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Peripheral infusions of physiological doses of leptin decrease
body fat mass, but it is not known whether this results from
direct effects on peripheral tissue or activation of central
leptin receptors. In this study, we infused chronically decer-
ebrate (CD) rats, in which the forebrain was surgically iso-
lated from the caudal brainstem, with 60 �g leptin/d or PBS for
14 d from ip mini-osmotic pumps. The CD rats were tube fed
an amount of food equivalent to the intake of ad libitum-fed
intact controls or 75% of this amount to account for their
reduced energy expenditure. Control rats fed ad libitum or
tube fed 75, 100, or 125% of their ad libitum intake also were
peripherally infused with leptin or PBS. CD rats had a lower
serum testosterone, energy expenditure, and lean body mass
compared with controls but had increased levels of adiponec-

tin and leptin and were obese. Leptin increased body fat and
decreased energy expenditure during the light period in
100%-fed CD rats, but not 75%-fed CD rats. Leptin decreased
body fat of ad libitum- and 100%-fed but not 75%-fed or 125%-
fed intact controls. Energy expenditure did not change in any
control group. These results show that leptin can change body
fat independent of a change in food intake or energy expen-
diture, that the forebrain normally prevents leptin from in-
hibiting energy expenditure through mechanisms initiated in
the caudal brainstem or peripheral tissues, and that the leptin
response in both intact and CD rats is determined by the
energy status of the animal. (Endocrinology 148: 4623–4633,
2007)

LEPTIN, A HORMONE PRODUCED predominantly by
adipose tissue, was initially hypothesized to function

as a circulating feedback signal in the regulation of energy
balance (1). Subsequent investigations have shown that lep-
tin has multiple physiological activities, and its primary
function remains a subject of discussion (2). It is clear, how-
ever, that the absence of leptin results in severe obesity in
both rodents (3) and humans (4) and that administration of
leptin can inhibit food intake, increase energy expenditure,
and cause a selective loss of body fat in both leptin-sufficient
and leptin-deplete animals (5–7). The magnitude of each of
these responses is determined by the dose of leptin and
whether it is administered centrally or peripherally. In pre-
vious studies, we have used a rodent model in which low
doses of leptin are infused peripherally from mini-osmotic
pumps to produce physiological elevations in circulating
leptin in mice or rats (5, 8, 9). Over a 2-wk infusion period,
this treatment results in a selective loss of body fat without
necessarily producing any significant inhibition of food in-
take. The strength of this model is that it is more closely
representative of the normal physiological release of leptin
than are bolus injections of leptin into either the periphery or
the cerebral ventricles.

The leptin-induced change in body composition, which is
characterized by a loss of fat but retention of lean body mass
(5), could result from leptin inducing a state of negative
energy balance by inhibiting energy intake, increasing en-

ergy expenditure, or both. Energy would then be mobilized
from body energy stores to support metabolism. The changes
in energy intake or expenditure required to produce a sig-
nificant loss of body fat over a period of 2 wk could poten-
tially be very small and difficult to detect with 24-h measures.
Alternatively, leptin could cause a change in nutrient parti-
tioning without disrupting energy balance, such that a shift
in metabolism favors lean body mass but inhibits deposition
of lipid in adipose tissue. It is established that the inhibitory
effect of leptin on food intake is mediated by leptin receptors
in neural tissue (10) and that leptin-induced changes in en-
ergy expenditure are mediated by increased activity of un-
coupling protein 1 (UCP1) in brown adipose tissue (11, 12),
which also appears to require activation of leptin receptors
in the forebrain, midbrain, or caudal brainstem (13, 14). In
contrast, if the change in body composition is due to a shift
in the metabolic equilibrium in peripheral tissues, then it is
possible that leptin acts directly on adipose and liver tissue
to inhibit lipogenesis and mobilize lipid independent of ac-
tivation of leptin receptors in the brain. Most peripheral
tissues express one or more subtypes of the leptin receptor
(15), although the subtypes with short intracellular domains
dominate. Expression of ObRb, the leptin receptor subtype
that has a long-intracellular domain, is relatively very low in
peripheral tissues of rodents with the lung being an excep-
tion (16). Evidence of leptin activity in db/db mice that do
not express ObRb (17) and a recent report that leptin can act
directly to mobilize liver lipid (18) demonstrates that the
leptin receptor isoforms with short-intracellular domains
have the potential to mediate some metabolic responses to
leptin because ObRb mRNA and protein is undetectable in
hepatic tissue (19).

