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Abstract. | mouse strain displays adipocyte hypoplasia responsible for smaller fat pad
size compared with C57BL mice. We investigated possible alterations in the proliferation
and/or differentiation capacity of preadipocytes from the stroma-vascular fraction of
adipose tissue in the | mouse strain. Control C57BL and | mice were studied at 8 weeks
of age, and both adipose and stromal cells were isolated from epididymal and inguinal
adipose tissue localizations.

Results showed that the lower epididymal adipose mass in | mice was accompanied
by a decrease in stromal cell number compared with C57BL mice. In inguinal fat pads,
total cell number in the stroma-vascular fraction was unmodified; lipoprotein lipase
activity significantly increased in stromal cells from | mice compared with control mice.
In this depot, further characterization of cells from the stroma-vascular fraction by
separation of cells according to density showed an increased number of preadipocytes
in the | mouse whole stromal cell population. These preadipocytes seemed unable to
undergo terminal maturation, thus leading to a decrease in the number of mature
adipocytes.

These results indicated that resistance to fat accumulation in | mice is characterized
by site-dependent impairment of both the proliferative rate and the differentiation

capacity of adipocyte precursors.

[P.S.E.B.M. 1989, Vol 192]

have a lower body fat content and smaller amounts

of adipose tissue than other nonobese mouse strains
such as C57BL (1, 2). Moreover, I strain mice are
resistant to fat accumulation with age (2) and high-fat
diets (3). In line with this unusually low ability to
accumulate fat, a reduction in food efficency and high
oxygen consumption has been reported in I mice (4)
along with greater in vivo glucose tolerance than other
mouse strains (5). Recently, increased insulin-mediated
glucose metabolism has been observed in fat cells (6),
but not in isolated diaphragm (7) from I mice, suggest-
ing that adipose tissue may be the site responsible for
altered lipid storage capacity. Further studies have em-
phasized this observation by demonstrating that I mice
exhibit both higher lipolysis and fatty acid synthesis as
well as smaller adipocytes than control mice (8). In I
mice, it has been shown that the reduction in epididy-
mal fat pad size resulted from both adipose cell hypo-

Istrain mice characteristically gain less weight and
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trophy and hypoplasia (8). This hypoplasia contributed
to the aggravation of metabolic alterations exhibited by
isolated adipocytes. The objective of this study was thus
to determine whether such a decrease in fat cell number
is a common feature of adipose tissue development in
I mice. Two adipose sites which develop at different
periods of postnatal life in rodents were investigated.

It is now well established that mature fat cells
derived from proliferation and differentiation of adi-
pocyte precursors in the stroma-vascular fraction (i.e.,
non-lipid-filled cells) of adipose tissue (9, 10). During
the last several years, in vitro culture of either estab-
lished (11) preadipose cell lines or (12) preadipocytes
isolated from adipose tissue has demonstrated that dif-
ferentiation is characterized by the induction of en-
zymes of the triacylglycerol pathway, leading to the
accumulation of fat droplets in cells (11-13). Among
these, lipoprotein lipase, which emerges very early dur-
ing adipose conversion (13, 14), and glycerol-3-phos-
phate dehydrogenase, which is induced just prior to
lipid accumulation in cells (15, 16), are now considered
as suitable markers of the differentiation process. In the
stroma-vascular fraction of adipose tissue, preadipo-
cytes at different steps of adipose conversion can be
isolated and numbered using a density gradient sepa-
ration procedure, providing valuable information on
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the capacity of the tissue to form new adipocytes under
various metabolic conditions (17). This technique has
enabled us to establish that the increased differentiation
capacity of preadipocytes is partly responsible for ov-
erdevelopment of adipose tissue in nutritionally in-
duced obesity in the newborn rat (18).

In this study, we wished to determine whether the
decreased number of mature fat cells in adipose tissue
from I mice, resistant to fat accumulation, could be
related to impairment of the proliferation rate and/or
differentiation capacity of preadipocytes from the
stroma-vascular compartment.

