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Abstract 

Bo th corticotropin releasing factor (CRF), a central neuropeptide and initiating factor for 

adrenocorticortropic hormone and corticosterone, and l eph ,  the product of the gene, 

which is absent in genetically obese b o b / I I o b  mice, have similar effects on energy balance. 

Bo th CRF and leptin decrease food intake and body weight and increase thermogenesis. 

Both CRF and leptin receptors have been located mainly in the hypothahus. Because of 

their shared anti-obesity effects and recent evidence that leptin coordinates cenaai 

neuropeptide involvement in energy balance, three experiments were designed to 

investigate the possible involvement of CRF receptors in the central function of lepth in 

the genetic obesity of Wbmb rnice: Studv I investigated the effects of leptin in 

mediating food intake, body weight, and thermogenesis of bob/lepob mice and the 

possible involvement of CRF receptors in leptin's fiction. Leptin (1.0 pg/lil/mouse) or 

vehicle [p hysiological saline (1 pl)] was given intracerebrovenhicularly (ICV) 30 min 

after pretreatment of either vehicle or a-helical CRF [(IO pg/pl/rnouse), a CRF 

antagonist] to geneticaIly obese @=36) and lean (n=25) mice. Food intake, water intake, 

and body weight were monitored at 2,4, and 23 hr, and core body temperature (Tc) was 

recorded every 20-30 min for 4 hr and at 23 hr after d m g  treatments. Results indicated 

that leptin decreased cumulative food intake at 23 hr in h&'b/llOb mice only. Leptin 

suppressed weight gain in both obese and lean mice, but that occurred earlier in obese than 

in lean rnice and tended to be greater in obese rnice. Leptin elevated Tc in both obese and 

lean mice across 23 hr. a-helical CRF did not cornpletely block leptin's effects on 

cumulative food intake and Tc in both obese and lean mice. However, it partially blocked 
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leptin's effect on body weight gain in obese mice but not in lean rnice. Studv II examineci 

CRF's effects in mediating food intake, body weight, and thermogenesis of wb/1epob 

mice. CRF (1 .O pg/p l/mouse) or vehicle was given ICV to O bese &=3 1) and lean (n=22) 

rnice foiIowing the sarne pretreatments as in Study 1. The same dependent variables were 

&O measured. In contrast to leptin's effects in Study 1, CRF had no sigdicant effect on 

cumulative food intake, body weight change, or Tc in obese or lean mice- Studv EI tested 

the possible involvement of CRF receptors in lepth's effect on oxygen consumption of 

mice.The wbWb mice a=19) were assigned to 1 of 3 treatment groups: 

vehicle--lepth, a-helical CRF--vehicle, a-helical CRF--lepth. Leptin and a-helicai CRF 

doses were the same as in Studies I and II. Oxygen consumption was recorded via indirect 

calorimetry every 5-10 min for 1 hr after drug treatments. Leptin did not &ect oxygen 

consumption in obese mice within 1 hr, but tended to stimulate oxygen consumption at 60 

min after injection. Taken together, these data provide increasing support for the effect of 

leptin on energy balance in Wbflepob rnice. CRF receptors that are blocked by a-helical 

CRF did not appear to be involved in the anorexic effect of Ieptin on h o b / 7 . ~ O b  mice. 

Nonetheless, CRF receptors may be involved, at least partially, in leptin's eEects on 

energy balance, if the roles of the two dserent CRF receptor subtypes (CRF-R1 and 

CRF-R2) are considered in future research. 
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Corticotropin Releasing Factor (CRF) and Leptin Contributions to Energy Balance 

in Genetically Obese @fb/l.lob) Mice: 

Possible Involvement of CRF in the Leptin Effects 

Obesity is a major concem for human health. Stuàies on genetic obesity in mice 

have k e n  carried out for a h o s t  50 years and produced a variety of results. However, the 

physiological mechanisms of energy balance in obesity are stiU obscure. In 1994, Zhang et 

al. cloned the ob gene and identifieci its gene produa, le~tin. This new fbding 

revolutionized O besity research, rekindled interest in animai models of genetic O besity, 

and opened a floodgate in obesity research with more than 1000 research articles on leptin 

since 1995. 

Leptin is rnainly secreted kom white fat cells or white adipocytes (Zhang et al., 

1994). It suppresses energy intake, decreases body weight and body fat percentage, and 

increases metabolism (e.g., Carnpfield, Smith, Guisez, Devos, & Burn, 1995; HaIaas et al., 

1995; PelIeyrnounter et aL, 1995). The neuropeptide, corticotropin releasing factor (CRF'), 

has sirnilar effects on energy balance (e.g., Arase, Shargdl, & Bray, 1989a, 1989b). Both 

CRF (as reviewed by Rothwell, 1989) and leptin (Chen et aL, 1996; Mercer et aL, 1996) 

receptors are mainly expressed and finction in the hypothalamus, particularly in the 

paraventricular nucleus (PVN). Thereby, a question emerges: 1s CRF involved in the 

finction of leptin on energy balance in genetic obesity? 

The neuroendocrinologica1 defects of genetically obese anunal rnodels indicate the 

involvement of central CRF in the development and maintenance of obesity. One accepted 

animai mode1 for obesity is the Bar Harbor geneticalIy obese mouse & O b / l l b  ') (Storlien, 

1984). -e"b/l~Ob mice display many behavioral and neuroendocrinoIogica1 characteristics, 
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such as overeating (hyperphagia), gross adiposity, less activity (hypoactivity), lowered 

core temperature (hypo therinia), hpaired feràlity, reduced metabolic rate of bro wn 

adipose tissue @AT), decreased muscle rnass, high circulating glucose (hyperglycemh), 

high serum insulin (hyperinsuiinemia), and elevated plasma corticosterone 

(hyperglucocorticoidemia) (Bray & York, 1979; Friedman & Leibel, 1992). 

Neuroendocrine defects CO ntribute to these abnormahties. Hypergluco-corticoidemia may 

be a major detemiinant for obesity, because removing either adrenal glands 

(adrenalectomy [ADXJ , Arase et al., l989a, 1989b; Feldkircher, 1993) or pituitary glands 

(hypophysectomy -XI, Rothwell & Stock, 1985) reverses these behavioral and 

neuroendocrinologicd defects in genetically obese fdfa rats and ~ O b / i l O b  mice. In 

addition, glucocorticoid replacement cm block the effects of ADX (e.g., Saito & Bray, 

1984) and HYPX (e.g., Holt, Rothwell, Stock, & York, 1988). Either ADX or HYPX 

blocks the negative feedback of corticosterone on central CRF and stimulates the activity 

of central CRF (S wanson & Sirnrnons, 1989). Therefore, central CRF may play an 

important role in the development and maintenance of obesity. 

CRF stimulates sympathetic activiry and increases metabolism (Brown, 1 986; 

Brown & Fisher, 1985; Brown et al., 1982), and suppresses caloric intake @UM & 

Bemdge, 1990; Rothwell, 1990) in rats. Plotsky, Thrivikraman, Watts, & Hauger (1992) 

reported that hypophyseal-portal levels of plasma CRF of genetically obese (fdfa) rats are 

lower than those of lean rats. Bestetti et al. (1 990) reported structurally changed 

hypothaiamic CRF neurons in fa/- rats. These structural changes may be responsible for 

Moore and Routh's (1 988) £inding of reduced CRF level in hypothalamic nuclei in fdfa 

rats. How central CRF affects energy balance and the development and maintenance of 
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O besity in ~ b / l l O b  rnice has no t k e n  systernatically investigated. 

The central functions of CRF may be related to leptin. CRF, which are associated 

with the regulation of energy baiance (Rothweil, 1989). and leptin receptors (e-g., Chen et 

aL, 1996; Mercer et aL, 1996) are rnainly expresseci in the hypothalamus. The 

hypothalarnic PVN is a major area of CRF (Krahn, Gosnell, Levine, & Morley, 1988) and 

neuropeptide Y ([NPY , Billington, Briggs, Grace, & Levine, 199 1; Stanley, 1993) to 

regulate energy balance. Therefore, the hypothalamus, specincally the PVN, may be a 

cornrnon central location for CRF, leptin, and NPY. However, what relationship exists 

between CRF and leptin in energy reguiation in geneticdy wb/liob rnice is unkno wn. 

Given (a) that corticosterone is elevated in obesity, (b) that ADX reverses obesity, (c) that 

CRF, acting in the CNS, has similar effects on energy regulation as  lep^, and (d) thct 

both hypothalarnic CRF and leptin are irnplicated in the regulation of energy balance, the 

present study investigated the conaibutions of central CRF and leptin to the feeding 

behavior and therrnogenesis of genetically O bese mice. 

Geneticallv O bese Mouse ~ l e ~ * ~ / I e p ~ ~ ~  

Animal rnodels of genetic obesity have k e n  used extensively in an attempt to 

understand the regulation of body weight. The impairments of neuroendocrinologicaI 

regulatio n in O bese animal rnodels may provide insights into the development and 

maintenance of obesity in humans. These modeis are produced by defects in genes that 

have k e n  cloned recently (Bultrnan, Michaud, & Woychik, 1992; Chen et aL, 1996; Kieyn 

et aL, 1996; Naggert et al., 1995; Tartaglia et al., 1995; Zhang et aL, 1994). Table 1 

summarizes the genetic characteristics and related syndromes of these genetically O bese 

rodents (as reviewed by Bray, 1997; Campfield, Smith, & Burn, 1996; Friedman & Leibel, 
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1992; Houseknecht, Baile, Matteri, & Spurlock, 1998; Johnson, Greenwood, Horwitz, & 

Stem, 199 1 ; Spiegelman & Flier, 1997; Weigle & Kuijper, 1997). The genetically obese 

mob/Iepob) mouse is the most poppular of these animal models in O besity research. The 

discovery of leptin, which is the & gene product and which the mutated gene in lepob/1Iob 

mice does not produce (Zhang et aL, 1994), has provided an e x c i ~ g  clue for the 

treatment of obesity. Although some research (Considine, Sinha, et ai., 1996; MafTei, 

Halaas, et aL, 1995) reported that human obesity is associated with high circulating leptin 

levels, Montague et ai. (1997) reported two human obesity cases in which patients were 

found with vexy Iow plasma leptin concentration, increased hunger and severely high body 

weight. Therefore, investigation of Ieptin's function on ingestive behavior and metaboikm 

in genetically obese (lepob/lepob) mice, which do not produce functional leptin, rnay 

generate meaningful information for the treatment of some forrns of human obesity. 

The adiposity of the Bar Harbor genetically obese mouse is inherited as an 

autosornal recessive mutation (gene syrnbol le&b/llob ') on Chromosome 6, Linkage 

Group XI (XngaU, Dickie, & Snell, 1950). This single gene mutation results in no 

functional leptin k i n g  produced, massive obesity, and Type II diabetes, which rnimics 

hurnan obesity (Coleman, 1982). Recently, Zhang et aL (1994) cloned the mouse ob gene 

and the relevant human homologue, which localizes to Chromosome 7q31.3 (Geffroy et 

al., 1995; Green et al., 1995). Hyperphagia c m  only partly e x p h  the obesity in these 

rnice, because pair-feeding obese rnice with the arnount of food eaten by Iean mice does 

not prevent the development of obesity (Alonso & Maren, 1955; HolliEield & Parson, 

1958). Thurlby and Trayhurn (1979) and Smith and Romsos (1985) indicated that 

Wb/llob rnice use dietary energy more efficiently than do their lean litter mates, 



TabIe 1 
Genetic Models of Obese Rodents and Related Syndromes 

- - 

Genetic Mice Rats 
Characteris- 
tics and Obese Diabetes Yellow Fat t~  Tubby Zucke r 
Syndromes 

Gene 
mutatiod 
Chromosome 

Gene product 

Gene defect 

Hyperphagia 

Hyper- 
glycemia 

Hyper- 
insulinernia 

Insulin 
resis tance 

Hyperglucb 
corticoidemia 

Hypothennia 

Impaired 
fertiiity 

Obesity 

iepob/Iepob 

6 

Recessive 

Leptin 

Stop codon 
105, 
unfûnction- 
al leptin 

Moderate 

S evere 

Moderate 

Severe 

Severe 

Moderate 

Infertile 

Severe/ 
early 

d b l a  

4 

Recessive 

 lep^ 
receptor 

S plicing 
defect, 
unfiinc tion- 
ai leptin 
receptor 

Moderate 

Severe 

Transient 

Severe 

Severe 

Moderate 

Infertile 

Severe/ 
early 

AY 

2 

Dominant 

Agouti 
protein 
( AP) 

Agouti 
protein 
over- 
prochicecl 

Mild 

Vari able 

Mild 

Mïld 

Severe 

Mild 

Impaired 

M W  
adult 

fat 

8 

Recessive 

Carboxy- 
pep tidas e 
E 

Insert 
phosphate 
not 
cleaved 

n/a 

Absent 

Moderate 

Absent 

Moderate 

d a  

Impaired 

Moderate/ 
adult 

tub 

7 

Recessive 

TUB 
protein 
@ hospha- 
tase ?) 

Insert 
Pro- 
peptide 
not 
cleaved 

d a  

d a  

Moderate 

Mild 

Moderate 

d a  

Impaired 

Moderatel 
addt 

fa/fa 

5 

Recessive 

 lep^ 
receptor 

S plicing 
defect, 
Unfimc- 
tional 
leptin 
receptor 

Moderate 

Absent 

Moderate 

Moderate 

Severe 

Mild 

Infertile 

Severe/ 
early 
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with reduced energy expendinire for themogenesis. In addition, BAT, a major site of heat 

production in rodents (Foster & Frydman, 1978) is usually hypertrophied but has less 

protein content (Freedman, Horwitz, & Stem, 1986) and defective SNS activation in 

geneticdy obese mice (Knehans & Romsos, 1982) and rats (Levin, Triscari, & Sullivan, 

1980, 1982, 1983). Therefore, hypo themùa and decreased oxygen consump tion can provide 

a partial expianation for the increased energy efficiency of O bese mice. 

Hypo therrnia and decreased oxygen consumption occur at an early age. Obese 

mouse pups have lower rectal temperatures than lean littermates as early as 6 days old 

Wilson, Currie, & Gilson, 1991) and lower oxygen consumption by 5 days postpartum 

(Boisso~eault, Hornshuh, Simons, Rornsos, & LeveiUe, 1976; Van der Kroon, Van 

Vroonhoven, & Douglas, 1977). Trayhurn and James (1978) have found that a 2.1-2.5 OC 

dEerence in core temperature exists between adult obese and lean mice housed at 

Iaboratory temperatures between 10-25 O C .  Wilson and Sinha (1985) suggested that this 

hypo therrnia rnay reflect the absence of the opportunity for behaviord themoregulation and 

a genetic defect in thennogenesis, since obese mice choose warmer environments than lean 

mice and in so doing raise their body temperatures closer to those of lean rnice. 

nese biobehavioral abnonnalities may originate fiom a variety of endocrine 

abnorrnalities. Margules, Moisset, Lewis, Shibuya, and Pert (1978) reported elevated 

concentrations of the plasma and pituitary opioid peptide, P-endorphin, in the wbmb 
mouse. Because P-endorphin injected into the ventromedial hypothalamus ([WHI, 

Grandison & Guidotti, 1977) of satiated rats stirnulated food intake, Margules et aL (1978) 

proposed that chronicdy high P-endorphin levels in the obese mouse are related to its 

hyperphagia. They also found that a srnall systernic dose of naloxone, an opiate antagonist, 
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selectively blocked hyperphagia in obese rnice and rats after 20-hr food deprivation. This 

Iow dose of naioxone, however, did not produce similar food suppressing effects in lean 

mice as it did in obese rnice. Gilson and Wilson (1989) supported and extended Margdes et 

aL7s (1978) observations by showing that the effects of naloxone on food intake in obese 

rnice were primarily central in origin. Subsequently, Khawaja, Chattopadhyay, and Green 

(199 1) found that P-endorphin levels were 2-5 times greater in the VMH and dorsornedial 

hypothalamus of obese mÎce than leans. In short, opioid peptides play an important role in 

the regdation of food intake in obese rodents, although more recent Uiterpretations suggest 

they may mediate the reuiforcing properties of food rather than nuaient balance (Gosnell & 

Levine, 1996). 

In addition to opioids, norepinephrine ([NE]; Lorden & Oltmans, 1977) and 5- 

hydroxytryptarnine ([5-HT]; Garthwaite, Martinson, Tseng, Hagan, & Menahan, 1980) 

rnay contribute to the development of obesity in wbWb mice. The hypothalamic NE 

level is higher in obese mice, especially in medial hypothalamic nuclei, including the VMH 

and the PVN (Oltmans, 1983) than in lean mice. The higher NE level may contribute to 

the hyperphagia of the obese mouse, because central injections of NE receptor agonists 

(especially those acting at g- NE receptors) not only increased food intake in many 

species (as reviewed by Leibowitz, l986), but also induced a stronger stimuiating effect on 

food intake (especially of carbohydrate) in obese rnice in cornparison to Iean controk 

(Cunie & Wilson, 1992; 1992a). The level of brain serotonin is also increased in obese 

mice (Garthwaite et ai., 1980). Likewise, central injection of 5-HT reduced food intake in 

obese and lean mice in a dose-related manner. Intakes of lean mice, however, were 

suppressed more than those of obese rnice (Currie & Wilson, 1992b). This research 
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suggests that in obese rnice elevated levels of central serotonin may cause tolerance to 

serotonin's suppressive effects on food intake. Therefore, higher levels of central NE and 

sero tonin rnay work together to increase energy intake in obese mice. 

The wbmob mouse also exhibits a number of endocrine abnormalities, such as 

altered insuh and pituitary hormone levels. Dubuc (1977) found that the Wb/iepob 

mouse had high serum insulin and low glucose (hypoglycemia) during Postnatal Days 

(PD) 17-2 1. The Wb/llob mouse's hypoglycemia is transient, however, changing to 

hyperglycemia by PD 21 due to insulin resistance, while semm insului levels continue to 

increase. In addition to hyperinsulinernia, @Ob/IJ.Ob mice also have markedly higher 

c i r c d a ~ g  levels of corticosterone by PD 17 (Dubuc, 1977; Naeser, 1974). This 

hyperadrenocortism persists throughout the life span of Wb/1sob mice (Saito & Bray, 

1984). Edwardson and Hough (1975) also found ldfold higher levels of pituitary 

adrenocorticotropic hormone (ACTH), a stimulus for corticostero ne production fkom the 

adrenal gland, in adult ~ O b f l l O b  mice than in lean controls. 

