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Abstract. Three or eight-month-old Sprague-Dawley rats were treated intracerebroven- 
tricularly (ICV) with 5 pg of rat leptin/d for 5 days to determine the effect of age on 
leptin’s actions in ingestive behavior, adipose tissue cellularity, organ weights, body 
composition, and blood metabolite profile. Effects of leptin on food intake were 
greater in young immature rats (22.0 vs. 5.7 gld) than in mature rats (17.4 vs. 9.3 gld) 
with a leptin x age interaction ( P <  0.01). Leptin results in body weight loss (P< 0.001) 
by 19% and 9% in young and mature rats, respectively. Water intake was reduced by 
leptin treatment only in young animals (P < 0.001). The decrease in carcass weight by 
leptin treatment (P < 0.001) was observed in both young (22%) and mature rats (9%). 
Leptin treatment greatly reduced retroperitoneal (0.82 vs. 0.1 1 g, P < 0.05) and epidid- 
ymal fat weight (1.90 vs. 0.48 g, P < 0.003), associated with a reduction in total adi- 
pocyte cell number, DNA content, and cellular volume in young rats; however, there 
were no effects of leptin in the mature rats. In addition, young rats also displayed a 
60% loss of carcass lipid content. An increase in serum fatty acid levels by leptin 
treatment was observed also only in young rats (P < 0.001). An interaction of leptin by 
age that was observed for the reduction of serum glucose levels by leptin treatment (P 
< 0.04) further indicated that mature rats showed a leptin insensitivity compared to 
young rats. In summary, the data suggest that normal rats become resistant to leptin 
as they age. [P.S.E.B.M. 1998, Vol2191 

he recently discovered ob gene product leptin has 
been proposed to be an adipose-related satiety factor T that reduces food intake and enhances energy expen- 

diture, leading to reduction of fat storage. The identification 
of leptin and its receptors shows that leptin is an afferent 
signal in a negative-feedback loop, regulating body weight 
by regulating the size of the adipose tissue (1, 2). Both the 
level of plasma leptin and the expression of leptin in adipose 
tissue are positively correlated with adipose tissue mass (3, 
4). Central and peripheral administration of recombinant 
leptin reduces body weight, food intake, and body fat con- 
tent and manipulates blood hormonal profiles in the normal 
animals (5-7). 

‘ To whom requests for reprints should be addressed at 708 Bogd GSRC, The Uni- 
versity of Georgia, Athens, GA 30602. E-mail: cbaile@uga.cc.uga.edu. 
Supported in part by the Georgia Research Alliance Eminent Scholar endowment held 
by CAB. 

Received April 7, 1998. [P.S.E.B.M. 1998, Vol 2191 
Accepted July 22, 1998. 

0037-972719812192-0160$10.5010 
Copyright 0 1998 by the Society for Experimental Biology and Medicine 

Halaas et al. (5) treated different strains of obese and 
lean mice with centrally or peripherally administered leptin, 
and observed a different physiological response. This ob- 
servation is accounted for by the result of leptin insensitivity 
or resistance in obese mice. The genotypic differences in 
response to leptin in lean and ob/ob mice, in another study, 
also demonstrated an increased insensitivity of ob/ob mice 
to leptin (7). The basal level of plasma leptin is increased in 
obese humans and animals, which indicates that the obese 
are relatively insensitive to endogenous leptin, and as a 
consequence become obese (3,6). Also, a gender difference 
may also result in a different leptin sensitivity between the 
male and female since three- to five-fold higher levels of 
plasma leptin occurred in female than in male mice (8, 9). 
An increase in dietary fat was also reported to induce re- 
sistance to leptin action in normal FVB mice (10). 

Animal growth and maturity are complex phenomena 
that have many metabolic consequences. As humans or ani- 
mals age, the rates of protein and lipid accretion are altered 
(11) and associated with a change of endocrine hormone 
release and function (12-14). Obesity, which was induced 
by high-fat diets, which shortened life span, and was asso- 
ciated with age (12), was recently reported to be positively 
correlated with a high level of blood-leptin concen- 
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tration (10). Therefore we hypothesized that there is an 
age-associated change in leptin sensitivity. The results of 
the study reported here show that normal rats developed an 
increased leptin resistance as they age and grow to maturity. 

