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Research article

Leptin action in the forebrain regulates the
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The capacity to adjust energy intake in response to changing energy requirements is a defining feature of
energy homeostasis. Despite the identification of leptin as a key mediator of this process, the mechanism
whereby changes of body adiposity are coupled to adaptive, short-term adjustments of energy intake remains
poorly understood. To investigate the physiological role of leptin in the control of meal size and the response
to satiety signals, and to identify brain areas mediating this effect, we studied Koletsky (fa*/fa*) rats, which
develop severe obesity due to the genetic absence of leptin receptors. Our finding of markedly increased meal
size and reduced satiety in response to the gut peptide cholecystokinin (CCK) in these leptin receptor—-deficient
animals suggests a critical role for leptin signaling in the response to endogenous signals that promote meal
termination. To determine if the hypothalamic arcuate nucleus (ARC) (a key forebrain site of leptin action)
mediates this leptin effect, we used adenoviral gene therapy to express either functional leptin receptors or a
reporter gene in the area of the ARC of fak/fa* rats. Restoration of leptin signaling to this brain area normal-
ized the effect of CCK on the activation of neurons in the nucleus of the solitary tract and area postrema, key
hindbrain areas for processing satiety-related inputs. This intervention also reduced meal size and enhanced
CCK-induced satiety in fi*/fa* rats. These findings demonstrate that forebrain signaling by leptin, a long-term
regulator of body adiposity, limits food intake on a meal-to-meal basis by regulating the hindbrain response

to short-acting satiety signals.

Introduction
The discovery of leptin (1) and the hypothalamic neurons on
which it acts (2-6) has begun to clarify how information regard-
ing body energy stores is communicated to the brain and is sub-
sequently “cransduced” into behavioral and metabolic responses
(7, 8). Much of this progress is due to the identification of specific
neurons in the arcuate nucleus (ARC) of the hypothalamus that
serve as sensors of whole-body energy status and initiate down-
stream responses designed to maintain fuel stores at a constant
level (7, 8). Although many regions of the brain are involved in
energy homeostasis, circuits that begin in the ARC are some of the
best understood at the molecular level (9-11). Despite this prog-
ress, little is known about how the hypothalamic actions of leptin
ultimately influence feeding behavior on a meal-to-meal basis.
The consumption of food during single meals is governed by
mechanisms that act over short time intervals to control the ini-
tiation and termination of food ingestion. Whereas the timing of’
meal initiation is sensitive to a variety of both intrinsic and extrin-
sic factors (e.g., time of day, social and emotional factors, and food
availability) and is consequently quite variable, meal termination is
a more reproducible, biologically determined process (12). Central
to the mechanism underlying meal termination is the perception

Nonstandard abbreviations used: AgRP, agouti-related peptide; AP, area postrema;
ARC, arcuate nucleus; cFLI, c-Fos-like immunoreactivity; CCK, cholecystokinin;
LHA, lateral hypothalamic area; NPY, neuropeptide Y; NTS, nucleus of the solitary
tract; PFA, paraformaldehyde; POMC, pro-opiomelanocortin; PVN, paraventricular
nucleus; VMN, ventromedial nucleus;
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of satiety arising from neural and hormonal signals that are gener-
ated during food consumption, including gastric distension and
secretion of the gut peptide cholecystokinin (CCK) (13). These and
other stimuli activate vagal afferent fibers that terminate in the
nucleus of the solitary tract (NTS), situated in the caudal hind-
brain. Activation of neurons in the NTS and the adjacent area pos-
trema (AP) by satiety signals, in turn, play an essential role in slow-
ing gastric emptying and in promoting meal termination (14).

Several observations suggest that leptin reduces food intake by
heightening the response to meal-related satiety signals. For example,
pharmacological administration of leptin reduces meal size (15-18)
and augments the response to CCK (19-21), whereas genetic or
acquired reductions in leptin signaling reduce sensitivity to satiety
cues (22-24). To explain how leptin action is coupled to the percep-
tion of satiety, we and others hypothesized that ARC neurons convey
leptin-generated responses to the NTS via a descending projection
from hypothalamus to hindbrain (7, 25-27). Because leptin recep-
tors are also present in the hindbrain (28, 29), however, interactions
between leptin and satiety signals such as CCK could potentially
involve local actions that are independent of forebrain input.

