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Adipose tissue expansion involves enlargement of mature adipocytes and the formation of new adipocytes
through the differentiation of locally resident preadipocytes. Factors released by the enlarged adipocytes are
potential cues that induce the differentiation of the preadipocytes. Currently, there are limited options to in-
vestigate these cues in isolation from confounding systemic influences. A gradient generating microfluidic
channel-based cell culture system was designed to enable solution patterning, while supporting long-term
culture and differentiation of preadipocytes. Solution patterning was confirmed by selectively staining a fraction
of uniformly seeded preadipocytes. An adipogenic cocktail gradient was used to induce the differentiation of a
fraction of uniformly seeded preadipocytes and establish a spatially defined coculture of adipocytes and pre-
adipocytes. Varying the adipogenic cocktail gradient generated cocultures of preadipocytes and adipocytes with
different compositions. Transient application of the cocktail gradient, followed by basal medium treatment
showed a biphasic induction of differentiation. The two phases of differentiation correlated with a spatial
gradient in adipocyte size. Our results provide in vitro data supporting the size-dependent release of pre-
adipocyte differentiation factors by enlarged adipocytes. Prospectively, the coculture system developed in this
study could facilitate controlled, yet physiologically meaningful studies on paracrine interactions between ad-
ipocytes and preadipocytes during adipose tissue development.

Introduction

In larger adult mammals, body fat consists predomi-
nantly of white adipose tissue (WAT). The bulk of WAT

consists of a loose association of white adipocytes held in a
collagen (mostly type I) matrix. The tissue also contains a
stromal-vascular fraction, which includes undifferentiated
preadipocytes and endothelial cells.1 Adipose tissue expan-
sion involves increases in both the size (hypertrophy) and
number of adipocytes (hyperplasia). Hypertrophy results
from the accumulation of intracellular triglycerides in exist-
ing adipocytes. Unlike preadipocytes, mature adipocytes
cannot undergo mitotic division.2 Therefore, hyperplasia
requires the proliferation and differentiation of pre-
adipocytes into new adipocytes, or adipogenesis. It is hy-
pothesized that the recruitment of preadipocytes for
adipogenesis involves biochemical and, perhaps, biophysical
cues derived from the mature adipocytes.2 In this regard, it is
likely that interactions between adipocytes and locally resi-
dent preadipocytes play a key role in the tissue expansion
process.3 Ideally, these adipose tissue intrinsic events are
studied in isolation from confounding systemic influences.

To date, relatively little work has been done to investigate
coculture models of adipocytes and preadipocytes. An ex-

tensive literature search found only a handful of published
studies on the effects of adipocytes on the proliferation and/
or differentiation of preadipocytes. Maumus and coworkers
reported that treatment with a medium conditioned by adi-
pocytes enhanced the proliferation of preadipocytes, but did
not significantly affect adipogenic differentiation.4 Coculture
experiments using trans-well inserts also found that mature
adipocytes stimulated the proliferation of preadipocytes.
This effect was significantly (four-fold) greater for adipocytes
isolated from obese subjects (body mass index (BMI) > 35)
compared to adipocytes from lean subjects (BMI < 25).5

Shillabeer and coworkers reported that coculture with ma-
ture adipocytes stimulated adipogenic conversion of pre-
adipocytes without exogenous induction (using a chemical
cocktail), although to a lesser extent than with exogenous
induction.6 Another recent study involving trans-well inserts
also found enhanced adipogenic conversion of preadipocytes
in coculture with adipocytes compared to preadipocytes in
monoculture.7 This result is, however, contradicted by an
earlier study, which also utilized trans-well inserts, but
found that the adipocytes inhibited the differentiation of
preadipocytes in coculture.8

The above examples illustrate the limitations of current
in vitro models, which involve either trans-well inserts or
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treatment with the conditioned medium. In vivo, cells re-
spond to spatially and temporally organized signals in the
surrounding microenvironment, while in vitro cocultures
have generally been conducted in batch or fed-batch settings.
In these settings, the cultured cells experience a well-mixed
chemical environment lacking any spatial gradients in growth
factors and other signaling molecules that could mediate the
interactions between adipocytes and preadipocytes. More-
over, the batch or fed-batch culture environment is inherently
unsteady with time-varying concentration profiles. In this re-
gard, controlled studies on soluble factor-mediated interac-
tions between adipocytes and preadipocytes would benefit
from a flow-through coculture system capable of supporting
steady chemical microgradients.