To determine whether changes in body composition of rats
receiving peripheral, low-dose infusions of leptin require
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leptin to cross the blood-brain barrier and activate hypotha-
lamic leptin receptors, we used the chronically decerebrate
(CD) rat. In this model, a surgical transection is made to
isolate the caudal brainstem from the forebrain, and it has
been used extensively to demonstrate that many feeding and
energetic responses are intact in the absence of neural input
from the forebrain (20, 21). The caudal brainstem contains
receptors for many of the neuropeptides and receptors that
are known to be important in the control of food intake (20)
including those for leptin (22, 23), and it also is an integral
part of the sympathetic neural circuit controlling peripheral
tissues (14, 24–26). Although CD rats do not eat or drink
spontaneously, studies in which food is infused directly into
the oral cavity (intra-oral feeding) have shown that they
exhibit normal short-term regulation of meal size (see Ref. 20
for review). Most recently, we demonstrated that CD rats
made appropriate changes in energy expenditure and lipid
mobilization in response to 48 h of starvation (27) and also
show an increase in mRNA expression of UCP1 in intra-
scapular brown adipose tissue (IBAT) after fourth ventricle
infusion of the melanocortin receptor agonist melanotan II
(28).

The objective of this study was to determine whether CD
rats receiving a peripheral infusion of leptin would show the
same changes in body composition as those found in neurally
intact control rats. The absence of neural involvement of the
forebrain would allow us to determine the requirement for
activation of the hypothalamic leptin receptors in the medi-
ation of changes in body composition produced by periph-
eral infusions of leptin.

Materials and Methods

All experimental procedures described here were approved by the
Institutional Animal Care and Use Committee of the University of Geor-
gia and were in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. A total of 148 male Sprague
Dawley rats (275–300 g: Harlan, Indianapolis, IN), in two cohorts, were
housed in individual cages in a room maintained at 23 C with lights on
for 12 h each day from 0600 h. All of the rats had free access to rodent

chow (Rodent Chow 5001; Purina Mills, St. Louis, MO) and water for 1
wk of adaptation. Thirty of the rats were selected at random, housed in
hanging wire-mesh cages, and offered suspendible AIN 76A rodent diet
(L1001; Research Diets, New Brunswick, NJ) in dry form so that vol-
untary food intake, corrected for spillage, could be recorded. Daily body
weights of all of the rats and food intakes of the 30 rats were recorded
for 1 wk. At the end of this week, all of the rats in the experiment were
switched to the suspendible diet and were divided into two groups: 20
rats fed the dry diet ad libitum (AL-fed) and 140 rats tube fed the diet in
liquid form in three meals each day fed at 0600, 1400, and 2200 h. The
volume of tube-fed meals was gradually increased from 9 to 12 ml over
2 d to deliver a total of 79 kcal/d, which represented 85% of the voluntary
food intake of the AL-fed rats. This level of feeding has previously been
shown to produce a similar rate of weight gain as that of AL-fed rats (29)
and in this study will be referred to as 100%-fed. The liquid diet also
provided an adequate daily water intake for the animals, even though
water bottles were always available. The 20 AL-fed rats were selected as
the rats with the median body weight of all of the rats. After 3 d of tube
feeding, the tube-fed animals were divided into three weight-matched
groups: 100%-fed (54 rats), 75%-fed (54 rats), and 125%-fed (20 rats).
Thirty-four 100%-fed rats and 34 75%-fed rats were subjected to the first
stage of surgery for chronic decerebration (CD) as described previously
(27). The 100%-fed rats continued to receive 79 kcal/d, intake of the
75%-fed rats was reduced to 59 kcal/d, and intake of the 125%-fed rats
was increased over 3 d to 99 kcal/d. Eight days after the first surgery,
the CD rats were subjected to a second surgery to produce a complete
sectioning of the neuraxis made at the mesencephalic-diencephalic junc-
ture (27). At the same time as the second surgery, all rats (CD plus intact
controls) were fitted with an ip Alzet mini-osmotic pump (model 2002;
Diurect Corp., Cupertino, CA) that delivered either PBS or 60 �g lep-
tin/d (rat recombinant leptin; R&D Systems, Minneapolis, MN). A total
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FIG. 1. Experimental design.

FIG. 2. A typical midline sagittal section from a CD rat demonstrat-
ing the efficacy of the lesion.
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of 38 of the 68 CD rats survived both surgeries (10 leptin-infused 75%-
fed, 11 PBS-infused 75%-fed, nine leptin-infused 100%-fed, and eight
PBS-infused 100%-fed). The experimental design is summarized in Fig. 1.

Daily body weights of all rats were recorded each morning before the
first tube-fed meal, and daily food intakes were recorded for the AL-fed
rats. Rectal temperatures of the CD rats were measured using a ther-
mistor probe (Temp 4, Thermistor Thermometer; Cole Parmer Instru-
ment Co., Vernon Hills, IL) before each tube-fed meal. On the day after
complete decerebration, rats were warmed with a heating pad if rectal
temperature fell below 34 C. By the second day after surgery, all of the
CD rats were maintaining their temperatures above 34 C, and we
stopped measuring rectal temperatures the next day. Three days after
the second surgery, the third day of leptin infusion, a tail-blood sample
was collected from each rat to measure serum leptin concentrations (rat
leptin RIA kit; Linco Research Inc., St. Charles, MO). Between d 4 and
11 of the leptin infusion, the energy expenditure of each rat was mea-
sured for a 26-h period using an indirect calorimeter, as described
previously (27). Because the calorimeter could house only 16 animals at

a time, rats from each treatment group were represented as evenly as
possible within each set that went into the calorimeter. The rats were
housed in the calorimeter for approximately 20 h before any experi-
mental data were collected, and they were maintained on their normal
feeding schedule. Heat production and respiratory equivalency ratio
(RER) was measured on each cage every 20 min from 1100 h on one day
until 1300 h on the following day. The rats were then returned to their
home cages.

