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ABSTRACT
This experiment determined the amount of leptin required to cor-

rect different abnormalities in leptin-deficient ob/ob mice. Baseline
food intakes and body weights of lean (1/?) and obese (ob/ob)
C57Bl/6J ,ob. mice were recorded for 7 days. An Alzet miniosmotic
pump was placed in the peritoneal cavity of each mouse and delivered
0, 1, 2, 5, 10, or 42 mg/day human leptin for 7 days. In ob/ob mice, 2
mg leptin/day reduced food intake and body weight, and increased
hypothalamic and brain stem serotonin concentrations. All fat pads
were reduced 35–40% by 10 mg leptin/day, and liver weight, lipid, and

glycogen decreased. Serum insulin and glucose were reduced in all
leptin-treated ob/ob mice, and levels were normalized by 10 mg/day
leptin. Low rectal temperatures of ob/ob mice were corrected by 10
and 42 mg/day leptin. These doses also increased brown adipose tissue
uncoupling protein expression. The only responses in lean mice were
a transient reduction in food intake and weight loss with 10 or 42
mg/day leptin. This study shows enhanced leptin sensitivity in ob/ob
mice and suggests that increased temperature and sympathetic ac-
tivity are indirect responses to high concentrations of protein. (En-
docrinology 139: 8–19, 1998)

GENETICALLY obese ob/ob mice have a single gene
mutation that results in a syndrome of obesity that

includes diabetes, infertility, hypothyroidism, hypercorti-
coidism, low sympathetic activity, and impaired thermoreg-
ulation (1). Parabiosis studies with ob/ob mice indicated that
the mutation causes a deficiency in a circulating lipostatic
factor (2). In 1994, Zhang et al. (3) identified the product of
the gene mutation in ob/ob mice that was responsible for their
obesity and was also the presumed circulating factor. This
protein, leptin, has the structure of a long chain helical cy-
tokine (4) and is expressed in adipose tissue in proportion to
adipocyte size (5, 6).

Many investigators have established that administration
of leptin to genetically obese ob/ob mice reduces food intake
and body weight (7–10). The suppression of food intake is
mediated by a hypothalamic splice variant of the leptin re-
ceptor, OB-Rb, which has a long intracellular domain (11).
OB-Rb is mutated in genetically obese db/db mice (12), and as
expected, they are unresponsive to the hypophagic effects of
both peripheral and central administration of leptin (7–10).
Obese humans have high circulating concentrations of leptin,
but are not responsive to its effects on food intake (13). As
there is a concentration gradient between serum and cere-
brospinal fluid leptin (14, 15), it has been hypothesized that
a rate-limited transport system prevents peripheral leptin
from activating the central receptor that suppresses food
intake. The limitation on transport may be due either to
binding proteins in the circulation (16) or to a specific trans-
port protein (17). It has been proposed that one of the leptin

receptor subtypes, with a short intracellular domain, may
function as a transport protein and regulate leptin uptake
into the brain (12).

In addition to suppressing food intake, peripheral admin-
istration of leptin to ob/ob mice corrects infertility (18), re-
verses hyperglycemia and hyperinsulinemia (9), and in-
creases body temperature and metabolic rate (9). In lean
mice, leptin has minimal effects on food intake, but causes the
loss of body fat, presumably due to a leptin-induced increase
in energy expenditure (19). Leptin has been shown to in-
crease norepinephrine (NE) turnover in brown, but not
white, adipose tissue, suggesting that the metabolic effect of
leptin is attributable to activation of the sympathetic nervous
system (20). This would be consistent with leptin-deficient
ob/ob mice having low sympathetic tone compared with lean
controls (1).

Leptin has a circulating half-life of approximately 30 min,
is released in a pulsatile manner from adipose tissue, and
demonstrates a circadian rhythm in circulating levels with a
nocturnal elevation in concentration (13, 21). The majority of
studies investigating the effects of leptin on physiological
parameters have administered the protein in one or two daily
injections in doses ranging from 3–250 mg/day (7–10). We
have found that this method of protein administration causes
excessive, intermittent elevations of the serum leptin con-
centration (22). In this experiment recombinant human leptin
was infused for 7 days at doses ranging from 0–42 mg/day
from Alzet miniosmotic pumps placed in the peritoneal cav-
ity of the mice. This method of administration provided
constant delivery of protein (0–1.75 mg/h), but did not mimic
the diurnal changes in leptin release. The objectives of the
study were 2-fold. The first was to determine which of the
physiological responses to leptin in ob/ob mice occurred with
low doses of constantly infused leptin and which were in-
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duced only with large doses of protein. This would allow
separation of physiological from potentially pharmacologi-
cal responses. The second objective was to determine which
of the responses observed in ob/ob mice were also apparent
in lean mice that already have normal circulating concen-
trations of leptin and do not respond to the satiety effects of
peripherally administered protein.

Materials and Methods

Five-week-old female C57B1/6J lep ,ob., ob/ob, and lean (1/?) mice
were purchased from Jackson Laboratory (Bar Harbor, ME) and housed
individually with continuous free access to chow (Purina mouse chow
5015, Ralston Purina, St. Louis, MO) and water. Room temperature was
maintained at 26 C, and lights were on for 12 h/day from 0600 h. Body
weights and food intakes were recorded daily at 0700 h, and rectal
temperatures of mice were measured four times during the study at
0900 h, twice before and twice after pump placement, using a thermistor
probe (Thermistor thermometer model 8110–20, Cole Palmer Instru-
ment Co., Chicago, IL).

After 4 days of baseline measurements of body weight and food
intake, lean and ob/ob mice were divided into six weight-matched
groups, and an Alzet pump (model 1007D, Alza Corp., Palo Alto, CA)
was placed in the peritoneal cavity of each mouse. The pumps delivered
0, 1, 2, 5, 10, or 42 mg human recombinant leptin/day in a total volume
of 12 ml, and PBS was used as a diluent. Leptin was a gift from Zymo-
Genetics Corp. (Seattle, WA). After pump placement, measurements of
daily food intake and body weight were continued, and rectal temper-
atures were measured after 2 and 4 days of infusion.

All mice were decapitated in the morning of day 7 of leptin infusion.
Trunk blood was collected for serum analysis of insulin (Rat RIA kit,
Linco Research, St. Louis, MO), corticosterone (RIA kit, ICN Radio-
chemical, Irvine, CA), glucose (Sigma Diagnostic Kit 510. Sigma Chem-
ical Co., St. Louis, MO), and human leptin (Human Leptin RIA kit, Linco
Research). The carcass, liver, pancreas, ovaries, uterus, spleen, adrenals,
heart, kidney, and inguinal, perirenal, retroperitoneal, mesenteric, go-
nadal, and intrascapular brown fat were dissected and weighed. Tissues
smaller than 250 mg were weighed on a microbalance (Cahn C-31 mi-
crobalance, Cahn Instruments, Cerritos, CA). The liver, hypothalamus,
brown fat, and gonadal fat were snap-frozen. All procedures were ap-
proved by the Pennington Biomedical Research Center Institutional
Animal Care and Use Committee.