The studies here were undertaken to clarify the physiological role
played by leptin in the response to meal-related satiety signals and
to identify brain areas that mediate this leptin effect. Specifically,
we wished to test the hypothesis that leptin signaling in the fore-
brain (e.g., in the ARC) controls meal size by modulating the hind-
brain response to satiety signals such as CCK. To accomplish this
goal, we studied Koletsky (fa*/fa*) rats, which develop hyperphagia
and severe obesity due to the genetic absence of leptin receptors
(30, 31). We hypothesized that if leptin signaling is an important
determinant of the response to satiety signals, these animals should
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Figure 1

Effect of leptin receptor deficiency on meal patterns. Total food intake (A), meal number (B), and average meal size (C) of Fa/Fa (white bars)
and fa/fak (black bars) animals. Data are based on food intake measured continuously over a 24-hour period in rats housed individually in

metabolic cages. *P < 0.05.

both consume larger meals and display blunted hindbrain respons-
es to CCK compared with those of their lean (Fa/Fa) littermates.
Moreover, we reasoned that if hypothalamic neurons link afferent
input from leptin to the control of these responses, restoration of
leptin signaling to the hypothalamus of fa*/fa* rats should both
reduce meal size and enhance the response to satiety signals. Our
findings support those predictions and identify the mediobasal
hypothalamus as a key brain area that links leptin action to both
the size of individual meals and the hindbrain response to CCK.
Leptin-mediated communication between forebrain (ARC) and
hindbrain (NTS) neurons provides a paradigm for understanding
how changes of body fat mass elicit compensatory adjustments of
food intake on a meal-to-meal basis.

Results

Experiment 1: effect of leptin receptor deficiency and ARC-directed leptin
receptor gene therapy on meal patterns. To determine the effect of leptin
receptor deficiency on meal patterning, we housed male fa*/fa* rats
and theirlean (Fa/Fa) littermates (body weight, 494 + 6 gvs.355+6 g;
P <0.05) individually in metabolic cages equipped to continuously
measure intake of standard chow. As expected, the fak/fa* animals
exhibited a marked increase of food intake (by 53%) over 24 hours
relative to the Fa/Fa controls (32.3 + 1.9 gvs. 21.1 + 0.6 g; P < 0.05)
(Figure 1A). Food consumption by fak/fa* rats was increased rela-
tive to that of the Fa/Fa controls during both the dark phase
(25.7+1.7 gvs. 16.4£0.7 g; P < 0.05) and the light phase (6.60 £ 0.38 g
vs. 4.67 £ 0.65 g; P < 0.05) of the night-day cycle. This effect was
not attributable to an increase in meal number, as neither the total
number of meals consumed (Figure 1B) nor the intermeal interval
was significantly different between the two genotypes. In contrast,
the average size of meals consumed by fa*/fa* rats was 75% greater

than that consumed by Fa/Fa animals (2.59 + 0.33 gvs. 1.48 + 0.16 g;
P < 0.05) (Figure 1C). Hyperphagic feeding in rats lacking leptin
receptors is therefore characterized by the consumption of a nor-
mal number of excessively large meals.

To determine the effect of ARC-directed leptin receptor gene
therapy on these parameters, we repeated the studies described
above in a separate group of fa*/fa* rats 6 days after microinjec-
tion of adenovirus expressing either the long form of the leptin
receptor (Ad-LEPR-B) or a reporter gene (Ad-lacZ) into this brain
area (n = 5/group). At this time point, there was no statistical dif-
ference in body weight (541 + 11 gvs. 547 + 7 g; P = NS) or weight
loss (-10.3 +2.9 gvs. -1.4 + 4.4 g; P = NS) between animals treated
with Ad-LEPR-B and those treated with Ad-GFP. Consistent with
our previous findings (32), 24-hour food intake was reduced (by
22%) in Ad-LEPR-B- compared with Ad-lacZ-treated animals
(20.4+0.9 gvs. 26.1 + 0.9 g; P < 0.05) (Figure 2A). As Ad-LEPR-B-
and Ad-lacZ-treated fa*/fa* rats consumed comparable numbers
of meals (13.2 £ 0.9 gvs. 11.4 £ 0.9 g; P = NS) (Figure 2B) that
were separated by similar intermeal intervals (data not shown),
the reduction in food intake resulting from leptin receptor gene
therapy was attributable to a reduction in average meal size
(1.56 £ 0.08 gvs. 2.33 + 0.15 g; P < 0.05) (Figure 2C).