On the 13th day of leptin infusion, all of the tube-fed rats received a
morning meal of 13.1 kcal (6 ml) at 0600 h. Food was removed from the
cages of the AL-fed rats. Starting from 1000 h, the rats were killed by
decapitation. Trunk blood was collected for measurement of serum
glucose, insulin (rat insulin RIA kit; Linco Research), adiponectin
(mouse adiponectin RIA; Linco Research), free fatty acids (NEFA C kit;
Wako Chemical Co., Dallas, TX), triglycerides (kit from Sigma Chemical
Co., St. Louis, MO), glycerol (Sigma), testosterone (total testosterone
RIA; Diagnostic Systems Laboratories, Webster, TX), TSH (Diagnostic
Systems), and corticosterone (rat corticosterone RIA; MP Biomedicals,
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FIG. 3. Daily body weight (A) and weight gain during the period of
PBS or leptin infusion (d 0–13) (B). Data are means � SEM for groups
of eight to 11 rats in A and for 17–21 rats in B. Values in B that do
not share a common superscript are significantly different at P � 0.05.
Leptin did not have a significant effect on body weight or weight gain
of any treatment group.
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indicate significant differences between treatment groups (P � 0.05).
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Cost Mesa, CA). The left epididymal, inguinal, retroperitoneal, and
perirenal white fat and the mesenteric fat pad were dissected and
weighed. Small pieces of epididymal and retroperitoneal fat were fixed
in osmium tetroxide for determination of fat cell size and number, as
described previously (30). Liver, IBAT, testes, and adrenal glands were
also dissected and weighed. Brains of CD rats were examined histolog-
ically to confirm the completeness of the transection (see Fig. 2). One lobe
of the liver was frozen for measurement of liver lipid and glycogen
content as described previously (31). The adrenal glands were snap
frozen for determination of tissue norepinephrine and epinephrine con-
tent by HPLC, as described previously (9). Remaining tissues were
returned to the carcass. The gastrointestinal tract was removed and
carcass composition determined (32).

Statistical analysis

Because of the unbalanced nature of the experimental design, data
were analyzed in three steps. Initially, a one-way ANOVA was con-
ducted make an overall comparison of intact control and CD rats. Sub-
sequently, two-way ANOVAs were conducted to test for feeding level
and leptin infusion within either the control or CD groups. If there was
no significant effect of leptin in any of the treatment groups, then the
values for PBS and leptin-infused rats were combined and the effects of
feeding level alone determined. Post hoc Duncan’s multiple range test
was used to determine differences between specific groups with P � 0.05
considered significantly different. Superscript letters are used to indicate
significant differences between treatment groups, and asterisks indicate
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a significant effect of leptin within that group. All statistical analysis was
performed using Statistica Software (StatSoft, Tulsa, OK).

Results

Rats subjected to the CD surgery stopped gaining weight
after the unilateral transection (see Fig. 3A) and gained less
weight during the experimental period, after complete tran-
section, than control rats fed an equivalent amount of food
(Fig. 3B). The 75%-fed control rats gained less weight than
AL-fed controls, whereas the 100%-fed and 125%-fed con-
trols gained significantly more weight than AL-fed rats (Fig.
3B). There was no effect of leptin infusion on the food intakes
of AL-fed rats (PBS-infused � 247 � 7 g/12 d; leptin-in-
fused � 244 � 7 g/12 d). In a previous study, when all meals
were fed within 12 h, body temperature of CD rats showed
significant excursions in the days immediately after the sec-

ond surgery (27). In the study described here, meals were
spread evenly across 24 h, and rectal temperatures were
stable at approximately 35.5 C within the first 3 d after the
second surgery.