TRIzol reagent (Life Technologies, Grand Island, NY) was used to
extract total RNA from gonadal fat for measurement of leptin expression
by Northern blot analysis, as described previously (6), and from brown
fat for measurement of uncoupling protein (UCP) messenger RNA
(mRNA) by Northern blot analysis as described previously (23), using
a complementary DNA probe generously provided by Dr. Daniel
Riquier. The hypothalamus, brain stem, and cortex were dissected and
snap-frozen in liquid nitrogen for analysis of monoamines by HPLC, as
described previously (24). Liver tissue was frozen for subsequent anal-
ysis of glycogen by the method of Lo et al. (25) and for lipid content by
chloroform-methanol extraction. The triceps surae muscle from mice in
the 0, 2, and 10 mg leptin/day groups was frozen for enzyme analysis.
A 5% homogenate was made of the muscle samples in Tris buffer (175
mm KCl, 2 mm EDTA, and 10 mm Tris-HCl, pH 7.4). Citrate synthase was
used as a general marker for oxidative capacity and was assayed as
described by Srere (26). b-Hydroxyacyl coenzyme A dehydrogenase
(HOAD) activity was used as a marker for fatty acid oxidation potential
and was determined as described by Askew et al. (27). Hexokinase
activity was used a marker for glucose utilization potential and was
assayed according to the method of Uyeda and Racker (28).

Small pieces of frozen liver from lean and ob/ob mice treated with
either 0 or 10 mg/day leptin were homogenized in Krebs bicarbonate
buffer, pH 7.5, containing protease inhibitors (10 mm leupeptin, 2 U/ml
aprotinin, and 1 mm phenylmethylsulfonylfluoride). A crude membrane
fraction was prepared by centrifuging the homogenate for 10 min at
3,000 3 g and then recentrifuging the supernatant at 11,000 3 g for 20
min. Samples (40 mg) of both the resulting supernatant and pellet were
separated by SDS-PAGE in a 9% acrylamide gel in Tris glycine buffer (25
mm Tris, 192 mm glycine, and 0.1% SDS, pH 8.3). The proteins were

transferred to a polyvinylidene difluoride membrane (Boehringer
Mannheim, Mannheim, Germany) in 25 mm Tris, 192 mm glycine, and
20% methanol. Leptin receptor was detected by Western blot using a
polyclonal rabbit antimouse OB-R antibody, a gift from Affinity BioRe-
agents (Golden, CO). The blot was developed using a chemilumines-
cence system (BM Chemiluminescence Blotting Substrate, Boehringer
Mannheim) according to the manufacturer’s directions using the first
antibody at a 1:4,000 dilution and an antirabbit IgG POD second anti-
body (Boehringer Mannheim).

Statistical analysis

For each genotype, the response variables food intake and body
weight were separately modeled as a repeated measures ANOVA over
the course of the experiment. To provide overall tests of the dosage effect
of leptin on each variable, a profile analysis was effected by testing the
appropriate contrasts corresponding to the parallel, coincident, and level
profiles hypotheses for days 4–7 of infusion after the mice had recovered
from the surgery. Comparisons of the effects of different leptin dosages
on the response measures on specific days of infusion were obtained by
testing the appropriate contrasts corresponding the hypothesis of in-
terest; where appropriate, P values reported for these contrasts have
been adjusted for multiple comparisons by Bonferroni’s method. Where
possible, tests were conducted using Satterthwaite’s approximation to
determine the appropriate degrees of freedom (29).

Rectal temperatures were analyzed by repeated measures ANOVA,
with day as the repeated measure. Organ weights, leptin mRNA, UCP
mRNA, liver glycogen, liver lipid, muscle enzymes, serum measure-
ments, and brain neurotransmitter concentrations were analyzed by
two-way ANOVA to determine whether there were genotype effects and
by one-way ANOVA with post-hoc Duncan’s multiple range test to
determine treatment effects within each genotype. The one-way
ANOVA was performed even when the two-way ANOVA did not show
an interaction between genotype and leptin, as the value for some of the
parameters, such as body fat and serum hormones, were so much greater
in obese than in lean mice that variance within ob/ob groups masked
substantial treatment effects in lean animals. The SAS System for Win-
dows (release 6.12, SAS Institute, Cary, NC) was used for computations.

Results

Food intakes of ob/ob and lean mice are shown in Fig. 1. The
dramatic reduction in food intake on the first day of leptin
infusion was partially due to surgery. During subsequent
days of infusion, 1 mg leptin/day tended to reduce food
intake compared with that of control obese mice, but re-
peated measures analysis showed that the difference was
significant only on days 1 and 5 of infusion (adjusted P ,
0.003 and P , 0.03, respectively). All other leptin doses (2, 5,
10, and 42 mg/day) suppressed food intake in the obese mice
from the first day of infusion, and intake remained below that
of controls until the end of the experiment, although the
intake of mice receiving 2 and 5 mg/day gradually increased
during the 7 days of infusion. A maximal effect was reached
with 10 mg leptin/day, at which dose food intake remained
at approximately 20% of the control intake. In lean mice, food
intake was transiently suppressed on the first 2 days of leptin
infusion in mice receiving 10 or 42 mg leptin/day. Lower
doses of leptin had no significant effect on food intake. Daily
body weights of the mice are shown in Fig. 2. ob/ob mice
receiving 0 or 1 mg/day leptin gained weight during the 7
days of infusion, and there was no significant difference
between the body weights of the two groups. The body
weights of mice receiving 2 or 5 mg/day plateaued at a lower
level than their preinfusion weight, whereas mice receiving
10 or 42 mg/day constantly lost weight. Lean mice receiving
42 mg leptin/day weighed significantly less than controls
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from day 2 of infusion. For mice receiving 10 mg/day leptin,
the weight difference was significant from day 3. The 5 mg/
day group weighed significantly less (P , 0.02) than controls
on days 4, 5, and 6 of leptin infusion, but not on day 7, and
mice receiving 2 mg/day weighed significantly less than
controls on days 5 and 6 of infusion.

Rectal temperatures of the mice are shown in Fig. 3. Re-
peated measurements of temperature caused a progressive
increase in temperature of all animals. Repeated measures
two-way ANOVA showed a significant effect of genotype
(P , 0.00001) and no significant effect of leptin dose, but a
significant effect of day (P , 0.0001) on temperatures of the
mice. There were also significant interactions between
genotype and day (P , 0.0001) and among genotype, leptin
dose, and day (P , 0.05). Before leptin infusion, the tem-
peratures of all obese mice were significantly lower than
those of lean animals. By the second and fourth days of
infusion, the temperatures of ob/ob mice receiving 10 or 42
mg/day leptin were no longer different from those of lean

animals. There was no effect of leptin on the temperatures of
lean mice. Results from measurements of UCP mRNA ex-
pression are shown in Fig. 4. Two-way ANOVA showed no
significant effect of genotype or leptin on UCP expression.
However, when a one-way ANOVA was performed within
the obese genotype, UCP expression was significantly ele-
vated in ob/ob mice receiving 10 and 42 mg leptin/day com-
pared with that in other obese mice.

The weights of different adipose depots are shown in Table
1. In obese mice, all fat pad weights were reduced with a
leptin dose of 2 mg/day or more. A maximal effect was
obtained with 10 mg/day. In the lean mice, the only signif-
icant change in fat pad weight was the retroperitoneal fat of
mice in the 10 mg/day group. The other fat pads also tended
to be reduced at leptin doses of 10 and 42 mg/day, but

FIG. 1. Daily food intakes of lean and obese mice. Data are the
mean 6 SEM for groups of six mice. An Alzet pump delivering 0, 1, 2,
5, 10, or 42 mg/day human recombinant leptin was placed in the
peritoneal cavities of the mice on the day indicated by the arrow.