Experiment 2: Effect of leptin receptor deficiency and ARC-directed leptin
receptor gene therapy on CCK-induced satiety. To identify an appropri-
ate dose of CCK with which to determine the effect of leptin recep-
tor deficiency and ARC-directed leptin receptor gene therapy on
CCK-induced satiety, we first determined the dose-response curve.
As expected, fak/fak rats were hyperphagic relative to their Fa/Fa
littermates (5.13 + 0.30 gvs. 3.50 + 0.23 g; P < 0.05) after i.p. vehicle
injection. While CCK reduced food intake in rats of both genotypes,
the magnitude of this anorexic effect was increased in Fa/Fa animals,
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Figure 2

Effect of ARC-directed leptin receptor gene therapy on meal patterns. Total food intake (A), meal number (B), and average meal size (C) of
fak/fak rats, measured 6 days after ARC-directed microinjection of either Ad-lacZ (white bars) or Ad-LEPR-B (black bars). Data were collected
continuously over a 24-hour period. *P < 0.05.
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Figure 3

Effect of ARC-directed leptin receptor gene therapy on CCK-induced
satiety. Thirty-minute food intake after i.p. injection of either saline vehi-
cle (Veh; white bars) or a 1.0-ug dose of CCK (black bars) in Fa/Fa or
fak/fak rats 6 days after microinjection of either Ad-lacZ or Ad-LEPR-B
into the ARC. *P < 0.05, vehicle injection in Fa/Fa vs. fa*/fa* rats;
TP < 0.05, vehicle vs. CCK.

with doses of 0.75 ug, 1.0 ug, and 1.5 ug inhibiting 30-minute feed-
ing by 61%, 68%, and 81%, respectively, in Fa/Fa animals compared
with 36%, 44%, and 59% (P < 0.05 for each) in fak/fa* littermates. At
higher doses of CCK (5 pg), however, differences in the response
were no longer significant, with CCK inhibiting 30-minute food
intake by 89% and 90% in Fa/Fa and fa*/fa* animals, respectively.

In Fa/Fa rats that received control adenovirus (Ad-lacZ), CCK
injection (1.0 pg i.p.) robustly reduced 30-minute food intake
relative to saline injection (0.80 + 0.22 gvs. 3.02 + 0.31 g; P < 0.05)
(Figure 3). In contrast, the intake of fa*/fa* rats treated similarly
was not significantly affected by administration of this low dose of
CCK. Among fa*/fa* rats injected with saline i.p., 30-minute intake
was not different between those treated with Ad-lacZ versus those
treated with Ad-LEPR-B (4.66 + 0.29 gvs. 4.99 + 0.48 g; P = NS).
However, ARC-directed Ad-LEPR-B injection conferred upon fa*/fa*
rats the ability to respond to the satiety effect of this same dose
of CCK. Thus, unlike Ad-lacZ-treated fa*/fa* rats, Ad-LEPR-B-
treated animals exhibited a 45% inhibition of food intake after
CCK injection (P < 0.05) (Figure 3).

Experiment 3: Effect of leptin receptor deficiency and ARC-directed leptin
receptor gene therapy on hindbrain c-Fos induction by CCK. To determine
whether CCK-induced activation of hindbrain neurons is attenu-
ated in leptin receptor-deficient rats and, if so, whether leptin
receptor signaling localized to the vicinity of the ARC of these
animals restores this response, we measured CCK-induced c-Fos
expression in the hindbrains of both Fa/Fa and fak/fa* animals
that had previously received ARC-directed gene therapy. Com-
pared with i.p. saline, CCK increased the mean number of nuclei
that were positive for c-Fos-like immunoreactivity (cFLI) within
both the AP and NTS of animals in each group. Although there
was no difference in the estimated number of c-Fos-positive cells
among saline-treated animals, the effect of CCK on increasing the
cFLI-positive cell number was reduced in the hindbrains of fa*/fa*
rats compared with Fa/Fa rats when both groups were treated with
control adenovirus (Figure 4, A and B). Thus, fa*/fa* rats treated
with adenovirus expressing the reporter gene GFP (Ad-GFP) mani-
fested a 32% reduction in the number of AP neurons that contained
Fos compared with that of Fa/Fa controls (54.2 + 11.2vs. 79.8 £ 8.1;
P <0.05), while a 35% reduction was detected in the NTS (180 + 32
vs. 278 + 10; P < 0.05) (Figure 4, A and B). Interestingly, the effect
of CCK on increasing cFLI-positive neurons in fa*/fa* rats receiv-
ing ARC-directed Ad-LEPR-B-GFP was greater than that in fa*/fa*
animals receiving control adenovirus in both the AP (86.0 + 3.8 vs.
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54.2 £+ 11.2; P < 0.05) and the NTS (258 + 31 vs. 180 + 32; P < 0.05)
and was not different from the response to CCK in Fa/Fa rats
receiving Ad-GFP (Figure 4, A and B). Representative images of cFLI
in coronal sections of AP and NTS from animals in each of the 3
groups are presented in Figures 5 and 6.

