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(1) 59–64, 1999.—Corticotropin-releasing factor (CRF) has been implicated in physiologi-
cal processes associated with stress, including changes in feeding behavior. Intracerebroventricular (ICV) administration of
CRF and urocortin have been shown to depress feeding, and antagonism of CRF receptors has been reported to attenuate
hypophagic responses to many treatments, suggesting that brain CRF may mediate these responses. We have now studied
feeding behavior of mice lacking the CRF gene (CRFko), comparing them to wild-type (CRFwt) mice. Feeding was assessed
in nondeprived mice by measuring the intake of sweetened milk in a 30-min period and the food pellet intake over 24 h. ICV
administration of CRF or urocortin (1 

 

m

 

g, but not lower doses) depressed milk and food pellet intake in normal mice. Physi-
cal restraint for 30 min, or administration of mouse interleukin-1

 

b

 

 (mIL-1

 

b

 

, 100 ng, IP), lipopolysaccharide (LPS, 1 

 

m

 

g, IP),
or the serotonergic agonist (

 

d

 

-fenfluramine, 4 mg/kg, IP) reliably reduced milk intake. LPS also reduced food pellet intake.
The responses to restraint, IL-1, LPS, and fenfluramine were indistinguishable between the CRFwt and CRFko mice. These
results suggest that CRF is not essential for the reduction in sweetened milk intake that occurs following restraint, LPS, IL-1,
or 

 

d

 

-fenfluramine administration to mice. © 1999 Elsevier Science Inc.

 

Interleukin-1 LPS

 

d

 

-Fenfluramine CRF knockout Feeding

 

DEPRESSION of feeding is one of the most visible aspects of
sickness behavior (17), and is also observed during stress or
after administration of cytokines (36,41). Concurrent in-
creases in hypothalamo–pituitary–adrenocortical (HPA) ac-
tivity (9) suggests that corticotropin-releasing factor (CRF)
may be involved. Intracerebral administration of CRF or uro-
cortin produces changes in many behavioral patterns, includ-
ing depression of feeding and the set-point for body weight
regulation (6,8,13,35). Evidence has been presented for the in-
volvement of CRF in the anorexic effects of exercise, estra-
diol, bombesin, leptin, caffeine, and increased serotonergic
activity (13,27–30). CRF has been implicated in the control of
energy balance, and elevated concentrations of CRF have
been observed in the cerebrospinal fluid of patients with anor-
exia nervosa (22,29). The behavioral responses to CRF resem-
ble those elicited by stressors (8,26). Physical stressors pro-
duce both hypophagia and release of CRF, and it is plausible
that the effects of stress on feeding are linked to CRF. This is
supported by findings that the hypophagia induced by physi-
cal restraint could be reversed by a CRF receptor antagonist
(19,32).

Acute administration of bacterial endotoxin (lipopolysac-
charide, LPS) or mouse interleukin-1

 

b

 

 (mIL-1

 

b

 

) has been
shown to inhibit food intake in mice (36). Both LPS and IL-1
stimulate the release of CRF (1,31). Because treatment with a
CRF antibody attenuated IL-1–induced hypophagia, it was
suggested that the cytokine might reduce appetite through el-
evated release of CRF (39). The effects of fenfluramine, a po-
tent releaser of serotonin (5-HT), have also been suggested to
involve CRF (20).

In the present experiments, we attempted to determine
whether CRF participates in changes in feeding behavior
evoked by physical restraint, or administration of bacterial
endotoxin, IL-1, or the anorexigen, 

 

d

 

-fenfluramine.

 

METHOD

 

Animals and Materials

 

Six-week-old, CD-1 male mice were purchased from
Charles River and weighed 30–35 g at the time of the experi-
ment. Adult CRF knockout male mice were provided by Dr.
Joseph A. Majzoub from Children’s Hospital in Boston, MA.
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Wild-type controls (CRFwt) were homozygotes (

 

Crf

 

1

 

/

 

1

 

) and
the CRF knockout mice (CRFko) were transgenic homozy-
gotes (

 

crf

 

2

 

/

 

2

 

) with an inserted inactivated CRF gene pro-
duced as described previously (24). CRF deficiency was con-
firmed by Southern blot analysis of genomic DNA isolated
from the tails (24). Body weights ranged from 24–37 g during
the experiments, but there were no significant differences
between the two genotypes. The animals were housed singly
in an AAALAC-accredited facility under a 12L:12D cycle
(lights on at 0700 h) at 22–23

 

8

 

C and a relative humidity of 50–
55%, were weighed every morning, and had ad lib access to
Teklad pelletted chow (3.99 kcal/g) and water. All procedures
were approved by the Louisiana State University Medical
Center Animal Care and Use Committee and were in compli-
ance with the NIH guide for Care and Use of Laboratory An-
imals.