High pituitary ACTH and plasma comcosterone levels contribute to many 

bio behavioral characteristics of O besity, including hyperphagia (e-g., Feldkircher, 1993) 

and lower thermogenesis (e-g., Rothwell & Stock, 1985). Specincally, Feldkircher (1993) 

confirmed that l o w e ~ g  corticosterone levels by ADX ameliorates body weight gains and 

daily food intake in wbWb mice but not in lean rnice. Replacement of cortisone in ADX 

k o b / 1 e g _ O b  mice selectively restores their greater body weight gain and food intake 

(S himomura. Bray, & Lee, 1987). RothweU and Stock (1985) suppressed ACTH secretion 

by HYPX in rats and found decreased body weight gain and food intake and increased 

thermogenesis. Chronic administration of ACTH restored adrenal weight, plasma 
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corticosterone levels, energy intake, and energetic efficiency to normal in HYPX rats- 

Collectively, the hyperadrenocortism in ~ O b / I I o b  mice represents the hyperfûnctional 

hypothalamo-pituitary-adrenal (HPA) axis in genetic obesity. Both ADX and KYPX 

dirninish the negative feedback fkom penpheral corticosterone to central hypothalamic 

CRF by decreasing circulating corticosterone levels. This dimùiished negative feedback 

effect to the central nervous system may be the reason for the anti-obesity effect of ADX 

and HYPX in genetic obesity. Figure 1 s u d e s  the hyperfûnctional HPA axis in 

wbwb mice and the arneliorating effects of ADX and HYPX on activity. 

Impaired functional feedback effect f?om corticosterone to hypothalarnic CRF 

neurons has been implicated in obesity's development. Pepin, Pothier, and Barden (1992) 

produced a transgenic mouse smin in which the Type II glucocorticoid receptors were 

partialiy knocked out (ie., the abundance of receptors rnainly responsible for 

comcosterone's negative feedback on the HPA and central CRF production was 

decreased) . Decreasing Type II glucocorticoid recep tors resulted in impaired negative 

feedback nom peripheral corticosterone to central CRF neurons, which are the beginning 

of the HPA axis. These rnice developed hyperadrenocortism and also became obese. The 

possible irnpaïred Type II receptor function by pamally knocking out gene expression 

does not mean that the Type I I  receptors have no function at aU. The Type II receptor 

may be nonfunctional at the HPA axis site, but hypersensitive in other cenmal sites. Hence, 

the central CRF activity is extensively inhibited, but the HPA axis is not. As a result, the 

thermoregulatory effects of CRF are abolished by the over-sensitive negative feedback 

effects of glucocorticoid to central CRE This impaired negative feedback system also 

appears in mice. For instance, &fb/ l lob rnice have high corticosterone levels 
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for most of their lives. On the other hand, other CRF functions, such as stimuhting SNS 

activity, were inhibited in Wb/I.lob mice. 

In surnrnary, t h e ~ b / I . l O b  mouse has been the most htensively studied animal 

mode1 of hurnan genetic O besity. The discovery that this mutant does no t produce leptin, 

however, encourages a re-evaluation of the role that several neurohormonal factors are 

thought to play in determining this mouse's biobehavioral phenotypes. In addition to the 

ub&fb mouse's heightened sensitivity to manipulation of intake-stimulahg 

noradrenergic and opioid pep tidergic recep tors and diminished sensitivity to manipulation 

of intake-suppressing serotonergic receptors, many studies suggest that 

hyperadrenocortism may be one of the critical reasons for efficient energy expenditure (or 

lower thenilogenesis for less energy output) and higher caloric intake in this and other 

obese models. Hyperadrenocortism rnay be due to regulation problems at any (or dl) of 

several points in the HPA axis (see Figure 1). Hence, enhanced body weight and food 

intake may be related to any of these points. CRF is one of the possible candidates for this 

impaired feedback regulation resulting in hyperadrenocortism C W  stimulates the 

secretion of ACTH, which initiates corticosterone production (Vale, Speiss, Rivier, & 

Rivier, 198 1 ; Vale et ai., 1983) and stimulates food intake and energy efficiency. On the 

other hand, CRF has antiobesity effects by decreasing food intake and stimulating 

thermogenesis (e.g., Arase et al., 1989a, 1989b; Plotsky et al., 1992). Therefore, the dnal 

functions of CRF may be involved in the development and maintenance ofobesity and 

rnay, in turn, be innuenced by the absence of leptin in this model. 
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Figure Caption 

Figure 1. Hypeminctiond HPA axis in genetic O besity. The hyperadrenocortisrn plays an 

important ro le in stirnulating food intake, increasing body weight, and suppressing 

metabolism (e. g., decreasing core temperature and oxygen consumption). Consequently, 

obesity develops. ADX and HYPX can abolish hyperadrenocortisrn and reverse the 

obesity. BW = body weight; FI = food intake; Tc = core temperature; 0, = oxygen 

consumption. 
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The Invo~vement of CRF in Obesitv 

CRF, a 4 1 arnino acid peptide produced in the hypothalamus, initially stimulates 

the production of ACTH and other proopiorneIanocortin (P0MC)-derived peptides ûom 

the anterior pituitary (Emeric-Sauval, 1986; Gillies & Grossrnan, 1985; Vale et al, 198 1; 

1 98 3). Centrally administered CRF &O produces behaviors n o d y  exhibited d d g  

conditions of high stress in rats (e-g., Brinon, Koob. Rivier, & Vale, 1982). Further, high- 

a£6nity CRF binding sites have k e n  identifiecl in the braui areas that are involved in the 

regulation of the autonornic nervous system, particularly the sympathetic nervous system 

(SNS) (e-g., De Souza et aL, 1985), which is activated during stress. The PVN C W  

neurons project to the locus coeruleus (LC) (e-g., Swanson, Sawchenko, Rivier, & Vale, 

1983; Valentino, Page, Van Bockstaele, & Aston-Jones, 1992) and autonomic 

preganglionic centers in the brain stem (Steffens, Scheunnk, Luiten, & Bohus, 1988). LC 

contains the largest number of noradrenergic cell bodies within the CNS and stirnulates the 

ANS (Foo te, Bloom, & Aston-Jones, 1983). Therefore, the stress-related CRF function 

follows a particular pattern: (a) stressors activate PVN CRF neurons; (b) CRF activates 

the LC and the autonornic preganglionic centers in the brainstem; ( c) the activated LC 

releases catecholamine, which tnggers the SNS; (d) the activated autonornic preganglionic 

systems trigger the SNS; (e) simultaneously, CRF stimulates the HPA axis, which releases 

glucocortico id; and (f) the increasing level of glucocorticoid inhibits CRF production by 

binding with glucocorticoid receptors (Miesfeld et al., 1984), and thereby, down-regulates 

the stress response. Overall, the major physiological functions of CRF include Ïncreasing 

plasma catechohmines, hem rate, blood pressure, metabolic rate, and locomotor activity; 

decreasing gastric acid secretion and sexual activity; inhibithg baroreceptor reflex 
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sensitivity; and producing hyperglycernia (as reviewed by Ro thweU, 1990). ClearIy, the 

fûnction of central CRF to stress includes not only stimulating the release of ACTH and 

O ther POMC-derived peptides fko m the anterior pituitq, but also regulatag energy 

intake and thermogenesis by activating the SNS, such as increasing metabolism and 

decreasing energy intake (see Figure 2). The stimulative effects on metabolism and 

suppressive effects on energy intake suggest that the CRF-SNS axis rnay have anti-obesity 

effects (see Figure 2). 

CRF and thermoeenesis. In 1990, Rothwell compiled the available literahire on the 

studies of CRF into a major review of the central effkcts of CRF on metabolism and 

energy balance. (The following section uses her organization and citations extensively and 

updates some areas.) Thermogenesis or heat production is defined as "additional adaptive 

or regulatory increases in metabolic rate associateci with excess food consumption (diet- 

induced themogenesis [DIV), adaptation to cold or arousal fiom hibernation 

(nonshivering themogenesis WST]), or responses to disease, injury, and stress" 

(Rothwell, 1994, p.1). The main effector for NST and DIT in rodents is brown adipose 

cissue([BAT], Foster & Frydrnan, 1978: Girardier, 1983; Landsberg & Young, 1983). The 

activity of BAT depends on the SNS, which has stirnulative input to BAT directly 

(Landsberg & Young, 1983; Rothwell & Stock, 19 84). Thermogenesis, therefore, serves 

not only to maintain body temperature, but also to spend energy via heat production in 

BAT. If the regulation of thermogenesis is defective, the energy balance is impaireci. 

Therefore, the defective regulation of thermogenesis is closely related to the development 

of obesity (as reviewed by Himms-Hagen, 1990). 

Brown et aL (1982) initially found that CRF activates the SNS and metabolism 
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Figure Cap tio n 

Figure 2. Central CRF stimulates locus coeruieus (LC) and the sympathetic nervous 

system (SNS). The activated SNS augments rnetabolism and suppresses energy intake, as 

a result, body weight is lesseneci. Thus, the CRF-SN axis appears to have an anti-O besity 

effect. CRF is also related to other neuropeptides, such as NPY, opioids, and 5-HT. 
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Blatteis et al (1989) found that endogenous brain CRF directiy mediates thermogenic 

responses to 5-HT, certain cytokines and prostaglandins, and peripherai tissue or brah 

injury. Centrally injected CRF rapidly and dose-dependently stïmu!at,es s ympatheticdy 

regulated thermogenesis in BAT (Rothwell, 1990), effects that could be dissociated fiom 

its effects on pituitary function. For example, LeFeume, RothweU, and Stock (1987) and 

RothweU. and Stock (1985) reported that in rats HYPX decreases body weight much more 

than that of sham-operated controls, despite both groups having identical energy intake. 

HYPX also increased BAT activity. HYPX surgically abolishes the production and 

circulation of ACTH and corticosterone and blocks the negative feedback effects of 

corticoster one to central CRF. Therefore, the above HYPX effects on thermo genesis may 

be related to decreases in ACTH and corticosterone, or to blocked negative feedback of 

corticosterone to CRF, or both. However, LeFeuvre et ai. (1987) found that centrally 

injected ACTH in rats failed to reverse the eEects of HYPX to the extent that 

corticosterone did. Their study suggested that the activation of BAT following HYPX 

could be due to the blocking of negative feedback fkom corticosterone to central CRF and 

an increase in CRF. LeFeuvre et aL (1987) &O injected CRF into the 3" ventricle or the 

PVN of rats and found that CRF augrnented BAT activity, physical activity, and arousal, 

which were followed by increases in rectal temperature. These results demonstrate that 

central CRF stimulates thermogenesis by BAT. 

Are other neuromodulators involved in the effects of CRF on thermogenesis? 

Rothwell, Hardwick, LeFeume, Crosby, and White (1991) have confirmed that CRF- 

induced themogenesis appears to include the synthesis of POMC products within the 

CNS in rats, because the opioid antagonists naloxone or monoclonal antibody to y- 
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melanocorth stimulating homo ne (y MSH) inhibited the effects of CRI? on thermogenesis. 

Consistently, central injection of P-endorphin or yMSH mbicked the CRF effects. The 

effect of CRF on thermogenesis rnay also mediate the effects of 5-HT. 5-HT stimulates the 

synthesis and release of CRF fkom the hypothaiamus in vivo and in vitro (Calogero et aL, 

1989; Gibbs & Vale, 1983). The CRF receptor antagonist (CRF antibody) prevented the 

thennogenic and anorectic responses of 5-HT (LeFeuvre, Aisenthal, & Rothweli, 1991). 

The effects of 5-HT on energy intake and metabolism are probably. at least partially* the 

result of cenaal CRF. In short, working with other neuropeptides together, CRF appears 

to play an integrating role in thermogenesis regulation. 

CRF reeulates food intake. Besides thermogenesis, CRF receptors in the 

hypothalamus regdate energy balance thro ug h altering food intake. Many studies have 

sho wn that cenaal CRF inhibits food intake in rats (Rothwell, 1989, 1990). CRF 

suppresses spontaneous intake as weli as hyperphagia caused by starvation and by the 

administration of insulin, muscimol, norepinephrine, and dynorphin (Levine, Rogers, 

Kneip, Grace, & Morley, 1983; Rothwell, 1990). The inhibitory effect of CRF on food 

intake may be linked to the PVN. Krahn et aL (1988) showed that injection of CRF into 

the PVN, but not into other brain areas, suppressed food intake in rats. 

Several neuropeptides and neuro transrnitters, which affect calonc intake through 

their action in PVN, interact; form a cornplex neural network to control energy intake and 

obesity (leibowitz, 1986; Morley, 1989); and also moderate CRF production, secretion, 

or action (Blundell, 1989; Calogero, Galluccï, Chrousos, & Gold, 1988a, 1988b; Calogero 

et al., 1989; Leibowitz, Roland, Hor, & Squillan, 1984). Leibowitz and her colieagues 

(1984) and Leibowitz (1986) suggested that norepinephrine (NE) stimulates food intake 
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by a PVN a;noradrenergic mechanism, which is enhanced by corticosterone. 

Anatornicaliy, central neuron pathways, which contain catecholamine, also connect 

directly to CRF neurons in PVN (Cunningham, Bohn, & Sawchenko, 1990; Cunningham 

& Sawchenko, 1988). Moreover, Calogero et zL (1988b) showed that q-noradrenergic 

pathways inhibit CRF release. Hence, the intake-stimula~g effects of either NE or an (L, 

agonist may result from decreased CRF function via direct inhibition of CRF's release 

through either a PVN-cc, mechanism or negative feedback on CRF secretion f?om 

circulating corticosterone. When I ~ J O ~ / I ~ ~ ~  mice, which have naturally elevated 

corticosterone, received ICV NE or a, agonists, their intake (particularly of carbohydrate) 

increased above that of their pre-injection days and by a greater percentage than their lean 

controls (Cumie & Wilson, 1992). This fhding is consistent with both kibowitz's data in 

rats and decreased CRF function in these rnice. Central administration of 5-HT and 

serotonergic agonists potently inhibit food intake in both ~b/ lJ .Ob  and lean mice (Currie 

& Wilson, 1992). 5-HT &O stimulates CRF production in vitro (Calogero et aL, 1989; 

Oliver et al., 1990). Therefore, 5-HT7s effects on energy intake rnay be related to its effect 

on CRF production in the hypothalamus. Taken together, CRI? may be invotved in 

rnediating the effects of NE, a, agonists, and 5-HT on food intake. 

CRF and genetic obesitv. The anti-obesity effects of ADX and HYPX indicate that 

glucocorticoids participate in the development of obesity. This indication is supported by 

observations that ADX also normalizes rnany characteristics in the @ O b / l e p o b  mice, the 

fa/- rats, and in rodents with experimental induction of O besity. For example, Solomon 

and Mayer (1973) reported that ADX suppressed body weight gain and plasma glucose 

Ievels and irnproved insulin resistance and the glucose response to food deprivation in 
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Hb/ilob mice compared with sham-operated controis. ADX also reduced plasma insulin 

levels in wb/llob mice (N.kimura & Bray, 1978). ADX has no or little effect on lean 

mice (e-g., Solomon et al, 1977; Smith & Romsos, 1985). In addition, Saito and Bray 

(1984) showed that ADX increased tail length, brain weight, spleen weight, and muscle 

weight in Wb/llob mice. Those ADX effects could not be duplicated in pair-fed or lean 

rnice. 

As in &'b/iiOb mice. ADX decreased body weight and food intake, suppressed 

body weight gain, and increased postprandial oxygen consumption and BAT activity 

(indexed by increased percentage of protein content, mitochondrial protein, speciiïc GDP 

binding and total GDP binding) in Zucker fdfa rats compared with lean or sham-operated 

conaols (e.g., Marchington, Ro thwell, Stock. & York, 1983). Furthemore, aeatrnent 

with cortisone (Saito & Bray, 1984), deoxycorticosterone, or corticosterone (Yukimura, 

Bray, & Wolfsen, 1 W8), or hydrocortisone (Freedrnan et aL, 1986) can reverse the anti- 

obesity effects of ADX. Rothweil and Stock (1984) indicated that surgical denervation of 

the interscapular BAT depot could prevent the response of BAT to ADX. Taken together, 

these resuits indicate that ADX enhances thermogenesis by increasing the ac tivity of the 

SNS; therefore, ADX nomializes most of the suppressed activity of SNS associated with 

genetic O besity. ADX has anti-O besity effects, which decrease energy intake and enhance 

thermogenesis, in geneticaily obese rodents. 

The fact that the adrenal glands are functionally M e d  to the HPA axis would 

suggest that the anti-obesity effects of ADX rnight also occur with HYPX. Consistent 

with this expectation, Holt et aL (1988) demonstrated that HYPX produced a 

corticosterone reversible reduction in body weight and food intake and elevation in DIT 
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and BAT activity in the Zucker fa/- rats, relative to pair-fed and sham-operateci controls. 

HYPX also successfüUy decreased body weight of ~ b f l l O b  mice to normal lean sue two 

weeks after the operation (Herbai, 1970). Apparently, ADX and HYPX have similar anti- 

obesity eEects in geneticaily obese rodents. Both ADX and HYPX remove or abolish the 

overproduction of glucocoaicoids in geneticauy obese rodents. Glucocorticoids are final 

hormone products of the HPA axis and have a signincant negative feedback effect, via 

glucocorticoid (type II) receptors, on central CRF (Meaney, Aitken, Vhu, Sharma, & 

Sarrieau, 1989), which regulates the function of the HPA axis. Therefore, ADX and 

KYPX prevent the negative feedback Ioop of glucocorticoids to central CRI? neurons. 1s 

central CEW involved in the anti-obesity effects of ADX or hVX? 

There is evidence for such an involvement. Hardwick, Linton, and RothweU(1989) 

sho wed that RU486, a glucocorticoid recep tor antagonist, inhibited body weight gain and 

corticosterone action and acutely increased BAT activity in rats. However, pretreatment 

with a CRF antagonist prevented these responses. This indicates that RU486 f is t  blocked 

the negative feed back of glucocorticoids to the CNS , t hen increased the production of 

CRF. Increased central CRF in nim stimulated BAT activity and suppressed body weight 

gain. Moreover, Walker and Romsos (1992) suggested the involvement of CRF in effects 

of ADX on leJ"b/llOb rnice. They centrally injected CRI? (5 pg) and found suppressed 

insulin levels and increased fÎee fatty acids (i-e., stirnulating fat cell metabolisrn) in 

Wb/Iepob mice compared to vehicle controls. Central CRF also prevented the reverse 

effects of dexarnethasone (DEX) to ADX on ~b / l epO%ce .  Namely, CRF reduced 

insulin and enhanced free fatty acid in ADX-DEX &Ob/1epob mice. Consistently, the CRF 

antagonist, a-helical CRF (10 p g), hinders ADX effects (particularly on insulin secretion) 
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in & O b / I . l b  mice. Although the effects of CEG and CRF antagonist on BAT activity 

(thermogenesis) were not achieved at statisticaiiy significant levels, they rnay be related to 

the low dosage of CRF and CRF antagonist, the acute injection saategy of the study, or 

both. Accordingly, ADX and HYPX rnay abolish the obesity in genetically obese rodents 

by rernoving the negative feedback effects of glucocorticoid on central C W  and by 

increasing CRF production in the brain. 