In this article, we describe a gradient generating micro-
fluidic channel-based cell culture system that affords spatial
control over in vitro adipogenesis. This system was used to
characterize a coculture of preadipocytes and adipocytes that
was established by solution patterning a differentiation in-
ducing chemical cocktail. Our results show that mature ad-
ipocytes are indeed capable of locally stimulating the
adipogenic conversion of preadipocytes in the absence of
exogenously applied inducing chemicals. A critical determi-
nant of this local recruitment was the adipocyte size, as
small, newly formed adipocytes (with multiple small lipid
droplets) did not elicit the differentiation of preadipocytes.

Materials and Methods

Materials

3T3-L1 preadipocytes were obtained from ATCC (Mana-
ssas, VA). Tissue culture reagents, including the Dulbecco’s
modified Eagle’s medium (DMEM), calf serum (CS), fetal
bovine serum (FBS), human insulin, and penicillin-strepto-
mycin were purchased from Invitrogen (Carlsbad, CA). Rat
tail type 1 collagen was purchased from BD Biosciences
(Bedford, MA). Unless otherwise noted, all other chemicals
were purchased from Sigma (Saint Louis, MO). Constant
flow syringes were purchased from Warner Instruments
(Hamden, CT). Calcein acetoxymethyl ester (calcein-AM)
was purchased from Invitrogen (Eugene, OR).

Device design and fabrication

The microfluidic gradient culture device was fabricated in
poly(dimethylsiloxane) (PDMS) using soft lithography and
rapid prototyping.9 The device consisted of three micro-
fluidic channel compartments partitioned by aligned posts
(Fig. 1). The dimensions of the middle compartment were
3 mm (width) · 7 mm (length) · 100mm (height). The di-

mensions of the two flanking channels were 1.5 mm (width)
· 7 mm (length) · 100mm (height). The postdimensions were
20mm (width) · 100mm (depth) · 100 mm (height) and
140mm (width) · 100mm (depth) · 100mm (height). The
spacing between the posts was 20mm. A transparency mask
with a minimum feature size of 20 mm was printed using a
high-resolution printer (Page One, Irvine, CA) from a CAD
file (Autodesk, San Rafael, CA). The mask was used in 1:1
contact photolithography of SU8-50 photoresist (Micro-
Chem, Newton, MA) to generate a negative master consist-
ing of 100-mm high-patterned photoresist on a Si wafer
(Silicon, Inc., Boise, ID). Positive replicas with embossed
channels were fabricated by molding PDMS (Sylgard 184;
Dow Corning, Midland, MI) against the master. The cured
PDMS was peeled off the master, and holes were punched
with a sharpened 18-gauge blunt-end needle for fluidic in-
terconnects. The PDMS was sealed against a glass slide by
treating both surfaces with oxygen plasma for 50 s (Plasma
cleaner Model PDC-001; Harrick Plasma, Ithaca, NY). The
sealed devices were then heated overnight at 125�C to
complete the bonding. Before the experiment, the glass sur-
face inside the middle channel was coated with a dilute so-
lution of type I collagen in PBS (0.36 mg/mL) for 1 h at room
temperature.

Microfluidic cell culture

Undifferentiated 3T3-L1 preadipocytes were expanded in
a T-flask with a growth medium consisting of the DMEM
supplemented with 10% CS (v/v), 200 U/mL penicillin, and
200 mg/mL streptomycin. The preadipocytes were detached
from the culture flask, washed, and resuspended in the
growth medium. The suspension density was 6 · 106 cells/
mL. The cell suspension was loaded into the culture com-
partment using a micropipette tip. The cells were allowed to
settle for 1 h at 37�C. The two side channels were then filled
with the prewarmed growth medium. The device was placed
in an incubator with humidified atmosphere. After overnight
incubation, each inlet of the medium channels was connected
with 1.09-mm OD polyethylene (PET) tubing to a constant
flow syringe filled with the prewarmed growth medium. The
constant flow syringe consists of two nested containers.
Medium drips from the inner container to the outer container
through a side port, resulting in a nearly constant flow rate
from the bottom of the outer container. Average flow ve-
locities in the medium channels were estimated to be ap-
proximately 3–4 mL/min based on the volume discharged.
Uniform elevation and head pressures maintained the same
flow rate for both medium channels. The medium channel
outlets were connected with PET tubing to a waste reservoir