Materials and Methods

Animals. Male I/Crgl and C57BL/6 Crgl mouse
strains were obtained from the Cancer Research Labo-
ratory (University of California, Berkeley, CA) or from
first generation litters of parents from the Cancer Re-
search Laboratory Center at San Diego State Univer-
sity. Mice were maintained at room temperature (23°C)
with a 12-hr alternate light and dark cycle and had free
access to water and pelleted Wayne Lab-Blox F6 (Con-
tinental Grain Co., Chicago, IL). Studies were per-
formed when the mice were 8 weeks of age. Male mice
only were used.

Preparation of Isolated Stromal Cells. Mice were
killed between 9 aM and 10 AM by cervical dislocation.
For each experiment, total epididymal or inguinal adi-
pose tissues was removed, weighed, and pooled (four to
seven mice of each strain) and cut into pieces prior to
collagenase treatment. Tissues were digested by colla-
genase treatment according to Rodbell (19) for 1 hr at
37°C in Krebs-Ringer bicarbonate buffer (pH 7.4) con-
taining 3% bovine serum albumin (Fraction V; Sigma
Chemical Co., St. Louis, MO), 5 mAM glucose, and 1
mg/ml collagenase (Bochringer, Mannheim, West Ger-
many). After incubation, the undigested tissue pieces
were removed by filtration through a 190-um nylon
mesh. Mature fat cells were allowed to float to the
surface and the infranatant (i.e., stroma-vascular cell
fraction) was aspirated. Floating cells were washed twice
with collagenase-free buffer, and the infranatant and
washes were centrifuged at 360g for 5 min. The pellet
consisting of stromal cells was resuspended in appro-
priate buffer, filtered through a 25-um nylon mesh, and
counted using a Coulter Counter Channelizer ZBI-
C1000 system equipped with a 100 pm in diameter
orifice tube. Under our setting for counting conditions,
we ensured that red blood cells were not taken into
account.

Mature Adipose Cell Number Determination. Fat
cell size was measured on aliquots of fat cell suspension
by using a photometric method as described previously
(6). From these determinations, mature fat cell number
was calculated by dividing the tissue lipid content by
fat cell size. Tissue lipid content generally ranged from
52 to 78% of wet weight. The mice depots contained
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518 and 678 mg of lipid/g for inguinal tissue and 680
and 780 mg of lipid/g for epididymal tissue in I and
control mice, respectively.

Determination of Lipoprotein Lipase and G3PDH
Activities. Lipoprotein lipase (LPL) activity was deter-
mined in stromal cells from epididymal or inguinal
adipose tissue according to the method described by
Nilsson-Ehle and Schotz (20). After pelleting, the
stromal cells were resuspended in ice-cold NH,OH-
NH.CI buffer (50 mM, pH 8.1) containing heparin (4
IU/ml), sonicated, and assayed directly for LPL activ-
ity. Glycerol-3-phosphate dehydrogenase (G3PDH) ac-
tivity was assayed on stromal cell cytosolic supernatants
obtained by centrifugation (1 hr at 39,000g) using the
spectrophotometric procedure described by Kozak and
Jensen (21) and modified by Wise and Green (15).

Separation of Stromal Cells by Density Gradient
Centrifugation. The total stroma-vascular cell popula-
tion was counted and further separated by density
gradient centrifugation using a 36% Percoll solution
(Pharmacia, Uppsala, Sweden) as described previously
(17). Briefly, a continuous density gradient (from 1.018
to 1.075 g/liter) was performed by centrifugation at
10,000¢ for 30 min. The cells (5 X 10%/ml) were layered
on top of the gradient and centrifuged at 1000g for 25
min at room temperature: four density fractions were
collected from the top of the tube after controlling the
density ranges of each fraction with density marker
beads (Pharmacia). The densities of the fractions ran
from 1.018 to 1.033 (Fraction I), from 1.033 to 1.049
(Fraction II), from 1.049 to 1.062 (Fraction III), and
from 1.062 to 1.075 (Fraction IV).

Statistical Analysis. All values are expressed as
the mean + SE. Statistical differences between mouse
strains or between adipose tissue sites within the geno-
type were determined by Student’s ¢ test.