ADX and HYPX studies have suggested the dysfunction of central CRF in 

genetically obese rodents. Drescher, Chen, and Rornsos (1994) have found that ICV CRF 

(2.1,2 1, 105, and 2 10 pmol) dose-dependently suppressed food intake and decreased 

oxygen consurnption. Higher doses of CRF were needed to reduce food intake in lean 

mice than in O bese rnice. This result suggested that rnice are more sensitive to 

exogenous CRF than their lean Littermates. In fact, the inhibitory effect of chronic central 

infusion of CRF on obesity suggested that some impairment of the synthesis, or release of 

CRF, or both, rnay be related to irnpairments in appetite control and DIT of genetically 

obese rodents (Arase, York, Shimizu, Shargili, & Bray, 1988). Rohner-Jeanrenaud and 

Jeanrenaud (1991) found ICV administration of CRF for 7 days anested the extra weight 

gain of Zucker fdfa rats compared to pair-fed controls. CRF also reducsd basal 

hyperinsulinernia, hepatic glycogen level, and epididymal fat pad weight, as weli as 

elevating BAT weight and activity. Their study suggests that central adrninistration of 

CRF can attenuate O besity in fdfa rats and thereby prevents O besity in this animal modeL 

Plotsky et aL (1992) found that initial CRF levels secreted into the hypophysial-portal 

circulation were lower in fdfa rats than in lem rats and that stress (lowered blood pressure 

by nitroprusside injection) significantly increased CRF secretion to the hypophysial-portal 
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circulation in lean rats but not in fdfa rats. That is, fdfa rats have lower portal CRF levels 

in both a basal and a nitroprusside-induced stress situation. Moreover, exogenous CRF 

stimulateci ACTH and corticosterone production in both fdfa and lean rats. But the 

increased ACTH and corticosterone levels were restored to initial levels signincantly more 

slowly in fdfa rats than in Ieans, though the response patterns of ACTH and 

corticosterone to CRF challenge were similar in both- The resdts suggest that pituitary 

CR. receptors of obese rats are sensitive to exogenous CRF stimulation, and this 

sensitivity to CRF challenge may be related to either the low portal CRF tone, or 

continuous negative feedback effects fiom higher corticosterone concentration, or both- 

Plotsky et aL (1992) pharmacologicaily adrenalectomized fdfa and lean rats and 

consistentiy found markedly enhanced portal CRF in Wfa rats, but not in lean rats. In 

other words, AûX reversed the lower hypophysial-portal contents of CRF in obese rats. 

Plo tsky et aL suggested that O bese fdfa rats display suppressed hypo thalarnic CRF release 

into the hypophysial-portal circulation, and that this is due to the abnomial glucocorticoid 

negative feedback effect on the hypothalamic CRF system of fa/fa rats. 

Moore and Routh (1988) further showed a reduced CRF content of individual 

hypothalamic nuclei in fdfa mutants. Bestetti et al. (1990) did a structural, imrnuno- 

cytochernical, and morphometrical study on the changes in the HPA axk of fdfa rats. 

They found that most hypothaIamic nuclei were sûucturdy altered and the adrenal cortex 

was hypertrophie in fa/fa rats, thereby, indicating that central CRF in obese rats may not 

function normally. Recently, Timofeeva, Richard, and Huang (1996) have shown a lower 

expression of the CRF, receptor transcript in the VMH of fdfa rats compared to lean 

rats. Thus, fa/- rats may have a Low density of CRF receptors, which suggests that the 
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deaeased CRF effects in the hypothalamus rnay play a role in the development of obesity. 

In summary, CRF is involved in the modulation of energy balance and defective 

thermogenesis and food inrake of genetically O bese rats, and the hpaired synthesis, 

release, or function of CRF rnay contribute to the developrnent of genetic obesity in 

rodents. The mechanisrn of CWYs defective regulation of energy balance in genetic 

obesity remains unknown. CRF regulates the activities of both the HPA axis and CRF - 

SNS axis. These two axes balance each O ther and maintain homeostasis. However, they 

are unbalanced in genetic obesity. SpecEcally, the CRF-HPA axis appears to be over 

active, while the CRF - SNS axis is underactive. Consequently, O besity develops (see 

Figure 3). The dysfunctional (or impaired) cenaal CRF-SNS-HPA systems, particiilarly, 

the central regulation of CRF on thermogenesis and energy intake, rnay play a key role in 

the abnormal regulation of energy balance in genetic obesity. 

Leptin and Obesitv 

The hypothesis that increased adipose tissue rnass has negative feedback effects 

on the CNS (Davis, Gallagher, & Ladove, 1967; Hervey, 1959; Kennedy, 1953; Weigle, 

1994) rnay give an insight to the defective function of CRF in genetic O besity. The recently 

cloned OB gene and its protein product (Zhang et ai., 1994), le~tin, have k e n  strongly 

implicated in energy balance and obesity (Campfield et al., 1995; Hataas et al., 1995; 

PeUeymounter et  al., 1995). Leptin rnay be the searched for adipose negative feedback 

signal (satiety factor) to the CNS. Leptin produces similar effects on thermogenesis and 

calonc intake as CRF. Ho wever, little research has investigated the relationship of leptin 

and CRF. Due to the direct effects of CRF on SNS and BAT activity, the primary 

inhibitory effects of leptin on obesity rnay be reiated to the function of CRF to 
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Figure Cap tio n 

Fiaure 3. The unbatanced CRF-HPA axis and CRF - SNS axis in genetic obesity. The 

hyperfinctional CRF - HPA axis induces hyperadrenocortisrn The hyperadrenocortisrn 

prornotes energy intake and lessens energy expenditure. On the other hand, the suppressed 

CRF - SNS axis decreases the activity of SNS . Thus, the anti-obesity eEect of the CRF - 

SNS axis is ameliorated. The result of this unbalanced CRF-IEfPA axis and CRF - SNS axis 

is the development of obesity. 
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modulate thermogenesis and energy intake. ParticuiarIy, leptin, as a satiety signal produced 

by adipocytes, may stimulate or trigger the suppressed hypothalamic CRF activity to 

rebalance the unbalanced CRF-HPA axis and the CRF-SNS axis. Consequently, lepth 

alters the negative feedback effects of the stored energy (Le., constitutes the negative 

feedback loop fYom adipose tissue to hypothalamus). Therefore, leptin rnay link the 

penphery to the CNS by triggering CRF activity. 

The search for a satietv factor. The presence of a satiety signal was fkst suggested 

in the circulation of parabiotic rats, which were surgicaily joined and shared blood 

circulation. Hervey (1959) sho wed that the hypothalamic lesion in one rat of a parabio tic 

pair produced hyperphagia and weight gain in the rat with the hypothalamic lesion, but 

hypophagia and obvious weight loss in the rat with the intact hypothalamus. His results 

indicated that some blood-borne signal fiorn the hypothalarnic-lesioned obese rat was 

transported to the partner with the intact hypothalamus, and this signal influenced food 

intake and body weight. 

Several other parabiotic studies in rats (Harris & Martin, 1989; Pararneswaran, 

Steffens, Hervey, & DeRuiter, 1977) also supported the presence of a circulating factor 

associated with fat cell size in satiety and body weight regulation (Keesey & Powley, 

1986). Coleman and Hummel (1 969) joined adult diabetic obese rnice (db/db) with 

nondiabetic lean rnice of the sarne sex in a parabiotic study. They found that lean controls 

of each parabiotic pair died of apparem starvation within 50 days after gradually losing 

weight and becoming hypoglycemic. Coleman (1 973) fo und that parabio tic couphg  of 

either genetically obese (k&b,4.10b ) rnice with lean mice or with genetically diabetic rnice 

(db/db) did not induce similar results in lean mice and diabetic rnice: wb/I.lb rnice ate less 
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and gained less weight. Accordingly, Coleman suggested that lean mice and diabetic mice 

produce some type of humoral substance, which regulates food intake and body weight. 

However, this humoral factor does not induce the same effects in diabetic mice, possibly 

due to defective satiety center. ~ e ~ ~ ~ / 1 l ~ ~  mice do not produce this type of body weight 

regdatory factor. Nevertheless, what this humoral factor is, where it is produced, and in 

which central neural area it works were unknown until Zhang et aL (1994) cloned the 

gene. Zhang et aL (1 994) demonstrated that the wb/llob cDNA is "expressed specifically 

in fat cells", and its gene product, Ieptin, "has 167 amino acids and the characteristics of a 

secreted protein" (Rink, 1994, p. 406). Harris (1997) and Harris, Zhou, Weigle, & Kuijper 

(1997) further confirmed that  lep^ is the signal produced £kom fat tissue, circulatecl in the 

blood, and exchanged between parabiosed mice to reguiate energy balance. 

Leptin and energv balance. Leptin is believed to function as an afferent satiety 

signal in a feedback loop that influences energy balance controlled by the brain (Zhang et 

aL, 1994). Halaas et ai. (1995) have also revealed that leptin is produced in lean mice and 

db/db mice, but not in &Ob/llOb mice, whose OB mRNA does not produce functional 

leptin (cailed a nonsense mutation at codon 105). They found the circulating leptin level in 

db/db rnice is much higher than in lean mice. Many studies (e.g., Lomqvist, Amer, 

Nordfors, & Schalling, 1995; Ma et al., 1996; Maffei, Fei, et aL, 1995; Masuzaki et ai., 

1995) have c o h e d  that leptin is ako produced by white adipose tissue in humans and 

that the production of leptin is positively correlated to adiposity. Trayhurn, Thomas, 

Duncan, and Rayner (1 995) have found the expression of the OB gene (OB rnRNA) in 

several white adipose tissue depo ts of mice: The highest OB mRNA occurs in the 

epididymal and perirenal fat pads, and the lowest in the subcutaneous fat pads. 
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Furthermore, nutritional status influences OB rnRNA levels (Fredench et al., 1995; 

MacDougald, Hwang, Fan, & Lane, 1995; Saladin et al., 1995; Trayhum et ai., 1995). That 

is, food deprivation reduces OB mRNA, and refeeding restores it. The k p ~  levek fall to 

undetectable levels when rodents are starved, Furthermore, Saladin et aL (1995) have 

shown that leptin secretion varies diurndy, increasing during the night after rats started 

eating. Food intake changes this diurnal variation. For instance, when rats were food- 

deprived overnight, not only was OB mRNA reduced, but cyclicity of OB mRNA was also 

prevented. Evidence indicates that leptin acts as an index of energy expenditure by 

signaling the CNS of the size of fat rnass. 

Leptin exerts major effects on energy balance. First, it suppresses calorie intake in 

rodents. Halaas et al. (1995) reported that daily Il? injections of either mouse or hurnan 

recombinant leptin decreased food intake and body weight of wb/llob mice by 30% and 

of lean mice by 12% after 2 weeks of treatrnent. Similady, Rentsch, Levens, and Chiesi 

(1995) demonstrated that a single intravenous injection of leptin reduced food intake in 24- 

hr fasted mice. Baker, Cullen, Karbon, and PeUeymounter (1996) and Pelleyrnounter et aL 

(1995) confhmed the chronic anti-obesity effects of leptin in @b/llOb mice. They injected 

(IP) h&'b/ilOb and lean mice daily for 28 days with recombinant leptin. The results showed 

that lepth lowered food intake, body weight, percentage body fat, and serum levels of 

glucose and insulin selectively in the mice. These stuaies provided direct 

evidence that leptin serves as a satiety factor. 

Second, lepth stimulates thermogenesis and thereby increases energy expenditure. 

Pelleyrnounter et al. (1995) reported that leptin (10 mgkg, IP) also increased oxygen 

consumption, body temperame, and total activity in rnice bat not in lean 
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controls. The nonrializing effects of leptin on these mtabolic and behavioral variables of 

wbWb mice were within the level of their lean controls. Apparently, leptin plays a key 

role in the regulation of body weight, metaboliSm, and adiposity in rnice, particularly in 

~ b ~ l ~ O b  mice. Leptin seerns to be not only an appetite suppressor, but also a metabolic 

stirnulator . 

Third, leptin acts directly on neuronal networks, which control food intake and 

energy balance. Campfield et aL (1995) first showed that a single ICV injection of leptin (1 

p mouse )  into the lateral venaicle stopped le&b/ilOb mice f?om eating afier the first 30 

min and most mice fkom eathg during the remaining 6.5 hr of the experirnent. This effect of 

central leptin was greater and lasted longer than the peripheral injection. Hwa, Ghibaudi 

Compton, Fawzi, and Strader (1996) found that leptin (0.1 and 1 pg/mouse single ICV) 

decreased food intake and body weight, and increased oxygen consumption, respiratory 

quotient, and percentage of energy derived fkom carbohydrate versus fat oxidation, in a 22- 

hr period in mbMb mice. AU those fïndings suggest that leptin acts on energy 

homeostasis in the CNS. 

In addition, leptin's modulation of white adipose tissue mass rnight be associated 

with signalhg the SNS to increase thermogenesis and energy expenditure in BAT. Collins 

and Surwit (1996) have shown that treatrnent with CL3 16,243 (a P,-adrenergic receptor 

agonist that stimulates thermogenesis) decreases body weight and adipose tissue mass of 

high fat-feeding mice (a mode1 of diet-induced obesity) and reduces the k p ~  mRNA level 

to the control leveL Thus, P,-adrenergic receptor agonist's 10 wering of leptin production 

suggested that & gene expression (leptin) works as a sensor of adipose tissue hypertrophy 

and that leptin7s effects rnay be associated with SNS activity. Probably, lepth stimulates 
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sympat hetic outno w and activates BAT, thereby regulating white adipose tissue rnass 

indirect@. Collins and Surwit also reported that a single leptin injection (IP) selectively 

augmented NE turnover to interscapular BAT, but did not significantly influence NE 

turnover in retroperitoneal white adipose tissue in hob/1Iob mice; even though food intake 

did not change w i t h  the 2-hr penod aftcr leptin treatrnent. This result suggests leptin 

stimulates the SNS and then influences BAT thermogenesis. This specific effect of leptin on 

BAT may be an important mechanism by which leptin regulates body composition and 

metabolism. 

The central rnechanism of leptin. How leptin functions in the brain is a key question 

in the investigation of the central mechanism of its anti-O besity effects. Leptin receptors 

have been found in dinerent isoforms and expressed in many tissues including adipocytes, 

ovary, testes (Chen et al., 1996; Cioffi et al, 1996; Lee et aL, 1996), and choroid plexus 

(Lynn, Cao, Considine, Hyde, & Caro, 1996). However Ieptin receptors (OB-R) are also 

expressed in the hypothahmus of hurnans (Considine, Considine, Williams, Hyde, & Caro, 

1996); mice (Baskin et al., 1996; Chen et al, 1996; CioE et aL, 1996; Lee et al., 1996; 

Mercer et al., 1996); and rats (Cheung et al., 1996; Zamorano, Mahesh, Chorich, 

DeSevilla, & Brann, 1996). Mercer et al. (1996) adopted an in situ hybridization method to 

investigate the expression of the OB-R gene in mouse hypothalamus and other brain 

regions. They found OB-R mRNA was strongly expressed in the hypothalamus (arcuate, 

ventromedial, paravennicular, and ventral p r e m a d a r y  nuclei) and choroid plexus. OB-R 

in the hypothalamus may play a key role in the cenaal regulation of energy balance. 

Increasing evidence supports the hypothesis that leptin works in the hypothalamus 

as a hormonal negative feedback signal fiom adipose tissues to m o d e  food intake and 
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energy expenditure. Direct evidence for the close relationship of leptin and hypothalamus is 

that lepth production is influenced by lesions of the hypothalamus, which augment both 

food intake and leptin mRNA levels in adipose tissues of rodents (Funahashi et aL, 1995; 

Maffei, Fei, et al., 1995). Ako, when the hypothalamus is lesioned, these receptors are 

presumably reduced in number or ellminated. For instance, Baker et al. (1996) lesioned the 

VMH in both lean and obese mice with goidthioglucose (GTG) before continuously 

systemically infusing them with Ieptin for 7-14 days. Although  lep^ decreased food intake 

and body weight of sharn-operated Iean and obese mice, it failed to aEect either variable in 

GTG-lesioned mice. Dawson, Millard, Liu, EppIer, and Pelieyrnounter (1996) lesioned the 

arcuate nucleus of the hypothalamus via neonatal adminis~ation of monosodium glutamate 

(MSG) before chronic injection of leptin in rats. Leptin also failed to influence food intake 

and body weight gain in MSG-treated rats. Moreover, the activation effects of leptin have 

been indicated specincally in the hypothalamus of k ~ ~ ~ / ~ l ~ ~  and ndd-type mice but not 

db/db mice, which lack an isoform of the I e p ~  receptor (Chen et al., 1996; Lee et al., 

1996). Vaisse et al. (1 996) showed that leptin dose-dependently activated signal 

transducers and activators of transcription (STAT) proteins in the hypothalamus of obese 

and lean mice. in addition, Woods and Stock (1996) found that the PVN is another 

hypothalamic area that shows obvious and substantial neuronal activity in l e ~ O ~ / k & ~  mice 

after 3-hr leptin treatment. The PVN has k e n  particularly prominent as a focus for the 

action of neuropeptide Y (NPY), CRF, and the monoamine neurotransmitters affecthg 

energy homeostasis. 

Are lepth's effects on energy homeostasis relrted to other neurornodulators'? 

Several studies have suggested that leptin may modulate the production or reiease of other 
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neuropeptides (e-g., NPY and CRF) in the hypothalamus (Schwartz, Seeley, Campfield, 

Burn, & Baskin, 1996; Seeley et al., 1996; Stephens et aL, 1995). Stephens et ai. (1995) 

fist observed that the number of neurons expressing NPY mRNA in the arcuate nucleus 

was signincantly reduced after a 30-day treatrnent of leptin (subcutaneous) in wb/llob 
mice; whereas, it had no effect on the NPY mRNA levels in db/& mice. Schwartz and 

Baskin et aL (1996) confirmed this result by IP injections of recombinant mouse leptin in 

lepob/Ilob and db/db rnice. This reduction of NPY M A  in the hypothaIamic arcuate 

nucleus was consistent with the inhibitory effects of leptin on food intake and its 

stimulatory effects on metabolism Pair-feeding of obese mice to the intake of lepth-treated 

obese rnice induced the same reduction of body weight, but did not decrease NPY rnRNA 

levels in the arcuate nucleus. Consequently, the decreased NPY mRNA levels after leptin 

treatment were independent of the leptin weight-reducing effects. NPY is produced fiorn 

NPY neurons in the arcuate nucleus, which project to the hypothalamic PVN. In the PVN, 

NPY release prompts caloric intake and suppresses energy expenditure (Billington et a l .  