CRF and human urocortin were gifts from Dr. Jean Rivier,
The Peptide Laboratory, The Salk Institute, San Diego, CA.

 

E. coli

 

 endotoxin (lipopolysaccharide, LPS) was obtained
from Sigma Co. (St. Louis, MO; L3755, serotype 026:B6). Re-
combinant mouse interleukin-1

 

b 

 

(mIL-1

 

b

 

) was obtained from
R&D Systems (Minneapolis, MN), and 

 

d

 

-fenfluramine from
Wyeth-Ayerst. Compounds were dissolved in sterile pyrogen-
free isotonic saline such that the total dose for each mouse
was contained in 0.1 ml and injected intraperitoneally (IP).
All compounds were administered at low doses that had pro-
duced reliable reductions in milk intake by mice in a number
of previous experiments.

 

Feeding Behavior

 

Feeding procedures have been described previously (36,37).
In brief, the mice were habituated for at least 3 days to drink
sweetened condensed milk diluted with three parts of water
from 20-ml glass bottles fitted with metal spouts. The weighed
bottles were placed in the cages at around 11 am for 30 min,
then removed and reweighed. Only the animals that drank at
least 1.5 g of milk in the session on the final day of habitua-
tion were used for the experiments. To estimate food intake
two fresh and firm food pellets were weighed and left in the
cage of each mouse overnight. Pellets from the previous day
were removed each morning at 0900 h and weighed. Water in-
take was not measured. Many previous experiments had indi-
cated that the drinking of the sweetened milk in a 30-min pe-
riod did not affect food pellet intake or the body weight gain.

 

Surgery and Intracerebroventricular (ICV) Injection

 

CD-1 mice were anesthetized with modified Hypnorm (2.5
mg of Fentanyl from Abbot Laboratories, Chicago, IL, 175
mg of droperidol from American Regent Laboratories, Shir-
ley, NY, and 125 mg of midazolam from Roche Laboratories,
Nutley, NJ, made up to 145 ml of sterile saline and adminis-
tered IP at a dose of 10 

 

m

 

l per gram of body weight) and im-
planted with polyethylene cannulae in the lateral ventricles as
previously described (16). After surgery, each animal was
placed in an individual cage and returned to the colony room.
Two microliters of artificial cerebral spinal fluid (aCSF) or
CRF or urocortin were slowly infused into each lateral ventri-
cle using an adapted Hamilton syringe.

 

Experimental Procedure and Behavioral Observations

 

All milk drinking tests were conducted in the animal col-
ony room during the light part of the cycle. Animals were re-
strained after removing them from their home cages, transfer-

ring them to another room, and placing them for 30 min in 50-
ml centrifuge tubes as previously described (2). Immediately
after removal from the tubes they were returned to their
home cages and presented with milk.

 

Statistical Analysis

 

Data were analyzed using Student’s 

 

t

 

-test or two-way anal-
ysis of variance followed by Fisher’s LSD test. Data are the
mean 

 

6

 

 standard error of the mean.

 

RESULTS

 

Effect of CRF and Urocortin on Milk Intake

 

CD-1 mice were implanted with ICV cannulae, and tested
approximately 2 weeks later. In the experiments of Fig. 1,
CRF or urocortin was administered ICV at a total dose of 1

 

m

 

g, and milk intake observed starting 15 min later. Both pep-
tides induced statistically significant reductions in milk intake
(

 

t

 

12

 

 

 

5

 

 2.85 and 

 

t

 

12

 

 

 

5

 

 2.87, 

 

p

 

 

 

,

 

 0.05, respectively). The over-
night intake of food pellets was also significantly depressed
(data not shown). Lower doses of either CRF (100–500 ng) or
urocortin (500 ng) did not induce reductions in milk intake
(data not shown).

