mal emergence time in April 1976. By
then, T. alsophilae had undergone three
generations, and we assumed the long-
lived original parasites could still be re-
productively active. In April, only 13 O.
trychiata masses were found, and para-
sitization averaged 99 percent. The ab-
sence of larvae anywhere in the area in
May confirmed the outbreak had been
controlled. It is to be hoped that T. al-
sophilae will maintain itself on any of
four species of Oxydia or other Geome-
tridae found in Colombia.

Our results strongly support Pimen-
tel’s (1) contention that parasites from al-
lied genera can be used effectively
against native pests. We are convinced
that biological control specialists should
look in the direction of matching para-
sites from one host to a host in a near-
by taxon. Although compatibility with
the pest’s environment is repeatedly
stressed as a criterion for selecting which
parasites to introduce, we found that T.
alsophilae adapted readily from the
North American to the Andean terrain
despite considerable differences in cli-
matic conditions between locales. As
Anderson (5) pointed out, research with
egg parasites of forest defoliators has
been neglected. Our experience with T.
alsophilae shows that use of egg para-
sites offers many control possibilities
and requires only imagination, coopera-
tion, and support.

A. T. Drooz
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Forest Experiment Station, Post Office
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North Carolina 27709
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Instituto Colombiano Agropecuario-
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Adipose Tissue Regeneration Following Lipectomy

Abstract. Surgical removal of subcutaneous fat depots in weanling rats leads to a
regenerative response. If the rats are fed a diet high in fat, adipose mass and adipo-
cyte number are precisely restored within 7 months of surgery. Thus, under appropri-
ate experimental circumstances, compensatory hyperplasia will occur in adipose tis-

sues of the rat.

Obesity is a disorder characterized by
an excessive accumulation of adipose
tissue. Histologic examination reveals
excessively large adipocytes and, often,
an excessive number of adipocytes. In
the accompanying report we have pre-
sented evidence that the size of the
adipocyte is a major regulatory feature in
the control of adipose tissue mass (/).
Thus, some disorder of this regulation
could be responsible for the large adipo-
cyte size component of obesity. This re-
port deals with the regulation involved in
the development of adipocyte number,
the other histologic feature of concern in
human obesity.

It has been proposed that adipocyte
number in normal man and rats is deter-
mined during some early critical period
or periods of adipocyte proliferation 2).
During such periods, nutritional manipu-
lations may appreciably alter ultimate
adipocyte number. In the epididymal fat
pad of the Sprague-Dawley rat the prolif-
erative period ends at about 35 days of
age (3); food restriction before that age
causes a permanent deficit of up to 40
percent in epididymal pad adipocyte
number, but food restriction thereafter
causes no such deficit (2). Surgical exci-

Fig. 1. Photomicrograph, made 4 weeks after
surgery, of the outer surface of the collag-
enous sheath which forms at the site of in-
guinal area lipectomy. The adipocytes on the
sheath surface were stained with oil red O.

sion of part of a proliferating organ has
often been used to determine whether
cellular proliferation is occurring and the
degree to which proliferation can be
modified. In many organs such surgery
has been found to stimulate a rapid and
fully compensatory hyperplastic re-
sponse, which is regarded as proof for
the existence of regulated cellular prolif-
eration. The response to partial hepatec-
tomy is one example which has been ex-
tensively studied (). Surprisingly, par-
tial removal of the epididymal fat pad
during its proliferative phase does not in-
duce any measurable degree of com-
pensatory hyperplasia or regeneration
(5). In numerous experiments that we
have performed with both rats and mice,
we have never seen regeneration of
epididymal pads, regardless of the age of
the animals at the time of surgery or the
extent of the lipectomy (6).

This report demonstrates that by ex-
cising another site, the subcutaneous in-
guinal fat depot of the young rat, one can
induce a fully restorative cellular re-
sponse to partial organectomy similar to
that seen in other proliferating tissues.
The choice of site and timing of excision
are both critical.

