as higher doses of the same preparation do not
have any observable effect on Ay mice. Several other reports
have suggested that leptin also has effects on peripheral tissues
such as ovary and pancreatic b cells (31, 32). The potency of
i.c.v. leptin suggests that these peripheral effects are not
necessarily required for leptin’s weight-reducing effects. Cu-
riously, the dose–response relationship of leptin is different
between the central and peripheral modes of administration,
a finding also seen after single doses of i.c.v. leptin (27). The
basis for this apparent difference in the dose–response rela-
tionship between central and peripheral leptin is not clear. The
data may suggest that the transport across the blood–brain
barrier can be a rate-limiting step in the response to leptin. A
saturable transport system for leptin has been identified in
mice and in brain capillaries from humans (33, 34). This finding
could also reflect cooperativity of leptin binding or reflect
coordinate effects on the action potential of many neurons.
The cellular basis for the response to i.c.v. leptin is unknown
and requires further investigation.

While the sensitivity to both peripheral and centrally ad-
ministered leptin is highly reproducible in wild-type mice, each
of the obese strains tested shows a decreased sensitivity to
leptin and implicates leptin resistance in the pathogenesis of
these forms of obesity. The extent of this resistance is variable
among the DIO, NZO, and Ay mice. Whereas DIO mice
respond to peripheral leptin, NZO and Ay mice do not respond
at the high doses tested. A similar study also concluded that
DIO obesity is the result of leptin resistance, although in that
report the animals did not respond at all to peripheral leptin
(35). A third study has shown a reduction in food intake in DIO
mice treated with peripheral leptin (10). The basis for these
differences is unclear.

Leptin-induced weight loss in Ay mice requires a substan-
tially higher i.c.v. dose of leptin relative to that required in lean
and NZO mice. These data suggest that the leptin resistance
in Ay mice is the result of a defect in the neural pathway
activated by leptin. Recent studies suggest that obesity in these
mice is the result of competitive inhibition of binding of a
melanocyte-stimulating hormone (aMSH) to the MC-4 recep-
tor by the agouti protein (36–39). The insensitivity of Ay mice

FIG. 5. Effect of peripheral and central leptin in different murine
models of obesity. (A and B) NZO mice (A) and Ay (B) mice were
administered recombinant leptin or PBS control (P) by three different
methods: (i) high-dose intraperitoneal (IP) injection (12.5 mgykg twice
daily) (n 5 8; female, 20 weeks); (ii) subcutaneous (SC) infusion pump
(n 5 5 for each dose; female, 12 weeks); and (iii) i.c.v. (ICV) infusion
(n 5 5 at each dose; female, 12 weeks) at the doses indicated. (C)
AKRyJ mice were tested for their sensitivity to peripheral recombi-
nant leptin at a high dose of 12.5 mgykg twice daily. One group of mice
(n 5 16; female, 14 weeks) was lean on a standard chow diet and half
this group received leptin intraperitoneally while the other half
received vehicle PBS control intraperitoneally. Another group (n 5 16;
female, 14 weeks) was obese after being on a high-fat diet (45%
calories from fat; Teklad, Madison, WI) for 10 weeks. Half of this
group received leptin intraperitoneally at a dose of 12.5 mgykg twice
daily, while the other group received vehicle PBS control intraperi-
toneally.
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to leptin strongly suggests that normal function of the MC-4
receptor is required for the response to exogenous leptin. The
elucidation of the anatomic relationship between neurons
expressing the signaling form of the leptin receptor, Ob-Rb,
and those expressing proopiomelanocortin (the aMSH pre-
cursor) or the MC-4 receptor will be of great importance in
further studies to establish leptin’s mechanism of action (6).

NZO mice respond to i.c.v. leptin with sensitivity similar to
wild-type mice. This may suggest that transport of leptin into
the CSF is diminished in NZO mice, a possibility that can now
be directly tested. Normal responsiveness to i.c.v. leptin has
also been reported in DIO mice, and decreased transport of
leptin into the CSF has also been suggested in the pathogenesis
of this form of obesity (35). A saturable transport system across
the blood–brain barrier for leptin has been identified, and
decreased levels of CSF leptin are seen in some obese patients
(34, 40). The basis for the resistance of NZO and DIO mice to
peripheral leptin could have important implications for un-
derstanding the pathogenesis of human obesity.
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