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ABSTRACT Body weight, food intake, and age at vaginal
opening and estrus were studied for two groups of weanling
rats (age 21 days), fed on high-fat (24.6% by weight) and low-
fat (5.0%) diets. Fat was substituted isocalorically for carbo-
hydrate in the high-fat diet. The high-fat rats had estrus at
33.3 4 0.8 days, significantly earlier (P < 0.001) than the age
at estrus, 37.4 4 0.7 days, of the low-fat rats. Estrus was si-
multaneous with vaginal opening in 81% of the high-fat rats,
in comparison to 48% of the low-fat rats. The caloric intake
per 100 g of body weight of the high-fat and low-fat rats did
not differ at vaginal opening or at estrus, whereas the two
groups differed significantly at both events in age, body
weight, absolute food intake (g/day), and relative food intake
(g/100 g of body weight per day) and absolute caloric intake
(calories/day). Caloric intake/100 g of body weight as a func-
tion of chronological age first increased and then decreased
steadily before estrus for both high-fat and low-fat rats. The
findings support Kennedy's hypothesis that a food intake sig-
nal, now further defined as caloric intake/100 g of body
weight, is a signal for puberty, and are in accord with the hy-
pothesis that a critical body composition of fatness is essen-
tial for estrus in the rat, as in the human female.

Puberty in the rat (defined by vaginal opening and estrus) is
more closely related to body weight than to age (1, 2). Food
intake "appropriate for body weight" of well grown, retard-
ed, and chronically underfed rats has a constant relation to
the onset of ovarian activity, independent of age (1). Kenne-
dy concluded that "food intake, or its correlate metabolic
rate may act as the normal signal to initiate puberty" (1).
Weight growth in the rat has been reported to be more

rapid on high-fat diets than on normal or low-fat diets (3-5).
Female rats on high-fat diets, therefore, should have vaginal
opening and estrus earlier than on a low-fat diet. Diets dif-
fering in the calories contributed by fat may also provide in-
formation on the finding of a constant food intake per unit
of body weight at puberty in the rat (1, 2), since food intakes
would differ between the two diets if rats were "eating to
calories" in relation to body weight.
A positive relation between rate of sexual development in

the rat and the amount of fat contained in the diet up to
20-40% has been reported (4, 6). However, detailed observa-
tion of weight, food intake, vaginal opening, and estrus were
not made in these or other (5) studies.

This paper reports the age, body weight, food intake, and
caloric intake at vaginal opening and at estrus of two groups
of weanling rats fed on high- and low-fat diets. These rela-
tions between weight, fat and puberty in the rat are of spe-
cial interest now because of the findings in the human fe-
male that a critical weight (7), representing a critical level of
fatness (8, 9), is closely related to menarche and to the con-
tinued maintenance of regular ovulatory cycles (10). Amen-
orrhea follows weight loss below a minimal level of fatness

and cycles resume with weight gain above that minimum
level (10).

MATERIALS AND METHODS

Forty-two weanling Charles River (CD) female rats, age 21
days, were divided into two groups, randomized for body
weight. The two groups were fed a high-fat (24.6%) and
low-fat (5.0%) diet ad libitum. Fat was substituted isocalori-
cally for carbohydrate in the high-fat diet. The amount of
protein, salt mix, and vitamins were the same in both diets
(Table 1). Rats were housed in a temperature-controlled
room (220) with automatically controlled lighting (14 hr
light daily). Each rat was weighed daily. Food jars were
weighed daily, and any spilled food was collected and also
weighed. After day 25, rats were checked daily for vaginal
opening and estrus. Estrus was determined by vaginal
smears; the criterion was full cornification, stages II and III
of Long and Evans (11). On the day of estrus rats were killed
by etherization and frozen for future determination of body
composition.