Total 26-h energy expenditure during the experimental
period was significantly lower in CD than control rats, and
the 75%-fed CD rats had a lower expenditure than 100%-fed
CD rats (Fig. 4A). The 26-h expenditure of AL-fed controls
was higher than in 75%-fed or 100%-fed control rats but the
same as that of 125%-fed controls (Fig. 4A). Leptin caused a
suggestive but nonsignificant reduction in 26-h expenditure
of 100%-fed CD rats (PBS � 47 � 1 kcal/26 h; leptin � 43 �
1 kcal/26 h; P � 0.06 by two-tailed t test). This was associated
with a significant reduction in expenditure during the light
period (leptin, P � 0.002; interval, P � 0.0001; interaction, not
significant) but not the dark period (Fig. 5B). In 100%-fed

FIG. 6. RER during the 26 h that heat production was measured for each treatment group. Data are means � SEM for groups of eight to 11
rats. There was no significant effect of leptin on RER in any group at any time point.
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controls, there was no simple effect of leptin on expenditure
in the light period (Fig. 5E: leptin, not significant; interval,
P � 0.001; interaction, P � 0.01) and no effect during the dark
period. In contrast, in the 75%-fed CD rats, there was no effect
of leptin on expenditure during the light period but an in-
teraction between leptin and time interval during the dark
period (Fig. 5C: leptin, not significant; interval, P � 0.001;
interaction, P � 0.05), even though there was no specific time
point at which there was a significant difference between the
PBS- and leptin-infused rats. There was no effect of leptin on
expenditure during the light or dark period in any other
group of rats (Fig. 5).

Average RER measured over 26 h was higher in CD than
control rats fed the same amount of food (Fig. 4B) and av-
eraged above 1.0, implying that even the 75%-fed CD rats
were depositing energy into body stores (33). In intact control
rats, the RER of AL-fed and 75%-fed rats was approximately
1.0, suggesting that the rats were predominantly oxidizing
carbohydrate for energy (33), whereas the RER for both
100%-fed and 125%-fed rats was above 1.0, again suggesting
that these rats were storing energy. As described in Materials
and Methods, the 100%-fed rats were actually tube fed 85% of
AL intake due to the increased efficiency of energy utilization
in meal-fed rats (34), but even at this level of feeding, the
100%-fed rats had a higher RER than AL-fed rats. Leptin had
no effect on RER for any treatment group. When RER was
plotted by time interval (Fig. 6), it was more stable in intact
control rats than in CD rats. Both groups of CD rats showed
dips in RER toward 0.8 just before each meal, indicating that
the rats were oxidizing fat and protein (33), and similar
changes in RER were apparent in 75%-fed but not 100%-fed
control rats.

At the end of the 13-d experimental period, both 75%-fed
and 100%-fed CD rats were significantly fatter than control
rats fed the same food intake (Fig. 7A). Reducing the food
intake of the 75%-fed CD rats to match their energy expen-
diture did not prevent the obesity observed in the 100%-fed
CD rats but inhibited weight gain even more than in 100%-
fed CD rats (feeding level, P � 0.0001; leptin, P � 0.03;
interaction, not significant). Leptin caused a significant in-
crease in carcass fat content of 100%-fed CD rats that had
similar amounts of carcass fat (grams per rat) as 125%-fed
control rats, even though their carcasses were 20% smaller
(Table 1). In intact control rats, body fat was the same in
AL-fed and 100%-fed groups, reduced in 75%-fed rats, and
increased in 125%-fed rats (feeding level, P � 0.0001; leptin,
P � 0.06; interaction, not signficant). Leptin caused a signif-
icant reduction in body fat content of AL-fed and 100%-fed
control but had no effect in 75%-fed or 125%-fed animals (Fig.
7A). The weights of inguinal, retroperitoneal, and perirenal
fat pads were larger in CD than control rats fed the same
amount of food, whereas mesenteric and epididymal fat pads
were not different (Table 1). The effect of leptin on fat pad size
was significant only for inguinal and perirenal fat in 100%-
fed CD rats and for inguinal fat in AL-fed controls. Mea-
surement of fat cell size and number in retroperitoneal and
epididymal fat confirmed our previous observations (27) that
all of the changes in the size of the fat pads were associated
with changes in fat cell size rather than any significant
change in fat cell number (data not shown). CD rats had

significantly less lean tissue (water plus protein) than intact
control rats, and 75%-fed CD rats had significantly less lean
tissue than 100%-fed CD rats (Fig. 7B). Lean tissue was sig-
nificantly reduced in 75%-fed controls compared with other
control groups. There was no effect of leptin on lean tissue
mass in any treatment group (Fig. 7B). Testes weight was
significantly lower in CD than control rats (controls � 3.67 �
0.03 g; CD � 3.26 � 0.07 g), but there was no effect of feeding
level or of leptin on tissue weight for either CD or control rats.

The weight of IBAT was not different between AL-fed
control, 125%-fed control, 75%-fed CD, and 100%-fed CD rats
but was reduced in size in 75%-fed and 100%-fed controls
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(Table 1). Leptin had no effect on the weight of IBAT in any
group of rats. Liver weight was significantly greater in CD
than control rats, and this was associated with an increase in
liver lipid content and in liver glycogen (Table 2). Livers from
100%-fed CD rats were heavier than those from 75%-fed CD
rats. Livers from PBS-infused 100%-fed CD rats contained
large amounts of glycogen and lipid, but this was reduced to
the levels found in 75%-fed CD rats in leptin-infused 100%-
fed CD rats. In control rats, liver weight was similar for
AL-fed and 100%-fed rats, reduced in 75%-fed rats, and in-
creased in 125%-fed rats. There were no differences in liver
lipid based on feeding level, but leptin caused a significant
reduction in lipid in 125%-fed controls. Liver glycogen was
not different between feeding groups, but leptin increased
glycogen in AL-fed controls and decreased glycogen in
125%-fed controls.