FIG. 2. Daily body weights of lean and obese mice. Data are the
mean 6 SEM for groups of six mice. An Alzet pump delivering 0, 1, 2,
5, 10, or 42 mg/day human recombinant leptin was placed in the
peritoneal cavities of the mice on the day indicated by the arrow.
Statistical analysis revealed significant differences in body weights of
ob/ob mice receiving 2 mg leptin/day, or more, compared with those
of controls. In lean mice, the animals receiving 10 or 42 mg/day leptin
weighed significantly less than controls.
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differences did not reach statistical significance. Gonadal fat
leptin mRNA expression is shown in Fig. 5. Two-way
ANOVA showed a significant effect of both genotype (P ,
0.0001) and leptin dose (P , 0.0004) and a significant inter-
action between the two variables (P , 0.0013). Post-hoc Dun-
can’s multiple range test demonstrated that leptin expression
was substantially higher in adipose tissue from ob/ob mice

than in that from lean mice. There was no effect of leptin
administration on leptin expression in lean mice, but the two
highest doses of leptin caused a significant reduction in ex-
pression in ob/ob mice.

Organ weights are shown in Table 2. Two-way ANOVA
showed genotype effects on the weights of kidneys, adrenals,
and ovaries. There was no statistically significant effect of
any dose of leptin on the weight of any of the organs mea-
sured in either obese or lean mice. Liver composition is
shown in Table 3. Livers of ob/ob mice were significantly
larger than those in lean mice and contained substantially
more lipid and glycogen. In contrast to the other organs,
leptin significantly reduced liver weight in obese mice start-
ing at the 1 mg/day dose and reaching a maximal effect with
10 mg/day. Liver lipid was reduced at all doses of leptin, and
liver glycogen content was decreased by 2 mg/day. None of
the doses of leptin had any effect on liver weight, liver lipid,
or liver glycogen content in lean mice. A Western blot of the
short form leptin receptors is shown in Fig. 6. There was no
detectable long form (OB-Rb) receptor, and there was no
obvious effect of leptin on the amount of short form receptor
present in livers of lean or ob/ob mice, although the results
suggest that leptin receptors were expressed at higher levels
per unit protein in livers of lean mice than in those of obese
mice.

Triceps surae muscle hexokinase, citrate synthase, and
HOAD activity are shown in Table 4. Enzyme activity was
only measured in tissue from three treatment groups per
genotype. HOAD activity was significantly higher in ob/ob
than in lean mice, but genotype had no effect on citrate
synthase or hexokinase activity. There was no effect of leptin
on enzyme activity in ob/ob mice, but both hexokinase and
HOAD activities were increased in lean mice treated with 2
mg leptin/day. This increase was reversed by 10 mg
leptin/day.

The results of serum analysis are shown in Table 5. In both

FIG. 3. Rectal temperatures of lean and obese mice measured twice
before leptin infusion and twice during leptin infusion. Data are the
mean 6 SEM for groups of six mice. Obese mice had significantly lower
temperatures than lean mice, except in the 10 and 42 mg/day groups
on the second and fourth days of leptin infusion. Superscripts indicate
a significant difference between treatment groups within the obese
genotype on the fourth day of infusion. There were no significant
differences within lean or obese genotypes on any other day.

FIG. 4. Expression of UCP mRNA intrascapular brown fat from lean
and obese mice infused for 7 days with increasing amounts of human
recombinant leptin. Data are the mean 6 SEM for groups of four to six
mice. Superscripts indicate significant differences in expression be-
tween groups of obese mice. There was no effect of leptin on UCP
expression in lean mice.
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lean and obese mice, serum leptin tended to increase with
increased levels of infusion. A statistically significant differ-
ence was detected between controls and animals given 10 or
42 mg/day. There was no difference in leptin concentrations
measured in mice infused with 10 or 42 mg/day leptin, sug-
gesting that the pumps were unable to deliver the highest
concentrations of protein efficiently. There was a significant
genotype effect on serum insulin, glucose, and corticoste-
rone, all of which were elevated in ob/ob mice compared with
lean mice. Hyperinsulinemia in obese mice was improved
significantly with leptin doses as low as 2 mg/day, and with
10 mg leptin/day, the serum insulin level was similar to that
in lean mice. There was no change in the serum insulin

concentration in any group of lean animals, and serum glu-
cose was significantly reduced only by 42 mg leptin/day.
There was a trend for increasing doses of leptin to suppress
serum corticosterone in obese mice, but it did not reach
statistical significance (P , 0.09). In lean mice, there was no
effect of leptin on corticosterone (P , 0.8).

The results of HPLC analysis of monoamines and their
metabolites in brain stem, hypothalamus, and frontal cortex
are shown in Tables 6 and 7. Table 6 shows concentrations
of serotonin (5-HT), its metabolite 5-HIAA, and the ratio of
the two as an index of 5-HT metabolism. Two-way ANOVA
indicated a significant genotype effect on 5-HT and 5-hy-
droxyinoleacetic acid (5-HIAA) concentrations in the hypo-
thalamus and brain stem, with both compounds being
present at higher concentrations in obese than in lean ani-
mals. 5-HT metabolism was different between lean and obese
mice only in the brain stem. There were no effects of genotype
on concentrations in the frontal cortex. Within genotypes,
leptin administration caused significant elevations in 5-HT
metabolism in obese, but not lean, mice. Leptin doses of 10
or 42 mg/day caused significant increases in 5-HIAA con-
centrations, compared with control values, in both the brain
stem and hypothalamus of ob/ob mice. Leptin had no effect
on the concentrations of any other neurotransmitter mea-
sured in the three brain areas dissected. Therefore, Table 7
summarizes the effect of genotype on the concentrations of
monoamines within the three brain regions. In the brain
stem, there was a significant genotype effect on the concen-
trations of all monoamines and metabolites measured, except
for 3-methoxy, 4-hydroxyphenylethylene glycol (MHPG),
MHPG/NE, and homovanillic acid (HVA)/dopamine (DA).
In the hypothalamus there was no significant genotype effect
on 3,4-dihydroxyphenylacetic acid (DOPAC) or DA concen-
trations or on the DOPAC/DA ratio; however, there were
significant differences in the MHPG, MHPG/NE, and
HVA/DA contents of tissue from lean and ob/ob mice. In the
frontal cortex, there was a genotype effect on HVA, DOPAC/

TABLE 1. The effect of leptin infusion on the weight of fat depots in lean and ob/ob mice

Leptin dose (mg/day) Rp (mg) Inguinal (mg) Perirenal (mg) Mesenteric (mg) Gonadal (mg) Brown (mg) Total (g)

ob/ob mice
0 785 6 45a 3790 6 154a 477 6 46a 1141 6 41a 4058 6 160a 291 6 24a 10.3 6 0.2a

1 665 6 46a,b 3786 6 210a 553 6 75a 1042 6 22a,b 3487 6 60a,b 240 6 63a,b 9.8 6 0.2a,b

2 544 6 51b,c 3175 6 210a,b 291 6 28b 775 6 68c,d 2907 6 120b,c,d 174 6 24b,c 7.7 6 0.4c

5 581 6 77b,c 3191 6 365a,b 312 6 37b 909 6 73b,c 3198 6 310b,c 188 6 16b,c 8.4 6 0.8b,c

10 440 6 36c 2390 6 180c 313 6 54b 653 6 57d 2261 6 230d 118 6 14c 6.1 6 0.5d

42 489 6 86c 2828 6 193b,c 269 6 52b 712 6 64d 2543 6 340c,d 122 6 10c 6.8 6 0.6c,d

Lean mice
0 84 6 7.9a 564 6 43 66 6 6.8 155 6 29 454 6 41 83 6 7 1.4 6 0.1
1 80 6 17a 500 6 79 64 6 7.5 109 6 15 446 6 71 89 6 4 1.3 6 0.2
2 64 6 11a 482 6 73 64 6 10.6 98 6 12 452 6 71 95 6 10 1.3 6 0.2
5 74 6 6.5a 533 6 40 59 6 4.9 110 6 11 466 6 38 98 6 11 1.3 6 0.1