Materials and Methods 
Experimental Design. Three (309 +- 7 g, immature) 

and eight-month-old (492 2 9 g, mature) male Sprague- 
Dawley rats were implanted with intracerebroventricular 
(ICV) cannulas (15). A recovery period following surgery 
extended a week before the rats were subjected to an an- 
giotensin I1 (ANG 11) drinking test for verification of can- 
nula placement. Six rats of each age group were treated with 
5 pg of leptin or vehicle control for 5 days to examine its 
effects on growth rate and feeding behavior. The rat leptin 
used in this study was produced with an E. coli expression 
as previously described (15). The purified leptin was shown 
to be -98% pure by RP-HPLC and SDS-PAGE. 

After 5 days of treatment, rats were sedated with CO, 
and decapitated. Organs and tissues were removed and 
weighed. Carcasses were kept at -70°C for further deter- 
mination of body composition. Epididymal fat pads were 
stored at -70°C for the later determination of adipose cel- 
lularity and DNA contents. Trunk blood was collected, al- 
lowed to clot, and kept on ice. Serum was harvested by 
centrifugation and stored at -20°C for future blood metabo- 
lite analysis. All surgical and experimental procedures per- 
formed in this study were conducted in accordance with the 
NIH Guidelines and were approved by the Animal Care and 
Use Committee for The University of Georgia prior to ini- 
tiating the study. 

Adipose Tissue Cellularity and DNA Content. 
For adipose tissue cellularity ,50-mg osmium-fixed sections 
of epididymal fat pads in duplicate were determined as de- 
scribed by Mersmann and MacNeil(l6). Adipocyte number 
and size distribution in the range of 20-240 pm were mea- 
sured electronically using a Coulter Counter (Coulter Elec- 
tronics, Hialeah, FL). Another 50 mg of epididymal fat 
tissue was also used to determine DNA contents. After treat- 
ment of tissue samples with lysis buffer (50 mM Tris, pH 
8.0; 100 mMEDTA, pH 8.0; 100 m NaC1, and 1% SDS), the 
DNA content was quantitated using a bisbenzimidazole 
fluorescence assay ( 17). 

Body Composition. Chemical composition of the 
eviscerated, headless carcass was determined as previously 
described (1 8). Carcasses were placed in covered containers 
and autoclaved for 30 min at 120°C to soften bones. Three 
volumes of distilled water were added to each carcass and 
homogenized. While the carcass was blending, two sets of 
samples were taken in triplicate for the determination of fat, 
water, and ash. The amount of body fat was determined by 
chloroform-methanol extraction. The amount of carcass wa- 
ter was determined by drying the samples for 72 hr at 85°C. 
These samples were then heated at 600°C for 12 hr to de- 
termine the amount of ash. The amount of protein was de- 
termined by the difference. Total body water, fat, protein, 
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and ash were determined by multiplying the ratio of each 
component by the carcass weight. 

Blood Metabolite Analysis. Serum samples were 
assayed for insulin, glucose, urea nitrogen, free fatty acids, 
triiodothyronine (T3) and thyroxine (T4) using commer- 
cially available kits. Insulin, T3, and T4 were determined 
using the respective 251 radioimmunoassay (ICN Pharma- 
ceuticals, Inc., Costa Mesa, CA). Glucose was determined 
colorimetrically using the glucose oxidase method (Sigma 
Chemical Co., St. Louis, MO). The urea nitrogen was as- 
sayed using urease and colorimetric procedures (Sigma, St. 
Louis, MO). The free fatty acids were measured using acyl- 
CoA synthetase and colorimetric procedures (Wako Chemi- 
cal, Dallas, TX). 

Statistical Analksis. Data were analyzed using the 
general linear models procedure in SAS (1997), with the 
mean effect of leptin and age in the model. When the main 
effect of leptin and/or age were significant or an interaction 
existed ( P  c 0.05), the least significant difference method 
was used to determine differences between means. Results 
are reported at least squares means 2 pooled SEM. 