RESULTS
Rats fed the high-fat diet had vaginal opening and estrus
significantly earlier than the rats fed the low-fat diet (Table
2, Fig. 1). Estrus was simultaneous with vaginal opening in
17 (81%) of the high-fat rats, in comparison to 11 (48%) of
the low-fat rats. The mean interval between vaginal opening
and estrus was 0.9 + 0.4 days for the high-fat rats and 2.8 +
0.7 days for the low-fat rats (P < 0.05) (Fig. 1).
The caloric intake/100 g of body weight of high-fat and

low-fat rats did not differ at vaginal opening, or at estrus, al-
though the two groups differed significantly at both events

Table 1. Composition of low- and high-fat diets

Low fat High fat

Calories g/100 g Calories g %

Casein 80 20.0 80 20.0 24.6
Starch 281 70.3 146 36.5 45.0
Fat (Spry) 45 5.0 180 20.0 24.6
Salt Mix (25) - 4.0 4.0 4.93
Vitamin Mix

(26) 2.0 0.5 2.0 0.5 0.62
Choline
chloride 0.2 0.2 0.25

408 100.0 408 81.2 100.0

All references to calorie are to the large or kilocalorie = 4.184
kilojoules.
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Table 2. Mean (±SEM) age, weight, food, and caloric intake at vaginal opening and at
estrus of rats on high-fat and low-fat diets

For differences
high - low fat

High fat* Low fatt t P

Initial weight (g)
(at weaning) 42.5 ± 0.9 42.5 ± 0.8 0 n.s.

At vaginal opening
Age (days) 32.4 ± 0.6 34.6 ± 0.6 2.59 <0.05
Weight (g) 101.9 ± 2.9 111.0 ± 2.7 2.30 <0.05
Food intake (g/day) 9.2 ± 0.3 12.6 ± 0.3 8.01 <0.001
g/100 g body weight 9.1 ± 0.2 11.4 ± 0.3 6.38 <0.001

Caloric intake/day 46.2 ± 1.5 51.4 ± 1.2 2.71 <0.01
Calories/100 g body
weight 45.7 ± 1.0 46.5 ± 1.2 0.51 n.s.

At estrus
Age (days) 33.3 ± 0.8 37.4 ± 0.7 3.86 <0.001
Weight (g) 107.0 ± 4.0 126.9 ± 4.0 3.52 <0.01
Food intake (g/day) 9.4 ± 0.3 13.4 ± 0.3 9.43 <0.001
g/100 g body weight 8.9 ± 0.3 10.7 ± 0.3 4.71 <0.001

Caloric intake/day 47.2 ± 1.5 54.7 ± 1.2 3.90 <0.001
Calories/100 g body
weight 44.7 ± 1.5 43.7 ± 1.2 0.52 n.s.

n.s. = not significant.
* 1 gram = 5.02 calories.
t 1 gram = 4.08 calories.

in age, body weight, absolute food intake (g/day) and rela-
tive food intake (g/100 g of body weight) and absolute calo-
ric intake (cal/day) (Table 2) (Figs. 2-4). At estrus, the calo-
ric intake/100 g of body weight of the high-fat and low-fat
rats were 44.7 b 1.5 calories, and 43.7 4 1.2 calories, respec-
tively. In contrast, the mean weights of the high-fat and low-
fat rats were 107.0 1 4.0 g and 126.9 4 4.0 g, respectively (P
< 0.001); their food intakes were 9.4 + 0.3 g and 13.4 4 0.3
g, respectively, (P < 0.001), and their caloric intakes were
47.2 + 1.5 cal and 54.7 + 1.2 cal (P < 0.001), respectively.
The difference in body weight between the two groups at
estrus was greater than at vaginal opening, reflecting the
longer interval between vaginal opening and estrus of the
low-fat rats (Table 2) (Figs. 1 and 2).

As expected, weight growth of high-fat rats from weaning
to estrus was faster than that of low-fat rats (Fig. 2). Velocity
curves of weight growth show that vaginal opening and es-
trus in both high-fat and low-fat rats was preceded by an ac-
celeration of weight growth and then a deceleration, (Fig.
5), similar to the acceleration to weight peak velocity and
the deceleration found in girls before menarche (12), though
of course on a much smaller scale.
The food intake/100 g of body weight also first increased

and then decreased before vaginal opening and estrus in
both groups of rats (Fig. 4), as had been found by Kennedy
(1). Calorie intake/100 g of body weight plotted versus chro-
nological age (Fig. 4) and versus days before estrus (Fig. 3)
also shows an increase and then a steady decrease before es-
trus for both high-fat and low-fat rats. Fig. 3 shows the con-
vergence to a similar caloric intake/100 g at estrus of high-
and low-fat rats.

