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Abstract
Hypothalamic IL1 is suggested to be a critical mediator of the central effects of the adipocyte hormone
leptin on energy balance. We hypothesized that IL1 receptor signaling is required for exogenously
administered leptin to cause anorexia and weight loss, but not for physiological effects of endogenous
leptin signaling on energy balance. To test this hypothesis, we investigated whether chronic
hypothalamic over-expression of an IL1 receptor antagonist (AdV-IL1ra) alters food intake and
weight gain in normal rats. Our findings demonstrate that impaired IL1 signaling in the CNS did not
cause excess weight gain over a period of 11 days (AdV-IL1ra +38.1±4.1g vs. VEH +42.2±5.6g;
p=0.6) and caused a slight reduction daily food intake (AdV-IL1ra 29.0±1.1g/day vs. VEH 33.0
±1.6g/day; p<0.05). Blocking central IL1 signaling also did not alter the re-feeding response to a
prolonged fast, yet was entirely effective in preventing the anorexic effect of exogenously
administered leptin (2mg/kg ip, cumulative food intake at 18h AdV-IL1ra 30.5±1.1g vs. VEH 26.4
±1.7g, p<0.05) and prevented leptin-induced weight loss (AdV-IL1ra −0.1±1.3g vs. VEH −2.7±1.9g,
p<0.05). Together these findings suggest that hypothalamic IL1 signaling is required for the
pharmacological effects of leptin administration, but that impaired hypothalamic IL1 signaling does
not alter the physiological regulation of energy balance.
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Introduction
Following the identification of the adipocyte hormone leptin as a physiological regulator of
energy balance, a large body of work has begun to define the critical neuronal pathways that
mediate its behavioral and metabolic effects [20,21,25]. Neuronal melanocortin signaling plays
a key role since genetic or pharmacological disruption of melanocortin signaling blocks leptin
action and invariably leads to obesity [2,3]. Several findings also implicate the pro-
inflammatory cytokine IL1β as a mediator of leptin action in the brain. First, leptin-induced
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anorexia is prevented by intracerebroventricular (icv) administration of an IL1 receptor
antagonist [12,29]. In addition, our own studies, as well as those of others, have shown that
exogenous leptin administration increases hypothalamic IL1β signaling [10,28] supporting a
potential role for IL1β in mediating the CNS effects of leptin. Unlike mutations that disrupt
leptin or melanocortin signaling, however, targeted mutation of IL1 receptors do not cause
obesity in mice [7] challenging the notion that this signaling pathway plays a physiological
role in energy homeostasis.

Based on these observations, we hypothesized that IL1 receptor signaling is required for
responses to pharmacological leptin administration, but not for physiological effects of
endogenous leptin signaling. To test this hypothesis, we sought to determine whether
hypothalamic IL1 signaling is necessary for energy balance under physiological conditions, in
addition to its known role in the response to exogenous leptin administration [12,29].
Specifically, we investigated whether chronic hypothalamic over-expression of an IL1 receptor
antagonist alters food intake and weight gain in normal rats. Our data demonstrate that impaired
IL1 signaling in the CNS does not increase daily food intake or weight gain, nor does it alter
the re-feeding response to a prolonged fast, yet is entirely effective in preventing the anorexic
effect of exogenously administered leptin.

Results
Effect of adenoviral-induced CNS over-expression of IL1ra on body weight and food intake

Following adenoviral gene transfer surgery all rats were monitored without further intervention
for a period of 11 days (Fig. 1 period 1). During this time, weight gain was not different between
AdV-IL1ra injected animals and controls (38.1±4.1g vs. 42.2±5.6g; respectively, p=0.6).
Cumulative food intake during this time period was slightly lower in AdV-IL1ra injected rats
than in control animals (mean 29.0±1.1g/day vs. 33.0±1.6g/day; respectively, p=0.05). Though
IL1ra is a secreted protein, following gene transfer of the adenoviral-IL1ra vector into the third
ventricle, diffusion of the protein from the third ventricle into key hypothalamic nuclei may
be necessary for effects on energy balance. Both weight gain (34±5g) and daily food intake
(28.5±1.6g) were no different in animals having received AdV-IL1ra in the third ventricle
(3rdV AdV-IL1ra) in comparison to the combined AdV-IL1ra data presented above. Thus
chronic adenoviral-mediated CNS over-expression of IL1ra does not cause weight gain, and,
if anything, causes a modest reduction in food intake.