FIG. 1. Schematic of
gradient generating cell
culture device with
nonuniform post sizes. Solid
arrows indicate direction of
bulk flow in the medium
channels. Dashed arrows
indicate the direction of net
diffusion across the culture
compartment.
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at a lower elevation. The microfluidic device, tubing, sy-
ringes, and waste reservoir were placed in an incubator to
maintain control over temperature and medium pH. On day
3, both medium channels were connected to an induc-
tion medium (DM1) consisting of a basal medium (DMEM
with 10% FBS and penicillin/streptomycin) supplemented
with an adipogenic cocktail (1 mg/mL insulin, 0.5 mM iso-
butylmethylxanthine and 1 mM dexamethasone). On day 6,
both medium channels were connected to a second induction
medium (DM2) consisting of the basal medium supple-
mented with only insulin. On day 9, both medium channels
were connected to the basal medium. The basal medium was
applied for the remainder of the culture experiment.

Microfluidic gradient culture

Undifferentiated 3T3-L1 preadipocytes were loaded into
collagen coated culture chambers as described before. In
these experiments, cells were seeded near confluence (105

cells/cm2) using a higher density suspension (25 · 106 cells/
mL) to reduce the proliferation time in the microfluidic de-
vice. After overnight incubation, one of the medium channels
was connected to a syringe containing varying dilutions of
DM1, while the other channel was connected to a syringe
containing the growth medium. In one set of experiments,
the DM1 gradients remained in place for 14 days. In another
set of experiments, the differentiation cocktail gradient was
removed after 6 days. On day 7, both medium channels were
connected to syringes holding the basal medium to study the
effects of adipocytes secreted factors on preadipocyte re-
cruitment.

Characterization of the solution gradient

A suspension of undifferentiated preadipocytes at a den-
sity of 6 · 106 cells/mL was loaded into the culture com-
partment as described above. After overnight incubation,
one medium channel was connected to a syringe holding a
1.6 mM solution of calcein-AM in the growth medium (In-
vitrogen). The other channel was connected to a syringe
holding the growth medium. After 4 h, the calcein-AM gra-
dient in the culture compartment was recorded using fluo-
rescence microscopy. In a separate experiment, the calcein
fluorescence across the culture chamber was recorded at 24
and 48 h to assess the long-term stability of the gradient.

Characterization of adipocyte differentiation
with diluted induction cocktail

Undifferentiated 3T3-L1 preadipocytes were seeded in 12-
well plates and induced to differentiate using the DM1-DM2
cycle as described above. To assess the effect of reducing the
levels of the induction cocktail components, differentiation
experiments were also performed using an induction me-
dium (DM1) diluted 10-fold with the adipocyte basal
medium (to keep the nutrient concentrations the same).
Phase-contrast microscopy images were recorded on days 10
and 14 to monitor the progress of differentiation.

Image analysis

Preadipocyte differentiation (i.e., intracellular lipid accu-
mulation, morphological changes) was monitored by taking
images using phase-contrast microscopy (TE300; Nikon-US,

Melville, NY). The images were analyzed using the Simple
PCI (Compix, Inc., Cranberry Township, PA) and Image J10

software packages. Adipocyte sizes were estimated by av-
eraging the volumes of randomly selected cells containing
visible lipid droplets. The analysis selected ten cells from
each of four images recorded per experiment.

Statistics

All experiments were performed at least twice with dif-
ferent batches of preadipocytes or adipocytes. Comparisons
between two experimental groups were performed using the
analysis of variance. Group means were deemed to be sta-
tistically significantly different when p < 0.05.