10 36 6 8.5b 312 6 66 49 6 7.3 87 6 10 258 6 50 73 6 7 0.8 6 0.1
42 54 6 10a,b 397 6 69 52 6 9.2 102 6 10 325 6 63 83 6 12 1.0 6 0.2

Two-way ANOVA: P (F,df)
Genotype 0.0001 (1101,1) 0.0001 (1033,1) 0.0001 (260,1) 0.0001 (1170,1) NS 0.0001 (70,1) 0.0001 (1010,1)
Leptin 0.0001 (9.0,5) 0.0001 (9.4,5) 0.0001 (6.8,5) 0.0001 (16,5) NS 0.0002 (5.8,5) 0.001 (15,5)
Interaction 0.0004 (5.3,5) 0.0006 (5.1,5) 0.0002 (5.8,5) 0.0001 (10,5) NS 0.0006 (5.2,5) 0.001 (10,5)

Data are the mean 6 SEM for groups of six mice infused with PBS or leptin for 7 days. The statistical summary represents a two-way ANOVA,
demonstrating genotype effects. Statistically significant differences within genotype were determined by one-way ANOVA and subsequent
Duncan’s multiple range test; different superscript letters indicate significant differences between treatment groups within a genotype. Rp,
Retroperitoneal. Total is the sum of the weights of the five dissected fat pads.

FIG. 5. Expression of leptin mRNA measured in gonadal fat from
lean and obese mice after 7 days of infusion with increasing amounts
of leptin. Data are the mean 6 SEM for groups of four to six mice.
Leptin expression was measured by Northern blot analysis and ex-
pressed as a ratio to 28S ribosomal RNA. Superscripts indicate sig-
nificant differences in levels of expression in fat from obese mice.
There was no effect of leptin on expression in tissue from lean mice.
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DA, and HVA/DA concentrations. MHPG was below de-
tectable levels in this tissue.

Discussion

In this experiment, lean and genetically obese ob/ob mice
were infused with increasing doses of recombinant human
leptin for 7 days to define genotypic differences in response
and to determine which responses to leptin were observed at
low concentrations of protein and which required large
amounts of protein. Analysis of serum human leptin by RIA
indicated that we achieved our goal of causing progressive
increases in circulating leptin concentrations in both lean and
obese mice up to the 10 mg/day dose. As similar circulating
concentrations were found in animals infused with 10 and 42
mg/day leptin, it is possible that leptin precipitated from the
highly concentrated solution used to fill the 42-mg pumps or

that some of the protein bound to the internal walls of the
pump. Alternatively, mice may have a mechanism for clear-
ing excessive amounts of protein from the circulation. De-
tection of leptin in serum from ob/ob mice treated with PBS
indicated that the RIA was not specific for leptin, but it did
permit comparison of relative concentrations of protein in
serum from the different treatment groups. The lowest in-
fusion dose of 1 mg/day did not increase detectable leptin
beyond that measured in mice receiving PBS.

All doses of leptin greater than 1 mg/day caused signifi-
cant reductions in the food intake and body weight of ob/ob
mice. Low doses of leptin (2 and 5 mg/day 5 0.08 and 0.2
mg/h) caused an initial drop in food intake that was partially
reversed by the end of the experiment and resulted in sta-
bilization at a reduced body weight. In contrast, the two
highest doses of leptin caused a stable reduction in food

TABLE 2. Organ weights of lean and obese mice treated with leptin

Leptin dose (mg/day) Heart (mg) Kidney (mg) Spleen (mg) Pancreas (mg) Ovaries (mg) Uterus (mg) Adrenals (mg)

ob/ob mice
0 108 6 3 260 6 14 48.4 6 2.7 214 6 11 7.3 6 0.5 13.8 6 0.8 7.8 6 0.5
1 99 6 2 266 6 6 49.5 6 2.6 219 6 14 7.7 6 1.5 15.6 6 1.6 6.7 6 0.7
2 95 6 6 233 6 9 63.4 6 7.8 187 6 7 6.6 6 0.5 17.6 6 1.7 6.1 6 0.6
5 104 6 5 264 6 15 54.3 6 1.3 199 6 8 7.3 6 1.1 15.7 6 1.5 7.0 6 0.7

10 91 6 4 240 6 9 89.3 6 36 165 6 28 6.3 6 1.4 20.6 6 2.7 7.0 6 0.6
42 95 6 3 238 6 9 58.0 6 6.5 152 6 28 6.7 6 1.2 23.9 6 6.6 6.0 6 0.4

Lean mice
0 94 6 2 217 6 4 57.7 6 3.3 180 6 6 8.5 6 1.1 27.6 6 5.8 6.0 6 0.2
1 99 6 6 208 6 7 57.9 6 4.8 189 6 5 10.2 6 1.0 34.1 6 6.1 6.4 6 0.6
2 94 6 3 211 6 7 57.5 6 5.3 182 6 5 9.7 6 1.1 57.8 6 24.8 5.7 6 0.3
5 89 6 3 209 6 6 56.7 6 3.7 180 6 13 8.9 6 0.7 29.2 6 3.1 5.7 6 0.2

10 94 6 4 210 6 6 61.7 6 3.7 174 6 12 9.8 6 0.9 52.0 6 13.2 5.5 6 0.5
42 91 6 4 201 6 4 54.4 6 3.4 154 6 13 9.8 6 1.3 45.6 6 20.6 5.3 6 0.5

Two-wayANOVA:
P(F,df)

Genotype 0.0001 (73,1) NS NS 0.007 (16.3,1) 0.04 (4.4,1)
Leptin 0.07 (2.2,5) NS 0.01 (3.4,5) NS NS
Interaction NS NS NS NS NS

Data are the mean 6 SEM for six mice infused with PBS or leptin for 7 days. The statistical summary represents a two-way ANOVA, testing
for a genotype effect. There were no significant differences between treatment groups within a genotype for any organ, analyzed by one-way
ANOVA.

TABLE 3. Liver composition of lean and ob/ob mice treated with leptin

Leptin dose (mg/day) Liver wt (g) Liver lipid (mg) Liver glycogen (mg)

ob/ob mice
0 2.27 6 0.13a 364.2 6 46.3a 5.8 6 0.8a

1 1.99 6 0.09b 193.7 6 32.2b 5.1 6 0.8a,b

2 1.48 6 0.07c 165.2 6 35.5b 3.0 6 0.2c

5 1.67 6 0.12c 113.0 6 21.1b 3.8 6 0.9b,c

10 1.19 6 0.06d 158.1 6 29.2b 3.7 6 0.5b,c

42 1.18 6 0.09d 109.8 6 10.6b 3.1 6 0.2c

Lean mice
0 0.83 6 0.02 56.1 6 3.8 1.8 6 0.2
1 0.83 6 0.04 59.7 6 4.3 1.7 6 0.1
2 0.80 6 0.01 53.0 6 4.4 2.0 6 0.3
5 0.83 6 0.04 64.7 6 6.5 1.8 6 0.3

10 0.84 6 0.02 50.1 6 3.3 1.7 6 0.2
42 0.78 6 0.04 53.6 6 3.7 1.6 6 0.3

Two-way ANOVA: P (F,df)
Genotype 0.0001 (219,1) 0.001 (104,1) 0.001 (89,1)
Leptin 0.0001 (8.2,5) 0.0001 (7.4,5) 0.04 (2.5,5)
Interaction 0.0001 (7.3,5) 0.0001 (7.5,5) 0.04 (2.6,5)

Data are the mean 6 SEM for six mice infused with PBS or leptin for 7 days. The statistical summary represents a two-way ANOVA, testing
for genotype effects. Different superscript letters indicate significant differences between treatment groups within a genotype, determined by
one-way ANOVA and subsequent Duncan’s multiple range test.
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intake and continuous weight loss in obese mice. Brown
adipose UCP levels and rectal temperature were also ele-
vated with high doses of leptin, as discussed below, and it
is likely that the associated elevation of energy expenditure
contributed to weight loss in these mice. In lean mice, only
the two highest doses of leptin caused significant changes in
food intake and body weight. These results demonstrate that
ob/ob mice have an increased sensitivity to the energy balance
effects of leptin compared with that in lean mice. Although
the intake of lean mice returned to control levels, there was
no evidence of compensatory hyperphagia, suggesting that
when the mice became resistant to the feeding effects of
leptin, they were also insensitive to the existing reduction in
body weight.