The weights of adrenal glands from CD and control rats
were the same, and there were no differences in adrenal
norepinephrine content, but adrenal epinephrine was lower
in CD than control rats (Table 3). There was no effect of
feeding level on any of these measures in CD rats, but the
adrenals from 75%-fed controls were smaller than those of
125%-fed controls. Serum leptin, measured on d 3 of infusion
(Fig. 8A), was increased in both 75%-fed and 100%-fed CD
rats compared with their appropriate controls. In control rats,
leptin was increased in 125%-fed rats and reduced in 75%-fed
rats compared with AL-fed or 100%-fed controls. Leptin in-
fusion caused small increases in circulating concentrations of
leptin that reached significance only in the 75%-fed controls
and 100%-fed CD rats. Adiponectin, measured at the end of
the study, also was higher in CD than control rats and was
significantly increased by leptin in the 75%-fed CD rats (Fig.
8B). In control rats, adiponectin was higher in 75%-fed and
125%-fed rats than in AL- or 100%-fed animals, but there was
no effect of leptin on adiponectin in any of these groups.
Serum testosterone was extremely low in CD rats (Table 4),

whereas TSH, corticosterone, and insulin all were in the same
range as found in controls. Corticosterone was elevated in
both control and CD 75%-fed rats but was significantly lower
in 100%-fed CD rats than in any control group. Insulin was
lower in both control and CD 75%-fed rats than in any other
group. There was no effect of treatment or feeding level on
serum glucose concentrations, but CD rats had significantly
higher serum triglyceride and glycerol concentrations than
control rats (Table 4). Free fatty acids, glycerol, and triglyc-
erides all were higher in 100%-fed than in 75%-fed CD rats.
In control rats, triglycerides were higher in 125%-fed rats
than in any other group, whereas free fatty acids were sig-
nificantly lower in 75%-fed rats compared with AL-fed and
125%-fed rats. Glycerol was not influenced by feeding level.

Discussion

The primary objective of this study was to determine
whether peripherally infused physiological doses of leptin
reduced body fat in rats lacking neural output from the
hypothalamus due to the severing of projections between the
forebrain and the caudal brainstem, but the control groups
allowed us also to determine whether leptin was effective
when food intake was controlled and when food intake was
fixed above or below voluntary intake. The results show that
low-dose peripheral infusions of leptin reduce body fat con-
tent of intact control rats even when food intake is fixed but
that this response is entirely dependent upon the energy
balance status of the rats because neither 75%-fed nor 125%-
fed control rats showed any response to leptin infusion.
Results from CD rats show, surprisingly, that leptin caused
an increase in body fat content. This change was apparent
only in the 100%-fed CD animals, implying that it also was
dependent upon the energy balance status of the animal. The
dependence of leptin responsiveness on energy balance sta-
tus is not unique to this study because others have shown

TABLE 1. Carcass and fat depot weights in control and CD rats

AL-control 75%-Fed control 100%-Fed control 125%-Fed control 75%-Fed CD 100%-Fed CD

PBS Leptin PBS Leptin PBS Leptin PBS Leptin PBS Leptin PBS Leptin

Carcass weight (g) 307 � 3a 306 � 6a 267 � 2b 265 � 2b 301 � 2a 300 � 3a 326 � 3c 325 � 5c 238 � 6d 237 � 8d 250 � 5b 247 � 15b

Fat pad weight (mg)
Inguinal 2769 � 99a,c 2408 � 136a,b,g 1990 � 113b 2118 � 91b 2949 � 152c 2928 � 54c 5147 � 431d 4848 � 165d,e 3502 � 95f 3639 � 172f 4351 � 169e 4770 � 350d,e,g

Epididymal 2412 � 119 2100 � 98 1778 � 61 1893 � 80 2503 � 116 2376 � 103 3020 � 114 2913 � 119 1980 � 64 2019 � 87 2378 � 205 2742 � 123
Retroperitoneal 977 � 75a,b,c 800 � 96a,b 646 � 61a 699 � 85a,b 1283 � 106c 1052 � 82b,c 2117 � 135d 2037 � 258d 1233 � 98c 1297 � 69c 1611 � 122e 1638 � 81c,d,e

Perirenal 523 � 86a,b 414 � 63a,b 339 � 56a 342 � 34a 693 � 81b,c,d 597 � 91a,c,d 1128 � 145e,f 1234 � 118e,f 913 � 121d,f 974 � 112d,f 958 � 213f 1340 � 183e,g

Mesenteric 2838 � 98a,c 2430 � 164a 2179 � 229a,d 2241 � 200a,d 3174 � 118a,d 3040 � 224a,d 4671 � 166b 4423 � 240b 2832 � 141a,c 2960 � 101a,c 3971 � 343b,d 3871 � 170b,c,d

IBAT 431 � 44a 353 � 27a,b 233 � 21b 277 � 28c 307 � 26b,c 298 � 34b,c 375 � 32a,b 429 � 18a 366 � 49a,b 422 � 32a 354 � 33a,b 429 � 58a

Data are means � SEM for groups of eight to 11 rats. The left inguinal, epididymal, and retroperitoneal pads and all of the perirenal and
mesenteric fat was dissected and weighed.

a–f Significant differences between groups. Values that do not share the same letter are significantly different at P � 0.05.
g Significant (P � 0.05) effect of leptin within a treatment group.