To determine the anatomical distribution of adenoviral gene
expression, we prepared brain sections for visualization of GFP
by fluorescent microscopy after microinjection of Ad-GFP or
Ad-LEPR-B-GFP in the animals described above (Figure 7). Seven
days after microinjection of Ad-LEPR-B-GFP, GFP expression
was concentrated within the ARC in 5 of 5 animals. GFP expres-
sion was additionally detected along the cannula tract, either just
dorsal or ventral to the ARC, in 2 of these animals but was not
detected in brain areas outside the hypothalamus (including the
thalamus, cortex or hindbrain), nor was it present in cells lining
the third ventricle. Of the 10 rats microinjected with Ad-GFP,
8 animals were positive for GFP expression in the ARC, while
GFP expression was not detected in any brain area in 2 animals,
despite visualization of the cannula tract descending into the
ARC. In the remaining 8 animals, GFP was localized predomi-
nantly in the ARC. In 3 of these animals, GFP expression was
additionally detected along the cannula tract, either just dorsal
or ventral to the ARC, including a small number of GFP-positive
cells detected in the ventromedial nucleus (VMN). Again, GFP
was not detected in areas outside the hypothalamus.

Discussion

Abundant evidence supports the hypothesis that humoral negative
feedback in proportion to body fat stores is communicated to brain
areas controlling food intake and that this input is crucial for nor-
mal energy homeostasis (7, 8). Despite impressive progress in the
identification of specific neurons and molecules that participate
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Figure 4

Effect of ARC-directed leptin receptor gene therapy on hindbrain c-Fos
induction by CCK. Mean number of cFLI-positive nuclei per section in
the AP (A) or NTS (B) as determined by immunohistochemistry after
i.p. injection of either saline vehicle (white bars) or a 1.0-ug dose of CCK
(black bars) 7 days after adenoviral microinjection of either Ad-GFP (in
Fa/Fa or fa*/fa* rats) or Ad-LEPR-B-GFP (in fa*/fa* rats). *P < 0.05,
vehicle vs. CCK; TP < 0.05, CCK treatment in Fa/Fa Ad-GFP and fak/fak
Ad-LEPR-B-GFP vs. fa/fak Ad-GFP-treated rats.

Volume 115 Number3  March 2005 705



research article

Veh

A: "
Fa/Fa L AR
Ad-GFP i

c '
fak/fak
Ad-GFP

E. ;2
fak/fak

Ad-LEPR-B-GFP

Figure 5

Induction of c-Fos at the level of the AP. Representative images of
cFLI in coronal sections of rat hindbrain at the level of the AP in ani-
mals from each of 3 groups (Fa/Fa Ad-GFP; fak/fak Ad-GFP; and fa*/fak
Ad-LEPR-B-GFP) treated with either i.p. saline vehicle (A, C, and E)
or a 1.0-ug dose of CCK (B, D, and F).

in this process, the mechanism whereby long-term changes of body
adiposity are coupled to adaptive short-term adjustments of energy
intake remains poorly understood. To investigate the mechanisms
linking leptin action in the CNS to adaptive changes of food intake,
we compared genetically obese fa*/fa* rats, which otherwise lack all
leptin receptor protein, with their lean littermates. Our finding
that hyperphagia of fak/fa* rats is due entirely to the consumption
of larger meals, rather than to an increased number of meals, is
consistent with results in other models of deficient leptin or leptin
receptor signaling (33-35) and suggests that leptin signaling is a
critical determinant of the ability of satiety signals to induce meal
termination. Strengthening this conclusion is our finding that sati-
ety and hindbrain responses to CCK are impaired in these leptin
receptor-deficient animals.

Several potential mechanisms can be invoked to explain how the
response to satiety signals is impaired by the absence of leptin sig-
naling, thereby favoring the consumption of larger meals. Given
the large body of literature implicating ARC neurons as targets
for the action of leptin in energy homeostasis (7, 8), we and others
have hypothesized that leptin signaling in this brain area is a criti-
cal determinant of sensitivity to satiety signals (36). Implicit in this
hypothesis is a functional link between neurons in the ARC and
those in caudal hindbrain areas such as the NTS, where input from
satiety signals is processed (Figure 8). An alternative model pro-
poses that the potentiating effect of leptin on CCK-induced satiety
involves local actions of leptin on CCK-sensitive neurons within
the hindbrain, as leptin receptors are expressed in the NTS (28, 29)
and because leptin reduces food intake when infused directly into
this brain area (28, 37, 38). Although the question of whether
local actions of leptin in the hindbrain can regulate the response
to satiety signals remains untested and is an area of interest for
future studies, our findings constitute direct evidence that leptin
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action in the forebrain modulates both meal size and the hind-
brain response to CCK. This conclusion stems from our finding
that increased meal size and impaired behavioral and hindbrain
responses to CCK were partially or completely “rescued” by direc-
tion of expression of the long form of the leptin receptor to the
ARC of fak/fak rats. Although leptin receptor expression was also
detected along the cannula tract just dorsal or ventral to the ARC
in a minority of animals, the ARC was the predominant site of
adenoviral gene expression detected after microinjection directed
to the ARC. As expression was not detected in areas outside the
hypothalamus, consistent with our previous findings (32), we con-
clude that responses induced by ARC-directed leptin receptor gene
therapy are attributable to actions on ARC neurons and immedi-
ately adjacent portions of the mediobasal hypothalamus.