The ability of lean mice to develop resistance to the satiety
aspects of leptin suggest that these animals are a more ap-
propriate model than ob/ob mice for investigating leptin ac-
tivity in humans. Obese humans and mice made obese by
dietary means have elevated circulating concentrations of
leptin but maintain a normal food intake (30–32). Central
infusion of leptin into dietary obese mice inhibits intake (32),
indicating that the resistance to peripheral leptin is caused by
a failure to transport the protein to the hypothalamic long

form, OB-Rb, receptor, which is responsible for the hypo-
phagic effects of leptin (12). A similar rate-limiting transport
system appears to be present in humans, as a concentration
gradient in leptin is maintained between blood and cerebro-
spinal fluid (14, 15). The adaptive mechanism that limits
leptin transport to the brain may be due to circulating bind-
ing proteins that limit the amount of free protein available for
transport (16) or to a rate-controlled transport system at the
blood-brain barrier (14). In ob/ob mice, this adaptive mech-
anism is either absent or substantially inhibited. The gradual
increase in food intake of ob/ob mice given 2 or 5 mg/day
leptin suggest that they have a limited ability to prevent
leptin from reaching central receptors that control food
intake.

Weight loss in ob/ob mice was accompanied by a reduction
in body fat content, and there was no obvious site-specific
response. In obese mice, increasing doses of leptin caused
progressive loss of hepatic lipid and glycogen stores; how-
ever, by the end of this experiment, liver lipid and glycogen
levels in mice given the two highest doses of leptin were still
twice those found in lean mice. Despite the substantial
change in liver composition and metabolism, there was no
change in the level of expression of hepatic short form leptin
receptors (OB-Ra, OB-Rc, OB-Rd, and OB-Rf), which have
been shown to have signaling capability (33, 34). As reported
previously (35), the long form of the leptin receptor, OB-Rb,
was not detectable in the liver. If the change in liver com-
position had been directly mediated by leptin, a change in
receptor number may have been expected as liver energy
stores declined. The design of this experiment did not allow
us to determine which responses in the mice were direct
effects of leptin and which were secondary to the state of
negative energy balance induced by leptin.

In lean mice, all fat pads were also reduced by 30–50% in
animals treated with 10 mg/day leptin compared with those
in controls; however, the difference was not statistically sig-
nificant due to the relatively small size of the pads even in
control animals. This observation confirms the hypothesis of
Levin et al. (19) that leptin has metabolic effects, independent
of those associated with hypophagia, that lead to a loss of
body fat in both lean and ob/ob mice. As leptin had no sig-
nificant effect on the hepatic lipid or glycogen content of lean
mice, these results also suggest that the metabolic effect is
tissue specific, diverting nutrients from adipose tissue to
other tissues that have a higher metabolic rate. This concept

FIG. 6. Liver short form leptin receptor detected by Western blot using a polyclonal antibody raised to the extracellular membrane portion of
the receptor. The top blot is liver from ob/ob mice, and the bottom blot is liver from lean mice infused with either 0 or 10 mg/day leptin. Tissue
was homogenized and centrifuged at 3,000 3 g for 10 min The supernatant was centrifuged at 11,000 3 g for 20 min. Both the pellet (P) and
the supernatant(s) were analyzed for receptor. Forty micrograms of protein were loaded in each lane. The 100-kDa band represents the receptors
with a short intracellular domain (OB-Ra, OB-Rc, OB-Rd, and OB-Rf). There was no effect of leptin treatment on receptor in lean or obese mice.

TABLE 4. Muscle enzyme activity in lean and ob/ob mice infused
with leptin for 7 days

Leptin dose (mg/day) Hexokinase Citrate synthase HOAD

ob/ob mice
0 1.38 6 0.36 20.8 6 3.2 2.54 6 0.33
2 2.03 6 0.09 31.3 6 0.2 3.14 6 0.14

10 1.40 6 0.08 24.5 6 4.5 2.57 6 0.25
Lean mice

0 1.76 6 0.01a 26.9 6 1.3 2.09 6 0.0a

2 1.97 6 0.06b 28.8 6 0.7 2.44 6 0.11b

10 1.54 6 0.0c 27.3 6 0.5 1.88 6 0.05a

Two-way ANOVA:
P (F,df)

Genotype NS NS 0.002 (11.9,1)
Leptin 0.01 (5.2,2) 0.07 (96,2) 0.09 (2.6,2)
Interaction NS NS NS

Data are the mean 6 SEM for groups of four to six mice. Enzyme
activity was measured in the triceps muscles collected from animals
that had been infused with 0, 2, or 10 mg/day recombinant human
leptin. The statistical summary represents a two-way ANOVA used
to detect genotype effects. Different superscript letters indicate sta-
tistically significant differences between treatment groups within a
genotype, determined by one-way ANOVA and post-hoc Duncan’s
multiple range test.
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was supported by the measurement of muscle enzyme ac-
tivity. In ob/ob mice, there was no significant effect of leptin
treatment on any of the three enzymes measured, suggesting
that glucose and fatty acid metabolism in these tissues was
not substantially changed, even with 10 mg/day leptin. In
lean mice, hexokinase and HOAD activities increased with a
low dose of leptin and then decreased with the higher dose.
These changes were small, and significance was due to the
absence of variance in some of the treatment groups, but they
may be representative of a shift in nutrient utilization from
glucose to fatty acid oxidation, consistent with fatty acids
being mobilized from adipose tissue.

Measurements of serum insulin and glucose showed that
2 mg/day human leptin caused a significant reduction in
basal serum insulin and glucose levels in ob/ob mice, con-
firming previous reports that leptin improves glucose clear-
ance in ob/ob mice (9, 10). The improvement cannot be entirely
attributed to the reduction in food intake and body fat con-
tent of the mice, as Pellymounter et al. (9) found a reduction
in serum insulin with a dose of leptin that did not change the
body weights of ob/ob mice. Emillson et al. (36) have shown
that leptin directly inhibits glucose-stimulated insulin re-
lease from pancreatic b-cells; however, the changes in ob/ob
mice indicate an improvement in tissue insulin responsive-
ness, leading to a reduced requirement for insulin, rather
than an inhibition of insulin release in the absence of a change
in glucose uptake. If this had been the case, leptin-treated
mice would have had lower insulin, but higher serum glu-
cose, concentrations than controls. ob/ob mice given 10 mg/
day leptin had serum insulin and glucose concentrations
equivalent to those in lean controls. In these animals, which
had a significantly reduced food intake and were mobilizing
body fat, it is likely that a combination of factors, including
direct effects of leptin in tissue insulin sensitivity and a
reduced glucose load, contributed to the drop in serum in-
sulin and glucose concentrations.