TABLE 2. Liver weight and glycogen and lipid content

AL-control 75%-Fed control 100%-Fed control 125%-Fed control 75%-Fed CD 100%-Fed CD

PBS Leptin PBS Leptin PBS Leptin PBS Leptin PBS Leptin PBS Leptin

Liver weight (g) 12.6 � 0.4a 12.7 � 0.4a 10.3 � 0.2b 10.3 � 0.2b 11.8 � 0.2a,d 11.7 � 0.3d 13.8 � 0.2c 13.6 � 0.4c 10.0 � 0.4b 9.8 � 0.3b 11.3 � 0.2d 10.9 � 0.5b,d

Glycogen (�g
glucose/liver)

398 � 66a,c,d 768 � 118b,e 365 � 48c,d 372 � 60c,d 346 � 54a,c 474 � 66a,c 643 � 81b,c 472 � 70a,c,e 206 � 32d 310 � 33c,d 725 � 123b 264 � 42d,e

Lipid (g/liver) 0.61 � 0.03a,b 0.56 � 0.04a,b 0.51 � 0.02a 0.52 � 0.02a 0.57 � 0.05a,b 0.57 � 0.03a,b 0.69 � 0.03b 0.59 � 0.02a,b,e 0.55 � 0.04a,b 0.60 � 0.03a,b 0.86 � 0.16c 0.64 � 0.04a,b,e

Data are means � SEM for groups of eight to 11 rats.
a–d Significant differences between groups; groups that do not share common letters are significantly different at P � 0.05.
e Significant (P � 0.05) effect of leptin within a treatment group.
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that food deprivation inhibits leptin transport across the
blood-brain barrier in mice (35), that leptin increases hypo-
thalamic expression of neuropeptide Y in rats that have been
fasted (36), and that leptin inhibits hyperphagia in rats that
are refed after a period of food restriction but does not pre-
vent weight regain and does not inhibit hypothalamic neu-
ropeptide Y mRNA expression in the refed rats (37). The
failure of leptin to influence body composition of overfed rats
also was not surprising when it is well established that diet-
induced obesity induces leptin resistance (38). The leptin
response in CD rats could not be attributed to nonspecific
outcomes of the brain transection because we have previ-
ously shown a normal metabolic response to fasting (27), cold
exposure (21), and fourth ventricle stimulation of melano-
cortin receptors (28).

Previously (27), we reported that CD rats have a lower
energy expenditure than intact control rats and are obese
after 2 wk of being fed the voluntary intake of control rats.
In the present study, we attempted to correct for the differ-
ence in energy expenditure by including CD rats that were
fed 75% of the voluntary intake of controls. This treatment,
however, did not prevent obesity; rather, it caused an even
greater inhibition of weight gain and an additional decline in
energy expenditure of CD rats. Thus, the increased adiposity
of CD rats must result from abnormal regulation of nutrient
utilization and metabolism rather than simple positive en-
ergy balance. This study confirmed our previous observation
that CD rats had very low levels of testosterone, which may
be responsible for their abnormal body composition and low
metabolic rate. These observations suggest a critical role for
the forebrain in regulating reproductive hormones in male
rats and are consistent with a previous report that midbrain
lesions that sever caudal brainstem-forebrain afferents/ef-
ferents compromise testes function (39). Because the rats in
this study stopped gaining weight after the first surgery,
when only one side of the brain was sectioned, it is possible
that even unilateral forebrain disconnection impairs anabolic
steroid production. Additional studies are required to de-
termine whether replacement of testosterone would normal-
ize the body composition of CD rats. The low testosterone
could have contributed to the high circulating concentrations
of leptin in the CD rats, either by increasing body fat mass
(40) or by a mechanism that is independent of a change in
body fat mass (41), but it does not account for the unexpected
increase in body fat of leptin-treated 100%-fed CD rats be-
cause testosterone also was low in the PBS-infused CD rats.