1991; Stanley, 1993). Both ~b/ lepOb and db/db mice have elevated hypothalamic NPY 

gene expression (Chua et al., 199 1; Wilding et aL, 1993); thus, the development of O besity 

and related defective metabolism in these animal rnodels could be, at least partly, due to 

increased NPY synthesis and release dong the arcuate - PVN pathway. One possible 

mechanisrn by which leptin regulates energy bahce  is by inhibiting NPY synthesis and 

release in the hypothalamus (S tephens et ai., 1995); or NPY interacts with leptin, or the 

fimction of NPY on energy balance is related to the leptin-dependent central neural system 

(Smith, Campfield, Moschero, B ailon, & Bum, 1996). As previously mentioned, central 

infusion of CRF for 7 days decreased the high NPY WhJA levels in the hypothalamus of 

fdfa rats (Bchini-Hooft-van-Huijsduijnen, Ro hner-Jeanrenaud, & Jeanrenaud, 1 993). 



CRF and Leptin 3 1 

Therefore, both leptin and CRF can suppress NPY production in the hypothalamus. 

The hypothalamus is also an important central area for CRF production (as 

reviewed by Rothwell, 1989). CRF regulates HPA axis activity (Erneric-Sauval, 1986; 

Gfies & Grossman, 1985; Vale et al., 1981; Vale et aL, 1983), and, as a potentid 

neurotransrnitter, stimulates the locus coeruleus and activates the CNS (e.g,, S wanson et 

aL, 1983; Valentino et al., 1992; Schulz & Lehnert, 1996). CRF itself has significant effects 

on food intake and metabolism (Dum & Bemdge, 1990; Emeric-Sauval, 1986; Rothwell, 

1990). That is, CRF suppresses food intake and stimulates thermogenesis, just like leptin. 

However, the relationship of leptin and CRF in the hypothalamus is obscure. Central 

administration of leptin increases CRF mRNA levels in the PVN of lean rats (Schwartz, 

Seeley, et aL, 1996; Seeley et aL, 1996), although Schwartz, Seeley, et aL and Seeley et al. 

have failed to show any change of the CRF mRNA levels in the hypothalamic PVN of 

wbWb mice after chronic IP administration of leptin. However, it is s a  too early to 

conclude that the effects of leptin on energy balance are not associated with the actions of 

centrai CRF in @Ob/-E"b mice. The arnount of IP leptin reaching the relevant hypothalamic 

structures might be smaL Evidently, central administration of leptin has greater and quicker 

effects on food intake and metabolism than peripherai adminisaation does (Campfield et 

aL, 1995; Stephens et al., 1995). These greater effects of ICV  lep^ may be related to the 

effects of NPY, or Cm, or both. 

S tatement of Research Pro blem 

From the above discussion, bo th CRF and leptin play pivo ta1 roles in the 

development and maintenance of obesity. The integxative actions of CRF are important in 

energy balance replation where CRF modifies bo th components of energy balance -- food 

intake and thermogenesis. The dysfunction of CRF (impaireci synthesis, release, or function 
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cf CRF) is strongly implicated in the development and maintenance of genetic O besity in 

rodents. Most C W  and obesity studies are done with genetically obese Zucker rats. Few 

studies have focused on CRF and obesity in genetically obese mice. To date only two 

studies (Drescher et al., 1994; Waker & Romsos, 1992) have investigated the direct effects 

of central administration of CRF on genetic obesity in obese mice. The results of these 

studies pamally conf5med CRF7s anti-O besity effects. However, Drescher et aL's (1 994) 

results were controversiaL That is, CRF dose-dependently suppressed food intake but 

decreased oxygen consumption in h&'b/lepOb mice. They offered a species-specific 

explmation for the different effects of CRF on rnice and rats previously reported. However, 

their acute, nonstereotaxic ICV dmg administration provides problems for a clear 

interpretation of their data. Other procedural choices add to the interpretation difnculties. 

Their mice were food deprived for a 124.. penod, which could interfere with endogenous 

corticosterone rhythrns. They did not adapt their rnice to either food intake assessrnents or 

oxygen consump tion measurements. They anesthetized their mice with ether, a major 

sympathetic nervous systern stimulant, before acute central injections- Finally, Drescher et 

al. used fernale mice, but Walker and Romsos used male rnice, with no consideration of 

possible gender differences in endogenous corticosterone cycles. These studies require 

systematic replication, which avoids some procedural pitfalls, to i d e n w  the central effects 

of CRF on food intake, body weight, oxygen consumption, and core body temperature in 

kob/lIb mice. 

The negative feedback effects of glucocorticoids on central C W  c m  partly e x p h  

the suppressed regulatory effects of CRF on energy balance, narnely, decreashg energy 

intake and stirnulating energy expenditure. However, the rnanner in which penpherally 

stored energy signals the CNS (e.g., probably triggering CRF) is still not clear. Leptin, as a 



CRF and Leptin 33 

circuiating hormone, regulates food intake and thermogenesis in Iean and obese rodents. 

The central mechanism of leptin modulating food intake and metabolism is advancing the 

understanding of development and aeatment of obesity. Leptin, a potentiai peripheral 

signal of stored energy, stimulates the CNS, then inhibits the development of obesity. How 

does leptin function in the C N S :  by independent leptin-specinc receptors, or by triggering 

other neuropeptides, or both? Because leptin and CRF have similar effects on the 

regulation of energy balance, it is reasonable to ask the question: 1s CRF Livolved in the 

central function of Ieptin in genetic obesity (see Figure 4)? Central injection of leptin 

elevated CRF rnRNA Ievels in the PVN of normal rats (Schwartz, Seeley, et al., 1996), but 

leptin had no eEect on CRF mRNA levels in fdfa rats (Seeley et al., 1 996). The fact that 

o bese rats (-/fa) have a gene coding mutation in the leptin receptor rnay be the reason for 

no effect of leptin on CRI? rnRNA leveis. A few studies have investigated the relationship 

between C R .  and leptin in genetic obesity, and Iunited infonnation has been provided fiom 

these studies. Therefore, this study focused on the effects of CRF and leptin on food intake, 

body weight, and thermogenesis in geneticdy obese @fb/lepob) mice. In addition, the 

possible involvement of CRF in the central effects of lepth in obese rnice was studied. 

Based on these data, the hypotheses of the study foliow. (1) Lffunctional lepth 

receptors are in the hypothalamus, then central administrations of leptin could suppress 

food intake and body weight, augment thermogenesis in Wb/llob nice, and, thereby, 

c o b  the recent findings from other laboratories (Campfield et aL, 1995; Pelleymounter 

et al., 1995). (2) The anti-o besity effects of CRI? and leptin may irnplicate the same central 

network. If they do, and if central CRF is involved in producing the effects of leptin, then 

antagonizing central CRF should block leptin's effects on energy intake and expenditure. 

That is, leptin should produce smaller effects on intake, body weight, and energy 
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Figure Caption 

Figure 4. Schematic illustration of unbalanced CRF-HPA axis and CRF-SNS axis and the 

possible involvement of CRF in the central function of lepfin. 
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expenditure if preceded by an injection of a CRF antagonist. (3) If CRF has anti-obesity 

effects on fdfa rats, and fdfa rats and leJ"bfllOb mice share some cornmonalities in their 

pathology, then CRF shodd also decrease food intake and body weight and increase 

thermogenesis (as measured by core body temperature or oxygen consumption) in 

k&b/llOb mice. 

O v e ~ e w  of Design 

To investigate the effect of central CRF and leptin and the involvement of CRF in 

the effects of leptin in m e d i a ~ g  thermogenesis and food intake of wb/1Iob mice, three 

studies were conducted. Study 1 investigated the blocking enects of a CRF antagonist on 

the effects of centraLly adrninistered lepth on energy balance. S tudy II addressed the 

involvement of CRF in the food intake, body weight, and body temperature of WbPlob 

mice. Study III further explored the contribution of cenaal CRF and leptin on 

thermogenesis (oxygen consumption) in lep"b/IIOb rnice. The dose of CRF antagonist, a- 

helical CRF, which was used in the study of Walker and Rornsos (1992) was used in Study 

1, II, and m. The dose of leptin, which was used in the snidy of Campfield et al. (1995), 

was employed in Study 1 and m. The CRF dose used in the study of Drescher et aL (1994). 

in which CRF induced a significant effect on cumulative food intake in l e ~ ' ' ~ / I . i ~  mice, was 

empIo yed in S tud y II. 

In Study 1, the two pretreatrnents (vehicle and CRF antagonist) and two dmg 

treatments (vehicle and leptin) produced the following four groups in each phenotype 

(obese and lem): (a) 1 pl/mouse vehicle (physiological saline) - 1 pl/mouse vehicle; (b) 1 

pl/mouse vehicle - 1.0 pg/pl/mouse of leptin; (c) 10.0 pg/pYmouse of a-helical CRF- 1 

pl/mouse vehicle; (d) 10.0 pg/pi/mouse of a-helical CRF- 1.0 pg/lil/mouse of leptin (see 

Table 2). Both obese and lean mice were assigned to one of the four groups in a 
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systematic order of their body weights to counterbalance the differences in initial body 

weights within each phenotype. 

Table 2 
O v e ~ e w  of Design with S a m l e  Size Completed Testing: Studv 1 -- Leptin 

-- - - -- 

Phenotype Drug Treatment Pretreatment 

Vehicie a-heliçal CRF 

Obese Vehicle 7 9 

Lep tin 8 8 

Lean Vehicle 6 6 

In Study II, there were two pretreatments (vehicle and CEtF antagonist) and two 

dnig treatments (vehicle and CRF), yielding four treatments for each phenotype: (a) 1 p l  

vehicle (physiological saline) - 1 p 1 vehicle; (b) 1 p 1 vehicle - 1 pg/p l/mouse of CRF 

(200 p o l e ) ;  ( c) 10.0 p g/li Vmouse of a-helical CRF - 1 p l vehicle; and (d) 10.0 

pg/pl/mouse of a-helical CRF - 1 pg/pl/mouse of CRF (see Table 3). Mice fkom Study 1 

were reused in S tudy 11 after at Ieast 3 days rest. Some additional mice were added into the 

experiments to replace the mice with dislodged carnula Obese and lean rnice were given 

one of the four h g  administrations in a systematic order of their body weights to 

counterbalance the differences in initial body weights within each phenotype. 

In Snidy III, three dmg treatment groups were used to determine the involvement 

of CRF in leptin's effect on oxygen consumption in Wbmb rnice: (a) 10.0 pg/pl/mouse 

of a-helical CRF- 1 pl vehicle; (b) 1 pl vehicle - 1 pg/pi/mouse of leptin; (c) 10.0 

pg/pl/mouse of a-helical CRF - 1 pg/pl/mouse of leptin (see Table 4). Each animal 

received only one treatment once. 
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Table 3 
OveMew of Desien with S w l e  Size Corndeteci Testing: Study II -- CRF 

Phenotype Drug Treatment Pretreatment 

Vehicle a-helicd CRF 

O bese Vehicle 7 9 

Lean Ve hicle 6 6 

Table 4 
Overview of Design with Sample Size Comleted Testing: 

Study III -- Oxwen Consumption 

Vehicle- a-helical CRF- a-helical CRF- 
Lep tin Ve hicle Leptin 

In Studies 1 and II, food intake and body weight were recorded 2,4, and 23 hr after 

the two ICV administrations. Telemetered core body temperature was rnonitored every 20- 

30 min for 4 hr and at 23 hr after central administration. It was expected that (a) both ICV 

leptin and CRF would decrease food intake and body weight and increase body 

temperature in obese mice, and (b) a-helicd CW would cornpletely, or partially, block the 

effects of leptin. 

Central administration of leptin stimulated oxygen consumption at 3 hr (Mistry, 

Swick, & Rornsos, 1997) and 22 hr (Hwa et aL, 1996). However, neither Mistry et 

a1.(1997) nor Hwa et aL (1996) reported the effect of leptii on oxygen consumption 

within 1 hr after central injection. Therefore, in Study III, oxygen consurnption was 

monitored every 5 min for 1 hr afler each treatment. It was anticipated that (a) leptin would 

stimulate oxygen consumption in obese rnice compared with the a-helical CR. - vehicle 
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group, and (b) a-helical CRF wouid prevent the effects of leptin on oxygen consumption 

compared with the vehicle - Ieptin group. 

The independent variables for these three studies were phenotype (obese, k~*/lep*~ 

and lean, +/?), preaeatment (vehicle or CRF antagonist), dmg treatment (vehicle, CRF, or 

leptin), and time (2,4, 23 hr for food intake and body weight; every 20 - 30 min for 4 hr, 

and 23 hr for core temperature; every 5 - 10 niin for 1 hr for oxygen consumption). The 

dependent variables were food intake (g), body weight (g), core body temperature ("C), 

and oxygen consump tion (mVhr/g). AU the dependent variables were rneasured repeatedly. 

As a result. rnixed between- and within-subjects experimental designs were produced. 

Taken together, S tudy 1 and S tudy II gave rise to a 2 X 2 X 2 X 3 (Phenotype X 

Retreatment X Drug X The) design for food intake and body weight, and a 2 X 2 X 2 X 

12 (Phenotype X Pretreatment X Dmg X The)  design for body temperature; and Study III 

lead to a 3 X 12 (Drug X Tirne) rnixed factorial design with repeated measurements. 
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Method 

Animais 

Genetically obese (Mus musculus, C57BL/6J, I~JO~/I~''~, N = 63) and lean (Mus 

musculus, C57BL/6J, +/?, = 48) mice (4 - 5 weeks old) were purchased from The 

Jackson Laboratory, Bar Harbor, ME, USA. Mice were individually housed in clean 

polypropylene nesting cages (approxirnately 28 X 17 X 12 cm) with ample wood chip 

bedding, ~ e s t l e t s ~ ~  cotton-fibre pads for hygienic nest construction, and a cardboard paper 

tube for additional gnawing and play oppod t i e s .  Food (Prolab animal diet, which 

consists of 5 1 % carbohydrate, 22% protein, 1 1% moisture, 6% ash, 5% fat, and 5% fibre, 

provides a metabohable energy of 3.1 KcaVg, PMI Feed Inc., St. Louis, MO) and water 

were continuously available. The colony room was rnaintained at 22 k 2°C with a reversed 

12-hr day-night cycle (lights on at 2000 hr) and 40-60% relative humidity. AU animals were 

acclirnatized to this day-night cycle for at least 4 weeks. Mice were weighed, gently 

handled for 2 min per day for at least 2 weeks before surgery, and given 3 - 4 weeks 

housing facility adjustment. The average body weight during the experiment was 53.5 - 

54.9 g for obese rnice and 27.4 - 28.6 g for lean mice, respectively. 

S ureical Procedures 

At 10 - 1 1 weeks of age, stereotaxical implantation of a unilateral 22-ga. c a ~ u l a  

(Plastics One Inc., Roanoke, VA, USA) was done under pentobarbital anesthesia (5.0 

rng/100g body weight). Once rnice were anesthetized, aseptic surgery was done in two 

phases. Phase 1 iicluded the chronic implantation of an indwelling thermister into the 

abdominal cavity. The abdominal area was shaved and cleaned by successive swabbings of 

70% ethanol and steriie physiologicd saline. Under aseptic conditions, a longitudinal 
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incision on the midiine at the anterior end of the abdomen was made, just long enough to 

allow insertion of a cold-sterilized telemetered AM transmitter (Mini-Mitter, Inc., S u ~ v e r ,  

OR, Models V-M, XM-FH). After the par&-insulated transmitter was put into the 

cavity, the incision of abdominal muscle was sutured (00 silk) and the incision of 

abdominal skin was closed with stainless steel wound clips (7.5 mm, Michel, Germany) . 

Phase 2 involved the unilaterd implantation of a chronicaliy indwehg ICV cannda 

and followed procedures described in Currie (199 1). A 15-mm length of 22-ga. staùiless 

steel guide cannula was stereotaxicaiiy implanteci into the right ventricle with the following 

standard stereotaxic procedures. A Kopf stereotaxic instrument was fitted with a non- 

traumatic adaptor for mice constnicted after a design desMibed in Slotnick (1972). The 

interaurd scalp hair of each mouse was clipped (Hair Clipper, Oster, No. 80), and the 

shaved scalp was swabbed successively with 70% ethanol and sterïie saiine. Because the 

midline suture is usually no t closed in mice, the scalp was incised off-midluie to expose the 

skull fkom the nasal bone to the occiput. Then, the scalp and the undermg fascia were 

retracted so that the bregmoidal and lambdoidal cranial sutures were clearly visible. 

Bregrna and lambda were adjusted to the same dorsal-ventral readings by leveling the s k d  

The guide cannula tip was piaced at the suitable point of anterior-posterior and lateral 

coordinates, M o r e  the location of entry was marked. The appropriate coordinates were 

0.7 mm posterior to bregrna, 1.5 mm laterai to the midline, and 2.0 mm ventral to the 

dorsal surface of the brain (Franklin & Paxinos, 1997). A medium dental burr was applied 

to drill through the skull in order to reveal the dura. Three additional holes were drilled in 

each of the rernaining quadrants of the skuJl for securing stainless steel jeweler's screws, 

2.0 mm in length. To place each screw into the skuIi, curved forceps and a srnail screw 
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driver were use& The screws were secured into the skull to a depth of 0.4 mm to prevent 

surgical eauma and cortical darnage. A 23-ga. stede needle was used to pierce the dura 

before cannula insertion, The guide carnula and the injection cannula were inserted into the 

lateral ventricle together. When the cannula was correctly imphted, sterile physiological 

saline flowed do wn the attached tubing, which connected to the injector c a ~ u l a ,  into the 

ventricle. Dental acrylic cernent (Jet Acrylic, Lang Dental Mfg. Co., Inc., Chicago, IL) was 

applied to the clean and dry skull and over the screws in a thin layer at the beginning, then 

foIlo wed by layers of acrylic cernent to completely secure the carnula assembly. The 

incision was closed via 00 silk suture. The injection cannuh was removed and replaced by 

a stainless-steel stylet to cover each cannula. 

Immediately followhg surgery, a local analgesic (2% Xylocaine hydrochloride, 

Astra Pharrnaceuticals, Canada Ltd., Mississauga, Ontario) and an antibacterial cream 

(0.24 Furacin, Austin, Division of Vetoquinol Canada Inc., Joliette, Quebec) were 

topically applied to the sites of both abdominal and cranial incisions, and a broad spectrum 

antibiotic (Ethacilin, Rogar STB, 45000 units) was injected intramuscularly. Mice were 

weighed and housed individually in their original cages with Cotton pads under their bodies. 

Mice had at least 6 days to recover fiom the surgery, while they continued to be handled 

every day postsurgically for 2 min. The handling procedure initially included (a) rernoving 

and reinserthg the h e r  stylet fiom the cannula; (b) handling the mouse's body; and (c) 

weighing the mouse. However, step (a) was discontinued to minirnize dislodging the 

carnula assembly before the completion of the injections and to, thereby, reduce the total 

number of Mce in the studies. During the recovery period, slightly po wdered food, as well 

as standard Iab chow, and water were available continuously to ad animals. Body weights, 
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temperatures, and food and water intakes were monitored to ensure recovery nom surgery. 