Effect of adenoviral-induced CNS over-expression of IL1ra on food intake and body weight
recovery following a prolonged fast

Since re-feeding following a prolonged fast is, perhaps, the only physiological 5 paradigm in
which plasma leptin concentration increases rapidly [11,27], we evaluated whether adenoviral-
mediated CNS over-expression of IL1ra alters the feeding response following a fast. Weight
loss at the end of the 36h fast was not different between the two groups (AdV-IL1ra rats −32.3
±1.1g vs. −34.1±2.2g in Control rats, p=0.4, Fig 1 period 2). Evaluation of food intake during
the day prior to the fast was consistent with the mean daily food intake described above (AdV-
IL1ra 28.6±0.8g and Control 33.0±1.1g; p=0.01) During re-feeding, food intake in the AdV-
IL1ra group was not different from that in Control rats at any of the four time points evaluated
(Fig. 2). Weight regain 24h following the end of the fast (AdV-IL1ra 23±1.2g and Control 23
±1.7g, p=0.9, Fig. 1 period 3) and body weight 96h after the fast (AdV-IL1ra 404±8.0g and
Control 405±8.5g, p=0.9, Fig. 1 period 4) were also equivalent between the two groups. In
response to fasting and re-feeding, food intake (2h 10.3±0.4g; 4h 13.5±0.6g; 6h 16.6±0.8g; 8h
22.5±0.8g; 18h 40.4±3.5g) and body weight changes (fasting −32±1.5g, first day of re-feeding
23±1.6g, 4 days post fast 42±6g) were no different in 3rdV AdV-IL1ra relative to the AdV-
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IL1ra group as a whole. Thus, chronic adenoviral-mediated CNS over-expression of IL1ra does
not alter the regulation of food intake or body weight in response to fasting or re-feeding.

Effect of adenoviral-induced CNS over-expression of IL1ra on leptin-induced anorexia
Previous studies, including our own, have shown that acute icv administration of IL1ra blocks
the effect of leptin to reduce food intake [12,29]. Thus, after allowing five days for experimental
animals to recover from the fasting/re-feeding protocol, we evaluated whether adenoviral-
mediated CNS over-expression of IL1ra protects rats against leptin-induced anorexia.
Administration of exogenous leptin (2mg/kg ip) caused significant reductions of food intake
in Control rats relative to vehicle injection at all evaluated time points (2h food intake 4.2±0.5g
vs. 5.6±0.3g; 4h food intake 7.1±0.9g vs. 9.7±0.9g; and 18h food intake 26.4±1.7g vs. 30.5
±1.1g, p<0.05 vs. Vehicle injection for all time points). In contrast, leptin administration had
no effect on food intake in the AdV-IL1ra group relative to vehicle injection (2h food intake
6.1±0.7g vs. 5.2±0.4g; 4h food intake 11.5±0.8g vs. 10.4±0.5g; and 18h food intake 30.3±0.9g
vs. 29.6±1.7g, all p=ns). In addition, leptin administration induced significant weight loss in
Control rats (−2.7±1.9g, p=0.02 vs. Vehicle injection) but not in the AdV-IL1ra group (−0.1
±1.3g, p=0.36 vs. Vehicle injection). Similar to our previous results, leptin-induced changes
in food intake (2h 5.7±0.9g; 4h 11.4±1.2g; 18h 28.7±2.6g) were no different in 3rdV AdV-
IL1ra rats relative to the AdV-IL1ra group as a whole. Thus, chronic adenoviral-mediated over-
expression of IL1ra in the CNS prevents the ability of exogenous, pharmacological leptin
administration to cause anorexia and weight loss.

Discussion
The current studies were undertaken to determine if impaired IL1β signaling in the CNS alters
the ability of leptin to regulate energy balance in a physiological, as well as a pharmacological
context. Specifically, we determined whether chronic adenoviral mediated over-expression of
an endogenous IL1RI antagonist, IL1ra, in the CNS causes changes in food intake and body
weight in both rats fed ad libitum and in response to fasting, and in a pharmacological paradigm
of altered leptin signaling. Our results demonstrate that whereas chronic adenoviral-mediated
over-expression of IL1ra has no impact on baseline food intake or weight gain in rats, on the
amount of weight lost during a fast, or on food intake or weight gain during re-feeding, this
intervention, nonetheless, completely prevents the ability of exogenously administered leptin
to reduce food intake and body weight.