We removed both inguinal fat depots
from each of 31 3-week-old Sprague-
Dawley rats by a surgical procedure pre-
viously described (6). Twenty-one rats
identical in age and mean body weight to
the experimental rats served as sham-op-
erated controls. Eight experimental rats
were killed immediately after surgery to
determine the adipose cellularity of the
tissue removed as well as of the remain-
ing subcutaneous tissues. Four weeks af-
ter surgery we killed two additional ex-
perimental rats and examined their sub-
cutaneous inguinal areas. All remaining
rats (21 experimental and 21 sham-oper-
ated controls) were killed 7 months after
surgery. The subcutaneous, mesenteric-
omental, and retroperitoneal depots
were carefully dissected, weighed, and
sampled for cell number and lipid con-
tent determinations. Of the rats kept
alive for the entire course of the experi-
ment, eight experimental and eight con-
trol rats had ad libitum access to only
water and Purina Laboratory Chow
(low-fat diet or LF). The remaining 13
experimental and 13 control rats had ad
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Table 1. Cellularity of the subcutaneous adipose depots in LF-fed and HF-fed lipectomized 8-month-old Sprague-Dawley rats.

Inguinal depots

Remaining subcutaneous depots

Total subcutaneous depots

Group Cell Cell size Total Cell Cell size Total Cell Total
number (ug of lipid lipid number (ug of lipid lipid number lipid
X108 per cell) (2 X108 per cell) (g) x10° (g)
LF-fed
Lipectomized ‘
(N =8) 18.93 + 2.52* 0.40 = 0.031 7.29 + 0.88% 41.65 = 2.67t 0.47 = 0.057 18.80 = 1.54 60.58 + 4.19% 26.09 + 2.13§
Sham-operated
(N =28) 30.60 = 1.95 0.34 £ 0.03 10.30 = 0.75 46.30 = 5.00 0.34 £ 0.03 15.12 = 1.28 76.90 = 6.01 25.42 + 1.80
HF-fed (16 weeks)
Lipectomized
(N = 13) 24.98 + 2.20* 0.71 + 0.04F 17.08 + 1.25% 72.92 = 4761 0.67 = 0.057 47.02 + 2.89] 97.90 + 6.44§ 64.10 + 4.00§
Sham-operated
(N =13) 37.72 £ 3.25  0.70 £ 0.04 25.67 = 2.01 60.34 =485 0.65 = 0.04 38.28 = 2.87 98.06 = 7.749 63.95 + 4.65
Cellularity at sur-
gery (3 weeks
of age) 7.69 = 0.23 0.11 = 0.01 0.82 £0.09 9.52+0.75 0.10 = 0.01 0.98 £ 0.11 17.21 +0.93 1.80 + 0.19

*Significantly different from sham-operated controls (P < .01, Student’s ¢-test, one-tailed).

sham-operated controls (P < .05, one-tailed ¢-test).
tailed 7-test).

libitum access to only water and chow
until age 12 weeks, at which time they
were switched from chow to a highly pal-
atable high-fat semipurified diet (HF) (/),
which they received for the remaining 16
weeks of the study.

The inguinal depots which were re-
moved contained 7.69 + 0.23 million
adipocytes, while the remaining subcu-
taneous tissue (dorsal scapular, axillary,
and buttock) contained 9.52 + 0.75 mil-
lion adipocytes. Thus, approximately 45
percent of the subcutaneous adipocytes
were surgically removed. Four weeks af-
ter surgery, new fascial tissue was pres-
ent in the inguinal areas of the experi-
mental rats. The new tissue was seen to
be in the form of a sheath, attached to
the cutaneous and muscular tissues at
the periphery of the inguinal areas, form-
ing a loose pocket above the underlying
muscular layer at each inguinal site.
Careful observation of the sheaths with a
low-power (6 X) dissecting microscope
revealed that they were free of fat except
for several scattered nubbins of adipose
tissue on their outer surfaces; that is, the
surfaces normally adjacent to the skin.
The sheaths were stained with oil red O
so that adipocytes could be more clearly
observed. With somewhat greater mag-
nification (25 to 50 X) we were able to
see uniformly sized adipocytes (30 to 40
um in diameter) on the outer subcu-
taneous surfaces of the sheaths (Fig. 1).
The adipocytes appeared to spread later-
ally as a monolayer away from blood
vessels with which they were associated.
We estimate that about 30 percent of the
outer surface of each sheath was covered
with such a monolayer. We found no evi-
dence of adipocytes on the inner sur-
faces of the sheaths.