A~paratus 

Food intake and bodv weight measurements. Mice were weighed to the nearest 

0.01 g on a digital balance (Mettler PB300) and then placed in clean cages with a piece of 

paper towel under a small arnount of Cotton bedding pads and a preweighed quantity of 

f?esh food (about 3 pellets) in a rnetal lid container with an intemal diameter of 6.0 c m  The 

container was placed in a bigger rnetal container with an intemal diameter of 8.5 cm and a 

height of 5.0 cm Food intakes were rneasured by a digital balance (Mettler PM480) to the 

nearest 0.00 1 g. 

Telemeaic monitoring of core temerature. A 1.5g parafi-coated AM transrnitter 

was implanted into the pentoneal cavity of each mouse. The transmitters emit an AM pulse 

rate, which is linearly proportional to the animal's core ternperature. Before the 

implantation, each transminer was calibrated by establishing its pulse rate, while it was 

imrnersed in a temperature-controlled water bath (Model B- 1, Lauda-Thermostat, 

G e m y )  at temperatures ranging fiom 30-40°C. Because the temperature sensor of the 

water bath was 15 cm away fkom the location of the transmitters, the water ternperature at 

the bansrnitter location was about 1.5 - 2.5 OC lower than the temperature sensor point. 

Therefore, the recorded core temperatures were about 1.5 - 2.5 higher than the true body 

temperature of experimental mimals. The tebmetry puises of high fiequency transmitters 

were captured by an AM receiver (Data Quest DI, Model R1010) and then passed through 

an electroric circuit, which amplifies and records the pulses on an IBM personal computer. 

The telemeay pulse of low fiequency transmitters were monitored by an AM radio and 

counted by the experirnenter. 
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Metabolic thermal testing. The metabolic charnber was located in a cabinet in which 

the temperature was kept at 23°C. A schematic representation of the apparatus is illustrateci 

in Figure 5. The metabolic chamber is a 15-cm long ghss bottle with an internai diarneter of 

8.5 cm (Le., a volume of 900 cc). The rubber stopper ( 4.3 X 4.3 X 2.4 cm) provides an 

air-tight seai for the metabolic chamber and contairis air inlet and outlet ports and an exit 

for temperatme probes. Dry air passes through the chamber at a rate of 200 - 400 ml/min. 

Expired gases are dried by passage through Drierite (CaCO,) and analyzed for oxygen 

content by a Beckman OM-1 l Oxygen Analyzer. The gas a n m e r s  are calibrated weekiy 

and daily. The cdculation of oxygen consumption (VOJ is according to the following 

formula: 

V02 = &&60) * (PIS1601 * f273/(273+'PC)l * (r(20.94 - OM11/1001 (ïnl/hr/g) 1, 
Body weight (g) 

where V, is the rate of air flow through the metabolic chamber in mVhr; Pb is the 

baromemc pressure in mm Hg; and OM11 is the percentage of oxygen consumption as 

expressed by the Beckman medical gas analyzer (OM11). 

Chernicals 

The injection vehicle is 0.9% (0.15 M) sterile p hysiological saline. S ynthetic 

rat/human CRF,,,, , (S igrna- Aldrich, Mississauga, Ontario) was dissolved in p hysio 10 gical 

saline 1 hr before ICV administration and kept on ice. CRF was administered at a dose of 

1 .O p g/p l/mouse. CRF antagonist, a-helical C a ,  (Sigma-Aldrich, Mississauga, Ontario) 

was prepared as foliows: 0.5 mg of a-helical CRF,,  was dissolved into 50 pl of 

physiological saline. Leptin (R&D S ysterns, Inc., Minneapolis, was dissolved in 



CRF and Leptin 44 

Figure Captio n 

Figure 5. Schernatic representation of the apparatus used for metabolic t e s ~ g  in mice. 
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sterile physiological saline at a dose of 1.0 pg/pl/mouse and stored in aliquots at -80°C- 

Leptin was taken out of the keezer and defiosteci at 1 hr before central injection. 

Procedure 

For the duration of the experiment mice were housed in wire-covered 

polypropylene cages with a piece of paper towel under three pieces of cotton bedding pads. 

After a 6-day postoperative recovery period, 2 more days of handling and basal data 

collection were carried out. Mice were weighed to the nearest 0.0 1 g on a digital balance 

and then placed in clean cages with a piece of paper towel under a smal l  amount of cotton 

bedding pads and with preweighed kesh food in a metal lid container, which was placed in 

a bigger metd container to avoid food chips spiUing out. When food intake was measured, 

the food spillage on the paper towei and feces in the food container were carefully picked 

up. A preweighed quantity of fresh food (about 3 pellets) was provided at the beginnhg of 

each test. Before central injection, mice were weighed, and weights within phenotype rank- 

ordered fiom highest to lowest. Mice within phenotypes were then assigned to one of the 

four drug administration groups (S tudy 1 & II) or of three dnig injection groups (Study m) 

systematically according to their body weights to counterbalance the differences in initial 

body weights withui each phenotype. Mice received two ICV injections, one for 

pretreatment and the other for dnig treatment, right before lights off. The latency between 

the two injections was 30 min. Basai food intake and body weight were recorded before 

lights off, and after dark at 2 hr, 4 hr, and 23 hr for 2 days. Core temperature (Tc) was 

measured every 20-30 min for 4 hr (Studies 1 and II) and oxygen consumption was 

monitored at every 5 min for 1 hr (Study III with basal oxygen consumption data collected 

2 days before the drug test). 
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In Studies 1 and II, mice were piaced back into their own cages with preweighed 

fiesh food &ter ICV injections. Food intake and body weight were monitored at 2 hr, 4 hr, 

and 23 hr. Body temperature was recorded according to the AM puise rate of transmitters, 

which were captured by either an AM-FM radio or an AM receiver (Data Quest III, Mode1 

R 1010), at every 20-30 min for 4 hr. In S tudy III, mice were placed in an oxygen testing 

chamber individuaIiy to masure the oxygen consumption, which was rnonitored by a 

Beckman OM-1 1 Oxygen Analyzer, at every 5 min for 1 hr. After all the experiments, rnice 

were over-dosed with pentobarbital (Icc, IP, 5.0 mg/100 g mouse weight). M e r  each 

mouse succumbed, injection of 10 pl  of India ink into the cannula was applied to verQ the 

placement of ICV cannula at the right lateral ventricle. Particles of ink in the cerebral 

ventricles were revealed by postrnortem histological examination. 

S tudy 1 -- Le~tin. The acute effects of le~tin and the interaction of Ieptin and a- 

helical CRF on food intake. body weipht. and body temperature in 1epob/lepob and +/? mice. 

Thirty-five obese mice and 35 lean mice were employed in Study 1 and exposed to one of 

the four dmg treatments. Three obese and 10 lem niice were excluded kom the 

experirnents and data analysis because their cannuIae becarne dislodged during the central 

injection or their body weight did not recover to the pre-operation body weight. After basal 

data collection, obese @ = 32) and lean (N = 25) rnice were assigned to one of the four 

ICV dmg administrations, with a systematic order of their body weights to counterbalance 

the differences in initial body weights within each phenotype. The four dnig treatments are 

(a) ICV 1 p 1 vehicle (Le., physiological saline, same for aU vehicles) - 1 p 1 vehicle . (b) 1 

pl vehicle - 1.0 pglpl/mouse of leptin, (c) 10.0 )ig/pUmouse of a-helical CRF - 1 pl 

vehicle, and (d) 10.0 pg/pl/rnouse of a-helical CRF - 1 .O pp/pl/mouse of leptin. Each 
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ICV injection took 20 S. After each dmg treatment, food intake and body weight were 

monitored at 2, 4, and 23 hr. Core temperatures were measured at every 20 - 30 min for 4 

hr. 

Studv II -- CRF. The acute effects of CRF and the interaction of CRF and a-helical 

CRF on food intake. body weight. and Tc in le~O~/leo"~ and +/? rnice. M y - f i v e  obese and 

lean rnice, most of them fkom Study 1, were used in Snidy II. Mice £rom Study I rested for 

at least 3 days. Five obese and 13 lean mice were excluded £Yom the experïment because 

their cannulae were dislodged during the central injection. Bo th obese @ = 3 1) and lean 

(N = 22) mice were assigned to one of the four h g  administration groups systematically 

according to their rank-ordered body weights to counterbalance the difîerences in initial 

body weights within each pheno type. The four dnig administration groups are: (a) 1 p 1 

vehicle (physiological saline) - 1 p 1 vehicle , (b) l p 1 vehicle - 1 p g/p Vmouse of CW, 

(c) 10.0 pg/pl/mouse of a-helical CRF -1 pl  vehicle, (d) 10.0 pg/lil/mouse of cc-helical 

CRF - 1 pg/p l/mouse of CRF. As in Study 1, each ICV dmg administration was given 

right before lights off, and food intake, body weight, and Tc were monitored the same as in 

Study 1. This study would reveal the effects of central CRF on the energy balance of obese 

and lem mice. This study partially and systematically replicates the investigation of 

Drescher et ai. (1994), but avoids some of their procedural pitf&. 

Studv III -- Oxvgen consumtion. The effects of leptin and CRF antagonist on 

oxvgen consum~tion in lepob/le~Ob mice. Twenty-four obese rnice were used in Study III. 

Five mice were excluded fkom experiments due to unsuccessfüi central admlliistration 

(cannulae dislodged). Mïce = 19) were placed individuaIiy into the metabolism teshg 

chamber for 1 hr for 3 consecutive days to adapt to the testing environment. On the third 
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adaptation day, basai oxygen consumption was recorded at every 5 min for 1 hr. There 

were three Ieveb of dnig treatments: (a) 10.0 pg/p l/mouse of a-helicd CRF - 1 pl  vehicle, 

(b) 1 p 1 vehicle - 1 p g/p l/mouse of leptin, (c) 10.0 pg/pJ/mouse of a-helical CRF - 1 

pg/pl/mouse of leptin. Mice were randornly assigneci into one of these three groups 

according to systernatic order of their body weights to counterbalance the differences in 

initial body weights within each phenotype. After the cimg administration, Oxygen data 

were coiiected every 5 min for 1 hr. 

S tatistical Analvsis 

Both adjusted degrees of freedom univariate analysis of variance (ANOVA) and the 

multivariate analysis of variance (MANOVA) for repeated measurements are ro bust in 

balanced split-designs (KeseIman & Keselman, 1988; Looney & S taniey, 1989). If sarnple 

sizes are unequal, the robustness of MANOVA depends on "the homogeniety of covariance 

matrices across the levels of the between-subjects grouping factor(s)" (Keselman, Carriere, 

& Lix, 1993, p. 306). Only SPSS MANOVA procedure provides the Box's &J test for 

homogeneity of variance-covariance matrices (SPS S Inc., 1 997). Tabachnick and Fideli 

(1996) stated, "If sample sizes are equai, robustness of significance tests is expected. 

Disregard the outcome of Box's M test, a notoriously sensitive test of homogeneity of 

variance-covariance matrices. However, if sample sizes are unequal and Box's M test is 

significant at g < 0.001, then robustness is not guaranteed" (p. 382). AU the dependent 

variables were checked for the homogeneity of variance-covariance across levels of 

grouping variables. Overali, most homogeneity tests (14 out of 16 tests) were satisfied at E 

< 0.00 1 level (see Appendix A). Moreover, the sample sizes of the current study are only 

slightly unequal. Therefore, MANOVA was employed as a statistical analysis method for 
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the three studies. 

The statisticai analysis appro ach was generaliy a repeated measures MANOVA with 

Phenotype (obese and lean), Pre~eatment (Vehicle and a-helical CRF), and Dmg (CW 

and Leptin)as between-subjects variables, and Tirne (2,4, and 24 hr) for food intake and 

body weight measurements, or Tirne (every 20-30 min for 4 hr and at 23 hr) for body 

temperature measurernents, or Time (10, 20,30, 40,50, 60 niin) for 0, measurements, as 

within-subjects repeated masures variables. Significant effects were probed with 1 test and 

overd  level of significance was set according to Bonferroni procedure. 

General h e a r  regression analyses were also utilized to summarize the contributions 

of pretreatment and dmg treatrnent on body weight change. The regression analysis was 

not used as a major statistical analysis but as a further surnrnation of the factors involved in 

the body weight change. Because general linear regression analysis is sensitive to the 

normality, hearity, and homoscedasticity assumptions, the "PROC UNTVARIATE" 

procedure and residuals scatterplots fiom SAS were used to check the above assumptions. 

Only a few dependent variables, (a) body weight change at 23 hr of Vehicle - Vehicle 

group and a-helicai CRF - Vehicle group of the total 8 groups for Study I (Leptin Study), 

(b) body weight change at 23 hr of Vehicle - Vehicle group, and (c) body weight change at 

2 hr of a-helical CRF - CRF group of the to ta1 8 groups for S tudy II (CRF Snidy), violated 

the normality assurnption. The data for these dependent variables also violated 

homoscedasticity assumptions. Accordingly, the regression analysis results for these 

variables should be interpreted with caution. AU statistical analyses were perfonned with 

SAS statisticd software (SAS Institute, 1990). 
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Resdts 

Cumulative Food and Water htake 

Food and water intake in a £tee-feeding pattern were rnonitored nght after the dark 

cycle started. Cumulative food and water intake at 2-4, and 23 hr on pre-injection day 

(baseline day) and vehicle - vehicle injection day (adaptation) are shown in Table 5. 

Cumulative food intake, F (2,63) = 300.74,~ < -00 1, and water intake, F (2.59) = 41.13 1, 

E < -00 1, were graduaily hcreased over time in both obese and lean mice. Obese rnice were 

hyperphagic over 23 hr (Time X Phenotype), F (2,63) = 4.773, E < .O5 There were no 

significant differences in cumulative water intake between obese and lean rnice. However, 

obese mice drank less water at 4 hr than lean mice did, (1,63) = 4.21, Q < -05. 

To take into account the differences in initial body weight, the percentage 

cumulative food intake was calculateci. As a percentage of initial body weight, percentage 

cumulative food intake was enhanced over tirne, Time effect, F ( 2,63) = 344.367,~ < 

.001; so was percentage cumulative water intake, Tirne effect, F (2,59) = 50.338, E < .O0 1 

(see Table 5). Due to the fact that O bese rnice are heavier than lean rnice, the percentage of 

food intake, Time X Phenotype, F (2,63) = 15.249, E < .O0 1. and the percentage of water 

intake, Time X Phenotype, F (2,59) = 9.394,~ c .001, of obese rnice were less than those 

of lean rnice. No signincant differences in percentage food or water intake were found 

between baseline data and vehicle injection day data. Therefore, central administration 

done did not induce a significant stress to animals regarding food and water intake. 

Studv 1: Lepth and its interaction with a-helical CRF. As depicted in Figure 6,  

cenaal administration of leptin decreased cumulative food intake, T h e  X Drug Treatment, 

F (2,423) = 18.7 1 1, E < .O0 1, in both obese and lean rnice. Animals with Ieptin - 
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Table 5 
Mean (ISE) Cumulative Food and Water Intake and Body Wei& Change of Obese and Lean Mice 
at Pre- and Vehicle Iniection Day 

Phenotype D ~ Y  T i e  after dark 

Obese 
Food intake (g) 

Pre-injection 0.50 (0.06) 1.02 (0.07) 4.14 (0. 17)b 

Vehicle Injection 0.55 (0.1 3) 0.89 (0.13) 3-53 (0.34)' 

Food lntake (%) Pre-injection 0.96 (0, 17)2 A 1.93 (O. 19)~' 7.76 (0.45)SC 

Vehicle injection 1.03 (0.35)b.A 1.63 (0.38)CC 6.53 (0.92)b. 

Water Intake (cc) Pre-injection 1.29 (0.25) 2.52 (0.3 1)' 8.32 (1.33) 

Vehicle Injection 1.67 (0.53) 2.33 (0.68)' 6.25 (2.88) 

Water Intake (%) Pre-injec tion 2.44 (0.68)" 4.74 (0.87)C A 15.77 (2.70)%* 

Vehicle hjection 3.04 (2.46)SA 4.25 (1.8'7)~~ 11.39 (5.84) 

Body Weight Gain (g) Pre-injection 0.13 (0.12) 0.12 (0.13) 0.12 (0.13) 

Vehicle Injection 0.64 (0.21) 0.73 (0.24) 0.73 (0.24) 

Body Weight Gain (%) 

Lean 

Food htake (g) 

Food htake (95) 

Water Lntake (cc) 

Water Intake (%) 

Body Weight Gain (g) 

Body Weight Gain (%) 

Vehicle Injection 0.62 (0.14) 1 .O1 (O. 14) 3.09 (0.37) 

Pre-injection 2.01 (0.18) 3.46 (0.20) 1 1.88 (0.48) 

Vehicle Injection 2.2 1 (0.38) 3.57 (0.41) 10.99 (0.99) 
. 

Re-injection 1.76 (0.27) 3.20 (0.34) 7.09 (1.44) 

Vehicle injection 2.33 (0.53) 3.83 (0.68) 7.75 (2.88) 

Pre-injection 6.28 (0.73) 11.47 (0.94) 25.3 1 (2.92) 

Vehicle Injection 8.30 (1.46) 13.65 (1.87) 27.54 (5.84) 

Re-injec tion 0.3 1 (O. 12) 0.19 (0.13) O. 19 (O. 13) 

Vehicle injection 0.60 (0.23) 0.58 (0.26) 0.58 (0.26) 

Pre-injection 1-14 (.34) 0.71 (0.43) O. 1 1 (0-53) 

Vehicle Injection 2.16 (0.67) 2.1 1 (0.85) 3.01 (1.04) 
' e c .05. < .O 1, 2 < .O0 1 vernis food intake of the sarne treament in Iean rnice: A Q < .OS. < .OL Q 
< .O0 1 versus Vehicle injection data of lem rnice. 
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Figure Cap tion 

Figure 6. Effect of cenaal injection of Iepcin on cumulative food intake in genetically O bese 

and lean mice. Leptin decreased food intake at 23 hr in both obese and lean mice. CRF 

antagonist (a-helical CEW, 10 pgjpl) did not block leptin's eEect on food intake. Bars 

represent mean cumulative food intake; vertical lines depict standard errors of the means. (' 

2 < .O 1, c -00 1 compared to vehicle - vehicle group; 2 < -00 1 compared to vehicle - 

leptin group; AD 2 c .O0 1 compared to  a-helical CRF - Ieptin group.) 
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as the drug meatmnt consumed less Mean = 2.275 g] than animais with vehicle as the 

drug treatment consumed (M = 3.448 g) at 23 hr. Particularly, leptin suppressed 

cumulative food intake more in O bese = 2.1 19 vs. M = 3.832) than in lean rnice (M = 

2.43 1 vs. M = 3 .O63), Time X Pheno type X Drug treatrnent, F (2,48) = 7 . 1 9 4 , ~  < .O 1. 