Results

At 8 weeks of age, body weight was significantly
lower in I mice than in the C57BL mice. Inguinal and
gonadal fat pads were generally smaller in I than in
C57BL mice, and site to site variations in fat pad weight
differed in the two strains: in control mice, the epidi-
dymal fat pads were heavier than the inguinal fat pads,
whereas in I mice, they were lighter.

Marked differences between the two strains were
observed in the number of mature fat cells (Table I). In
I mice, the number of fat cells was substantially lower
(inguinal, 32%; epididymal, 49%) than the respective
cell number from CS7BL mice. In addition, adipose
cell size was similar in both strains in inguinal localiza-
tion: data previously reported (6) were 33 = 3 and 37
+ 3 ng of lipid/cell in I and C57BL mice, respectively.
In epididymal tissue of I mice, both the number and
size of mature fat cells were reduced, adipocytes weigh-
ing 60% less (P < 0.05) than those of controls (54 + 10
and 89 -+ 10 ng of lipid/cell). Table I also shows marked



differences between the two strains in the stromal cell
number of the two different adipose depots studied. In
C57BL mice, the number of cells in the stroma-vascular
fraction of inguinal tissue was about twice the epididy-
mal tissue value in spite of a lower tissue mass at this
localization. Thus, when expressed per gram of adipose
tissue, the contribution of cells from the stroma-vas-
cular compartment to fat pad mass was significantly
different in the two adipose localizations: 4.31 + 0.28
X 10%/g vs 14.26 + 2.19 X 10%/g for epididymal and
inguinal tissue, respectively. No significant difference
between the two strains was observed in total stromal
cell number in the inguinal depot. In contrast, the
stromal cell number in epididymal pads was markedly
reduced in I mice compared with C57BL mice (—59%).

Table II shows LPL and G3PDH activities meas-
ured in isolated stromal cells from either epididymal or
inguinal adipose tissue in I and in C57BL mice, and
taken as differentiation markers of the capacity of these
cells to undergo adipose conversion. When expressed
per milligram of cell protein, there were no site to site
variations in G3PDH and LPL activities except in
control mice, in which gonadal tissue exhibited signifi-
cantly higher LPL activity than inguinal tissue. In epi-

didymal tissue, when expressed per milligram of protein
or per whole stromal cell compartment, there was no
difference between the two strains of mice in either
LPL or G3PDH activities. In contrast, in inguinal
tissue, LPL activity per whole stromal cell compartment
was significantly increased in I mice compared with
C57BL mice. In this tissue, no difference between the
two groups of mice was detectable for G3PDH activity.

Since stromal cells isolated from the inguinal adi-
pose tissue of I mice exhibited higher LPL activity than
that of cells from control mice, we also characterized
the adipocyte precursor pool in the stroma-vascular
fraction. The whole stromal cell population isolated
from inguinal adipose tissue was further fractionated
according to the density of cells, in order to guantita-
tively assess the number of preadipocytes in the two
strains of mice (Table III). In the two strains, 60% of
cells were recovered in the three lightest fractions and
can thus be considered as preadipocytes at different
levels of differentiation. However, in Fraction I, there
were 90% more cells in I mice when compared with
controls; this is in agreement with higher levels of
differentiation marker enzyme activity (LPL) observed
in the whole stromal compartment of these mice. Taken

Table I. Adipocyte and Stromal Cell Number in Epididymal and Inguinal Adipose Tissues from 8-Week-Old
| Strain and C57BL Mice®

| C57BL P

Body weight (g) 21.3+0.3 228+0.3 <0.001
Epididymal adipose tissue

2-pad weight (mg) 127 + 9* 309 + 6** <0.001

Stromal cell number (X10°) 0.79 + 0.10* 1.33+0.11* <0.01

Fat cell number (x10°) 1.37 = 0.24* 2.69 + 0.05** <0.001
Inguinal adipose tissue

2 pad weight (mg) 146 £ 15 2118 <0.01

Stromal cell number (x10°) 2.81 +0.36 3.02 + 0.49 NS

Fat cell number (X10°) 241039 3.52+0.14 <0.001

? The total number of mice studied was 41 for the | strain and 40 for C57BL. The values are mean + SE from six to seven experiments which
represented a pool of adipose tissues from 4 to 11 mice each. P > 0.05 are considered as not significant (NS). Statistical difference between
epididymal and inguinal tissues within a strain is indicated by * P < 0.05, ** P < 0.001.