In vitro studies have shown that leptin induces insulin
resistance in HepG2 cells (37), a hepatocellular carcinoma cell

line, and rat adipocytes (38). These observations are not con-
sistent with improved insulin responsiveness in leptin-
treated ob/ob mice. There are a number of possible explana-
tions for the discrepancy. The first is that we measured basal
insulin and glucose levels when the animals were in a nonfed
state. It is possible that leptin changes glucose-stimulated
insulin release and insulin responsiveness, which would not
have been detected in this experiment. Another explanation
is that ob/ob mice are abnormal in their response to leptin.
This would not be too surprising, as ob/ob mice have an
increased sensitivity to leptin and are the only animals that
remain hypophagic in response to peripherally administered
leptin (7, 9, 32, 39). In addition, there was no effect of leptin
on basal serum insulin concentrations in lean mice, and non-
insulin-dependent diabetes is associated with both elevated
leptin and insulin levels (40, 41). Finally, in vitro studies may
not be representative of in vivo responses due to the absence
of appropriate feedback systems, compensatory mecha-
nisms, and secondary responses to leptin treatment. Studies
of in vivo glucose utilization in leptin-treated animals are
required to confirm the relevance of in vitro studies to the
whole animal response to leptin. In addition to reducing
serum insulin and glucose, 2 mg/day leptin appeared to
reverse the hypercorticoidism of ob/ob mice, although the
68% drop in the average corticosterone concentration was
not statistically significant. This change in circulating corti-
costerone may also have contributed to the improved insulin
status of ob/ob mice, as glucocorticoids inhibit glucose uptake
(42).

Others have speculated that the metabolic effects of leptin
are associated with activation of the sympathetic nervous
system (20). Sympathetic tone is reduced in ob/ob mice that
are leptin deficient (1), and leptin treatment has been re-
ported to increase norepinephrine turnover in brown, but not
white, adipose tissue (20). In this experiment, brown adipose
tissue UCP expression was used as an indirect index of sym-
pathetic activity and was increased only in ob/ob mice infused
with 10 or 42 mg/day leptin. These results demonstrate that

TABLE 5. The effect of leptin infusion on serum hormone and glucose levels in lean and obese mice

Leptin dose
(mg/day)

Human leptin
(ng/ml)

Insulin
(ng/ml)

Glucose
(mmol/L)

Corticosterone
(ng/ml)

ob/ob mice
0 1.5 6 0.1a 13.6 6 3.3a 25 6 3a 76 6 23
1 1.6 6 0.1a 10.8 6 2.5a 20 6 1.1a,b 40 6 21
2 3.7 6 1.4a,b 4.6 6 1.4b 18 6 3.1b 24 6 2
5 3.6 6 0.7a,b 2.6 6 1.0b 16 6 1.1b 21 6 6

10 8.0 6 2.5c 1.4 6 0.6b 14 6 1.4b 28 6 7
42 6.4 6 1.3b,c 2.0 6 0.6b 15 6 0.4b 22 6 6

Lean mice
0 1.6 6 0.3a 1.1 6 0.1 16 6 1.0a 23 6 7
1 2.1 6 0.3a 1.1 6 0.2 16 6 0.6a 20 6 3
2 3.0 6 0.5a,b 1.0 6 0.3 16 6 0.5a 24 6 4
5 3.8 6 1.1a,b 1.0 6 0.2 15 6 1.1a,b 16 6 3

10 6.8 6 1.2c 0.8 6 0.4 16.1 6 0.9a 29 6 12
42 5.0 6 1.2b,c 0.8 6 0.2 13.0 6 0.5b 17 6 4

Two-way ANOVA: P (F,df)
Genotype NS 0.0001 (43,1) 0.003 (10.1,1) 0.04 (4.6,1)
Leptin 0.001 (8.8,5) 0.0001 (7.8,5) 0.0008 (4.9,5) 0.04 (2.6,5)
Interaction NS 0.0001 (7.5,5) 0.03 (2.8,5) NS

Data are the mean 6 SEM for six mice infused with PBS or leptin for 7 days. The statistical summary represents a two-way ANOVA, testing
for genotype effects. Different superscript letters indicate significant differences within a genotype, determined by one-way ANOVA and
subsequent Duncan’s multiple range test.
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much higher doses of leptin are required to increase UCP
expression and sympathetic activity than are required to
change food intake and cause weight loss in either lean or
ob/ob mice. Changes in rectal temperatures of ob/ob mice
paralleled the increase in UCP expression. It is well estab-
lished that thermoregulation is impaired in both ob/ob mice,
which are deficient in leptin, and db/db mice, which have a
mutated long form leptin receptor (1). As the temperatures
of ob/ob mice receiving 10 or 42 mg/day leptin were not
different from those of lean mice, it appears that high doses
of leptin mediate either an increase in heat production or a
reduction in heat loss. Both of these responses would be
consistent with increased sympathetic activity, its associated
activation of brown adipose tissue, and vasoconstriction in
the skin (43). However, it is well established that cytokines
cause a febrile response (44), although this is usually a tran-
sient effect in conditions of trauma or infection (45), and
leptin has been shown to stimulate macrophage cytokine
production and phagocytic activity in vitro (46). Therefore, it
is possible that the effect on body temperature was also
partially due to a leptin-induced increase in concentrations
of inflammatory cytokines. We did not measure any cyto-
kines other than leptin in this study due to a limitation in the
amount of serum available.

Others (18) have reported that 14 days of leptin injections
caused a significant increase in ovarian and uterine weights
in ob/ob mice, but in this experiment we did not find any
significant effect of leptin on the weights of reproductive
organs in either lean or ob/ob mice. The uterine weights in
ob/ob mice tended to increase with leptin treatment, but the
difference did not reach statistical significance due to the
large variability within each group. There was no indication
of leptin having any effect on the ovaries of ob/ob mice, which
were significantly smaller than those of lean animals. The
difference in these results and those reported previously (18)
may be due to the short duration of this experiment, which
involved only 7 days of leptin infusion, compared with the
5-day reproductive cycle of mice. Either this period of leptin
infusion was not long enough to stimulate the growth of
reproductive tissue, or early stages of cell development,
which would have been detected by histological examination
of the tissue, were not apparent as a significant change in
tissue weight.

Measurements of catecholamines and monoamines in sev-
eral brain areas of lean and ob/ob mice demonstrated many
genotypic differences. Although NE was elevated in both the
hypothalamus and brain stem of ob/ob mice compared with
levels in lean mice, NE metabolism (MHPG/NE) was lower
in the hypothalamus of ob/ob mice than lean mice, confirming
previous reports of reduced NE synthesis and metabolism in
these animals (47). The failure of leptin to reverse this defect
demonstrates that it is not a direct result of leptin deficiency
and is not associated with the hyperphagia, hyperinsulin-
emia, or hypothermia. DA metabolism, measured as
DOPAC/DA or HVA/DA, was elevated in ob/ob mice com-
pared with lean animals. The lack of site specificity and the
failure of leptin to correct this difference suggest that it is also
unrelated to the energy balance aspects of leptin deficiency.
5-HT and its metabolism, indicated by the 5-HIAA/5-HT
ratio, was elevated in ob/ob mice and responded to leptinT
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treatment. Doses of leptin as low as 2 mg/day leptin in-
creased the 5-HIAA concentration and 5-HT metabolism in
the hypothalamus and brain stem, but not the cortex, of ob/ob,
but not lean, mice. The site specificity of this response sug-
gests an association between the reduced food intake in
leptin-treated ob/ob mice and 5-HT, which is known to sup-
press food intake (48, 49). It is possible that the satiety effect
of leptin in ob/ob mice is mediated in part by modulation of
this neurotransmitter, whereas the absence of a change in
5-HT metabolism in leptin-treated lean mice is consistent
with their recovery of a normal food intake by the end of the
experiment. To date, the majority of studies investigating
leptin-sensitive central control of food intake have focused
on neuropeptide Y, which is elevated in the hypothalamus of
genetically obese mice and rats and is down-regulated by
leptin (38, 50). However, neuropeptide Y knockout mice are
responsive to leptin (51), indicating some redundancy in the
mechanisms that mediate leptin-induced hypophagia. The
results of this experiment demonstrate a correlation between
5-HT metabolism and food intake in ob/ob mice, but further
investigation is needed to establish the true relationship
among leptin, 5-HT, and food intake.