Neither the two-way interaction of pretreatment and drug treatment nor the 3-way 

interaction of phenotype, pretreatment, and drug treatment was found. That is, the CRF 

antagonist, a-helical CRF, did not block the effect of leptin on cumulative food intake. 

Analysis of the effect of leptin on cumulafve food intake, as a percentage of initial 

body weight, provided a sirndar picture as leptin on absolute cumulative food intake (see 

Figure 7). Because the average body weight of obese mice i s  rnuch heavier than that of lean 

rnice, the cumulative food intake of obese rnice as a percentage of initial body weight was 

lower than that of Iean mice, Tirne X Phenotype, F (2,48) = 36.865, p c -001- Irrespective 

of pretreatment, leptin suppressed the percentage food intake successfully at 23 hr, Tirne X 

Drug Treatment. F (2,48) = 23.062, < -001. Also, leptin seemed to suppress food intake 

more in obese than in leans, Tirne X Phenotype X Drug Ttreatment, F (2,48) = 3 . 0 0 2 , ~  = 

.06. a-helical C W alone did not affect percentage food intake in O bese and lean rnice. 

However, leptin with pretreatment of a-helical CRF did not successfully decrease 

cumulative food intake in lean mice at 23 hr, although it decreased the percentage food 

intake in obese rnice (multiple comparison least square means, 2s < .05). 

Although obese mice consumed less water than lean mice did, Time X Phenotype, 

F (1,41) = 7.66, g < .Os, over the 23-hr penod, leptin decreased cumulative water intake 

(see Figure 8) and percentage water intake in both O bese and lean rnice, T h e  X Drug 

Treatment, F (2,46) = 9.498, E < .O0 1, and E (2,46) = 6.32 1 , p  < -0 1, respectively. 
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Figure Cap tio n 

Fieure 7. Mean percentage cumulative food intake (ISE) at 2,4, and 23 hr after central 

administration of Ieptin in geneticdiy obese and lean rnice. Leptin elicited a sigdicant 

decrease in percentage curnulahve food intake (to initial body weight) at 23 br post- 

injection, pdcuiarly in obese mice, aithough percentage food intake was also decreased in 

Iean mice. a-helicai CRF did not block leptin's effect on percentage food intake. (b 2 < .05, 

' < -0 1 compared to vehicle - vehicle group; E < -01, E < .O0 1 compared to vehicle - 

leptin group; AD g < -01 compared to a helical CRF - l e p h  group.) 
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Figure Cap tio n 

Fipure 8. Mean cumulative water intake (ISE) at 2,4, and 23 hr after ICV injection of 

leptin in genetically obese and lean rnice. Lepth decreased water intake at 23 hr in obese 

mice. This effect was not blocked by a-helical CRF, and a-helical CRF alone had no effect 

on water intake in both obese and lean rnice. 
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a-helical CRF alone did not innuence water intake, and also did not block leptin's effect 

on water intake in obese and lem mke. Overall, obese mice drank less water than lean 

mice did, Phenotype, E (1,47) = 11.23, p < .O 1.  

Studv II: C M  and its interaction with a-helical CW. In contrat to ~ P M ' S  effect 

on food and water intake, intravenîricuiar administration of CRF had no effect on food 

intake or on percentage food intake in either obese or lean rnice (see Tables 6 and 7). 

Obese mice consumed more food over a 23-hr £ree-feeding period, Tirne X Phenotype, F 

(2,44) = 1 1.193,~ < .OU 1, than lean mice did. As shown in Figure 6, a-helical CRF alone 

did not affect food intake in obese and lean mice. CRF also had no effect on either 

cumulative water intake or percentage water intake in obese and lean f i c e  (see Tables 6 

and 7). 

Mean Cumulative Body Weight Change 

Overail, there was no dserence in body weight gain between obese and lean mice 

in either pre-injection day or vehicle injection day (see Table 5). However, both obese and 

lean rnice gaïned more body weight at the vehicle injection day, F (1, 55) = 6 . 7 2 , ~  < .05, 

than at the pre-injection day across 23 hr (see Table 5). The same statistical result is found 

in analyzing body weight at each measurement tirne, as a percentage of initial body weight. 

Anunals gained more weight on the vehicle injection day compared to baseline data (pre- 

injection day), F (1, 55) = 5.1 1 ,  < .05. Particularly, lean mice gained a larger percentage 

of their body weight on the vehicle injection day (multiple cornparison least square means, 

E < .OS). 

S tudv 1: Leotin and its interaction with a-helical CRE Leptin reduced body weight 

gain in both obese and lean rnice, Time X Dmg Treatmnt, F (2,48) = 16.378, 
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Table 6 
Effects of CRF on Food and Water htake, Bodv Weinht Change in Obese and Lean Mice 

Phenotype Premtment Dmg Treatment Time after ICV 

Obese 
Food intake 

(g) VehicIe Vehicle 0.55(0. 11) 0.89(0. 13) 3.58(0.30) 

Vehicle CRF 0.45(0. 1 1) l.OO(0.13) 3-73(0.30) 

a-helicai CRF Vehicie 0.43(0.09) 0.92(0.12) ft.09(0.26) 

a-helical CRF C E  0.56(0. 10) 0.98(0.12) 4.18(0.28) 
-- - - .. .- 

Water htake Vehicle Vehicie 1.67(0.47) 2.33(0.55) 6.25(0.8 1) 

(CC) Vehicle CRF 1.08(0.47) 2.83(0-55) 5.42(0.8 1) 

a-helical CIiF Vehicle 1.38(0.41) 2.00(0.48) 6.13(0.70) 

a-helid CRF CRF 1.43(0.43) 2.86(0.5 1) 7.50(0.75) 
-- - - 

Body Weight Vehicle Vehicle 0.64(0.22) 0.73(0.23) 0.61(0.27) 

(g) Vehicle CRF O. 15(022) 0.49(0.22) 0.52(0.27) 

a-helical CRF Vehicle ;0.00(0.20) 0.3 l(0.20) 0.9 l(0.24) 

a-helical CRF CRF 0. 14(0.21)A 0.3 l(0.2 1) 0.80(0.25) 
- 

Lean 

Food Intake Vehicle Vehicle 0.62(0.11) 1.01(0.14) 3.09(0.32) 

(g)  Veiiicle CRF O.oî(0.14) l.OS(O.17) 3.42(0.40) 

a-helicai C M  Vehicle 0.59(0.11) 0.99(0. 14) 3.03(0.32) 

a-helicaf CRX: CRF 0.80(0. 11) 1.19(0. 14) 3.52(0.32) 

Water Intake VehicIe Vehiclc 2.33(0.47) 3.83(0.55) 7.75(0.81) 

(cc) VehicIe CRF 1.75(0.58) 3.50(0.68) 7.38(0.99) 

a-helical CRF Vehicle 1.92(0.47) 3.00(0.55) 7.42(0.8 1) 

a-helicd CRF CRF 2.25(0.47) 3 .75(0.55) 7.7X0.8 1) 

Body Weight Vehicle VehicIe 0.60(0.24) 0.58(0.25) 0.83(0.29) 

(g) Vehicle CRF 0.53(0.03) 0.54(0.30) 0.74(0.36) 

a-helical CRF Vehicle 0.69(0.24) OSG(0.25) 0.70(0.29) 

a-helicaI CRF CRF 0.84(0.24) l.Oo(0.25) 1 .18(0.29) 
E < .O5 versus in lean mice: Q < .O5 versus vehicle - vehicle of same phenotype. 
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Table 7 
Effects of CRF on Percenmrre Food and Water Inrake, Bodv Weight Change in Obese and Lean Mice 

Phenotype Pretreatment Drug Tirne afier ICV 
Treatrnen t 

2 hr 4 hr 23 hr 
- -  

Obese 
Food intake 

Vehicle Vehicle 

a-helicai CRF Vehicle 0.80(0.24)A 1.73(.28)A 7.68(0.62)" 

a-helical CRF CRF 1.08(0.26)A 1.88(.3)* 8.02(0.66)* 
- - . . . - - -- 

Wata Intake Vehicle VehicIe 3,04(1.44)* 4.25(1.74)~ 11.39(2.17)B 

Vehicle CRF S.W(l.44) 5.29(1.74)' 10.06(2.17)B 

a - h e l i d  CRF Vehicle 2.60(1.24)A 3.75(1.5 l)B 1 1.65(1.88)~ 

a-helical CRF CRF 2.81(1.33)~ 5.51(1.61)~ 14.35(2.01)B 
-- - 

Body Weight Vehicle Vehicle 1.19(0.59) 1.34(0.65) 1. 12(0.73) 

Vehicle CRF 0.3 l(0.59) 0.94(0.65) 1.02(0.73) 

a-helicai CRF Vehicfe -0.03(0-52)* 0.56(0.57) 1.7 l(O.54) 

a-helicalCRF CRF 0.29(0.55)" 0.60(0.60)A 1.53(0.68)A 
- -  - . - 

Lean 

FoodIntake Vehicle VehicIe 2.2 l(0.29) 3.57(0.34) 10.99(0.76) 

Vehicle CRF 2.43(0.36) 3.81(0.42) 12.42(0.94) 

a-heiical CRF Vehicle 2.20(0.29) 3.7 l(0.34) 1 1 A(0.76) 

a-helicd CRF: CRF 3.02(0.29)' 4.48(0.34)' 13.17(0.76)" 

Water lntake Vehicle Vehicle 8.30(1.44) 13.65(1.74) 27.53(2.17) 

Vehicle CRF 6.43(1.76) 12.79(2.13) 26.8 l(2.66) 

a-helical CRF Vehicle 7.20U.44) 1 1.18(1.74) 27.96(2.17) 

a-helical CRF C W  8.62(1.44) 14.00(1.74) 28.98(2.17) 
- - -- 

Body Weight Vehicle Vehicle 2.16(0.64) 2.11(0.07) 3 .O l(0.79) 

Vehicle CRF 1.85(0.78) 1.97(0.85) 2.6 l(0.96) 

a-heiical CRF Vehicle 2.56(0.64) 2.13(0.07) 2.76(0.79) 

a-helicai CRF CR.F 3.24(0.64) 3.83(0.07)' 4.47C0.79) 
A 2 <. 05. Q <.O 1, versus in lem mice: a Q < .05. 2 c.01. vems vehicle - vehicle of m e  phenotype; 
Q <. 10. versus a-heficai CRF-vehicle of srune phenotype; g < .O5 versus Vehicle-CRF of the same 
phenotype. 
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Figure Cap tio II 

Figure 9. Effect of intravenaicular injection of Ieptin on rnean body weight change (i SE) 

at 2,4, and 23 hr postinjection in genetically obese and lean mice.  lep^ suppressed body 

weight gain earlier and soonger in obese mice than in lean mice. a-helicd CRI? (ahCRF) 

did not block leptin's suppressive effect on body weight gain. Bars represent mean 

cumulative body weight change; vertical lines depict standard errors of the means. (b < 

-05, ' < -01, < -00 1 compared to vehicle - vehicle group; E < -00 1 compared to 

vehicle - leptin group; AD Q < .O0 I cornpareci to a- helical CRF - Ieptin group.) 
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e < .O0 1. Particularly, Ieptin suppressed body weight gain earlier and stronger in obese 

mice than in lean rnice, Time X Pheno type X Drug Treatmnt, F (2,48) = 3.656, p < -05 

(see Figure 9). a-helical CRF alone did not influence body weight change in obese and 

lean rnice. The pretreatment with a-helical CRI? did not block the suppressive effect of 

 lep^ on body weight gain. Ho wever, there was no significant ciifference on body weight 

changes between the or-helical CRF - leptin group and the vehicte - vehicle group at 4 hr 

in obese mice and at 23 hr in lean mice. These results hinted that leptin did not 

successfdly suppress the body weight gain in animals pretreated with a-helical CRF, 

although leptin alone resulted in a signincant suppressive effect on body weight gain. 

As a percentage of initial body weight, weight change was also decreased by 

Ieptin, T h e  X Drug Treatrnent, F (2,48) = 14.55, Q < .O01 (see Figure 10). Irrespective 

of pretreatment or h g  treatment, obese mice gained a srnaller percentage of their initiai 

body weights than lean rnice did, Phenotype, F (1,49) = 12.20,~ c -001, due to the 

incomparable absolute weight gains against their heavier initial body weights. As described 

for absolute body weight change, a-helical CRF alone had no effect on percentage body 

weight change and also did no t block leptin's effect on body weight change in O bese rnice. 

Studv II: CRF and its interaction with a-helicd CRF. Overall, CRI? did not reveal 

any suppressive effect on absolute body weight gain, although CRF tended to decrease 

body weight gain in O bese mice (Figure 1 1). As depicted in Figure 1 1, CRF alone or with 

a-helical CRF showed a tendency to suppress body weight gain at 2 hr and 4 hr in obese 

rnice, but not in lean mice. Re-analyzing the effect of CRF on body weight change, as a 

percentage of initial body weight (Table 7), did not reveal a suppressing effect of CRF on 
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figure Cap tion 

Figure 10. Mean percentage cumulative body weight change (f SE) at 2.4, and 23 hr 

postinjection of leptin in geneticnlly obese and lean mice. Leptin signifZcantIy decreased 

percentage body weight gain in both obese and Iean mice. a-helical CRF (a-h CRF) did 

not block Ieptin's effect on percentage body weight. (b < -05, ' 2 < .O 1. * Q < .O0 1 

cornpared to Vehicle - Vehicle group; Q < -00 1 compared to vehicle - leptin group; AD 2 

c -0 1 compared to a-helical CRF - Ieptin group.) 
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Figure Cap tion 

Fieure 1 1. Effect of intraventricular injection of CRF on mean body weight change (t SE) 

at 2,4, and 23 hr postinjection in geneticdy O bese and Iean mice. CRF did not 

successfidly suppress body weight gain in either obese or lean mice. a-helical CRF (a-h 

CRF) alone abolished body weight gain oniy in o bese rnice at 2 h . .  Bars represent mean 

cumulative body weight change; vertical lines depict standard errors of the means. (b 2 < 

-05 compared to vehicIe - vehicle group.) 
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body weight gain. However, obese mice with exogenous CRF, or a-helical CRF, or both, 

did not gain much body weight after the first 4 hr compared with Iean mice (-.O376 - .3 1% 

vs. 1.85% - 3.24% at 2 hr, or 56% -- .94% vs. 1.97% -- 3.83% at 4 hr), or compared 

with the vehicle-vehicle group (-.03% - .31% vs. 1.19% at 2 hr, or .56% -- .94% vs. 

1.34% at 4 hr), 

Core Temperature and Percentape - Temperature Change 

As illustrated in Figure 12 and Figure 13, mouse's core temperatures followed the 

normal d imal  fluctuations, that is, higher temperatures in the dark period and lower 

temperatures in the Eght period, Time effect, F (1 1, 26) = 49.37, p < .O0 1 (Figure 12. 

Study 1 -- Leptin), or F (1 1, 16) = 12.36, E < .O01 (Figure 13, Study II -- CRF). As usual, 

obese mice had lower core temperatures than lean rnice had over the 23-hr period, Pheno- 

type, F (1,36) = 7 0 . 4 5 , ~  < -00 1 (Figure 12), or F (1, 26) = 60.58, p < -001 (Figure 13). 

Studv 1: k t i n  and its interaction wirh a-helical CRF. Leptin elevated core 

temperature significantly in both obese and lean mice, Tirne X Dnig Treatment, F (1 1,26) 

= 2 . 9 6 , ~  < .05, across 23 hr (Figure 12). However, multiple cornparisons of least square 

means revealed that leptin's enhancing effect on core temperature only occurred in O bese 

mice @s < .O 1 - .IO) at 2.5 hr to 4 hr after central dnig administration, but no t in lean 

mice. a-helical CRF did not block leptin's enhancing effect on core temperature in either 

obese or lean mice. 

To take into account the differences in initial core temperature, the percentage 

core temperature changes were calculated and andyzed. As a percentage of initial core 

temperature, temperature of obese rnice changed more than that of lem mice across 23 hr, 

Tirne X Phenotype, F (10, 27) = 3.76, E < .01. Similar to the pattern in core temperature, 
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Figure Caption 

F i w e  12. Effect of leptin on core temperature at 30 rnin, 1 hr, 1 hr 20 min, 1 hr 40 min, 2 

hr, 2 hr 20 min, 2 hr 40 nh, 3 hr, 3 hr 30 rnin, 4 hr, and 23 hr after ICV injection in 

geneticaliy obese and lean mice. Leptin increased core temperature in both obese and lean 

rnice. CRF antagonist (a-h CRF, 10 pg/pI) did not block leptin's enhancing effect on core 

temperature. (b E < -05 compared to vehicle - vehicle group; * 2 < -05 compared to a- 

helical CRF - vehicle group.) 
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Figure Cap tion 

Figure 13. Effect of central CRF on core temperature at 30 rnin, 1 hr, 1 hr 20 min, 1 hr 40 

rnin, 2 hr, 2 hr 20 rnin, 2 hr 40 min, 3 hr, 3 hr 30 min, 4 hr, and 23 hr afier injection in 

geneticdy obese and lean mice. C W  did not affect core temperature in either obese or 

lean mice. a-helical CRF (10 pglp1) alone or with CRF also had no effect on core 

temperature. (b g < -05 compared to vehicle - vehicle group; E < -05 compared to a- 

helicd CRF - vehicle group.) 
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Figure Caption 

Fimire 14. Mean percentage core temperature change at 30 rnin. 1 hr, 1 hr 20 min, 1 hr 40 

min, 2 hr. 2 hr 20 min, 2 hr 40 min, 3 hr. 3 hr 30 rnin, 4 hr, and 23 hr afier ICV lepth in 

genetically obese and lean mice. Leptin induced a significant increase in percentage core 

temperature change across 23 hr, but earlier in Iean mice than in obese rnice. a-helical 

CRF (10 pg/pl) did not block leptin's enhancing effect on percentage core temperature. 

( b  2 < .05, < .O 1 compareci to vehicle - vehicle group; E < .05, c .O 1 compared to 

a helical CRF - vehicle group.) 
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Figure Cap tion 

F i m e  15. Mean percentage core temperature change at 30 min, 1 hr, 1 h .  20 min, 1 hr 40 

min, 2 hr. 2 hr 20 min, 2 hr 40 min, 3 hr, 3 hr 30 min, 4 hr, and 23 h .  after ICV CRF in 

geneticdy obese and Iean rnice. CRF did not show any significant effect on percentage 

core temperature change across 23 hr. a-helical CRF (10 p g/p 1) alone or with CRF also 

did not influence percentage core temperature change. 
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leptin augmentai the percentage core temperature change over 23 hr, Tirne X Drug 

Treatment, F (10, 27) = 2 . 8 8 , ~  < .05, in both obese and lean mice (see Figure 14). 