The potential of this model (Figure 8) in clarifying how afferent
input from body energy stores influences food intake on a meal-
to-meal basis is its greatest strength. For example, it predicts that
animals lacking this leptin signal should fail to terminate meals
in response to normal satiety cues and hence overeat and devel-
op massive obesity. Our finding that leptin receptor-deficient
rodents consume excessively large meals and are less sensitive to
CCK-induced satiety than lean littermates is in agreement with
this prediction. Although this observation is compatible with pre-
vious evidence (21-24, 34, 39, 40) that leptin signaling is required
for intact behavioral responses to meal-related satiety cues, it con-
trasts with the intact response to CCK reported in Koletsky rats by
Wildman and colleagues (41). This discrepancy probably reflects
differences in testing paradigms, as the satiating action of CCK in
the previous report was tested by measuring intake of a sucrose
solution instead of laboratory chow. As a result, rats of both geno-
types consumed relatively large amounts of test solution and the
hyperphagia generally characteristic of obese animals relative to
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Figure 6

Induction of c-Fos at the level of the NTS. Representative images of
cFLI in coronal sections of rat hindbrain at the level of the NTS in ani-
mals from each of 3 groups (Fa/Fa Ad-GFP; fak/fak Ad-GFP; and fa*/fak
Ad-LEPR-B-GFP) treated with either i.p. saline vehicle (A, C, and E)
or al.0-ug dose of CCK (B, D, and F). CC, central canal.
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Figure 7

Detection of adenovirally expressed genes. Expression of GFP after micro-
injection of adenovirus expressing either GFP alone (Ad-GFP) in Fa/Fa (A)
or fak/fak (B) rats or both leptin receptor and GFP (Ad-LEPR-B-GFP) in
fak/fak rats (C), visualized using fluorescence microscopy. Magnification,

x10. 3V, third ventricle.

lean controls was not evident. Perhaps more importantly, Wild-
man et al. (41) used a relatively high dose of CCK, and our data
suggest that differences between genotypes in the satiety response
are minimized at high CCK doses. Combined with our findings
that CCK-induced c-Fos expression is reduced by approximately
35% in the NTS and AP of rats lacking leptin receptors, we con-
clude that leptin signaling is required for intact responses of key
hindbrain neurons to this satiety peptide. As the attenuated hind-
brain response to i.p. CCK was restored by ARC-directed leptin
receptor expression, our data further suggest that leptin signaling
in this hypothalamic area is a key determinant of the hindbrain
response to input from meal-related satiety signals.

Although the mechanism whereby the hindbrain response to
CCK is regulated by leptin-sensing hypothalamic neurons remains
to be firmly established, it probably involves connections between
ARC neurons and adjacent hypothalamic subnuclei (e.g., the para-
ventricular nucleus [PVN] and lateral hypothalamic area [LHA])
(42, 43) that, in turn, project directly to the NTS, although fibers
projecting directly from ARC neurons to the hindbrain have also
been described. In general, neurons situated in the LHA are orexi-
genic in nature (44, 45) (and hence are predicted to blunt the hind-
brain response to satiety signals and to be inhibited by leptin-gener-
ated signals in the ARC), while the opposite is true for PVN neurons
implicated in this neurocircuit (46, 47). Among PVN neurons with
the potential to convey anorexigenic, leptin-generated signals to
the NTS are those that contain oxytocin. This assertion is based on
the close anatomical proximity between oxytocin-containing fibers
projecting from the PVN and CCK-activated neurons in the NTS
(48) and on evidence that these oxytocin-producing PVN neurons
are activated by leptin (27). Further, the ability of leptin to potenti-
ate CCK-induced activation of NTS neurons appears to require oxy-
tocin signaling, as it is attenuated by pretreatment with an oxytocin
receptor antagonist (27). These findings support a model in which
descending oxytocinergic projections are among several hypotha-
lamic cell groups that convey leptin-generated neuronal responses
to hindbrain areas that respond to satiety signals.