 

Effect of Physical Restraint on Milk Intake

 

CRF wild-type (CRFwt) and CRF knockout (CRFko) mice
displayed similar growth rates as indicated by body weight, and
both groups developed robust and similar amounts of milk
drinking within 4 days. Physical restraint for 30 min significantly,

 

F

 

(1, 14) 

 

5

 

 22, 

 

p

 

 

 

,

 

 0.001, decreased milk intake (Fig. 2). There
was no difference between the genotypes, 

 

F

 

(1, 14) 

 

5

 

 3.4, and no
significant genotype 

 

3

 

 restraint interaction, 

 

F

 

(1, 14) 

 

5

 

 0.5.

 

Effects of LPS and IL-1 on Milk and Food Intake 
and Body Weight

 

Wild-type and CRFko mice were administered LPS (1 

 

m

 

g/
mouse, IP) and milk intake observed 120–150 min later [pre-
viously shown to be the nadir of the response (36)]. LPS in-
duced statistically significant reductions in milk intake, 

 

F

 

(1,
14) 

 

5

 

 117, 

 

p

 

 

 

,

 

 0.001 (Fig. 3, upper panel). There were no dif-
ferences between the CRFwt and CRFko mice, 

 

F

 

(1, 14) 

 

5

 

1.9, and no genotype 

 

3

 

 LPS interaction, 

 

F

 

(1, 14) 

 

5

 

 1.2. Food
pellet intake over the next 22 h (Fig. 3, middle panel) and

FIG. 1. Effect of CRF or urocortin on milk intake. Mice were
infused with aCSF and CRF or urocortin (1 mg/mouse, ICV) and 15
min later presented with milk for 30 min. The peptides were tested on
two different days. n 5 6 for the aCSF groups, n 5 7 for the peptide
groups. Significantly different from the aCSF control group (*p ,
0.05).
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body weight (Fig. 3, lower panel) were significantly decreased
by the LPS injections, 

 

F

 

(1, 14) 

 

5

 

 17, 

 

p

 

 

 

,

 

 0.001, and 

 

F

 

(1, 14) 

 

5

 

5.3, 

 

p

 

 

 

,

 

 0.05, respectively. There were no statistically signifi-
cant genotype 

 

3

 

 LPS interactions, 

 

F

 

(1, 14) 

 

5

 

 0.1; 

 

F

 

(1, 14) 

 

5

 

0.9, food intake and body weight, respectively.
Similar results were obtained when milk was presented

90–120 min after IP administration of 100 ng/mouse of mIL-
1

 

b

 

 [previously shown to be the nadir of this response (36)].
IL-1

 

b

 

 induced a statistically significant, 

 

F

 

(1, 14) 

 

5

 

 26, 

 

p

 

 

 

,

 

0.001, reduction in milk intake (Fig. 4). There was no differ-
ence between the CRFwt and CRFko mice, 

 

F

 

(1, 14) 

 

5

 

 0.1,
and no genotype 

 

3

 

 IL-1

 

b

 

 interaction, 

 

F

 

(1, 14) 

 

5

 

 0.0.

 

Effect of 

 

d

 

-Fenfluramine on Milk Intake

 

Wild-type and CRFko mice were administered 

 

d

 

-fenflu-
ramine (4 mg/kg, IP) and milk intake observed 15 min later.

 

d

 

-Fenfluramine induced a statistically significant, 

 

F

 

(1, 12) 

 

5

 

53, 

 

p

 

 

 

,

 

 0.001, reduction in milk intake (Fig. 5). There was no dif-
ference between the CRFwt and CRFko mice, 

 

F

 

(1, 12) 

 

5

 

 1.3,
and no genotype 

 

3

 

 fenfluramine interaction, 

 

F

 

(1, 12) 

 

5

 

 0.0.

 

DISCUSSION

 

Decreases in food intake have been observed following
ICV administration of CRF (5,13,19) and urocortin (35). Our
present results confirm these observations in our specific model,
intake of sweetened milk in nonfood-deprived mice. How-
ever, it should be noted that both we and others (5,19) found
it necessary to use relatively high doses of ICV CRF to pro-
duce these effects. The doses of CRF necessary to induce a
reduction in milk intake were markedly higher than those
previously shown to be behaviorally active in mice. For exam-
ple, only 5 ng of CRF (a 200-fold lower amount) was suffi-
cient to induce clear reductions of behavioral activity in the
multicompartment chamber (MCC) (3) [see (8) and (13) for
comprehensive reviews of behaviorally active doses of CRF].
The significance of high-dose effects is always difficult to
evaluate, especially when reductions of behavior are elicited.
Nevertheless, our results indicate that the drinking of sweet-
ened milk by mice is sensitive to CRF and urocortin.