Particularly, leptin increased the percentage core temperature change earlier in lean rnice 

(about 1.5 hr afier injection) than in obese mice (at least 2.5 hr afîer injection). a-helical 

CRF also did not bIock leptin's enhancing effect on core temperature change. Multiple 

cornparison of least square means did not reveal any significant difference between the 

effects of a-heiical CRF and vehicle on core temperature change, although obese rnice, 

with a-helical CRF as preaeatment and vehicle as dnig treatment, seerned to have the 

lowest core temperanire changes across 23 hr. 

S tudv II: CRF and its interaction with a-helical CM. As depicted in Figure 13 and 

Figure 15, CRF did not have any signincant effect on either absolute core temperature or 

percentage core temperature change in either obese or lean mice. 

Factors lnvolved in the General Linear Remession Mode1 of Absolute Bodv Weight 

Change 

S t u d ~  1: Lep tin. General linear regressio n analysis revealed that lep tin treatment 

played an important role in the absolute body weight change only in O bese mice, but no t in 

lean rnice (Table 8). The effect of leptin on body weight change of obese rnice is negative 

and significant at 4 hr, 1 (1, 22) = - 2 . 2 0 , ~  = .04. Food intake was a major factor 

conaiburing to body weight gain at 2 and 4 hr in obese rnice, 1(1,22) = 4.93, p = -0001 

andf(l ,22) = 3.44, e= .003, and Ieanrnice,~(l, 20) =2.71, E= .O2 and t ( l ,  20) = 3.21, 

E = ,006, respectively; ho wever, at 23 hr food uitake a e c t e d  body weight change only in 

obese rnice, 1 (l ,22) = 5.08, E = .O00 1. Core body temperature change did not contribute 

to the linear regression mode1 of body weight change within 23 hr in obese rnice. 



CRF and Leptin 69 

However, core temperature change appeared to have positive impact on the regression 

mode1 of body weight change in lean rnice at 23 hr. (1,201 = 2.52, p = -02. Across 23 hr, 

lean mice's body weights were maintained at a stable leveL Except for the core 

temperature change, no other investigated factors played a role in the regression models of 

body weight change at 23 hr. The &? of a.U these regression models of body weight 

change at 2,4, and 23 hr were greater than -55, which means 55% of the variability of 

body weight change models had been explained by these factors. Pretreatment with a- 

helical CRF did not resuït in any signincant effect on body weight change in ail the 

regression models. Water intake also did not influence body weight change in either obese 

or lean mice. 

Table 8 

Factors Involved in General Linear Remession Models of Body Weieht Change: 

Lep tin S tudy 

Change at 2 hr Change at 4 hr Change at 23 hr 

Obese Lean Obese Lean Obese Lean 

Constant -0.69 NS - 1 .O6 -1.00 -2.78 -0.5 1 
@= .06) @= .04) @= -02) @= .O0 1) 

Food Intake 1.85 0.98 1.12 1.30 0.74 0.54 
@=.OOOl) @=.02) @< .003) @< -005) @= (P' -07) 

.O00 1) 

Water Intake -0.06 0.09 O. 17 0.02 0.09 0.0 1 

Pretreatment 0.04 0.28 -0.03 0.26 O. 12 O. 15 

Lep tin -0.12 -0.05 -0-66 -0.00 -0.26 -0.59 
Treatment @= .04) (P= -06) 

Core 0.12 0.03 O. 15 O. 1 0.04 0.32 
Temperature @= -02) 
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Smdv II: CRF. As shown in Table 9, general iinear regression analysis reveded 

that only food intake played a role in the regression model of body weight change. Food 

intake was a major factor involved in the body weight gain at 2,4 hr in obese rnice, 1 (1, 

17) = 3.18, g =  .O08 and ~ ( 1 ,  17) = 2.05, E= .06, and in lean mice, ~ ( 1 ,  15) =4.04, g = 

.O02 and 1 (1, 15) = 2.67, E = -02 . Core temperature change had a negative impact on 

body weight change only at 2 hr in lean mice, t (1, 15) = -3.44, g = -006. CRF did not 

show signincant involvement in the regression model of body weight change at 2,4, and 

23 hr in either obese or lean mice. Water intake was also not significantly involved in the 

regression mode1 of body weight change in obese and Iean rnice. 

Table 9. 

Factors Involved in General Linear Remession ModeIs of Body Weight Change: 
CRF Study 

Change at 2 hr Change at 4 hr Change at 23 hr 

Obese - Lean Obese Lean Obese Lean 

Constant 

Food Intake 

Water Intake 

CRF 
Treatment 

Core 
Temperature 
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S tudv m: Oxvgen Consumption - 

Oxygen consumption in obese mice seemed to be gradually suppressed across the 

&st 60 mti after central injection in the oxygen consurnption testing chamber. As depicted 

in Table 10, there was no significant diffcrence arnong the three treatment groups (a- 

helical CRF - Vehicle, Vehicle - Leptin, and a-helical CRF - Lep tin). 

As depicted in Figure 16, leptin did not affect the change of oxygen consumption, 

as a percentage of baseline oxygen consumption, in obese mice within 60 min after 

injection. However, at 60 min, the percentage change of oxygen consumption of the 

vehicle - leptin group &¶ = -4.58%) and the a-helical CRF - leptin group = 3.03 %) 

was greater than that of the a-helical CRF - vehicle group = -30.03%) , Time X 

Treatment, F (5, 13) = 4.133,~ < -05- 

Table 10 
Effects of La t in  and a-helical CRF on Oxvgen Consumtion (mi/hr/g body weightl 
within 1 hr After ICV Iniection on Geneticaliv Obese Mice 

Dng Time 
Treatment 10 min 20 min 30 min 40 min 50 min 60min 

Vehicle -- 2.33 2.41 2.20 2.25 2.0 1 2.02 
LepM (0.22) (0.25) (0.32) (0.27) (0.29) (0.37) 

a-helicd CRF 2.55 2.53 2.47 2.28 2.42 2.59 
-- Leptin (0.21) (0.23) (0-29) (0.25) (0.27) (0.34) 

a-helical CRF 2.68 2.6 1 2.57 2.37 2.48 2.02 
-- VehicIe (0.12) (0.25) (0.32) (O .27) (O. 29) (O. 37) 
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Figure Caption 

Fiwe  16. Mean change (i SE) in oxygen consurnption, as a percentage of basehe 

oxygen consumption, of obese mice at 60 min after central administration. There was no 

signi6cant dserence arnong the three groups (a-helicai CRF - vehicle, vehicie - ieptin, and 

a-helical CRF - lepth). At 60 min, the percentage change in oxygen consumption of 

lepth-treated mice did not differ fiom vehicle as dnig treatment. However, the oxygen 

consumption of the a-helical CRF -  lep^ group was about 30% greater than the a- helicai 

CRF - vehicle g o  up. ( " E < .O5 cornpared to a-helical CRF - vehicle gro up.) 
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Discussion 

Effects of Le~tin on Energv Intake, Thermo~enesis, and Body Weight 

The resuits of the current studies confimieci the effect of leptin on energy intake 

and expendinire in geneticdy obese wbwb) and lean mice. Central administration of 

 lep^ ( lpg) decreased 23-hr cumulative food and water intake, increased core 

temperature, and suppressed body weight gain in both obese and Iean mice, with a 

stronger effect on obese rnice. Most recent studies on leptin's effect monitored food 

intake, oxygen consumption, and body weight ( e g ,  Campfield et aL, 1995; Hwa et al., 

1996; M i s q  et al., 1997). Only a few studies have measured rectal temperature to 

investigate the metabolic effects of penpheral infusion of leptin in obese mice (Harris et 

ai., 1998; Pelieymounter et ai., 1995). Study 1 further demonstrated that cenaaliy 

administered leptin can stimulate core temperature in obese and lean rnice at 1.5 - 4 hr. 

These results confjrrned the hypothesis that leptin, as a circulating signal fkom adipose 

tissue, works in the CNS and regulates ingestive behavior and metabolkm 

Leptin decreased food intake more in obese mice than in Iean mice. This result is 

consistent with other results of chronic intrapentoneal injections of leptin (Halaas et al., 

1995). The stronger effects of leptin in obese mice suggested that the leptin receptor of 

this mutant is more sensitive to leptin's stimulation. Campfield et aL (1995) reported that 

cenmal injection of leptin (1 pg) reduced food intake at 30 min after central injection, but 

this decrease was statisticaliy significant only at 7 hr. The present study (I) showed that 

the decrease in food and water intake by leptin occurred at 23 hr after central injection in 

both O bese and lean rnice. Pelieymounter et al. (1995) demonstrated that intraperitoneal 

administration of leptin decreased 24-hr water intake only in obese rnice. However, the 
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current Smdy I sho wed that central injection of leptin decreased cumulative water intake 

at 23 hr in both obese and lean mice. This pattern is different from leptin's effects on food 

intake and body weight gain, which indicate a stronger and earlier effect in O bese nice. 

The inhibitory effect of leptin on water intake rnay be a consequence of lowered food 

intake induced by leptin, rather than a specific effect of leptin. At this point, it is not 

known whether leptin's effects on food and water intake are specific or whether leptin's 

effects on one (e-g., food intake) affects the other (e.g., water intake). 

The stimuiating effect of  lep^ on metabolism in Wb/Ilob mice has been reported 

in several studies (e.g.,Hwa et aL, 1996; M i s q  et al, 1997; PelIeymounter et aL, 1995). 

The current Study I further showed that cenaal injection of leptin enhanceci core 

temperature with a tendency of stronger effects in obese mice over a 2 3 4 .  penod. The 

core temperature of obese mice with lepth treatment stayed higher than that of obese mice 

without leptin treatment at 23 hr. This result is consistent with the observation that leptin 

increases fat metabolism (Hwa et al., 1996) and increases sympathetic outflow in brown 

adipose tissue in obese mice (Collins & Surwit, 1996). Both of these effectors contribute 

to core body temperature. Besides increasing body temperature, a single ICV injection of 

leptin (1 pg) also augmented oxygen consumption at 3 hr in both obese and lem mice 

(Mistry et al., 1997) and cumulative oxygen consurnption at 22 h .  (Hwa et al., 1996) in 

@b/I lOb mice. The current Study III failed to show a significant effect of leptin on 

changing oxygen consumption during the first 60 min after central administration of leptin 

in obese mice. However. when baseline oxygen consurnption ciifferences between groups 

were nomialized to percentage change fiom baseline, the current Study III found that 

oxygen consumption of wbMb mice treated with lepth was greater than vehicle-treated 
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controk. It indicated a tendency towards a stirnulating eEect of leptin on oxygen 

consumption in k ~ O ~ / l . e p O ~  mice. Therefore, leptin's stimulating effect on oxygen 

consumption may not occur within 60 min but at sometirne between 60 min and 3-4 hr 

(Mistry et aL, 1997) after central administration. Taken together with Study 1's h d i n g  

that  lep^ did not affect food intake and core temperature until4 hr and significantly 

suppressed food intake at 23 hr afier centrai injection, these data suggest that Ieptin may 

stimulate metabolism and suppress energy intake over the same tïme frarne. Until now 

there has been no direct evidence demonstrating that leptin increases metabohm and 

suppresses energy intake through dinerent pathways. The stirnulative effect of lepth on 

oxygen consumption may be a consequence of leptin's effects on food intake and body 

temperature. 

As body weight is the result of overd  energy regulation, leptin (Study 1) blocked 

body weight gain earlier and stronger in l e ~ $ ' ~ / l l " ~  rnice than in lean mice. Particularly, 

leptin successfulIy blocked body weight gain at 4 hr and even significantly reduced body 

weight at 23 hr in lep"b/lepOb mice. This effect was not seen in lean rnice at the sarne time 

after ICV leptin. In contrast, leptin only blunted body weight gain at 23 hr in lean rnice. 

These results further indicate that k&b/llob rnice are more sensitive to leptin than lean 

mice. As body weight reflects both intake and metabolism, the bloclgng effect of leptin on 

body weight gain in ~ b / l l O b  mice is likely the direct result of leptin's stronger effects on 

their food intake and metabolism. The stronger effect of leptin on body weight in 

&Ob/-E"b mice connmis that these obese mice are more sensitive to leptin than lean mice. 

The leptin-induced decrease in food intake can only partially explain the weight 

loss after leptin's infusion. For example, Hwa et al. (1996) reported that leptin stirnulated 
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22-hr oxygen consumption, but pair-feeding, in which obese mice received the sarne 

amount of food as leptin-treated obese mice, did not induce the same effect in &fb / l l ob  

mice. The same pair-feeding also did not reduce body weight and adipose tissue size to 

the sarne degree as leptin did in & f b / I I o b  mice (Levin, Nelson, Gumey, Vancilen, & De 

Sauvage, 1996). Moreover, leptin reduces fat tissues in rats, but the body weight and fat 

losses of rats did not recover even severai weeks after the termination of leptin treatment 

(Chen et aL, 1996). Therefore, due to (a) Ieptin's robust inhibitory effect on food intake, 

(b) leptin's srimulative effect on metabolism, (c)the sensitivity of ~ ~ / i l e J " ~  mice to leptin, 

and (d) possible interaction or CO-localizing with other neural transrnitters, such as CRF 

and NPY, leptin blocked body weight gain earlier and decreased body weight more in 

obese mice than in lean mice. 

Are CRF Receptors Involved in Leptin's Function? 

Since this thesis was undertaken, severd studies have suggested that CRF or CRF 

receptors may be involved in the central function of leptin in mbMb mice (Arvanitï, 

Huang, Picard, Bachelard, & Richard, 1998; Huang, Eüvest, & Richard, 1998), in rats 

(Huang, Rivest, Picard, Deshaies, & Richard, 1998; Uehera, Shimizu, Ohtan, Sato, & 

Mori, 1998); and in humans (Wand & Schumann, 1998). For instance, Uehera et aL 

(1998) reported that a-helical CRF blocked the anorectic effects of leptin in normal rats. 

However, pretreatment of cc-helical CRF faüed to completely block leptin's effect on food 

intake, water intake, and core temperature in either obese or lean rnice in the current 

Study 1. Nonetheless, S tudy 1 demonstrated that a-helical CRF partiaily blocked leptin's 

effect on body weight gain. Particularly, leptin alone significantly decreased body weight 

gain at 4 hr in lep"bPepOb mice, but leptin did not suppress body weight gain at 4 hr when 
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combined with a-helical CRE Moreover, leptin with a-helical CRI? pretreamnt also did 

not decrease body weight as much as it did with vehicle pretreatment at 23 hr in Wb/1epob 

rnice. These results suggest that CRF receptors cannot be excluded fkom leptin's function 

regarding the overall effects of leptin on body weight regdation. Furthemore, the results 

that a-helical CRF partialiy blocked leptin's effect on body weight but did not block 

leptin's effect on food intake suggested that dinerent central pathways may be involved in 

the function of leptin in wbMb mice. The investigations on the complex relationship of 

leptin and NPY, CART (cocaine- and amp hetarnine-regulated amscript), neurotensin, 

CRF, POMC, and other neuropeptides may help to understand ho w those central 

pathways interact with leptin. For exarnple, Agouti-related pro tein, an endogenous 

melanocortin antagonist and a stirnulator of feeding, blocks leptin's anorectic effect on 

food intake (S eeley et aL, 1 997). Sahu ( 1998) adrninistered leptin centrally for 3 days to 

rats and found decreased hypothalamic mRNA levels of galanin, melanin concentrating 

hormone, POMC, and NPY. AU of these peptides have k e n  implicated as intake 

stimulators (Inuî, 1999). In addition, CART, a satiety factor, almost does not exist in the 

hypothalamic arcuate nucleus of W b / 1 ~ O b  mice, which also have no hnctional leptin 

(Kristensen et ai., 1998). Therefore, leptin rnay trigger different neural networks to induce 

anorectic effects and to stimulate metabokm in b o b / 1 ~ O b  mice. 

Central CRF or CRF-like peptide has k e n  suggested as one of the possible neural 

transmitters/modulators involved in leptin's function. Leptin decreased CRF production in 

the hypothalamus (Heiman et al., 1997; Huang, Rivest, & Richard, 1998; Raber, Chen, 

Mucke, & Feng, 1997) and also prevented the secretion of glucocorticoids from the 

adrenal gland (Huang, Rivest, & Richard, 1998) in wbMb mice. Moreover, both 
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corticosterone and leptin dose-dependently suppressed CRF mRNA expression in the 

PVN of l e ~ O ~ / I e p _ O ~  rnice (Arvaniti et al., 1998). Those findings suggested that leptin 

suppresses the hyperfunctional CRF-HPA axis in @Ob/'llOb mice by preventing the 

production of CE2F in the PVN and the secretion of glucocorticoids fiorn the adrenal 

gland. Consequently, leptin down-regulates CRF-HPA axis activity. Does leptin also 

regulate CRF-SNS axis activity? Ifit does, how are CRF or CRF receptors involved in 

this specific function? The different CRF receptors may provide sorne answers to this 

question. 

CRF receptors, Type 1 (CRF-RI) and Type 2 (CRF-R2), appear to be disaibuted 

in dinerent central and peripheral areas and to function differently. These two subtypes of 

CRF receptors exist not only in the brain but also in penpheral tissues; for instance, CRF- 

R 1 mainly exists in anterior pituitary ce& and regulates CRF7s effect on ACTH and 

corticosterone production (Lovenberg, Chalmers, Liu, & De Souza, 1995). Antala-, a 

CRF-R1 antagonist, significantly reduced plasma ACTH and corticosterone levels, but had 

no effect on plasma leptin or leptin mRNA levels and body weight (Bomstein et al., 1998). 

Therefore, CRF-RI is related to the CRF-HPA axis activity. Based on the fïndings that 

(a) leptùi reduced CEW mRNA production (Arvaniti et aL, 1998; Huang, Rivest, Picard, et 

al, l998), (b) antalarmin did no t affect leptin's mRNA expression, and (c) the major 

function of CRF-RI is related to CRF-HPA axis, leptin down-regulates the CW-HPA axis 

activity by reducing the production of CRF and consequently reduces the production of 

corticosterone. Conversely, CRF, at least via CRF-RI, does not affect leptin'c function on 

the CRF-KJ?A axis. 

Only sparse CRF-R1 is expressed in the hypothalamus and thalamus (Chahers, 
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Lovenberg, & De Souza, 1995; Kresse et aL, 1998; Potter et a l ,  1994; Owens, 

Mdchahey, Kasckow, Plotsky, & Nemeroff, 1995), while CRF-R2 is expressed 

extensively in the brain (Lovenberg et al,, 1995), especially in the lateral septal nucleus, 

ventromedial hypothalamic nucleus, olfactory bulb, amygdala, and the choroid plexus 

(Chalmers et al., 1995). CW-Rî is strongly irnplicated in the regulation of stress 

responses and eating behavior (Turnbull & Rivier, 1997). For example, urocortin, a CRF- 

iike neuropeptide, rnainly shmulates CRF-R2 receptors (Vaughan et aL, 1995) and 

suppresses food intake in either overnight fasted rats (Srnagin, HoweU, Ryan, De Souza, 

& Harris, 1998) or 24-hr food deprived rats (Spina et aL, 1996). The anorectic effect of 

urocortin was no t the result of anxiety since u r o c o r ~  did not induce anxiogenic-like 

behavior in rats (Spina et aL, 1996). In short, CRF-R.2 (and urocortin) rnay be directly 

involved in the appetite-suppressing effect of CRF and urocortin and rnay play an 

important role in the regulation of energy homeostasis. 