Results

Stability of gradient

Figure 1 shows the basic device design. Aligned posts
divide the device into a middle cell chamber and flanking
medium channels. The cell chamber and medium channels
each connect to a separate pair of inlet and outlet ports.
When a seed suspension is loaded into the device through
the middle inlet, the small inter-post distance and surface
tension effectively localize the suspension to the middle
chamber. Connected to medium reservoirs, the two flanking
channels act as a source and a sink that are continuously
replenished by flows. At steady state, diffusion from the
source to the sink channel establishes a stable solution gra-
dient across the middle compartment. The aligned posts
present a convection barrier, preventing bulk motion of the
medium across this compartment. The shape of the solution
gradient depends on the dimensions and placement of the
aligned posts.

The stability of the solution gradient in the presence of a
cell layer was experimentally evaluated by steadily infusing
a dye for live cells (calcein-AM) through one of the two
medium channels. Fluorescent microscopy images recorded
after 24 h of infusion showed a gradient of stained cells in the
middle culture compartment (Fig. 2a). Phase-contrast mi-
croscopy images taken at the same time showed an evenly
distributed layer of preadipocytes in the culture compart-
ment (Fig. 2b). Once established, a chemical gradient could
be maintained for at least 48 h (Fig. 2c, d).

Long-term perfusion

At a seed suspension density of 6 · 106 cells/mL, an
evenly distributed monolayer of preadipocytes was observed
after an overnight incubation (Fig. 3a). Confluence was
reached on day 3 of perfusion culture with the growth me-
dium (Fig. 3b). Following DM1 and DM2 perfusion through
both medium channels, the cells exhibited morphological
changes characteristic of adipogenic differentiation, assum-
ing a rounded shape and forming lipid inclusion bodies
visible as microscopic droplets. By day 14, more than 90% of
the cells in the culture compartment contained visible lipid
droplets.

Differentiation cocktail gradients

In conventional T-flask or multiwell culture, adipogenic
differentiation of 3T3-L1 cells is initiated using a chemical
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cocktail, usually consisting of insulin, dexamethasone, and 3-
isobutyl-1-methylxanthine. In these settings, the chemical
cocktail is presented through a well-mixed medium envi-
ronment, resulting in uniformly random differentiation
throughout the culture area. The present study utilized the
gradient generating feature of the microfluidic device to in-
duce the differentiation of cells in a selected region within the
culture area. Phase-contrast microscopy images recorded on
day 14 showed that the selective induction led to a differ-
entiation gradient across the culture compartment. Cells near
the source channel (carrying DM1) exhibited the greatest
extent of morphological changes, while the cells near the sink
channel (carrying the growth medium) retained the mor-
phology of undifferentiated 3T3-L1 preadipocytes (Fig. 4a).
Decreasing the cocktail gradient by diluting the cocktail

concentration in source channel reservoir with the mainte-
nance medium attenuated the resulting differentiation gra-
dient (Fig. 4b, c). No differentiation was observed when both
medium channels carried the growth medium (Fig. 4d).

Adipocyte recruitment of preadipocytes

In vivo, adipogenesis occurs through the recruitment and
differentiation of locally resident preadipocytes. It has been
hypothesized that this recruitment involves growth factors
secreted by mature adipocytes.4 The present study utilized
the spatial pattern of differentiation generated by the in-
duction cocktail gradient to determine whether mature adi-
pocytes can trigger de novo adipogenesis in neighboring
preadipocytes. To observe the preadipocytes in the absence

FIG. 2. Solution gradient
profiles in the culture
compartment over the cell
layer. The profiles were
visualized with a stain for
intracellular esterase activity
(1.6 mM calcein-AM, MW 995)
infused through the left
medium channel.
Fluorescence microscopy
images were recorded 24 h (a)
and 48 h (c) after the gradient
was introduced.
Corresponding phase
contrast images (b, d) show
uniformly seeded cell layers.
Scale bar: 100 mm.
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FIG. 3. Proliferation and
differentiation of 3T3-L1
preadipocytres in the
gradient culture chamber.
Phase contrast images show
cells on day 1 (a), day 4 (b),
and day 14 (c) after seeding.
Scale bar: 100mm.