Results 
Growth Rate and Feeding Behavior. ICV leptin 

treatment of both young and mature age groups caused a 
reduction in body weight after the first day of treatment (P  
c 0.001), and continued treatment with leptin led to further 
body weight reduction (Fig. 1). After 5 days of the experi- 
mental period, total body weight loss was 58.3 and 46.6 g by 
leptin treatment, respectively, for young and mature rats, 
whereas body weight was respectively increased by 6.8 and 
6.3 g in control young and mature rats. 

Food intake was decreased by leptin treatment in both 
age groups ( P  c 0.001) (Fig. 2). The reduction of food 
intake was much greater in young rats than in mature rats 
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Figure 1. Effect of leptin on body weights in young and mature rats. 
Six young (3-month-old) and mature (8-month-old) rats were treated 
ICV with 5 pg leptin/d or vehicle for 5 days. Each point is the least 
square mean * SEM of six animals. The main effect of leptin was 
significant: P c 0.001. 
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(74% vs. 48%, P < 0.01) during the 5 days of treatment; 
thus, there was an interaction of leptin by age (P c 0.01). 
Water intake was decreased by leptin treatment only during 
the first 2 days (Fig. 3). After 3 days of the leptin treatment 
in young rats and 1 day in mature rats, water intake had 
normalized and was not influenced by further leptin treat- 
ment. An interaction of leptin by age was observed (P c 
0.01) for the reduction of water intake. 

Carcass, Organ, and Tissue Weights. Carcass, 
organ, and tissue weights are shown in Table 1. ICV leptin 
treatment for 5 days decreased carcass weight by 22% and 
9%, respectively, for young and mature rats. Leptin treat- 
ment did not influence absolute weights of the liver, heart, 
kidney, or soleus muscle in either age group, although there 
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Figure 3. Effect of leptin on water intake in young and mature rats. 
Six young (3-month-old) and mature (8-month-old) rats were treated 
icv with 5 mg leptin/d or vehicle for 5 days. Each point is the least 
square mean i SEM of six animals. The main effect of leptin was 
significant: P c 0.001, and a leptin x age interaction was observed: 
P c 0.01. 

was a reduction in the weight of the gastrocnemius muscle 
in leptin-treated, mature rats (P c 0.05). The weights of 
heart, kidney, and gastrocnemius muscle relative to carcass 
weights in young rats were increased by leptin treatment (P 
c 0.03), due to a greater loss of carcass weight in these rats. 
Leptin treatment depleted (P c 0.005) retroperitoneal and 
epididymal fat tissue by 85% and 75%, respectively in 
young rats, whereas there was no such significant response 
observed in mature rats. 

In mature rats, relative weights of liver, heart, kidney, 
and gastrocnemius muscle were decreased ( P  < 0.005) 
whereas the relative weights of both retroperitoneal and 
epididymal fat pads were increased ( P  < 0.001) as compared 
with those in young rats. Leptin treatment has greater effects 
in young rats than in mature rats on changes in carcass, 
organ, and tissue weights. The interactions of leptin x age 
(P c 0.03) observed for relative epididymal fat and gas- 
trocnemius muscle weights were also consistent with this 
observation. 

Adipose Cellularity and DNA Content. Changes 
in cell number per unit of tissue in response to leptin treat- 
ment and age were accompanied by differences in percent- 
age distribution of cells (Fig. 4). Relative to controls, leptin 
treatment resulted in a reduction in the number of cells in 
the 60-80-pm range, which was associated with an increase 
in cell numbers in the 30-50-wm range in the adipose tissue 
from young rats. However, leptin treatment did not influ- 
ence the cell distribution in the adipose tissue from mature 
rats. The total DNA content in the epididymal fat pad from 
young rats was decreased by leptin treatment (P < 0.001) 
(Fig. 5). Consistent with adipose tissue weight and cell dis- 
tribution data, the DNA content was not changed by leptin 
treatment in the epididymal fat pad from mature rats. 

Body Composition. In young rats, leptin treatment 
reduced total lipid, dry matter, and water contents of car- 
casses (P c 0.02, 0.03 and 0.007, respectively) (Table 11). 
Relative to carcass weight, leptin treatment decreased lipid 
content by 52% (P < 0.005), but increased protein content 
(P < 0.02). In mature rats, however, leptin treatment only 
decreased total ash and water content (P c 0.05). Total and 
relative content of lipid, dry matter, and water in carcasses 
were all greater in mature rats than in young rats (P c 
0.006). Young rats displayed more sensitive responses in 
body composition to leptin treatment than mature rats, es- 
pecially for lipid contents for which an interaction of leptin 
x age was also observed (P < 0.02). 