Within the ARC are 2 well described neuronal subpopulations
that express leptin receptors (49, 50), potently regulate food intake,
and have well defined projections to both the PVN and LHA (43, 51).
One subpopulation is comprised of orexigenic neurons that con-
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tain neuropeptide Y (NPY) and agouti-related peptide
(AgRP) (52-54) and are inhibited by leptin (2, 5), while the
other comprises anorexigenic neurons that express pro-
opiomelanocortin (POMC), the melanocortin precursor
peptide, and are stimulated by leptin (3, 4, 10). Together
with inhibition of NPY/AgRP neurons, activation of POMC
neurons is strongly implicated in the mechanism whereby
leptin reduces food intake, and growing evidence supports
the idea that both neuronal subsets have the potential to
regulate the response of NTS neurons to input from satiety
signals. For example, icv infusion of NPY increases meal size
(55) and attenuates both satiety and hindbrain responses to
CCK (24) while also reducing the sensitivity of hindbrain
neurons to other satiety-inducing stimuli such as gastric
distension (56). Conversely, injection of the melanocortin
a-MSH directly into the PVN reduces meal size (57), and
signaling via neuronal melanocortin-4 receptors, which
mediate the anorectic actions of a-MSH, is required for
CCK-induced suppression of feeding (58). Increased meal
size in rats lacking leptin receptors may therefore arise, at
least in part, from increased signaling by NPY and AgRP, com-
bined with reduced signaling by melanocortins (3, 6, 8, 50). Con-
sistent with this hypothesis is our recent report that restoration of
leptin signaling to the ARC of fa*/fa* rats lowers Npy mRNA while
increasing Pomc gene expression in this brain area (32).

Because CCK-induced satiety was not fully normalized by resto-
ration of hypothalamic leptin signaling in fa*/fa* rats, additional
brain areas and signaling systems are likely to mediate interac-
tions between leptin and CCK. As noted above, actions of leptin
on neurons in the NTS or other leptin-sensitive brain areas (e.g.,
hypothalamic ventromedial or dorsomedial nuclei) may also par-
ticipate in this process, in keeping with a “distributed” model
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Figure 8

Model for regulation of the hindbrain response to satiety signals by
hormonal input from the ARC. Adiposity signals such as insulin and
leptin circulate in proportion to body fat mass and act on hypothalamic
ARC neurons that project to hypothalamic areas such as the LHA (not
shown) and PVN. In turn, these “second order” neurons project to hind-
brain autonomic centers such as the NTS that process afferent input
from satiety signals such as CCK. Input from descending, leptin-sen-
sitive hypothalamic projections is integrated in the NTS with vagally
mediated input from CCK, such that the timing of meal termination is
regulated by changes in body fat content. Modified with permission
from Nature (7). Gl, gastrointestinal.
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of neural networks that process and integrate adiposity- and
satiety-related inputs (14). A related and paradoxical finding is
that among fa*/fa* rats treated with a control adenovirus, CCK-
induced activation of NTS neurons was reduced by only 35%,
whereas the satiety response to the same dose of CCK was mark-
edly attenuated. Thus, CCK activates neurons in the hindbrains
of fak/fa* rats at a dose that does not have a reliable food intake
effect. Many NTS and AP neurons can therefore respond to
vagally transmitted signals via a mechanism that is independent
of leptin signaling and is potentially unrelated to the perception
of satiety. Accordingly, it seems likely that CCK activates neurons
in the hindbrain of fak/fa* rats that participate in physiological
functions unrelated to satiety, or that under certain conditions,
activation of hindbrain neurons (as judged by cFLI) can occur
in the absence of a measurable physiological response. These
observations also raise the possibility that leptin signaling in the
forebrain regulates the response of an as-yet-unidentified subset
of neurons involved in satiety that are located downstream of
CCK-activated neurons in the NTS/AP. The phenotypic charac-
terization of hindbrain neuronal subsets that respond to satiety
signals via a mechanism that is sensitive to input from leptin-
activated pathways (and those that do not) is an interesting chal-
lenge for future studies.

In conclusion, we have reported here that intact leptin signal-
ing is required for proper processing of satiety-related cues and
for normal meal termination and that restoration of leptin recep-
tor signaling in the area of the ARC of fak/fa* rats reduces meal
size and enhances CCK-induced satiety and activation of hind-
brain neurons. Collectively, these findings support the hypothesis
that neurons in forebrain areas regulate food intake in response
to afferent hormonal input, at least in part, by controlling the
response of hindbrain areas that process input from meal-related
satiety signals. Signaling via this mechanism provides a compel-
ling explanation for how changes of body adiposity are linked to
adaptive adjustments of energy intake during individual meals.