FIG. 4. Differentiation of
3T3-L1 preadipocytes under
varying gradients of the
adipogenic cocktail (insulin,
dexamethasone and isobutyl-
methylxanthine). Inserts
illustrate cocktail gradient
profiles. Phase contrast
images show cells on day 14
following induction. The left
medium channel carried the
preadipocyte growth
medium (GM), whereas the
right medium channel carried
(a) undiluted DM1, (b)
induction medium (DM1)
diluted twofold with
adipocyte basal medium, (c)
DM1 diluted fourfold or (d)
GM. Scale bar: 100 mm.
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of exogenously added chemical inducers, the cocktail gra-
dient was removed after 6 days. From day 7, both medium
channels carried the basal medium. By day 10, the cells on
the source side of the cocktail gradient had assumed a round
shape and contained microscopically visible lipid droplets,
whereas the cells on the sink side retained the morphology
of undifferentiated preadipocytes (Fig. 5a). At this time,
the region of differentiated adipocytes covered about 67% of
the culture area. By day 14, the region of differentiated cells
had expanded further into the region of previously undif-
ferentiated cells. At this time about 92% of the cells in the
culture compartment exhibited the characteristic morphol-
ogy of adipocytes (Fig. 5b). The size of the adipocytes varied
across the cell culture compartment. The average volume
decreased nearly eightfold from 24,500mm3 in the region
adjacent to the source side to 3200mm3 in the region adja-
cent to the sink side (Fig. 5c). As adipocyte size correlates
with the extent of differentiation,2 the size gradient sug-
gested that the time of induction varied across the culture
compartment due to factors secreted by larger adipocytes. To
confirm this observation, we conducted separate induction
experiments in multi-well plates using various dilutions of
the cocktail. At 10-fold dilution, the cultures showed nearly

no differentiation as assessed by morphological changes (Fig.
6), indicating that the delay in the differentiation of cells near
the sink side was not due to a low-level exposure to the
induction cocktail.

Discussion

This study characterized the growth and differentiation of
preadipocytes in a novel gradient generating microfluidic
culture device. The results of this study demonstrate, for the
first time, that a solution gradient of inducing chemicals,
applied to evenly distributed preadipocytes, generates a
gradient of adipocyte differentiation within a contiguous
culture compartment. The differentiation gradient could
be manipulated by varying the solution gradient, leading
to cocultures of preadipocytes and adipocytes of different
compositions. Over time, the region of differentiated adipo-
cyte expanded into the region previously consisting of pre-
adipocytes. This expansion occurred several (at least 4) days
after the chemical cocktail gradient had been removed,
suggesting that endogenous factors secreted by the adipo-
cytes triggered a new round of differentiation. Our results
also provide strong evidence that adipocytes cell size plays

FIG. 5. Induction of
preadipocyte differentiation
by mature adipocytes. The
adipogenic cocktail gradient
was removed after 6 days.
From day 7, both medium
channels carried the
adipocyte basal medium.
Phase contrast images show
cells on (a) day 10 and (b) day
14 after seeding. (c)
Distribution of adipocyte size
across the culture
compartment on day 14. Data
shown are mean volumes of
10 mature adipocytes
randomly selected from each
region of the culture
compartment. The culture
compartment was binned
into 8 equally spaced regions
of width 0.375 mm. Error bars
represent SD. *significantly
different from the mean
adipocyte volume of the
region adjacent to the sink
channel (2.625-3 mm) at
p < 0.001.
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an important role in the formation of new adipocytes from
preadipocytes.

In a recent study, Maumus and coworkers compared the
size and number of adipocytes in subcutaneous fat pads
isolated from obese (BMI > 30) and lean/overweight (BMI <
30) subjects. The fraction of very small adipocytes (with di-
ameter 20–40 mm) was significantly greater (by a factor of
about three) in the fat pad of obese subjects.4 Increased ad-
iposity in lean/overweight subjects correlated negatively
with the fraction of small adipocytes ( < 60mm), but posi-
tively with the fraction of large adipocytes ( > 100 mm). In
obese subjects, the fraction of large adipocytes remained
stable, while the fraction of smaller adipocytes correlated
positively with the increase in adipose tissue mass.4 These
observations as well as other previous findings suggest that
hypertrophy preceded hyperplasia in several forms of obe-
sity.11,12 Mature adipocytes do not undergo mitosis.2 There-
fore, the increase in adipocyte number reflects the formation
of new adipocytes from preadipocytes, or adipogenesis. It
has been suspected for some time4,5,13 that the microenvi-
ronment established by the hypertrophic adipocytes pro-
motes the proliferation and/or differentiation of locally
resident precursor cells. However, direct experimental evi-
dence of this phenomenon has been lacking due to difficul-
ties in isolating the specific contributions of the adipocytes
in vivo. A limited number of studies have examined the effect
of adipocyte-derived factors on preadipocytes using either
transwell inserts or conditional medium treatment. These
approaches provided segregation between adipocytes and
preadipocytes, but sacrificed either cell-to-cell contact or re-
ciprocal interaction.