Although decerebration resulted in a significant depletion
of gonadal steroids, glucocorticoid and adrenal catechol-
amine synthesis appeared to be within the normal range in
CD rats. In addition, because both 75%-fed CD and 75%-fed
control rats had elevated levels of corticosterone and because

circulating concentrations of TSH were normal, at least some
aspects of pituitary function appeared to be intact in the CD
rats, although the low testosterone suggests a problem with
LH synthesis or with secretion of pituitary gonadotrophs. In
a previous study (27), we found that serum T3 levels were
normal in CD rats, and the measurements made here show
normal concentrations of TSH, indicating that the low energy
expenditure of these rats was not due to impaired thyroid
function. In this study, we measured adrenal catecholamine
content because Wiater and Ritter (42) reported that adrenal
denervation attenuated loss of body fat in rats receiving
central infusions of leptin. We did not find any significant
change in adrenal weight or norepinephrine content, al-
though there was a significant reduction in adrenal epineph-
rine content. The procedure of adrenal denervation is likely
to have caused a larger change in adrenal catecholamine
content than we observed in this study, but the decreased
epinephrine content could potentially have contributed to
the reduced lean body mass of CD rats because epinephrine
inhibits protein degradation in skeletal muscle (43). Others
have reported a substantial reduction in adrenal epinephrine
content in fasted rats subjected to insulin-induced hypogly-
cemia (44). In this study, the CD rats were not fasted and had
serum insulin and glucose concentrations within the normal
range. It is possible, however, that disruption of the neural
control of adrenal medullary cells responsible for epineph-
rine secretion (44) together with an abnormal state of nutrient
utilization resulted in a condition that was interpreted at
some level as glucoprivation.

The unexpected increase in body fat content of leptin-
infused 100%-fed CD rats was associated with a significant
decrease in energy expenditure during the light period. We
did not measure physical activity in this study, and casual
observation suggests that CD rats have low levels of spon-
taneous activity (45). It should be noted, however, that CD
rats are capable of high levels of locomotor activity when
they are housed in a cold environment (46). In addition, it is
unlikely that leptin would have inhibited spontaneous ac-
tivity when it has been shown that leptin replacement in
leptin-deplete ob/ob mice increases activity (3). Therefore, the
decrease in energy expenditure was most likely due to a
reduction in nonshivering thermogenesis, possibly due to
decreased activation of uncoupling proteins in brown adi-
pose tissue. This decrease in thermogenesis is the opposite to
the normal effect of leptin on energy expenditure (6, 47),
sympathetic outflow to brown adipose tissue, and UCP1
expression in brown adipose tissue of intact rats (47, 48) but
is consistent with a previous observation that peripheral
administration of lipopolysaccharide decreases IBAT tem-
perature in CD rats but increases IBAT temperature in intact
rats (49). These two sets of observations suggest that acti-

TABLE 3. Adrenal weight and norepinephrine and epinephrine content

AL-control 75%-Fed control 100%-Fed control 125%-Fed control 75%-Fed CD 100%-Fed CD

Adrenal weight (mg) 60 � 2a,b 55 � 1a 59 � 2a,b 60 � 2b 57 � 2a,b 56 � 2a,b

Norepinephrine (�g/tissue) 11.7 � 0.8 11.7 � 0.7 11.8 � 0.7 11.2 � 0.8 10.9 � 0.7 11.9 � 0.9
Epinephrine (�g/tissue) 36.4 � 1.5a,b 38.8 � 0.9a 38.4 � 1.2a 37.9 � 1.2a 33.7 � 1.8b 33.4 � 1.6b

Data are means � SEM for groups of 17–21 rats.
a and b Values for weight or epinephrine that have different letters are significantly different (P � 0.05). There was no effect of leptin on any

of the measures made for any of the treatment groups.
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vation of leptin receptors in the caudal brainstem, sympa-
thetic chain, or peripheral tissue inhibits thermogenesis but
that this activity is opposed by projections from the forebrain.
Severing these projections unveils the inhibitory action of
leptin in the hindbrain, reduces energy expenditure, and
leads to an increase in body fat in rats that have a fixed energy
intake. Energy expenditure of 75%-fed CD rats was already
lower than that of the 100%-fed CD rats and was not reduced
further by leptin. Serum leptin levels were significantly
higher in 100%-fed than 75%-fed CD rats, and it is possible
that the inhibition of energy expenditure was produced only
by very high leptin concentrations. Alternatively, the
75%-CD rats may have already activated the mechanisms
that leptin used to inhibit energy expenditure in 100%-fed

CD rats, so that these pathways were not further influenced
by leptin.