The present studies failed to reveal any significant differ-
ences between wild-type mice and CRFko mice in the intake
of food pellets or sweetened milk in a 30-min daily exposure.
This is consistent with the observation that both genotypes
display similar growth rates (23). Furthermore, a variety of

different treatments, physical restraint, IL-1

 

b

 

, LPS, and 

 

d

 

-fen-
fluramine elicited very similar hypophagic effects in both
CRFwt and CRFko mice. The results are not confined to the
intake of sweetened milk, because the reduction in food pellet
intake induced by LPS administration did not differ between
CRFko and CRFwt mice (Fig. 3). The absence of a difference
between the two mouse genotypes resembles the results of a
previous study in which we failed to observe differences be-
tween the genotypes in behavior in the MCC, the elevated
plus-maze, and in the open field, whether or not the animals
were physically restrained (42).

Physical restraint has been shown previously to reduce
food intake in rats, and this effect was attenuated by ICV
treatment with the CRF antagonist, alpha-helical CRF

 

9–41

 

 (ah-
CRF) (19,32). IL-1 and LPS have been shown in numerous

FIG. 2. Effect of restraint on milk intake. Wild-type and CRFko
mice were left undisturbed (quiet) or were restrained for 30 min, and
then immediately presented with milk. n 5 5 for CRFko groups and
n 5 4 for CRFwt groups. Significantly different from the quiet control
mice (*p , 0.05, ***p , 0.001).

FIG. 3. Effect of LPS on milk intake (upper panel), food intake
(middle panel) and body weight change (lower panel). Wild-type and
CRFko mice were injected with saline or LPS (1 mg/mouse, IP) and
120 min later presented with milk. Food intake and body weight were
observed over a period of 22 h following LPS administration. n 5 5
for CRFko groups and n 5 4 for CRFwt groups. Significantly differ-
ent from the saline control mice (*p , 0.05, **p , 0.01, or ***p ,
0.001).
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studies to reduce feeding behavior in many species (41), as
well as in precisely the same paradigm used in the present
study (36). Uehara et al. reported that the IL-1-induced hy-
pophagia in fasted rats was attenuated with ICV administra-
tion of an antibody to CRF (39). However, we did not ob-
serve any tendency of ICV ahCRF to attenuate the reduction
in milk drinking induced in mice by IL-1 (Swiergiel and
Dunn, unpublished observations), although such injections
were found to attenuate the responses of mouse behavior in
the MCC to peripheral administration of IL-1 (7). The attenu-
ation in the Uehara study was relatively small, and the con-
flicts could be explained by the species differences, the fact
that the rats were fasted, the use of ahCRF or a CRF antibody
(which probably recognized urocortin and possibly other re-
lated peptides), and the use of a different feeding paradigm.

It is well established that serotonin (5-HT) is involved in
feeding behavior (11). 5-HT releasing agents, such as fenflu-
ramine, and 5-HT reuptake blockers, such as fluoxetine are
well-known anorexic agents (11,12). 5-HT has been impli-
cated as a modulator of CRF secretion (10). Fluoxetine has
been shown to stimulate hypothalamic release of CRF, and
5-HT has been strongly implicated in this response (12). It has
been suggested that fenfluramine may affect food intake and
energy balance through stimulating the release of hypotha-
lamic CRF (20). ICV pretreatment with an antibody of CRF
significantly attenuated the reductions in food intake ob-
served in response to central injections of 5-HT, 5-hydroxy-

tryptophan, and d-fenfluramine. However, the antibody did
not significantly attenuate the anorexic actions of peripheral
injection of fenfluramine (20). Bovetto et al. reported that ah-
CRF treatment did not prevent the hypophagic effects of 5-HT1B
(RU-24969) or 5-HT2A/2C (DOI) agonists on food intake (4).
They noted that central injections of d-fenfluramine could
cause anorexia by 5-HT–unrelated (stress-related) mecha-
nisms and, thus, the finding that a CRF antibody could block
the anorectic effect of 5-HT should be interpreted cautiously.
They concluded that their results did not support a role for
CRF in the anorectic effects of serotonin, and that the stimu-
lation of CRF-containing neurons located in the hypotha-
lamic paraventricular nucleus does not necessarily predict
changes in food intake and energy expenditure. Our results
indicate that CRFko mice responded to d-fenfluramine in the
same way as the CRFwt mice, suggesting that CRF is not crit-
ical for the hypophagic responses to d-fenfluramine. Interest-
ingly, another report suggested that the hypophagic effects of
CRF are mediated by 5-HT2A receptors (14).