In addition to the difference found in body weight at es-
trus between high- and low-fat rats (Table 2), body weight
at estrus increased with increasing age of estrus for high-fat
rats and for low-fat rats (Fig. 6).

AGE
DAYS

28

HIGH FAT RATS
Mean

291 301 311 32[ 341 351 361 371 381 39140 [41 1 421 43

LOW FAT RATS

I Proestus z H1-N Estrus _

I-H M Ir Metestrus C
5 Diestrus C

FIG. 1. Age at vaginal opening, and classification (11) of vagi-
nal smears to estrus of high- and low-fat rats. First vertical line of
vaginal smear record denotes day of vaginal opening. High-fat rats
and low-fat rats are in order of increasing weight at estrus.

Physiology: Frisch et al.

474



4174 Physiology: Frisch et al. Proc. Nat. Acad. Sci. USA 72 (1975)

|
I

} IX |
II

| } W
III
17HF xHF K-

130 x HIGH FAT LF estrus 60- LF 0----
0 LOW FAT

120 LF /
V.0. THFI/0

110- estrusP CALORIES
5

-

WEIGHT 100 ,.Fui BODY WEIGHT

9 80L- r+ 1\
/9,
are j 45

60
I

Ile 40+ (HF) N a 9 18 21 21 21 21 21-A ~~~~~~~~~~~~~~~II
50_LF) N a 19 D 21 21 21 21 21
o*@ 0~~~~~~~~~~~~~~~~~~~17 15 13 11 9 7 5 3 0

40_ DAYS BEFORE ESTRUS

O
I

LF S FIG. 3. Caloric intake/100 g of body weight versus days before
- LFntrusestrus for high-fat and low-fat rats.

14-_ t. i144Xa~ tion in the rat (4) and is in accord with the apparent impor-
FOOD 2- tance of fatness for menstrual function in the human female
INTAKE12teainraen

(g) A HFv.o. (8-10). These findings raise the possibility that an increase in
10 Cv *estrus the amount of calories from fat in the diets of developed

v ,^^-x
f

countries in the last century may have contributed to the
secular trend to an earlier age of menarche (13).

6 ,1 The important finding that rats on high-fat and low-fat
_ adiets consumed the same calories per unit of body weight at

4 - estrus, whereas their ages, body weights, and food intakes at

c TI 1 estrus differed significantly, supports the hypothesis that a
20 25 30 35 40

AGE-DAYS 70 ..1

FIG. 2. Weight versus age, and food intake/day versus age of 65 I x HIGH FAT
high fat (HF) (X) and low-fat (LF) (0) rats up to their respective I LOW FAT-
mean ages of estrus. v.o. = vaginal opening. 60 L FAT--

CALORIES xj- t'< L
High fat: Weightestrus = -49.7 + 4.7(+0.1).Agee..trus PER 50 / 1 A
Low fat: Weightestru8 = -54.1 + 4.8(4-0.1)-Ageestrus BODYWEIG
The caloric intake/100 g of body weight at estrus de- IEstrus *LF

creased with increasing age of estrus for both high- and low- 40 0 Estrus
fat rats:
At estrus: 0

High fat:Calorie intake/ lOOg = 78.5 - 1.0(+0.32)-Agee,,u, 16 -

Low fat-Calorieintake/10Og=91.3 - 13(40.19).Ageestrus FOODIA 15-/9RINTAKE I
Though the mean initial weights of the high-fat and low- PERbOOgBODY 14

fat rats were identical (Table 2), age of estrus and weaning WEIGHT
weight were not correlated in the low-fat rats [regression 3 LF
coefficient -0.14 (40.20)], but were slightly inversely corre- -9
lated in the high-fat rats (P = 0.05): 12

High fat: Ageestru8 = 50.4 - 0.40(40.16).Weightweaning II HI
x V-0. '%-Estrus

However, as for all high-fat rats compared to the low-fat 10o \
rats, the age of estrus of the 11 heavy (2 42.5 g at weaning) - -xXI
high-fat rats was significantly earlier, 31.6 4 0.5 days, than 9
that of the 11 heavy low-fat rats 36.5 h 1.2 days (P < 0.001).