Methods

Animals

Male obese (fa*/fa*) Koletsky rats and lean (Fa/Fa) littermates were gen-
erated from serial backcrosses (N10 equivalent) of the fa* mutation (also
known as Koletsky, f#/, f; or ¢p) to the inbred rat strain LA/N. All animals
were housed individually in microisolator polycarbonate cages under spe-
cific-pathogen free conditions, maintained in a temperature-controlled
room with a 12-hour/12-hour light/dark cycle and were provided with ad
libitum access to standard laboratory chow (PMI Nutrition International
Inc.) and water. All procedures were conducted in 16- to 20-week-old ani-
mals and were approved by the Animal Care and Use Committee at the
University of Washington and performed in accordance with NIH Guide-
lines for the Care and Use of Animals.

Meal pattern analysis

To determine the size and number of meals consumed by fa*/fa* rats
relative to their Fa/Fa littermates, we housed animals for 24 hours in
calorimeter chambers equipped with the Feed-Scale System (Columbus
Instruments) designed to continuously measure the rate at which food
is consumed. Meal pattern analysis was performed using the following
criteria. The size of an individual meal was defined as the consumption
of atleast 0.2 g of chow that was separated from the end of the previous
meal by at least 15 minutes. Based on these criteria, we subsequently

708 The Journal of Clinical Investigation

http://www.jci.org

analyzed 24-hour food intake data using a computer program (Visual
Basic) and found that defining meal criteria in this way accounted for
over 99% of total daily food intake. Meal duration was defined as the
time from the beginning to the end of a single meal, and the intermeal
interval, as the time from the end of one meal to the beginning of the
next. Average meal size was calculated by dividing the number of feed-
ing bouts (individual meals) by the total amount of food consumed (in
grams) over the test period (24 hours). Varying these criteria by 1 order
of magnitude did not alter the pattern of differences observed between
meal-related parameters across study groups.

Determination of CCK-induced satiety

Prior to the study, male fa*/fa* and Fa/Fa rats were habituated to regular
handling and i.p. saline injections for 1 week. Immediately prior to the dark
cycle onset and after a 4-hour fast, either sulfated CCK octapeptide (Penin-
sula Laboratories Inc.) at a dose of 1.0 ug or saline vehicle was injected i.p. in
a final volume of 2.0 ml. Food consumption was measured for 30 minutes
after injections (i.e., during the first 30 minutes of the dark cycle onset); the
value reported for each animal represents the mean of 3 replicate studies. The
selection of the CCK dose was based on a dose-response study in which the
30-minute feeding response was measured after i.p. administration of CCK at
doses between 0.75 and 5 ug or of saline vehicle at the onset of the dark cycle.
This study revealed an unambiguous difference in the response of fa*/fa* and
Fa/Fa rats to the 1-ug dose of CCK but not to a higher dose of CCK (5 ug).

Generation and microinjection of recombinant adenovirus

Ad-lacZ and human lepr’ adenovirus were generated and purified as
described previously (59, 60). Animals were placed in a stereotaxic frame
(Cartesian Research Inc.) after being sedated with isofluorane anaesthe-
sia, and the ARC was targeted bilaterally via 2 unilateral injections using
a microinfusion pump (UMPII; World Precision Instruments Ltd.) and a
28-guage syringe system (Hamilton Syringes) directed to the stereotaxic
coordinates 2.8 mm posterior to bregma, + 0.25 mm lateral to the midline,
and 10.5 mm below the surface of the skull. Adenovirus expressing either
lepr? (2.4 x 10'2 PFU/ml) or lacZ (1.7 x 10'2 PFU/ml) was used for behav-
ioral studies. We have previously shown that this microinjection proce-
dure results in the expression of functional B-galactosidase, the product
encoded by lacZ, or long-form leptin receptor proteins in a distribution
that is localized to the ARC, with additional expression along the cannula
tract occurring in less than 25% of injections (32). Injection of Ad-lacZ into
the ARC according to this protocol was without adverse behavioral effects
and did not alter daily food intake or body weight compared with that of
saline-injected controls (32). For the histochemical study (experiment 3),
an adenoviral construct containing lepr® that also expresses the reporter
gene GFP (Ad-LEPR-B-GFP; 3.4 x 102 PFU/ml) was used. The adenoviral
control for this study expresses GFP alone (Ad-GFP; 2.7 x 10!2 PFU/ml).
Adenovirus was administered to rats at a rate of 100 nanoliters per minute
for 5 minutes (500 nl per injection site), and the entire injector system and

cannulae were removed 5 minutes after the injections were completed.