Short-term milk drinking by animals having ad lib access
to rodent chow represents nonessential consumption that is
not necessary to maintain energy balance. It, thus, differs
from long-term feeding behavior of animals that have been
food deprived. Previous studies of the effects of CRF or uro-
cortin on feeding have been performed testing intake of ev-
eryday diet, usually in food-deprived animals (5,19,35). It is
entirely possible that had we used a different feeding para-
digm, we might have observed differences between the CRFwt
and CRFko mice.

It is possible, as others have suggested, that an anorexic
role has been incorrectly ascribed to CRF, when that role may
be played by urocortin (40). Two major subtypes of the CRF
receptor have been identified, CRF1 and CRF2, and there are
two splice variants of the CRF2 receptor, CRF2a and CRF2b,
that may have different pharmacological characteristics (15).
Both CRF and urocortin are active on all three CRF recep-
tors, albeit with different affinities (40). CRF antagonists such
as ahCRF can also act on both CRF1 and CRF2 receptors. A
study using administration of antisense oligonucleotides to
the CRF receptor subtypes found that defensive withdrawal
behavior was affected by antisense oligonucleotides to CRF1,
but not to CRF2, suggesting that behaviors associated with
anxiety are largely related to CRF1 receptors (18). A similar
conclusion was drawn from studies using an antagonist spe-
cific for the CRF1 receptor, CP-154,526 (21), and CRF1-recep-
tor knockout mice (34,38). Conversely, the anorexia associ-
ated with ICV CRF and urocortin was attenuated by antisense
oligonucleotides to CRF2 receptors, but not by a CRF1 antag-
onist (NBI27914), suggesting that feeding behavior may be
associated with CRF2 receptors (33). Unfortunately, feeding
behavior studies have not yet been reported for CRF1 recep-
tor knockout mice, and CRF2-specific antagonists and CRF2-
receptor knockouts are not yet available. Thus, it is possible
that urocortin, which has a significantly higher affinity for the
CRF2 receptor than CRF itself, is the endogenous modulator
of feeding. Alternatively, both peptides (and other, as yet
unidentified, peptides) may contribute to this modulation in
a redundant manner such that the absence of CRF is not
evident.

The present studies and the previous ones with CRFko
mice (42) indicate a clear dissociation between the role of
CRF in behavioral responses, and its endocrine effects. CRFko
mice have low basal plasma concentrations of ACTH and cor-
ticosterone, and exhibit very small responses to stressors (23),
and the same is true for CRF1-receptor knockouts (34, 38).

FIG. 4. Effect of mIL-1b on milk intake. Wild-type and CRFko mice
were injected with saline or mIL-1b (100 ng/mouse, IP) and 90 min
later presented with milk. n 5 5 for CRFko groups and n 5 4 for
CRFwt groups. **Significantly different from the saline control mice
(p , 0.01).

FIG. 5. Effect of d-fenfluramine on milk intake. Wild-type and
CRFko mice were injected with saline or d-fenfluramine (4 mg/kg,
IP), and 15 min later presented with milk. n 5 5 for CRFko groups
and n 5 4 for CRFwt groups. Significantly different from the saline
control mice (***p , 0.001).
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In view of the critical endocrine role of CRF, the wealth of
data suggesting a role for CRF as a behavioral modulator,
and the potential role of CRF in clinical disorders such as de-
pression, anorexia, and obesity (22,25), the lack of differences
in feeding responses between the genotypes in the present ex-
periments is important. To assess the true biological role of
CRF, it will be important to explore other kinds of behavior
and physiological responses in CRFko mice to identify differ-
ences between the genotypes.

Our data indicate that CRF is not necessary for the expres-
sion of changes in the sweetened milk intake of mice in re-
sponse to physical restraint, IL-1b, LPS, or d-fenfluramine—
factors that are thought to contribute to the development of

eating disorders. Other related peptides, such as urocortin,
may assume this role, but it is just as likely that CRF is not a
modulator of feeding in normal mice.
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