The second objective of this study was to determine ge-
notypic differences in response to leptin in lean and ob/ob
mice. The most obvious difference was an exaggerated sen-
sitivity to leptin in ob/ob mice compared with that in lean
animals. In ob/ob mice, several changes were observed with
2 mg/day leptin, whereas only the two highest doses of leptin
caused reliable changes in lean mice, consistent with other
reports of no response in lean animals to doses of leptin that
produce significant changes in food intake, body weight,
serum insulin, and body temperature in ob/ob mice (9). Po-
tential explanations for the increased sensitivity of ob/ob mice
to the protein include a difference in circulating concentra-
tions of protein; a decreased amount of binding protein in
ob/ob mice, resulting in an increased amount of bioavailable
protein in the circulation; an increased number of leptin
receptors in ob/ob mice; or a failure of obese mice to down-
regulate the receptor in response to continuous agonism by
leptin. There was no obvious difference in circulating con-
centrations of leptin in lean and ob/ob mice given the same
dose of protein, indicating that increased responsiveness in
ob/ob mice could not be attributed to elevated levels of cir-
culating protein. We were not able to determine the propor-
tion of circulating leptin that was bound to either binding
proteins (16) or soluble receptor (11), and the possibility of
an increased amount of free leptin in ob/ob mice cannot be
excluded. In this experiment we only measured short form
receptors present in the liver. There was no effect of leptin
treatment on the amount of receptor present in either lean or
obese mice, and the Western blots suggested that more re-
ceptor was present in tissue from lean than ob/ob mice.

In summary, the results of this experiment, in which a
large number of variables were measured in lean and obese
mice treated with increasing amounts of leptin, demon-
strated that ob/ob mice were more responsive to leptin than
were lean animals; they showed reduced food intake, body
weight, and serum insulin and glucose levels and increased
hypothalamic and brain stem serotonin metabolism when
given 2 mg/day leptin. The small amount of protein neededT
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to initiate these changes suggests that they are all primary
physiological responses to leptin. As human and mouse lep-
tin have 84% homology (3), it is likely that even lower con-
centrations of murine recombinant leptin would be required
to initiate a response in ob/ob mice. Correction of hypother-
mia and increased expression of brown fat UCP in ob/ob mice
required relatively large doses of protein, which suggests
that these effects are representative of responses to a phar-
macological dose of leptin. In contrast to ob/ob mice, the only
response observed in lean mice was a transient reduction in
food intake and a reduction in body weight of mice given the
two highest doses of leptin. The absence of leptin in ob/ob
mice during growth and development may cause them to be
especially sensitive to exogenous protein and result in a
failure to adapt to the protein, such that mechanisms that
prevent a continued effect of leptin on food intake in lean
mice are absent or minimal in ob/ob mice. In this experiment
we did not determine which of the changes in leptin-treated
ob/ob mice were a direct response to the protein and which
were secondary to the state of negative energy balance that
resulted from a sustained inhibition of food intake. The ex-
aggerated sensitivity of ob/ob mice to leptin indicates that
other animal models, such as dietary obese mice, are more
appropriate when considering the effect of leptin on phys-
iological and biochemical parameters in vivo.

Acknowledgments

The authors thank Joseph Kuijper (ZymoGenetics, Seattle, WA) for
providing the human recombinant leptin used in this study, Dr. Daniel
Ricquier (Centre de Recherche sur l’Endocrinologicole Moleculaire et le
Development, Meudon, France) for providing the complementary DNA
probe for UCP, and Phillip Schwartz (Affinity BioReagents, Golden, CO)
for providing leptin receptor antibody.

References

1. Bray GA, York DA 1979 Hypothalamic and genetic obesity in experimental
animals: an autonomic and endocrine hypothesis. Physiol Rev 59:719–809

2. Coleman DL 1973 Effects of parabiosis of obese with diabetes and normal mice.
Diabetologia 9:294–298

3. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM 1994
Positional cloning of the mouse obese gene and its human homologue. Nature
372:425–432

4. Zhang F, Basinski MB, Beals JM, Briggs SL, Churgay LM, Clawson DK,
DiMarchi RD, Furman TC, Hale JE, Hsiung HM, Schoner BE, Smith DP,
Zhang XY, Wery J-P, Schevitz RW 1997 Crystal structure of the obese protein
leptin-E100. Nature 387:206–209

5. Hamilton BS, Paglia D, Kwan AY, Deitel M 1995 Increased obese mRNA
expression in omental fat cells from massively obese humans. Nat Med
1:953–956

6. Harris RB, Ramsay TG, Smith SR, Bruch RC 1996 Early and late stimulation
of ob mRNA expression in meal-fed and overfed rats. J Clin Invest 97:2020–2026

7. Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P 1995 Recombinant mouse
OB protein: evidence for a peripheral signal linking adiposity and central
neural networks. Science 269:546–549

8. Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D,
Lallone RL, Burley SK, Friedman JM 1995 Weight-reducing effects of the
plasma protein encoded by the obese gene. Science 269:543–546

9. Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T,
Collins F 1995 Effects of the obese gene product on body weight regulation in
ob/ob mice. Science 269:540–543

10. Weigle DS, Bukowski TR, Foster DC, Holderman S, Kramer JM, Lasser G,
Lofton-Day CE, Prunkard DE, Raymond C, Kuijper JL 1995 Recombinant ob
protein reduces feeding and body weight in the ob/ob mouse. J Clin Invest
96:2065–2070

11. Chen H, Charlat O, Tartaglia LA, Woolf EA, Weng X, Ellis SJ, Lakey ND,
Culpepper J, Moore KJ, Breitbart RE, Duyk GM, Tepper RI, Morgenstern JP
1996 Evidence that the diabetes gene encodes the leptin receptor: identification
of a mutation in the leptin receptor gene in db/db mice. Cell 84:491–495

12. Lee GH, Proenca R, Montez JM, Carroll KM, Darvishzadeh JG, Lee JI,

Friedman JM 1996 Abnormal splicing of the leptin receptor in diabetic mice.
Nature 379:632–635

13. Caro JF, Sinha MK, Kolaczynski JW, Zhang PL, Considine RV 1996 Leptin:
the tale of an obesity gene. Diabetes 45:1455–1462

14. Schwartz MW, Peskind E, Raskind M, Boyko EJ, Porte Jr D 1996 Cerebro-
spinal fluid leptin levels: relationship to plasma levels and to adiposity in
humans. Nat Med 2:589–593

15. Caro JF, Kolaczynski JW, Nyce MR, Ohannesian JP, Opentanova I, Goldman
WH, Lynn RB, Zhang PL, Sinha MK, Considine RV 1996 Decreased cere-
brospinal-fluid/serum leptin ratio in obesity: a possible mechanism for leptin
resistance. Lancet 348:159–161

16. Houseknecht KL, Mantzoros CS, Kuliawat R, Hadro E, Flier JS, Kahn BB
1996 Evidence for leptin binding to proteins in serum of rodents and humans
with obesity. Diabetes 45:1638–1643

17. Banks WA, Kastin AJ, Huang W, Jaspan JB, Maness LM 1996 Leptin enters
the brain by a saturable system independent of insulin. Peptides 17:305–311