Study protocols
Experiment 1. Effect of leptin receptor deficiency and ARC-directed leptin receptor
gene therapy on meal patterns. To determine if the hyperphagia of fa*/fa* rats
arises from increased size or number of meals (or both) relative to that of
their lean littermates, we measured food intake continuously over a 24-
hour period in rats of both genotypes (n = 4/group) and performed meal
pattern analysis. The effect of leptin receptor gene therapy directed to the
ARC on feeding behavior was determined by performing meal pattern
analysis 6 days after microinjection of either Ad-LEPR-B or Ad-lacZ into
the ARCs of fa*/fa* rats (n = 5/group).
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Experiment 2. Effect of leptin receptor deficiency and ARC-directed leptin recep-
tor gene therapy on CCK-induced satiety. To determine if leptin receptor defi-
ciency is associated with an impaired satiety response to CCK and if leptin
receptor gene therapy reverses this effect, we studied fa*/fa* rats 6 days after
microinjection into the ARCs of either Ad-LEPR-B (n = 6) or Ad-lacZ (n = 6).
After a 4-hour fast, the effect of sulfated CCK octapeptide on 30-minute
food consumption relative to intake after i.p. saline injection was deter-
mined at a time of day corresponding to the onset of the dark cycle, as
described above. The feeding response of both groups of fa*/fa* rats was
compared with that of Fa/Fa controls that received Ad-lacZ microinjection
into the ARC and were subsequently treated with the same CCK dose. The
value reported for each animal represents the mean of 3 replicates.

Experiment 3. Effect of leptin receptor deficiency and ARC-directed leptin recep-
tor gene therapy on hindbrain c-Fos induction by CCK. To determine whether
the ability of CCK to activate hindbrain neurons is attenuated by leptin
receptor deficiency and whether this effect is reversed by leptin receptor
gene therapy directed to the ARC, we used a quantitative cell counting
method to detect cFLI-positive cells in the NTS and AP of 3 groups of rats,
each of which received bilateral microinjection of adenovirus targeting the
ARC (n = 5/group): (a) Fa/Fa rats receiving Ad-GFP; (b) fak/fa* rats receiving
Ad-GFP; and (c) fa*/fa* rats microinjected with Ad-LEPR-B-GFP. Seven days
after microinjection, animals were made to fast overnight and each subse-
quently received an i.p. injection of either saline or CCK (1.0 pg). These
injections were given 4 hours prior to the dark cycle onset and food was
withheld after injections to avoid potential confounding effects of feeding
on hindbrain c-Fos expression. Ninety minutes after injection of saline or
CCK, rats were anaesthetized with ketamine/xylazine and were perfused
with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde
(PFA) in 0.1 M PBS. Brains were removed, post-fixed in 4% PFA overnight,
embedded in 25% sucrose solution for 48 hours at 4°C, “snap-frozen”
in isopentane, and cooled with liquid nitrogen. Both the hindbrain and
hypothalamus were sectioned at 14 wm in a freezing cryotome, collected
on slides, and stored at -80°C before assay for cFLI as described below or
for visualization of GFP by fluorescence microscopy.

c-Fos immunobistochemistry

Coronal cryostat sections (14 um) of rat brain were warmed to room tem-
perature and were equilibrated in 0.1 M PBS. For each animal, 3 slides
(6 sections) were selected from a defined region of the caudal hindbrain
that contains both the AP and NTS (bregma -5.231 mm). Slides were sub-
sequently processed for cFLI as described in detail elsewhere (61) and all
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slides were stained in a single assay. Histochemical images were captured
using a Nikon Eclipse E600 upright microscope equipped with a Diagnos-
tic Instruments Spot RT Color digital camera. The number of cFLI-positive
cell nuclei was quantified in anatomically matched brain sections by an
investigator “blinded” to study conditions. Quantification was determined
using a computer-based image analysis system (Scion Corp.) by setting both
a threshold value and a minimum particle size. Values generated using this
approach were validated by comparison with cell counts obtained visually
(data not shown). The mean number of cFLI-positive cells reported for the
bilateral NTS and the AP of each animal was determined from 6 anatomi-
cally matched sections per animal.

Statistical analysis

All results are expressed as mean + SEM. Comparisons between multiple
groups were made using a 1-way analysis of variance with a least sig-
nificant difference post-hoc test for comparisons between groups. For
2-group comparisons, a 2-sample, unpaired Student’s ¢ test was used,
while a paired Student’s ¢ test was used for within-group comparisons.
Statistical analyses were performed using Statistical Package for the
Social Sciences (SPSS, Version 10.1; SPSS Inc.). Probability values of less
than 0.05 were considered significant.
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