Blood Metabolites. Serum insulin and urea nitrogen 
were not influenced by leptin treatment and age (Table 111). 
Leptin treatment decreased (P < 0.001) serum glucose and 
T4 concentrations in both young and mature rats, whereas 
the leptin increased serum-free fatty acid concentration only 
in young rats (P c 0.05). Serum concentrations of glucose, 
T3, and T4 were higher in young rats than in mature rats 
(P < 0.03, 0.02, and 0.05, respectively). There was a sig- 
nificant leptin x age interaction observed for serum glucose 
concentrations (P c 0.04), which indicated that a greater 
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Table 1. Organ Weights in Young and Mature Rats Following ICV Injection of Leptina 

Young Rats Mature Rats Main Effect 

Control 5 pg Leptin P-value Control 5 pg Leptin P-value Leptin Age Leptin x Age 
Organs SEM 

Carcass, g 265 206 0.001 413 377 
12.0 
3.2 
1.73 
0.46 
3.43 
0.91 

Liver, g 11.2 
g/lOOg CW" 4.2 

Heart, g 1.26 
g/lOOg cw 0.48 

Kidney, g 2.44 
g/lOOg cw 0.92 

Gastrocnemius 
muscle, g 1.91 
g/lOOg cw 0.72 

mg/g CW 0.42 

fat pad, g 0.82 
g/lOOg cw 0.31 

Soleus muscle, mg 11 1 

Retroperitoneal 

Epididymal fat 
Pad, g 1.90 
g/lOOg cw 0.72 

9.9 
4.8 
1.20 
0.58 
2.36 
1.15 

1.70 
0.83 

0.49 

0.12 
0.06 

0.48 
0.23 

99.8 

NS 
NS 
NS 

0.027 
NS 

0.001 

NS 
0.003 

NS 
NS 

0.005 
0.006 

0.003 
0.001 

15.4 
3.7 
1.64 
0.40 
3.25 
0.79 

2.82 
0.68 

0.45 

2.71 
0.66 

3.92 
0.96 

-/ 

86 

2.54 
0.68 

0.44 
67 

2.14 
0.56 

3.44 
0.91 

0.007 
0.01 0 

NS 
NS 
NS 
NS 

0.028 

0.045 
NS 
NS 
NS 

NS 
NS 

NS 
NS 

9 0.001 0.001 
0.9 0.012 0.001 
0.3 NS 0.001 
0.08 NS 0.001 
0.03 0.014 0.005 
0.09 NS 0.001 
0.04 0.001 0.001 

0.09 0.017 0.001 
0.02 0.035 0.001 
1 NS 0.001 
0.03 NS NS 

0.24 0.014 0.001 
0.06 0.007 0.001 

0.29 0.004 0.001 
0.09 0.004 0.001 

NSb 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
0.022 

NS 
NS 

NS 
NS 

NS 
0.01 7 

a Values are least square means for 6 rats per treatment group. 
NS, not significant (P > 0.05). 
CW, carcass weight. 
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Figure 4. Effect of leptin on adipocyte size distribution in epididymal 
fat tissue from young and mature rats. Adipocyte size distribution is 
expressed as a percentage of the total number of cells in epididymal 
fat tissue. Samples from young and mature rats, which were treated 
icv with 5 pg leptin/d or vehicle for 5 days, were fixed in osmium 
tetroxide prior to determination of cell number and size distribution 
using a Coulter counter and channelizer (Model ZB, Coulter Elec- 
tronics). 

response of serum glucose concentrations to leptin treat- 
ment occurred in young rats than in mature rats. 