By 7 months after surgery we found
that complete adipose tissue regenera-
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§Not significant, one-tailed ¢-test.

tion had occurred in the HF-fed lip-
ectomized rats. Mean wet weight, depot
lipid content, adipocyte number, and
adipocyte size of all adipose tissues, in-
cluding subcutaneous ones, were virtual-
ly identical between the HF-fed lip-
ectomized and sham-operated rats.
Table 1 summarizes the subcutaneous fat
depot analyses and shows that the nor-
mal subcutaneous adipose mass and
adipocyte number are achieved in the
HF-fed lipectomized rats with a some-
what abnormal adipocyte distribution;
that is, there are somewhat fewer adipo-
cytes than normal in the inguinal areas
and somewhat more than normal in the
remaining subcutaneous areas. This ab-
normal distribution may be due to a
problem in precise definition of the bor-
ders of the inguinal sites, or some of the
regeneration may have actually occurred
elsewhere in the subcutaneous adipose
tissues. In either case, it is clear that sub-
cutaneous adipose cells can be restored
with numerical precision after surgical
excision.

It can also be seen in Table 1 that the
adipocytes in the regenerated inguinal
tissues of the HF-fed lipectomized rats
are equivalent in size to other subcu-
taneous adipocytes as well as to the in-
guinal adipocytes of controls. The total
subcutaneous fat tissue mass of the HF-
fed lipectomized rats is thus composed
of adipocytes that are equal in both
size and number to adipocytes of the
controls.

One would predict that if regeneration
had not occurred, the subcutaneous fat
mass of the lipectomized rats would have
contained 45 percent fewer cells than the
respective tissue of controls, since the
removed inguinal depots contained 45
percent of the subcutaneous adipocytes
present at the time of surgery. The clear

TNot significant, two-tailed ¢-test.
rols . |ISignificantly different from sham-operated controls (P < .05, two-
YSignificantly different from LF-fed sham-operated controls (P < .05, one-tailed 7-test).

iSignificantly different from

lack of a deficit in the number of adipo-
cytes in the HF-fed lipectomized rats 7
months after surgery thus means that not
only were all their surgically removed
adipocytes replaced (about 7 million
cells), but also the full replicative poten-
tial of the inguinal tissue was realized
(about 40 million cells). Furthermore,
the number of adipocytes in the internal
(nonsubcutaneous) fat depots was essen-
tially identical (46.12 compared to 45.86
million cells) in lipectomized and sham-
operated rats, indicating that subcu-
taneous adipose tissue regeneration is
exclusively a site-specific event that
does not involve the nonsubcutaneous
adipose depots of the body.

In the LF-fed rats some cells were re-
stored, but the total number of subcu-
taneous adipocytes did not equal that of
sham-operated controls. Possibly, more
time is needed for regrowth of adipose
tissue when the rats are fed LF rather
than HF, or perhaps when inguinal lip-
ectomy is performed on 3-week-old
Sprague-Dawley rats, LF is insufficient
to promote full regeneration. Liebelt et
al. (7) suggested that a neoplastic trans-
formation and thus an increase in the cel-
lular component of the adipose tissue
mass might occur in response to certain
stimuli (such as HF feeding). The data
presented here tend to support such a
view with respect to the subcutaneous
adipose tissue. The apparent influence of
HF feeding on subcutaneous adipocyte
number beginning at 12 weeks of age (in
terms of the promotion of both full re-
generation and a modest adipocyte num-
ber increase in HF-fed compared to LF-
fed rats) suggests that subcutaneous adi-
pose tissue may be unlike epididymal fat
pad tissue in the Sprague-Dawley rat in
that it may have the capacity to continue
proliferating adipocytes beyond 12
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weeks of age. This matter requires fur-
ther investigation.

Interestingly, the LF-fed lipectomized
rats developed as much total subcu-
taneous adipose mass as their controls
by storing a somewhat greater amount of
lipid in subcutaneous adipocytes. Such a
hypertrophic response to lipectomy has
also been observed in other experiments
(, 5, 6). However, it is now apparent
that a hypertrophic response to lip-
ectomy is usually quite limited, and only
serves to accommodate new lipid stores
that would otherwise have been accumu-
lated in the excised cells. In some ani-
mals, such as the Sprague-Dawley rat,
the degree of such possible accommoda-
tion is probably small, while in others,
especially the potentially obese, it may
be quite large (/).