18. Barash IA, Cheung CC, Weigle DS, Ren H, Kabigting EB, Kuijper JL, Clifton
DK, Steiner RA 1996 Leptin is a metabolic signal to the reproductive system.
Endocrinology 137:3144–3147

19. Levin N, Nelson C, Gurney A, Vandlen R, de Sauvage F 1996 Decreased food
intake does not completely account for adiposity reduction after ob protein
infusion. Proc Natl Acad Sci USA 93:1726–1730

20. Collins S, Kuhn CM, Petro AE, Swick AG, Chrunyk BA, Surwit RS 1996 Role
of leptin in fat regulation. Nature 380:677

21. Licinio J, Mantzoros C, Negrao AB, Cizza G, Wong M-L, Bongiorno PB,
Chrousos GP, Karp B, Allen C, Flier JS, Gold PW 1997 Human leptin levels
are pulsatile and inversely related to pituitary-adrenal function. Nat Med
3:575–579

22. Harris RBS, Zhou J, Weigle DS, Kuijper JL 1997 Recombinant leptin ex-
changes between parabiosed mice but does not reach equilibrium. Am J
Physiol 272:R1800–R1808

23. Rybkin II, Zhou Y, Voulaufova J, Smagin GN, Ryan DH, Harris RBS 1997
The effect of restraint stress on food intake and body weight is determined by
time of day. Am J Physiol 273:R1612–R1622

24. Youngblood BD, Zhou J, Smagin GN, Ryan DH, Harris RBS 1997 Sleep
deprivation by the flower pot technique and spatial reference memory. Physiol
Behav 61:249–256

25. Lo S, Russel JC, Taylor AW 1970 Determination of glycogen in small tissue
samples. J Appl Physiol l28:234–236

26. Srere PA 1969 Citrate synthase. Methods Enzymol 13:3–5
27. Askew EW, Dohm GL, Huston RL 1975 Fatty acid and ketone body metab-

olism in the rat: response to diet and exercise. J Nutr 105:1422–1432
28. Uyeda F, Racker E 1965 Regulatory mechanisms in carbohydrate metabolism.

VII. Hexokinse and phosphofructokinase. J Biol Chem 240:4682–4688
29. Littell RC, Milliken GA, Stroup WW, Wolfinger RD 1996 SAS System for

Mixed Models. SAS Institute, Cary
30. Maffei M, Halaas J, Ravussin E, Pratley RE, Lee GH, Zhang Y, Fei H, Kim

S, Lallone R, Ranganathan S 1995 Leptin levels in human and rodent: mea-
surement of plasma leptin and ob RNA in obese and weight-reduced subjects.
Nat Med 1:1155–1161

31. Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce
MR, Ohannesian JP, Marco CC, McKee LJ, Bauer TL 1996 Serum immuno-
reactive-leptin concentrations in normal-weight and obese humans. N Engl
J Med 334:292–295

32. Heek MV, Compton DS, France CF, Tedesco RP, Fawzi AB, Graziano MP,
Sybertz EJ, Strader DC, Davis Jr HR 1997 Diet-induced obese mice develop
peripheral, but not central, resistance to leptin. J Clin Invest 99:385–390

33. Murakami T, Yamashita T, Iida M, Kuwajima M 1997 A short form of leptin
receptor performs signal transduction. Biochem Biophys Res Commun
231:26–29

34. White DW, Kuropatwinski KK, Devos R, Baumann H, Tartaglia LA 1997
Leptin receptor (OB-R) signaling. Cytoplasmic domain mutational analysis
and evidence for receptor homo-oligomerization. J Biol Chem 272:4065–4071

35. Wang MY, Zhou YT, Newgard CB, Unger RH 1996 A novel leptin receptor
isoform in rat. FEBS Lett 392:87–90

36. Emilsson V, Liu Y-L, Cawthorne MA, Morton NM, Davenport M 1997 Ex-
pression of the functional leptin receptor mRNA in pancreatic islets and direct
inhibitory action of leptin on insulin secretion. Diabetes 46:313–316

37. Cohen B, Novick D, Rubinstein M 1996 Modulation of insulin activities by
leptin. Science 272:1185–1188

38. Muller G, Ertl J, Gerl M, Preibisch G 1997 Leptin impairs metabolic actions
of insulin in isolated rat adipocytes. J Biol Chem 272:10585–10593

39. Cusin I, Rohner-Jeanrenaud F, Stricker-Krongrad A, Jeanrenaud B 1996 The
weight-reducing effect of an intracerebroventricular bolus injection of leptin
in genetically obese fa/fa rats. Reduced sensitivity compared with lean animals.
Diabetes 45:1446–1450

40. Sinha MK, Ohannesian JP, Heiman ML, Kriauciunas A, Stephens TW,
Magosin S, Marco C, Caro JF 1996 Nocturnal rise of leptin in lean, obese, and
non-insulin-dependent diabetes mellitus subjects. J Clin Invest 97:1344–1347

41. Hotta K, Gustafson TA, Ortmeyer HK, Bodkin NL, Nicolson MA, Hansen
BC 1996 Regulation of obese (ob) mRNA and plasma leptin levels in rhesus

18 LEPTIN DOSE-RESPONSE STUDY Endo • 1998
Vol 139 • No 1

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/139/1/8/2986870 by guest on 21 August 2022



monkeys. Effects of insulin, body weight, and non-insulin-dependent diabetes
mellitus. J Biol Chem 271:25327–25331

42. Paquot N, Schneiter P, Jequier E, Tappy L 1995 Effects of glucocorticoids and
sympathomimetic agents on basal and insulin-stimulated glucose metabolism.
Clin Physiol 15:231–240

43. Foster DO, Frydman ML 1978 Nonshivering thermogenesis in the rat. II.
Measurements of blood flow with microspheres point to brown adipose tissue
as the dominant site of the calorigenesis induced by noradrenaline. Can
J Physiol Pharmacol 56:110–122

44. Mackowiak PA, Boulant JA 1996 Fever’s glass ceiling. Clin Infect Dis
22:525–536

45. Lennie TA, McCarthy DO, Keesey RE 1995 Body energy status and
the metabolic response to acute inflammation. Am J Physiol 269:R1024 –
R1031

46. Gainsford T, Wilson TA, Metcalf D, Handman E, MacFarlane C, Ng A,
Nicola NA, Alexander WA, Hilton DJ 1996 Leptin can induce proliferation,

differentiation and functional activation of hemopoietic cells. Proc Natl Acad
Sci USA 93:14564–14568

47. Johnston JL, Romsos DR, Bergen WG 1986 Reduced brain norepinephrine
metabolism in obese (ob/ob) mice is not normalized by tyrosine supplemen-
tation. J Nutr 116:435–445

48. Gill K, Amit ZA 1987 Effects of serotonin uptake blockade on food, water and
ethanol consumption in rats. Alcohol Clin Exp Res 11:444–449

49. Dumont C, Laurent J, Grandam A, Bossier JR 1981 Anorectic properties of a
new long acting serotonin uptake inhibitor. Life Sci 28:1939–1945

50. Schwartz MW, Baskin DG, Bukowski TR, Kuijper JL, Foster D, Lasser G,
Prunkard DE, Porte Jr D, Woods SC, Seeley RJ, Weigle DS 1996 Specificity
of leptin action on elevated blood glucose levels and hypothalamic neuropep-
tide Y gene expression in ob/ob mice. Diabetes 45:531–535

51. Erickson JC, Clegg KE, Palmiter RD 1996 Sensitivity to leptin and suscepti-
bility to seizures of mice lacking neuropeptide Y. Nature 381:415–421

LEPTIN DOSE-RESPONSE STUDY 19

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/139/1/8/2986870 by guest on 21 August 2022