In this study, we used a solution gradient of chemical
inducers to pattern the differentiation of preadipocytes

within a contiguous culture compartment. Establishing an
initial pattern of differentiated and undifferentiated cells and
then removing the exogenously added inducers produced a
spatially defined, yet contacting coculture of adipocytes and
preadipocytes. Replacing the medium in both medium
channels with the basal medium decreased the likelihood
that further differentiation of the remaining preadipocytes
was caused by the exogenously added chemicals, and this is
confirmed by dilution studies. On day 10, 4 days after re-
moving the cocktail gradient, the fraction of undifferentiated
preadipocytes in the culture compartment remained un-
changed. On the other hand, differentiation steadily pro-
gressed in the cells exposed to the inducing chemicals, as
evidenced by microscopically visible lipid droplets. On day
14, lipid filled, round cells were observed in the region where
only undifferentiated preadipocytes were previously visible,
indicating that a second round of differentiation had oc-
curred.

It is unlikely that this later round of differentiation was
triggered by residual amounts of exogenously added me-
dium components that remained in the medium channels or
culture compartment. Insulin is rapidly internalized and
degraded by adipocytes. Goldstein and coworkers found
that freshly isolated, intact mouse fat pads degraded *10%
of exogenously added insulin after only 90 min of incubation
at 37�C.14 Jochen and coworkers reported that the amount of
insulin internalized by a suspension of freshly isolated hu-
man adipocytes peaked after 30 min of incubation at 37�C.15

By this time, 40% of the total insulin associated with the cells
was internalized. After 60 min, the percentage of total cell-
associated insulin within the cells dropped to 1.2%.15 It is
also doubtful that components in the basal medium of the
sink channel triggered the second round of differentiation. In

FIG. 6. Effect of diluted
induction cocktail. Images
show cells on day 10 and 14
after treatment with normal
(undiluted) induction
cocktail (a, c) and 10-fold
diluted induction cocktail
(b, d). Scale bar: 100 mm.
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control experiments, differentiation did not occur when both
flow channels carried the basal medium. Furthermore, sep-
arate well-plate culture experiments confirmed that exposure
to diluted concentrations of the cocktail components is not
sufficient to induce even delayed differentiation, through
day 18 postinduction.

Another unlikely explanation for the delayed induction
is nutrient limitation near the sink channel. Preadipocyte
differentiation proceeded from the source channel to the
sink channel. Adipocyte metabolism increases dramatically
with differentiation.16 Therefore, the medium concentra-
tions of major nutrients, such as glucose, are expected to be
lower near the source channel, rather than the sink channel.
One last possible explanation is migration of differentiated
adipocytes from the source channel to the sink channel.
However, this is unlikely, because mature adipocytes lack
motility and are not able to migrate in a directed fashion.17

For these reasons, the most likely explanation for the second
round of differentiation involves endogenous factors derived
from the adipocytes formed during the first round of dif-
ferentiation.

The identities of these inducing factors and their mecha-
nisms of action remain to be elucidated. The progression of
differentiation (from the region adjacent to the source chan-
nel to the sink channel), points to soluble factors that dif-
fused from the region of the largest, and hence, oldest
adipocytes. A mechanism involving the diffusion of soluble
factors is consistent with the findings of a previous study,
suggesting that physical contact may not be required for the
stimulatory effect of mature adipocytes on the adipogenic
conversion of preadipocytes.6 Adipocytes are increasingly
recognized to perform signaling functions by releasing a
variety of factors, including cytokines, chemokines, and
many other biologically active molecules collectively termed
adipokines. Several of these adipokines enhance the differ-
entiation of preadipocytes, including fibroblast growth factor
1,18 fibroblast growth factor 2,19 and insulin-like growth
factor 1.20 Moreover, preadipocytes express corresponding
receptors for each of these peptides.21,22