The different roles of CRF-R1 and CRF-R.2 in CRF actions suggest a dual function 

of CRF (see Figure 17). CRF via CRF-RI regulates the HPA axis activity (Bomstein et 

al., 1998; Kresse et al., 1998). For exarnple, Bomstein et aL (1998) found that penpheral 

chronic administration of antalamiin, a CRF-R1 antagonist, had no signüicant effect on 

body weight and leptin mRNA level but signüïcantly suppressed adrenal gland function in 

rats. In contrast, CRF and CRF-like peptide (urocortin) via CRF-R2 suppressed food 

intake and increased thennogenesis (Smagin et ai., 1998; Spina et al., 1996), which are 

related to the function of the CRF-SNS mis. Fuaher, chronic central infusion of leptin 

decreased CRF mRNA Ievels and CRF-RI rnRNA, but increased CRF-R2 mRNA 

expression in rat hypothalamus (Huang, Rivest, Picard, et al, 1998). This effect implies a 
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differential effect of l e p h  on the hypothalamic CRF-HPA axis and CRF-SNS axis activity 

(see Figure 17). That is, on one hand, leptin rnay reduce comcosterone production by 

decreasing CRF production. On the O ther hand, leptin increases CM-R2 mRNA in the 

hypothalamus. The enhanced CRF-W availability rnay augment the opportunities of 

stimulating effects fkom either CRF, or urocortin, or both, to the CRF-SNS axis (sec 

Figure 17). Consequently, thermogenesis or metabolism is increased. Sirnply blocking 

CRF receptors, without specifjïng CRF-RI or CRF-W, may not clearly demonstrate the 

differential effect of leptin on the two axes. It &O c m o t  exclude the other neural 

transmitters and receptors involved in leptin's effects, such as MY, POMC, urocortin, 

and CRF- binding pro teins. 

In summary, leptin significantly decreased food intake and suppressed body weig ht 

gain more in obese rnice than in lean mice. Leptin also stimulated metabolism by 

increasing core temperature and oxygen consumption. The central mechanism of leptin's 

function still needs to be clarifïed. Leptin may lower the CRF-HPA axis activity by 

suppressing CRF production in the PVN, and leptin rnay stimulate the CRF-SNS axis 

activity by increasing CRF-R2 availability. However, more evidence is needed to 

detemine that CRF receptors are involved in the effect of leptin on energy balance. 

Particularly, studies investigating the interactions of CRF receptors, with specinc subtypes 

such as CRF-R 1 and CRF-R2, or CRF binding pro tein, and leptin rnay enlighten this area. 
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Figure Caption 

Figure 17. Schematic illustration of the dual function of CRF and the rehtionship of CRF 

with leptin on energy balance regulation. 
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Effects of Central Administration of CRF on Energv Intake, Themogenesis, and Body 

Weig ht 

In contrast to leptin's effects, centrai injection of CRF ( IpgpI) (Study II) did not 

influence food intake, water intake, core temperature, and body weight gain. These 

results were not consistent with other reports related to CRF effects on energy regdation 

in either geneticdiy obese (fa/fa) rats (e.g., Arase et ai., 1989a, l989b), nonobese rats (as 

reviewed by RothwelI, 1990), or genetically obese (leDOb/ilo") rnice (Drescher et aL, 

1994). The dose of CRF in the current study was adopted kom Drescher et aL's (1994) 

study, in which ICV injection of 1 pg (200 pmol) CRF inhibited food intake in 12-hr food- 

deprived obese and lean mice. In the current study, anirnals were housed in home cages 

with food and water ad lib. Centrai dnig injection was given 30 min before the Eght cycle 

ended. The daerence between 12-hr food deprivation and a natural ingestive pattern 

(dark-onset feeding) may e x p h  the different results between the current Study II and 

Drescher et al.'s (1994) study. Therefore, CRF aEected intake in a deprivation feeding 

paradigm but no t in a dark-onset feeding paradigm In addition, Drescher et ai. (1994) 

ernployed ether anesthetization and acute, nonstereotaxic ICV drug administration. AU 

these procedures (12-hr food deprivation, ether anesthetization, and acute, nonstereotaxic 

ICV injection) are stressors and rnay stimulate central CRI? production. Exogeno us CRF 

with the stress-increased endogenous CRF rnay inhibit ingestive behavior and stimulate 

metabolisrn The current Study I I  employed chronic implantation of ICV cannula and 

handling every day before and after the surgery. These procedures rnitigated the stress 

induced by central injection and manipulation in the experirnent and, presumably, avoided 

the extra production of endogenous CRF. Other studies, in which exogenous CRF 
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successfuliy decreased food intake, employed 5 pg CRF (Arase et al., 1989a) in Zucker 

-j- rats or in nonobese rats (Levine et aL, 1983). Despite the size difference of rat and 

mouse brains, 1 pg CRF may be a relatively low dose to induce a significant effect on food 

intake. 

Numerous studies have shown that intracerebral CRF has anti-O besity effects in 

rats (e-g., Arase et al., 1989; Britton et al., 1982; Hardwick et al., 1989; Rothwell, 1990). 

Rivest and Richard (1990) have suggested that central CRF negatively regulates energy 

balance by affecthg all aspects of energy intake and expenditure. However, the current 

Study II demonstrated that a relatively Iow dose of exogenous CRF (1 pg) has no effect 

on food intake and thermogenesis in le~''~/iiO~ rnice. The particular function of centrd 

CRF may explain these results. That is, CRF, as a coordinator, plays a dual role in energy 

balance (see Figure 17). On the CRF-HPA axis, CRF stimulates the production of 

glucocorticoids by increasing ACTH secretion (e.g., Vale et ai., 198 1; 1983). The high 

level of glucocorticoids causes O besity by inducing hyperphagia (e.g., Feldkircher, 1993) 

and lowering thermogenesis (e.g., RothweU & Stock, 1985). On the CRF-SNS axis, CRF 

stimulates SNS activity and enhances brown adipose tissue activity (e-g., De Souza et al., 

1985; Swanson et al., 1983). As a result. food intake is inhibited and thermogenesis is 

stimulated. Co nsequently, body weight is reduced. The peripheral glucocorticoids also 

have negative feedback effects on the CNS. However, based on thz high level of 

glucocorticoids and low SNS activity in l e ~ O ~ / l l O ~  mice, the negative feedback fÎom 

corticosterone to hypothalarnic CRF seerns not to down-regulate the corticosterone 

production, but to down-regulate the SNS activity. Their high levels of plasma 

corticosterone represent the hyperactivity of the CRF-HPA axis in @ O b r n b  mice. Their 
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lower body temperature and hypoactivity indicate suppressed CRF-SNS axis activity. 

Exogenous CRF in the hypothalamus may act through both axes, via CRF-R1 on CRF- 

HPA axis and CR.-R2 on the CRF-SNS axis, to regulate energy intake and expenditure. 

Because k&b/IlOb mice do not produce fbnctional leptin and leptin inmeases CRF-R2 

mRNA production (Huang, Rivest, & Richard, 1998), W b m b  mice may have fewer 

CRF-FU receptors. Fewer CRF-R2 receptors c m  directly lower the activity of CRF-SNS 

axis. Due to the 10 wer activity of the CRF-SNS axis in genetic O besity, a single ICV 

administration of CRF (1 p g) may no t be able to stimulate the CRF-SNS axis activity in 

Wb/1epob rnice. Therefore, the inhibitory effect of CRF on food intake and stimulatory 

effect on thermogenesis codd not be revealed in the current study. 

Additionaliy, studies (Moreau, Kilpatrick, & Jenck, 1997; Srnagin et al., 1998; 

Spina et al., 1996; Spina, Merlo-Pich, Rivier, Vale, & K o o ~ ,  1998) of the central function 

of urocortin, a recently identifïed rnarnmalian CRF-like neuropeptide (Vaughan et al., 

1995), suggest that urocortin rnay have more potentiai than CRF to stimulate CRF-SNS 

axis activity and to aiter energy intake and therrnogenesis. Central administration of 

urocortin dose-dependently decreased cumulative food intake in food depnved or 

nondepnved rats (Spina et aL, 1996; Spina et aL, 1998). This food intake-suppressing 

effect of urocortin was more potent than that of CRF (Spina et al., 1996; Spina et aL, 

1998). Urocortin is also stronger than CRF at activating CRF-R2 receptors (Vaughan et 

ai., 1995), the receptor subtype through which CRF decreases food intake (Srnagin et al., 

1998). When Srnagin et aL (1998) chronicaily ùifused antisense oligonucleotides to CRF- 

R2 rceptors, which are mauùy localized in VMH, PVN, and lateral hypothlamus 

(Grigoriadis, Lovenberg, Chahers, Liaw, & De Souza, 1996), urocortin induced an 
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attenuated anorexia in rats. In short, urocortin, as a member of the CRF f d y ,  piays a 

more potent role than CRF in regulation of the CRF-SNS axis activity. Therefore, a 

relatively low do se of CRF (Study II), acting at bo th CRF-RI and CRF-R2 sites, did no t 

induce a significant effect on suppressing food intake and stirnulating metabolism in mice 

as higher dosages of C W  or urocortin did in previous research in rats. 

Conclusions 

Due to the mutation of the & gene, no functional leptin is produced in @Ob/l.epob 

mice (Zhang et al., 1994). Leptin, as a signal fiom adipose tissue, works in the CNS via 

leptin receptors (OB-R) (e.g., Chen et ai., 1996). Therefore, the lack of functional leptin 

results in no negative feedback fiorn adipose tissue to the CNS in mbMb rnice. 

Moreover, because OB-R of kJ"b/IIOb rnice is more sensitive to leptin, ~ b / l l O b  mice 

showed a more saiking response to leptin than lean mice did. On the other hand, the high 

levels of circulating corticosterone (Dubuc, 1977; Naeser, 1974) seem to be unable to 

inhibit central CRF activity in l e ~ O ~ / . l . l O ~  mice. The reason for this nonfunctional negative 

feedback to CRF is still not clear. One possible suggestion is that glucocorticoid receptors, 

especially the Type II receptor, may not function properly in lepob/lepob mice. The absence 

of functional leptin results in no activation of OB-R in mbWb rnice. Because both OB- 

R (e.g., Chen et al, 1996; Cioffi et ai., 1996; Mercer et ai., 1996) and Type II receptors 

(e.g., Miesfeld et al., 1984; Pepin et al., 1992) are located in the hypothalamus, no 

activation of OB-R in the hypothalamus rnay affect the Type II receptors' function in 

Wb/J.Hb mice. Thus, the negative feedback nom corticosterone rnay not be functional, 

even though the corticosterone level is extremely high in wbmb rnice. Whether the 

nonfunctional Type II receptor in the HPA axis is related to the hck of leptin production, 
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or the sensitive OB-R, or both, is still unknown. Furthermore, chronic infusion of  lep^ 

not only blunts the uicrease in hypothalamic CRF-R1 rnRNA leveis, induced by exercise or 

food deprivation, but also enhances hypothalamic CRF-R2 mEWA expression in rats 

(Huang, Rivest, Picard, et al, 1998). Therefore, the absence of activation of OB-R rnay 

also influence the activity of CRF-R2. 

The current studies conjïrmed the anorectic effect of leptin and revealed the 

stimuiative effect of leptin on metabofkm (core temperature) in I e ~ ' ' ~ / l l  mice.  lep^ 

also stimulates oxygen consumption (e.g., Hwa et al., 1996; Mistry et al.. 1997), but the 

current Study III showed that this effect did not happen within 60 min after ICV injection. 

Furthermore, the current research also suggested that (a) CRF receptors are partially 

involved in the central function of leptin, and (b) a low dose of CRF, without specilïcally 

agonizing either CRF-RI or CRF-R2, could not stimulate metabolkm or suppress food 

intake in wbWb rnice. Therefore, future studies on (a) the relationship of leptin and 

urocortin (which works mainiy on CRF-FU), (b) the central function of leptin and 

glucocorticoid receptors (Type II), (c) the special roles of CRF-R1 and CRF-R2 in the 

hinction of leptin, and (d) lepiin central pathways related to the dual function of CRF in 

the CRF-HPA axis and the CRF-SNS axis may enlighten understanding of the central 

regulation of energy homeostasis and eventudy provide more information for the 

treatment of obesity. 
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Footno tes 

1. The geneticaIly O bese gene symbol &b/I'lOb was displayed as O b/o b before 
Zhang et aL (1994) cloned the gene and identified its gene product, leptin. 
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Appendix A 

S urnrnary Tables of Homogeneity Test 
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Table A 1. 

Homogeneitv of Variance Tests of Bodv Weight. Food Intake. and Waer Intake as 

Dependent Variables: Studv 1 - Leptin 

Dependent Variable Univaria te Box's M - Test 

Bartlett-Box F Test 

BW* Change at 2 hr F (7,23 12) = 1.36 M=91.69 F(42,3321)=1.71 - 

Q = 0.22 

BW Change at 4 hr F (7, 23 12) = 2.27 

Q = 0.40 

Food Intake at 2 hr F (7,2312) = 0.72 hJ = 82.45 F (42, 3321) = 1.54 

Food Intake at 4 hr 

Water Intake at 2 hr F (7,2 157) = 1.55 M = 46.23 F (42, 3 149) = 0.85 - 

Water Intake at 4 hr 

= 0.71 

Water Intake at 23 hr F (7, 2157) = 0.92 

2 = 0.49 
Note: BW = Body Weight. 



Table A2. 

Homogeneitv o f  Variance Tests of Percentage Bodv Weinht Change. Food Intake, and 

Water Intake to Initial Bodv Weight: Studv I - Le~t in  

Dependent Univariate 

Variable Bartlett-Box F Test 

- -- 

Box's M - Test 

Percent BW ' 

Change at 2 hr 

Percent B W 

Change at 4 hr 

Percent BW 

Change at 23 hr 

Percent Food 

Intake at 2 hr 

Percent Food 

intake at 4 hr 

Percent Food 

Intake at 23 hr 

Percent Water 

htake at 2 hr 

Percent Water 

Intake at 4 hr 

Percent Water 

Intakeat23hr , = 0.000 
Note: BW = body weight. - 



Table A3. 

Homo geneitv of Variance Tests of Core Tem~erature as Dependent Variables: S tudv 1 - 

Leptin 

Dependent Variable Univariate 

Bartlett-Box F Test 

- -- 

Box's M - Test 

- - --- 

Temperature at 1 hr F (7,1263) = 3.79 - M = 160.89 F (60, 13 14) = 1.45 

p = 0.000 = -02 

Ternperature at 2 hr F (7,1263) = 2.08 

E = 0.04 

Temperatureat3hr -(7,1263)=2.11 

Q = 0.04 

F (7,1263) = 1-36 - 
2 = 0.22 

Ternperature at 23 hr F (7,1263) = 0.35 

= 0.93 

Ternperature at 4 hr 
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Table A4. 

Homo~eneity of Variance Tests of Percentage of Core Temperature to Initial Core 

Temperature as De~endent Variables: Snidv 1 - Le~tin 

Dependent Variable Univariate Box's M - Test 

Bmlett-Box F Test 

at 1 hr g = 0.54 

Percentage Temperature F (7, 1263) = 0.46 

at 2 hr = 0.86 

Percentage Temperature F (7, 1263) = 0.50 

at 3 hr = 0.83 

Percentage Temperature 1 (7, 1263) = 1.33 

at 4 hr E = 0.23 

Percentage Temperature F (7, 1263) = 0.68 
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Table A5. 

Homogeneitv of Variance Tests of Body Weight, Food Intake. and Water Intake as 

De~endent Variables: S tudv II - CRF 
- 

Dependent Variable Univariate Box's M - Test 

Bartlett-Box F Test 

BW* Change at 2 hr 

BW Change at 4 hr 

BW Change at 23 hr 

Food Intake at 2 hr 

Food Intake at 4 hr 

Food Intake at 23 hr 

Water Intake at 2 hr 

Water Intake at 4 hr 

Water Intake at 23 hr 

e = 0.02 
Note: BW = Body Weight. - 



Table A6. 

Homogeneitv of Variance Tests of Percentage Body Wei~ht Change, Food Intake, and 

Water htake to IniM Bodv Weight: Study II - CRF 

Dependent Univariate 

VariabIe Bartlett-Box F Test 

Box's M - Test 

Percent B W 

Change at 2 hr 

Percent B W 

Change at 4 hr 

Percent BW 

Change at 23 hr 

Percent Food 

htake at 2 hr 

Percent Food 

htake at 4 hr 

Percent Food 

Intake at 23 hr 

Percent Water 

Intake at 2 hr 

Percent Water 

Intake at 4 hr 

Percent Water 

E = 0.01 
Note: BW = body weight. 
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Table A7. 

Homogeneitv of Variance Tests of Core Temperature as Deuendent Variables: 

Studv II - CFZF 

Dependent Variable Univariate Box's M - Test 

Bartlett-Box F Test 

Temperanireat1h.r F(7,581)=2.54 M = 43.82 F (15,420) = -997 - 

Temperature at 2 br 

Temperature at 3 hr 

2 = 0.54 

Temperature at 23 hr F (7,58 1)  = 0.53 
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Table A8. 

Homoeeneitv of Variance Tests of Percentage of Core Temerature to Initial Core 

Temerature as De~endent Variables: S tudv II - CRF 

Dependent Variable Univariate Box's M - Test 

Percen tage Temperature 

at 1 hr 

Percentage Temperature 

at 2 hr  

Percentage Temperature 

at 3 hr 

Percentage Temperature 

at 4 hr 

Percentage Temperature 

at 23 tir 

Bartlett-Box F Test 
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Appendix B 

List of Abbreviations 
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ACTH: 

ADX: 

ANS: 

BAT: 

BW: 

CRF: 

CRF-R1 

CRF-R2 

DEX: 

m: 

5-HT: 

W A :  

m x :  

ICV: 

LC: 

NE: 

MY: 

ob: - 
O* 

POMC: 

PVN: 

SNS: 

Tc: 

VMH: 

Adrenocorticotrophic hormone 

Adrenalectomy 

Autonomic nervous system 

Brown adipose tissue 

Body weight 

Corticotropin releasing factor 

CRF receptor Type 1 

CRF receptor Type 2 

Dexamethasone 

Food intake 

5- hydro xytryptamine 

Hypothalamus pituitay adrenal 

Hypop hysecto my 

Intracere br oventricukir 

Locus coeruleus 

Norep hep hrine 

Neuropeptide Y 

Obese gene 

Oxygen consumption 

ProopiomeIanocorth 

Paraventricular nucleus 

Sympathetic nervous system 

Core body temperature 

Ventro medial hypothalamus 