Understanding the CNS pathways activated by leptin has been a major focus of obesity research
in the last decade. Previous studies, including our own, have shown that leptin administration
stimulates production of IL1β, an anorectic cytokine, in the hypothalamus [10,28] while
conversely, administration of IL1ra into the 3rd cerebral ventricle blocks the effects of
exogenously administered leptin on food intake and weight loss [12,29]. However, unlike the
proven role of leptin as a physiological regulator of energy balance [24], IL1β signaling in the
CNS is principally implicated as a pathological ‘sickness’ signal induced by disease states that
trigger inflammation [17,28]. Moreover, unlike leptin- or leptin receptor-deficient mice,
mutant animals lacking the IL1β receptor, IL1RI, do not develop obesity [7].

Consistent with these studies, we found that adenoviral-mediated inhibition of IL1β signaling
in the CNS does not alter weight gain in normal rats over a period of 11 days, a time period
during which blockade of central melanocortin signaling results in dramatic weight gain [4].
This finding suggests that, unlike central melanocortin signaling, the chronic effects of leptin
on energy balance are not dependent on IL1β signaling in the brain. If physiological leptin
effects were dependent on IL1β signaling one would also expect food intake to increase in
animals with CNS over-expression of IL1ra. In contrast, we found that rats with adenoviral-
mediated IL1ra expression consumed slightly less food than the control animals. Though
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preliminary, this finding is consistent with data from a study in which axonal connections to
the ARC were severed in rats, which suggested that the effect of IL1β on the isolated ARC
was to stimulate food intake [19].

Prolonged fasting decreases circulating leptin levels by 80% or more despite only a small
change in fat mass [11]. Upon re-feeding the leptin levels are restored within a 24h period, thus
representing perhaps the only physiological paradigm where circulating leptin increases
relatively rapidly [11]. Our previous work demonstrated that hypothalamic IL1β decreases
with fasting and increases with re-feeding [28] consistent with regulation of hypothalamic
IL1β by physiological changes of circulating leptin. The findings from this study demonstrate
that adenoviral-mediated over-expression of IL1ra in the CNS does not alter food intake or
weight gain during re-feeding following a prolonged fast. Thus, though the leptin surge during
re-feeding may stimulate hypothalamic IL1β production, this signaling pathway does not
influence re-feeding-induced changes in energy balance.

However, in the present study adenoviral-mediated over-expression of IL1ra in the CNS was
able to prevent anorexia and weight loss induced by ip administration of exogenous leptin, as
has been shown previously [12,29]. In combination with the findings described above, this
data suggests that the CNS signaling pathways activated by pharmacological leptin
administration may be fundamentally different from those triggered by physiological
excursions of endogenous leptin.

One previous study has attempted to address the role of IL1β in energy balance through chronic
icv administration of IL1ra [18]. Like our data, this study suggested that the physiological
effects of leptin were not mediated through IL1β, but interpretation of the results was limited
by the fact that exogenous administration of leptin was not tested and the low dose of
administered IL1ra was not effective in blocking exogenously-administered IL1β, thus the
study paradigm may also have been ineffective in preventing endogenous leptin-mediated
effects. In contrast, we found that over-expression of IL1ra in the CNS caused the expected
inhibition of leptin-mediated anorexia demonstrating that adenoviral expression of IL1ra
effectively blocked IL1 signaling. Our previous studies have shown that adenovirus-mediated
gene transfer in the CNS can be detected as early as day 3 following adenoviral injections and
is maintained for 3–4 weeks [15]. As leptin was administered at the end of our study period
(day 21), the degree of CNS IL1ra over-expression at earlier time points when physiological
effects of leptin were evaluated would have been more than sufficient to prevent leptin
signaling, but failed to do so, suggesting that IL1 signaling is not required for physiological
effects of leptin on energy balance.