We conclude from this study that the
development of the subcutaneous adi-
pose tissue during the first few postnatal
weeks of the rat’s life is a precisely regu-
lated event. That is, the proliferation of
subcutaneous adipocytes is monitored
and adjusted. Subcutaneous adipocyte
regulation in the rat is thus similar to the
regulation seen in skin and liver, except
that adipocyte regulation may terminate
at some time shortly after weaning when
adipocyte proliferation terminates. That
regulation does indeed terminate is sug-
gested by the failure of Kral (8) to ob-
serve regeneration of inguinal fat in the
Sprague-Dawley rat lipectomized at 15
weeks of age. Furthermore, our previous
failures to observe subcutaneous adipose
tissue regeneration in the NCS/R mouse
lipectomized at 12 days of age (6) or to
observe regeneration of the epididymal
fat pad in young rats and mice (5, 6) sug-
gest that there are strain and site varia-
tions in the phenomenon of adipose tis-
sue regeneration and thus perhaps in
the normal mechanisms or sequences
of adipocyte proliferation and devel-
opment.

This study leads to at least two obser-
vations which could be relevant to hu-
man obesity. First, assuming a degree of
similarity between human and rat, the
existence of an adipocyte proliferation
regulatory process suggests that the hy-
perplastic component of human obesity
may well be the result of a disorder in
that process, as the hypertrophic com-
ponent of obesity is very likely the result
of a disorder in the process that regulates
adipocyte size. Determining the nature
of such regulatory disorders obviously
has a high priority for future study. Sec-
ond, the observation that the high-fat
diet promoted a greater degree of adipo-
cyte regeneration than did the chow diet
supports the notion that dietary factors
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can affect adipocyte proliferation and ul-
timate adipocyte number (3).

In summary, we have observed com-
plete regeneration of subcutaneous adi-
pose tissue in rats which were lip-
ectomized at 3 weeks of age and fed a
high-fat diet beginning at 12 weeks of
age. Rats fed only a chow diet achieved
only incomplete regeneration. The re-
stored subcutaneous adipose tissue mass
of the HF-fed rats was equivalent to the
subcutaneous adipose mass of controls
in terms of both adipocyte number and
mean lipid content per cell. Therefore,
the proliferative processes which estab-
lish the adipocyte population of the sub-
cutaneous fat tissue, and the system
which determines average adipocyte
size, are both active and precise in their
regulation at least until the time of wean-
ing in the rat. How long beyond weaning
the regulated response of regeneration
will occur and what role dietary factors
play in the response are questions which
remain to be answered.

IRVING M. FausT

PATRICIA R. JOHNSON

JuLEs HirscH

Rockefeller University, New York 10021
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NoB- LS B

Surgical Removal of Adipose Tissue Alters Feeding Behavior

and the Development of Obesity in Rats

Abstract. Lipectomized and sham-operated rats were fed a high-fat diet to induce
hyperphagia and rapid fat accumulation. Lipectomized rats with 25 percent fewer
adipocytes were less hyperphagic and accumulated less fat, but their adipocytes
remained equal in size to adipocytes of controls. A role for adipocyte size in fat
storage regulation and food intake control is postulated.

The hypothesis that body weight of
mammals is regulated received experi-
mental support as early as 1939 (/), but
the more specific hypothesis of Kennedy
(2) that body fat mass is regulated was
not directly tested until the studies of
Liebelt and co-workers in 1963 and 1965
(3). In their studies, as well as those of
others (4), surgical removal of adipose
tissue in mice or rats resulted in enlarge-
ment of remaining fat depots relative to
those of control animals. Such findings
were interpreted as demonstrating com-
pensatory growth of adipose tissue and
thus that total body fat mass of mice and
rats is regulated. The clearest demon-
strations of such apparently com-
pensatory growth were in brain-damaged
or genetically obese animals. In contrast,
in recent experiments with normal rats
and mice it was found that removal of
various adipose tissue depots does not
result in compensatory growth of re-
maining depots (5). Thus, total body fat

content of rats and mice is probably not
directly regulated, as Kennedy had sug-
gested, but regulation of some other pa-
rameter related to total body fat must be
responsible for the usual stability of
body fat. In this report we present evi-
dence that body fat stability in the adult
rat is achieved by means of the regula-
tion of adipocyte lipid content (or adipo-
cyte size), and that such regulation can
operate by influencing food intake.

In the young rat, increases in both
adipocyte size and adipocyte number
constitute normal growth of the adipose
mass (6), but at about the time of wean-
ing adipocyte proliferation usually
ceases. Subsequent to weaning most adi-
pose tissue growth occurs as the result of
adipocyte enlargement alone (7). If
adipocyte size were involved in the regu-
lation of fat storage, one might expect
that adipocytes would have a tendency
to resist excess enlargement and that adi-
pose tissue growth in rats after weaning
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