Discussion 
Recent studies have demonstrated that leptin negatively 

regulates the mass of the adipose tissue by reducing food 
intake and increasing energy expenditure (5) .  The bio- 
chemical mechanisms involved in adipose tissue include an 
increase in lipolysis rate (19, 20) and an activation of apop- 
totic process (15). Leptin insensitivity or resistance oc- 
curred in obese humans and rodents. High leptin levels have 

1200 I T 

Young Rats Mature Rats 

Figure 5. Effect of leptin on total DNA content in the epididymal fat 
pad from young and mature rats. The 50-mg samples from young 
and mature rats, which were treated icv with 5 pg leptin/d or vehicle 
for 5 days, were homogenized with lysis buffer, and the DNA content 
was quantitated using a bisbenzimidazole fluorescence assay (1 7). 
The main effect of leptin ( P  < 0.007) and age ( P  c 0.001) was sig- 
nificant. **: P < 0.01. 

been observed in obese individuals ( 3 ,  10, 21) that are ap- 
parently relatively insensitive to endogenous leptin, and 
obesity likely occurs as a consequence of this condition ( 3 ,  
21). No evidence was found for an association of blood 
leptin concentration and age (22). Obese strains of mice also 
indicated a variability of leptin insensitivity to central and 
peripheral recombinant leptin administration (5). An in- 
crease in dietary fat was also reported to induce resistance to 
leptin action in normal FVB mice (10). 

Growth and maturity are complex phenomena that have 
many metabolic consequences, including a change in the 
rates of protein and lipid accretion (1 l), associated with a 
change in endocrine hormone release and function (12-14). 
Obesity, which was induced by high fat diets, and which 
shortened life span and was associated with growth, matu- 
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Table II. Body Composition in Young and Mature Rats Following ICV Injection of Leptina 
~ ~~ ~~~ 

Young Rats Mature Rats Main Effect 

Control 5 pg Leptin P-value Control 5 pg Leptin P-value Leptin Age Leptin x Age 
Responses SEM 

Lipid, g 

Protein, g 

Dry matter, g 

g/lOOg CW“ 

g/IOOg cw 
g/lOOg cw 
g/lOOg cw 

g/IOOg cw 

Ash, g 

Water, g 

~ 

14.7 

28.0 
10.7 
48.7 
18.5 

5.52 

6.01 
2.29 

21 7 
81.5 

5.84 
2.63 

28.4 
13.5 
39.7 
18.6 
5.14 
2.41 

173 
81.4 

0.02 
0.005 

NS 
0.02 
0.03 

NS 
NS 
NS 

0.007 
NS 

29.3 

48.3 
11.8 
87.4 
21.4 

7.1 5 

9.90 
2.41 

325 
78.6 

28.2 

44.8 
12.0 
80.0 
21.4 

7.44 

7.09 
1.89 

296 
78.7 

NS’ 2.2 
NS 0.66 
NS 2.3 
NS 0.80 
NS 2.5 
NS 0.96 

0.02 0.83 
NS 0.24 

0.05 10 
NS 1 .o 

0.05 
0.05 

NS 
NS 

0.007 
NS 

0.03 
NS 

0.002 
NS 

0.001 
0.001 
0.001 

NS 
0.001 
0.006 
0.001 

NS 
0.001 
0.006 

NS 
0.02 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

~ ~~ 

a Values are least square means for 6 rats per treatment group. ’ NS, not significant (P > 0.05). 
CW, carcass weight. 

Table 111. Serum Metabolites in Young and Mature Rats Following ICV Injection of Leptina 
~ ~ 

Young Rats Mature Rats Main Effect 

Control 5 pg Leptin P-value Control 5 pg Leptin P-value Leptin Age Leptin x Age 
Responses SEM 

Insulin, pU/ml 19.3 20.4 NS’ 18.9 18.1 NS 2.4 NS NS NS 
Urea nitrogen, 

mg/dl 5.1 2 3.84 NS 5.42 4.37 NS 0.97 NS NS NS 
Glucose, mg/dl 281 115 0.001 304 23 1 0.02 21 0.001 0.003 0.04 
Fatty acids, 

pEqiv./L 269 409 0.05 286 327 NS 41 0.05 NS NS 
T,, ng/dl 65.1 65.6 NS 76.6 89.1 NS 6.8 NS 0.02 NS 
T41 IJddl 2.89 1.53 0.001 3.17 2.19 0.005 0.23 0.001 0.05 NS 

a Values are least square means for 6 rats per treatment group. ’ NS, not significant (P > 0.05). 

rity, and age (12), was recently reported to be positively 
correlated with a high level of blood leptin concentration 
(10). These observations support the possibility of age- 
related leptin insensitivity. The present study for the first 
time demonstrates a decrease in leptin sensitivity as animals 
age. Leptin treatment resulted in reduced food intake and 
body weight in both young immature and mature rats. The 
reduction of body weights was greater in young rats than in 
mature rats (19% vs. 9%). In the case of food intake, the 
magnitude of the change was also different, with younger 
rats showing a greater response (significant leptin x age 
interaction). 