The mechanism whereby pharmacological effects of leptin are IL1β-dependent remains
unknown, and may be related to melanocortin signaling. We have shown that both ip and icv
administration of the melanocortin agonist MTII increases IL1β mRNA expression in the
mediobasal hypothalamus [29]. Thus IL1β signaling may be downstream of melanocortin
signaling. Importantly, physiological changes in leptin appear to alter signaling in only a small
subset of POMC neurons in the rostral portion of the ARC [23]. However, leptin receptor
expression on POMC cells is wide-spread in the ARC [1] and electrophysiological studies with
labeled POMC cells have shown that most POMC cells in the hypothalamus can respond to
leptin [5]. This suggests that acute administration, or high concentrations, of leptin may activate
POMC cells that involve different ‘downstream’ signaling pathways than those involved during
physiological regulation of energy balance. Our previous studies have shown that exogenous
administration of leptin (2 mg/kg ip) results in circulating leptin levels 10 fold greater than
baseline [28]. Interestingly, one pathological circumstance that causes a rapid increase of
endogenous leptin is acute inflammation [8], and it is possible that inflammatory effects of
leptin may involve CNS signaling pathways distinct from those involved in the physiological
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regulation of energy balance. Thus, documented changes in CNS signaling following
pharmacological administration of leptin may more accurately reflect the function of leptin as
an inflammatory cytokine rather than the effects of leptin as a long-term signal monitoring the
adequacy of body fat stores.

In addition to melanocortin and IL1β pathways as potential targets of leptin, the response to
exogenously administered leptin may also be dependent on corticotrophin releasing hormone
(CRH) and neurotensin (NT)[22,26]. Interestingly, like for IL1β, these two hormones are more
commonly associated with stress responses and, in the case of CRH signaling, like for IL1β,
mutant models of CRH deficiency do not develop obesity [16]. Thus, it remains possible that
pharmacological leptin administration activates multiple ‘stress-related’ pathways which
contribute to anorexia and weight loss that are not implicated in the physiological control of
energy balance.

In conclusion, IL1β signaling in the CNS is not necessary for acute or chronic effects of
endogenous leptin on energy balance, but is necessary for the anorexic effects of exogenously
administered leptin. Thus, this study implies that exogenously-administered leptin activates
alternate pathways within the CNS that may not be related to physiological energy homeostasis
pathways. Therefore, data implicating ‘downstream’ hypothalamic pathways derived from
studies using exogenous leptin should be interpreted with caution as pertaining to physiological
regulation of energy balance.

Experimental Procedure
Animals

Studies were conducted using adult, male Wistar rats, weighing 300–350g (Charles River
Laboratories, Wilmington, MA). All animals were housed individually in a temperature-
controlled room (23 ± 2°C) and maintained on a 12h light/dark cycle. All study protocols were
approved by the Institutional Animal Care and Use Committee of the University of
Washington, Seattle, WA, and were performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals. All animals were provided ad libitum access to water and
pelleted rodent chow (Test Diet 5012, LabDiet Inc., Richmond, IN), except where otherwise
indicated. Acute food intake studies were performed following a 4h fast prior to the onset of
the dark cycle.

Adenoviral Injection
The two adenovirus injection protocols were performed as described previously [15] except
as noted below. Rats were anesthetized with inhaled isoflurane and placed in a stereotaxic
frame (Harvard/American Scientific Institution, Holliston, MA). For targeting of injections
bilaterally to the arcuate nucleus (n=6) a 30-g injector was used with the coordinates 3.3mm
posterior to bregma, 10.5mm below the surface of the skull and 0.5mm lateral to the midline
bilaterally, a technique which has been extensively validated in our laboratory [6,13–15].
Targeting of the 3rd cerebral ventricle (n=9) was accomplished with a single midline injection
using a 26-g injector with the tip placed 2.2mm posterior to bregma and 8.5mm below the
surface of the skull. Using a syringe injector pump (WPI, Sarasota, FL) recombinant human
IL1ra AdV (Ad5RSVIL-1ra 1×10^10pfu/ml, Gene Transfer Vector Core, University of Iowa,
Iowa City, IA) was injected at a rate of 100nl/min over 5 min (total volume 500nl) into the
arcuate nucleus bilaterally with the needle being withdrawn from the brain 5 min after the end
of the injection period. For injections into the 3rd ventricle virus was injected at a rate of 100nl/
sec over 20sec with the needle being withdrawn from the brain 5 min after the end of the
injection period. Control groups (n=6) received either a 3rd ventricular injection of an
adenoviral construct expressing green fluorescent protein (GFP) or were cannulated but
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received no injection. Preliminary studies where an adenoviral construct expressing GFP was
injected using the coordinates and protocol targeting the 3rd ventricle showed maximal
adenoviral gene expression in the ependymal cells lining the 3rd ventricle with diminishing,
but detectable expression in hypothalamic tissue, lateral ventricles and fourth ventricle,
respectively (data not shown). For all outcome measures evaluated in this study no differences
were seen between the groups of rats that received AdV-IL1ra injections bilaterally into the
arcuate nucleus and rats where AdV-IL1ra was injected into the 3rd ventricle. For this reason,
animals from these two groups are combined into a single AdV-IL1ra group for analysis.
Similarly, as all outcome measures were equivalent for the AdVGFP (all 3rd icv) and ‘no
injection’ control groups these two groups are combined into a single Control group for the
results described below.