Table Il. Lipoprotein Lipase and Glycerol-3-Phosphate Dehydrogenase Activities in Stromal Cells Isolated from
Epididymal and Inguinal Tissues of | and C57BL Mice

Epididymal adipose tissue Inguinal adipose tissue

| C57BL I C57BL
Lipoprotein lipase®
Protein (milliunits/mg) 185.6 + 26.2° 169.4 +£17.3 1295+ 21.8 77.2 + 14"
Whole stromal cell compartment (mil- 34156 464+ 6.3 57.1 £ 6.6* 37.1 £ 6.0
liunits)
Glycerol-3-phosphate dehydrogenase®
Protein (milliunits/mg) 4.90 + 0.69 4.32+1.02 409 +0.92 3.16 £0.90
Whole stromal cell compartment (mil- 0.79 + 0.14 0.99 + 0.20 2.34 = 0.49* 137+ 0.2

liunits)

2 One enzyme unit represents 1 umol of free fatty acid hydrolyzed/hr.

“ Values are mean + SE. Statistical differences between mouse strains are indicated by * P < 0.05; differences between epididymal and inguinal
tissue within the mice strain are indicated by ** P < 0.01.

° One enzyme unit represents 1 ymol of NADH oxidized/min.
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Table lll. Distribution of Stromal Cells from Inguinal
Adipose Tissue According to Density®

Cell number/tissue (x10°)

| Cc57BL P

Fraction |

1.018 <d < 1.033 0.685+0.126 0.358 + 0.044 <0.01
Fraction {1}

1.033 < d < 1.049 0.451 £ 0.133 0.367 + 0.097 NS
Fraction 1l

1.049 <d < 1.062 0.696 £ 0.120 0.611 + 0.205 NS
Fraction IV

1.062 <d < 1.075 1.123 £ 0.077 1.356 = 0.270 NS

# Values are mean + SE of five experiments. P > 0.05 are considered
as not significant (NS). Cell recovery after density gradient was 91 +
5% and 98 = 3% for control and | mice, respectively.

together, these results showed that the inguinal adipose
tissue of I mice was characterized by more numerous
preadipocytes, exhibiting greater capacity to undergo
the adipocyte differentiation process.

Discussion

The aim of this study was to delineate possible
alterations in the stroma-vascular compartment of adi-
pose tissue which might be related to the unusually low
fat accretion in the I strain. To examine this question,
two different adipose localizations were studied, thus
providing information on the cellular development of
adipose tissue in terms of site specificity.

Results in the CS7BL strain reveal considerable
variations between adipose localizations in terms of the
number of nonadipose cells in tissue: the stromal cell
number in inguinal adipose tissue was 2-fold higher
than at the epididymal site, in spite of reduced tissue
mass at this localization. Our findings suggest that site
to site differences may be found in both in vivo repli-
cation and differentiation of adipose precursor cells. In
agreement with this hypothesis, a previous in vitro study
demonstrated a lower proliferative rate of preadipocytes
from epididymal adipose tissue than from other tissues
(22). The differentiation capacity of preadipocytes in
the stroma-vascular compartment of adipose tissue,
evaluated by measurement of activity of early differ-
entiation marker enzymes such as LPL, appeared to be
elevated in epididymal adipose tissue compared with
the inguinal depot. This higher potential for undergoing
adipose conversion, along with the low proliferative
rate of preadipocytes found in the stromal cells of the
epididymal fat pad, could provide a possible explana-
tion for both the enlarged size and reduced number of
mature adipocytes in epididymal compared with in-
guinal tissue.

In I mice as compared with control mice, our
results show that the number of mature fat cells is
markedly reduced in both inguinal and epididymal
tissue, indicating that adipocyte hypoplasia in I mice
seems to occur as an early feature in adipose tissue
development. This result contrasts with an earlier report
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(8) showing that significant hypoplasia of epididymal
tissue in I mice did not emerge before 16 weeks of age.
In that study, fat cell size values in 8- to 9-week-old
mice were higher than those obtained in this study.
This discrepancy between the two studies is mainly due
to the use of different methods for fat cell size and
number determinations.