In contrast to the 100%-fed CD rats, leptin reduced body
fat content of both AL-fed and 100%-fed control rats. These
data show conclusively that leptin can change body fat in the
absence of a change in food intake because intake of the
100%-fed animals was fixed, consistent with previous reports
that inhibition of food intake does not account for all of the
change in body composition of leptin-treated animals (8, 50).
Because the change in body fat was smaller in the 100%-fed
than AL-fed rats (13 vs. 21%), it is possible that part of the loss
in body fat of the AL-fed rats was due to a decrease in food
intake that was not detected with 24-h measures. If these rats
were in a state of negative energy balance, then one would
expect to also find a change in energy expenditure. We did
not find any effect of leptin on energy expenditure of the
intact rats, which implies that either leptin increased expen-
diture by an amount that was too subtle to be detected by the
26-h measures of energy expenditure or the loss of fat was
due to a change in nutrient partitioning rather than negative
energy balance. Others have reported that leptin increases
energy expenditure in rats (6, 47), but either leptin was in-
jected into the cerebral ventricles (6) or a high (1 mg/d) dose
was infused peripherally (47), which would have resulted in
higher concentrations of leptin reaching central leptin recep-
tors than would be expected with the low-dose peripheral
infusions used here. In contrast to the 100%-fed rats, leptin
had no effect on the body composition of 125%-fed or 75%-
fed control rats. It is possible that the already low energy
expenditure of the 75%-fed rats prevented any further de-
crease in thermogenesis or that the inadequate nutrient in-
take of these animals prevented the change in nutrient par-
titioning that results in a depletion of body fat. The 125%-fed
rats had twice the amount of body fat as the AL-fed rats, and
it is possible that this increase in adiposity produced leptin
resistance (51). It is important to note that the 125%-fed
controls had the same amount of body fat as the 100%-fed CD
rats; therefore, the mechanisms that facilitated fat accretion
in the CD rats were not available in the 125%-fed controls,
presumably due to intact neural communication between the
forebrain and caudal brainstem.

Others have reported that leptin reduces body fat by pro-
moting fatty acid oxidation in adipose, muscle, and liver
tissue (18, 52–54). If leptin had stimulated fatty acid oxida-
tion, then RER would have decreased toward 0.8, but RER
remained at approximately 1.0 in both AL-fed and 100%-fed
controls, implying a dependence on carbohydrate oxidation.
In CD rats, RER moved from about 0.85 just before a meal to
approximately 1.15 after a meal, which would represent a
transition from oxidizing fatty acids before the meal to stor-
ing energy after the meal. Similar swings in RER were
present in 75%-fed control rats, suggesting that 100%-fed CD
rats are using ingested nutrients in the normal way. The
livers of the CD rats contained more lipid than those of
controls, and liver glycogen was very high in the 100%-fed
PBS-infused CD rats but very low in the 75%-fed CD rats. It
is possible that there is some limitation on their ability to
mobilize lipid so that when liver glycogen stores are de-
pleted, the rats start to catabolize protein at a faster rate than
would be expected based on their body fat content. This
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would explain the RER of approximately 0.8 in the postab-
sorptive state and why the 75%-fed CD rats were much fatter
than the 75%-fed control animals. Serum triglycerides, free
fatty acids, and glycerol were all elevated in CD rats com-
pared with controls, which would be consistent with in-
creased hepatic lipogenesis and increased turnover of lipids
in adipocytes, but additional measurements are needed to
determine whether CD rats have a limited ability to use
stored lipid for energy and consequently catabolize carbo-
hydrate stores and body protein. The measures of hormone
status indicate normal levels of insulin and glucose in CD
rats, suggesting that changes in metabolism of CD rats are
not due to the development of insulin resistance. In addition,
serum adiponectin concentrations were higher in CD than
control rats. These results confirm our previous observations
(27) but are surprising in that others have reported that
adiponectin concentrations are inhibited in conditions of
obesity (55). Adiponectin is an adipokine that inhibits hepatic
gluconeogenesis, promotes fatty acid oxidation in muscle
(56), and is thought to contribute to maintenance of insulin
sensitivity in these tissues (57). Because this adipokine acts
directly on peripheral tissues, it should remain active in CD
rats, and the elevated levels may contribute to their appar-
ently normal insulin responsiveness in the face of obesity.

In summary, the results of this experiment demonstrate
that loss of efferent and afferent pathways between the fore-
brain and hindbrain causes rats to become obese due to
changes in energy partitioning rather than a simple decrease
in energy expenditure. The reduced lean body mass in these
rats may be due to a marked drop in serum testosterone
concentrations. The obesity of these rats is associated with
elevated levels of leptin and adiponectin but normal blood
glucose and insulin concentrations. Peripheral infusions of
physiological doses of leptin caused a significant increase in
body fat content in these rats that was associated with a
decrease in energy expenditure during the light phase of the
day. These results imply that neural connections between the
forebrain and brain stem normally maintain inhibitory con-
trol of leptin-responsive sites in the brainstem, sympathetic
chain, or peripheral tissue to combat an inhibition of ther-
mogenesis. Once these neural projections are severed, the
inhibitory action of leptin is facilitated and leads to an in-
crease in adiposity. By contrast to the CD rats, peripheral
infusions of leptin decreased body fat content of intact con-
trol rats that were eating AL or that were tube fed the equiv-
alent of an AL intake. This loss of fat was not associated with
a measurable change in either food intake or energy expen-

diture. The energy status of the animals was a critical de-
terminant of leptin responsiveness because there was no
effect of leptin infusion on body composition of 125%-fed
controls or of 75%-fed control or CD rats.
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