STUDY PROTOCOLS
Fasting and Re-feeding: The fasting protocol was initiated 11d following adenoviral
injections. Rats fasted for 36h and food was returned immediately prior to the onset of the dark
cycle. Food intake during re-feeding was evaluated at 2, 4, 6, 8 and 18h of re-feeding. Body
weight was evaluated 18h after re-feeding.

Exogenous leptin administration: Five days following the end of the fasting/re-feeding
protocol all rats received ip injections of vehicle (0.3ml normal saline) or leptin (2mg/kg,
National Hormone and Peptide Program, Harbor-UCLA Medical Center) on two consecutive
days immediately prior to the onset of the dark cycle. Food intake was evaluated at 2, 4 and
18h following the onset of the dark cycle. Though serum leptin levels were not determined as
part of this study we have previously evaluated serum leptin as part of studies that employed
the identical ip leptin administration paradigm. In ~400g Wistar rats the serum leptin 2h into
the dark cycle following vehicle injection is 4.4±0.6ng/ml. In comparison, two hours post leptin
administration (2mg/kg ip) serum leptin values are 69±12ng/ml [28]. 20h following leptin
administration serum leptin levels are no different from vehicle-injected controls as would be
expected given published leptin pharmacokinetics in rats [9].

Statistical Methods
Comparisons between group mean values were performed using an unpaired Student’s t-test
or using a two-way ANOVA using within subjects comparison for treatment effect and between
subjects comparisons for adenoviral gene transfer effect, and the Tukey HSD post-hoc test for
multiple comparisons. Statistical analyses were performed using Statistica software (StatSoft
Inc., V. 4.1, Tulsa, OK). The null hypothesis of no difference between groups was rejected at
p <0.05. All values are presented as the mean ± SEM.
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icv  

intracerebroventricular

IL1ra  
Interleukin 1 receptor antagonist
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AdV  
adenoviral

IL1  
Interleukin-1

CNS  
central nervous system

MTII  
melanotan II

POMC  
pro-opiomelanocortin

ARC  
arcuate nucleus

CRH  
corticotrophin releasing hormone

NT  
neurotensin
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Fig. 1.
Effect of CNS adenoviral over-expression of IL1ra on body weight. Mean body weight in the
AdV-IL1ra group (black square, n=15) and Control group (white circle, n=6) are shown over
time. Period 1 demonstrates the weight gain in both groups during the 11 days following
adenoviral injection surgery. Period 2 shows the weight loss induced by a 36h fast. Period 3
demonstrates the weight regain following 1 day of re-feeding. Period 4 shows the weight gain
following 4d of re-feeding. Data presented are means ± SEM. Statistical analysis by unpaired
Student’s t-test.
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Fig. 2.
Effect of CNS adenoviral over-expression of IL1ra on food intake. Food intake (g) in two
adenoviral injection groups, Control (white bars, n=6) and AdV-IL1ra (black bars, n=10) on
the day prior to a 36h fast (Day -1) and at five indicated time points following the initiation of
re-feeding. Data presented are means ± SEM. * p<0.05 by unpaired Student’s t-test.
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Fig. 3.
Effect of ip leptin administration in rats with CNS adenoviral over-expression of IL1ra. Food
intake (g) in two adenoviral injection groups, Control (white bars, n=6) and AdV-IL1ra (black
bars, n=10) at three indicated time points following ip administration of leptin (2mg/kg). Data
presented are means ± SEM. * p<0.05 by one-way ANOVA with Tukey HSD post-hoc analysis.
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