Some alterations in either in vivo proliferation or
differentiation of adipocyte precursors were detected in
each depot studied. In epididymal adipose tissue, the
ability to produce adipocytes from precursors, evalu-
ated by the activity of differentiation marker enzymes,
was unaffected in 8-week-old I mice compared with
control mice. Nevertheless, in these animals, the total
number of cells in the stroma-vascular compartment
was markedly reduced, suggesting low cell proliferation
capacity in this compartment. Obviously, this defect is
responsible for the aggravation of mature adipocyte
hypoplasia exhibited by I mice during adulthood, since
most DNA synthesis in the epididymal fatpad occurred
before sexual maturity (23). In inguinal tissue, excessive
LPL activity in stromal cells of I mice suggests that
these cells exhibit an increased capacity to differentiate.
In order to further confirm this possible alteration in I
mice, we compared the distribution of stromal cells
from the two strains of mice according to their density.
A separation procedure based on cell triglyceride con-
tent was first described for isolating a homogeneous
population of preadipocytes from newborn rats that are
able to extensively differentiate in primary culture (24).
It enabled us to show that, in 10-day-old rats, the
differentiation capacity in primary culture of cells from
the whole stromal compartment could be related to the
number of cells distributing in the lightest density frac-
tions (17). This procedure could be used to quantita-
tively assess the in vivo proportion of differentiating
cells in the stroma vascular fraction (18). A recent study
has established that stromal cells from mature rodents
retain the capacity to differentiate in vitro similar to
that of very young animals when they are maintained
in appropriate serum-free medium (25). These findings
argue for the appropriateness of this method for provid-
ing valuable information on the capacity to form new
adipocytes in adult rodents. Our data, showing a 90%
increase in cell number in the lightest fraction in I mice,
in combination with excessice LPL activity in the
stromal compartment, strongly suggest that the adipo-
cyte precursors of I mice have a greater capacity to
differentiate than those of control mice.

Adipose conversion, extensively investigated in cul-
ture systems, is a sequential process which involves the
induction of marker enzymes. Among these, the emer-
gence of LPL takes place in the very early steps of
adipose conversion in cells which are still devoid of
lipids (16). Further terminal differentiation of cells,
which requires massive cell lipid filling, is related to the
induction of G3PDH activity (15).



In this study, cells which were recovered in the
lightest denstty fraction had begun to accumulate lipids;
it 1s thus likely that LPL was expressed in these cells.
Accordingly, in I mice, the increased number of cells
in the lightest density fraction could account for the
higher LPL activity observed in the whole stromal cell
compartment. Nevertheless, in these stromal cells, since
G3PDH activity remained low and there was a limited
amount of triglycerides, terminal maturation had not
yet begun. Consequently, this excess of cells in the early
stages of adipose conversion, along with mature adipose
cell hypoplasia, led us to speculate that the translocation
of preadipocytes into the mature fat cell compartment
was impaired. Indeed, our results show that the induc-
tion of LPL activity was insufficient to allow terminal
maturation of preadipocytes, suggesting that in vivo
adipose conversion could be modulated at different step
of the ongoing process. Such a blockage in the differ-
entiation process has been observed in a totally different
pathology, i.e., obesity in which young obese Zucker
rats displayed adipocyte hypoplasia with a high level of
LPL activity in preadipocytes (26). Recently, it has
been shown that retinoic acid treatment of 3T3-F442A
cells in vitro could mimic such a situation, since the
emergency of LPL activity was not followed by an
increase in G3PDH activity and terminal lipid filling
of cells (27).

Resistance to fat accumulation exhibited by I mice,
in addition to causing metabolic changes in the mature
fat cell compartment, is characterized by impairment
of the differentiation capacity of adipocyte precursors,
leading to the lower capacity of I mice to produce
adipocytes. Why these alterations are expressed in terms
of either proliferation or differentiation of the precur-
sors, depending on the tissue localization, remains to
be elucidated. Differences in the developmental stages
of epididymal and inguinal tissue (the first to develop
during postnatal life} could be partly responsible for
this phenomenon.
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