Other changes in response to leptin treatment were 
commensurate with the effects on intake and body weight. 
In the young rats, there was a 60-g difference in carcass 
weight whereas a 36-g difference was observed in mature 
rats. Based on selected organ weights, this was not ac- 
counted for by changes in liver, heart, kidney, or muscle 
weights. The lack of effect on lean tissue mass is supported 
by the chemical composition results that showed no change 
in protein and water content. In contrast, weights of two 
specific fat pads and chemically determined carcass lipid 
content were reduced with leptin treatment, a result ob- 
served in young rats but not in mature rats. Mature rats 
treated with leptin only showed a nonsignificant trend for a 
reduction in fat pad weight and in carcass lipid. 

The reduced fat pad mass is accounted for by both 
changes in cell size and number. The adipocyte size distri- 
bution comparing control and leptin-treated rats showed a 
shift toward a greater proportion of small cells in the leptin- 
treated group. In addition, there was a change in cell number 
as determined by two indices. First, total cell number from 
the Coulter counter indicated a reduction in number. The 
drawback to this method is that cells smaller than 20 Fm in 
diameter are not detected. A reduction in number can be 
interpreted as a reduction in detectable cells. The other in- 
dex was DNA per pad, which was also reduced in the leptin 
treated group. Whereas other cell types besides adipocytes 
contribute to the total DNA in the pad, this is further support 
for loss of cells. These findings are further confirmed by our 
recent report of apoptosis in adipose tissue of leptin-treated 
rats (15). There was no significant change in cell-size dis- 
tribution and DNA content in mature rats. 

In young rats, the weights of heart, kidney, and gas- 
trocnemius muscle relative to carcass were increased by 
leptin treatment. In contrast to the young rats, liver and 
gastrocnemius muscle weights were reduced in the older 
mature rats treated with leptin. These changes by leptin 
treatment were accounted for by a reduction of lipid content 
in those organs (7). 

Increases in serum fatty acids by leptin treatment in 
young rats were accounted for by an increase in the lipolysis 
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rate in adipose tissue (19,20). However, only a trend for the 
increase in serum fatty acids was observed in mature rats by 
leptin treatment (P > 0.1). An interaction of leptin by age 
that was observed for the reduction of serum glucose levels 
by leptin treatment once again indicated that 8-month-old 
mature rats showed a leptin insensitivity or resistance. The 
present study also demonstrated that a decrease in T4 con- 
centration is associated with leptin treatment, which may 
partially explain why leptin can reduce food intake but also 
cause an associated increase in energy expenditure. 

Apparently, older mature rats showed lower responses 
in body weight loss, feeding behavior, fat depot loss, carcass 
lipid content, and blood hormone profile to ICV leptin ad- 
ministration. There are two possible explanations for this 
observation. First, the dose of leptin used was not adjusted 
for body weight; thus, both ages received the same dose. 
The rationale for this approach was that brain size and thus, 
cerebroventricular volume are similar (within 5%) at the 
two ages (23). Second, the present experiment demonstrated 
that older rats are less sensitive to leptin than younger ani- 
mals. The mechanism involved in the increased leptin re- 
sistance as animals grow to maturity may be accounted for 
by a decreased sensitivity in the neural pathway activated by 
leptin, or a reduced function of the leptin receptor in the 
brain associated with age. This hypothesis requires further 
investigation. Whereas our study does not address the issue, 
it is possible that the leptidleptin receptor messages change 
with age in rats. In summary, rats develop an increased 
leptin resistance as they age. 

We would like to acknowledge Brenda Vaughn for her assistance in 
the preparation of this manuscript. 
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