9 i Estrus
We? I 1 . . I.,, I,,I, A I

DISCUSSION 0 20 25 30 35 40
AGE (DAYS)

The finding that rats on a high-fat diet had an earlier age of FIG. 4. Food intake/100 g of body weight versus age, and cab-
estrus than did rats on a low-fat diet affirms previous find- Icintake/100ggoofbodyweightversusageforhigh-fat and low-fat
ings on the effects of dietary fat on the age of sexual matura- rats up to their respective mean ages of estrus.



Proc. Nat. Acad. Sci. USA 72 (1975) 4175

12.0

11.5J-

11.01-

0.5 _

lAR
WT. GAIN/
2 DAYS 9.5

(g)
9.0 _

8.5

7.5k-

7.01-

6.5 -

6.0

5.5

I

AIGH FAT
0OW FAT

I__'

r-- _ _

I

- 1
I _

L0 LE.trus

I~~~

V.0.

_&LEtu$

1strus
J I I l.

21 23 25 27 29 31 33 35 37 39
AGE- DAYS

FIG. 5. Weight gain/2 days versus age for high-fat and low-fat
rats up to their respective mean ages of estrus.

signal of metabolic rate or energy balance is a signal for pu-
berty (1, 2). In Kennedy's experiments fast and slow growing
rats were given diets of the same caloric value; estrus was at
differing ages, but at a constant food intake per unit of body
weight. Kennedy hypothesized that the food intake signal,
or its correlate metabolic rate, caused a change in the hy-
pothalamic control of gonadotropin secretion (1).
We can now further define the signal of food intake/100

g of body weight at estrus as caloric intake per unit of body
weight. The constant caloric intake per unit of body weight
found for high- and low-fat rats at estrus may reflect the at-
tainment of a particular body composition of fat/lean body
weight, or fat/body weight, which may be essential for es-

trus and ovulatory cycles in the rat, as in the human female
(8-10). Changes in food intake during growth in the rat are

closely correlated with changes in the size of the adipose tis-
sue (2, 14). In the human female, loss of body weight in the
range of 10-15%, which corresponds to a loss of body fat of
35-40%, is associated with loss of menstrual function (10,
15), and the ability to respond to luteinizing-hormone-re-
leasing factor (16).
The differences in body weight of the high- and low-fat

rats found at estrus differs from Kennedy's findings for opti-
mally grown and retarded rats, whose weights did not differ
at estrus, but is in accord with the heavier weight at estrus of
his chronically undernourished rats (1). Interestingly,
Charles River (CD) weanling rats fed Purina Chow ad lib.
had estrus at 38.5 + 1.1 days, and at a weight of 123.8 I 2.8
g (unpublished data). The age and the weight at estrus of the
Purina-fed rats are similar to those found for the low-fat rats
(Table 2).
The earlier age of estrus of the high-fat rats, the larger

percentage of high-fat rats that had simultaneous vaginal
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Weight at estrus versus age at estrus for high-fat and

opening and estrus, and the longer interval between vaginal
opening and estrus in the low-fat rats (Fig. 1) indicate that
estrogen levels were higher sooner in the high-fat rats than
in low-fat rats. The prolonged interval between vaginal
opening and estrus in low-fat rats suggests that the pituitary
function in these rats was not fully developed at the time of
vaginal opening, and it took some time before sufficient
amounts of gonadotropins for ovulation were secreted. In-
sufficiency of the pituitary function in chronically underfed
rats was reported by Kennedy (1). These rats showed persis-
tent vaginal cornification, and no sign of ovulation was ob-
served. When such rats were injected with chorionic gona-
dotropin, all ovaries showed many corpora lutea (1).
The excretion and metabolism of estrogen in women are

known to vary with body weight, and hence fatness (17-19).
Conversely the growth of adipose tissue may be affected by
increases in estrogen secretion, particularly after peak veloc-
ity (20), when a positive feedback may be established in the
rat (21) and in the human female (22).
A rise in estrogen in the rat may also contribute to the fall

in caloric intake observed after peak velocity in the rat (2,
23) and in adolescent girls (24).
Though one must be cautious about comparisons between

species, there is a surprising similarity in the acceleration
and deceleration of weight growth and food intake in the rat
before estrus (Fig. 5) to the adolescent spurt of the human
female before menarche (7).
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