Possible nonpeptide factors include free fatty acids. Long
chain poly-unsaturated fatty acids could stimulate pre-
adipocyte differentiation by activating the peroxisome
proliferator-activated receptor c, providing substrates for tri-
acylglycerol synthesis, or both.23,24 For example, linoleic acid
has been shown to increase lipid accumulation in human
preadipocytes.25 Likewise, arachidonic acid has been found to
enhance the differentiation of Ob1771 preadipocytes.26

Questions also remain, regarding the biochemical and/or
biophysical cues leading to the release of the differentiation
factors by the adipocytes. Possible cues include the size or
lipid content of the cell. In cultures of adipocytes isolated
from individuals undergoing elective surgery, the cell size
correlated positively with the secretion of several adipokines,
including leptin, interleukin-6 (IL-6), IL-8, tumor necrosis
factor alpha (TNF-a), monocyte chemoattractant protein-1,
interferon g-inducible protein 10, macrophage inflammatory
protein-1b, granulocyte colony stimulating factor, IL-1 re-
ceptor antagonist, and adiponectin.27 An earlier study found
that adipocytes isolated from obese subjects stimulated the
proliferation of preadipocytes to a greater degree that adi-
pocytes from lean subjects.5 Taken together, these findings
suggest that beyond some threshold, the expansion of adi-

pose tissue mass in obesity occurs primarily through an in-
crease in adipocyte number.28

An upper cell size limit implies a limit for hypertrophic
tissue growth as a mechanism to accommodate lipid storage
in obesity, when caloric intake chronically exceeds utiliza-
tion. As adipose tissue depots vary in their hyperplastic
potential, the hypertrophic growth limit could explain the
redistribution of fat, including the ectopic storage of tri-
glycerides outside of adipose tissue depots observed in obese
subjects.29 Ectopic accumulation of lipid is a major risk factor
for obesity-related diseases, for example, nonalcoholic fatty
liver disease.30 A hypertrophic growth limit could also ex-
plain the finding that adipocyte size by itself poorly predicts
the metabolic characteristics of obese human subjects such as
hyperinsulinemia, hypertriglyceridemia, and elevated fast-
ing plasma glucose.28 It should be noted, however, that the
correlation between cell size, number, and obesity-related
metabolic alterations also depends on the type and location
of the adipose tissue depot.31,32 Fortunately, depot-specific
metabolic characteristics of adipocytes have been observed
to persist in vitro, suggesting that it may be possible to in-
vestigate the impact of such characteristics on adipocyte re-
cruitment of preadipocytes by using primary cells isolated
from different depots.

More than three decades ago, Hirsch and Batchelor33 no-
ted an apparent upper limit to the size of an adipocyte in
individuals with only moderate obesity.28 This observation
was subsequently corroborated in other in vivo studies.34,35

However, obtaining direct evidence for a critical cell size has
been difficult due to the lack of an appropriate experimental
system supporting controlled colocalization of preadipocytes
and adipocytes of varying sizes. In this study, we used the
cell volume analysis of adipocytes formed during the first
and second rounds of differentiation in the gradient chamber
to demonstrate a clear size gradient (Fig. 5c) that correlated
with the timing of the phased induction. To the best of our
knowledge, the results of this study provide the first in vitro
data supporting the hypothesis that adipocyte enlargement
could trigger the release of recruitment factors promoting
the differentiation of preadipocytes. The mechanism
through which the enlarged adipocyte senses its size and
releases the differentiation factors remains to be elucidated
and warrants further studies. Prospectively, the micro-
fluidic gradient culture system described in this study could
be used to screen for adipose tissue intrinsic paracrine
factors that promote the differentiation of locally resident
preadipocytes and other progenitor cells in the stromal-
vascular fraction. Furthermore, the coculture system could
be used to conduct controlled studies on the effects genetics,
diet, and other environmental factors on the recruitment of
preadipocytes by adipocyte-derived factors. Recently, Jo
and coworkers reported a mathematical model of adipose
tissue mass and cell size distribution, which pointed to diet
as a major factor in accelerating hypertrophy and fat pad
mass increase, which in turn enhances new adipocyte
recruitment.36
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