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Adipose tissue consists of mature adipocytes, preadipocytes 
and mesenchymal stem cells (MSCs), but a culture system for 
analyzing their cell types within the tissue has not been estab-
lished. We have recently developed “adipose tissue-organotypic 
culture system” that maintains unilocular structure, proliferative 
ability and functions of mature adipocytes for a long term, using 
three-dimensional collagen gel culture of the tissue fragments. In 
this system, both preadipocytes and MSCs regenerate actively at 
the peripheral zone of the fragments. Our method will open up 
a new way for studying both multiple cell types within adipose 
tissue and the cell-based mechanisms of obesity and metabolic 
syndrome. Thus, it seems to be a promising model for investi-
gating adipose tissue biology and regeneration. In this article, 
we introduce adipose tissue-organotypic culture, and propose 
two theories regarding the mechanism of tissue regeneration 
that occurs specifically at peripheral zone of tissue fragments in 
vitro.

Introduction

Adipose tissue is subdivided into white and brown adipose 
tissues. White adipose tissue (called adipose tissue in this article) 
consists of mature adipocytes, preadipocytes (immature adipocytes) 
and endothelial cells. Recently, adipose tissue is also shown to have 
mesenchymal stem cells (MSCs) that produce various cell types, 
e.g., adipocytes, osteoblasts, myocytes, chondrocytes, neurons and 
hepatocytes.1 In general, adipose tissue is a specific organ that 
stores excess energy in the form of lipid droplet. The tissue plays a 

central role in lipid metabolism including triglyceride storage and 
fatty acid release.2 Also, adipose tissue has been well known to be 
an endocrine organ that affects the biological behavior of various 
cell types through its production of adipokines, including leptin, 
adiponectin, tumor necrosis factor-a (TNF-a), heparin-binding 
epidermal growth factor, insulin-like growth factor II, adipsin and 
other cytokines.3-5 Thus, adipose tissue with multiple cell types 
above seems critical for the maintenance of body homeostasis.

Culturing mature adipocytes in vitro has been technically 
difficult, because mature adipocytes have large lipid droplets and 
thus do not attach to the surface of culture dish due to their buoy-
ancy in culture medium. To resolve this problem, we have been 
demonstrated the following primary culture systems of isolated 
mature adipocytes: (1) ceiling culture6,7 and (2) three-dimensional 
collagen gel culture.8 These methods are useful for studying the 
proliferation and differentiation of isolated mature adipocytes, 
but they do not allow us to investigate the biological behavior of 
multiple cell types within adipose tissues. 

To challenge this interesting issue and to overcome the diffi-
culty in culturing adipose tissue, we have recently established a new 
culture system of adipose tissue fragments embedded in a three-
dimensional collagen gel, which is able to easily entrap buoyant 
adipose tissue.9 Our method named “adipose tissue-organotypic 
culture” maintains the unilocular structure and active function 
of mature adipocytes for more than 4 weeks. Furthermore, both 
preadipocytes and MSCs develop actively around adipose tissue 
fragments. At the peripheral zone of the tissue fragments, but not 
at the central zone, the tissue remodeling actively take place. Thus, 
our method also seems to be a promising model for investigating 
tissue regeneration and organogenesis and their regulation mecha-
nisms. In this article, we introduce a new organotypic culture 
system of adipose tissue, and discuss its application to the study of 
adipose tissue biology and regeneration. 
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Summary of Adipose Cell Types and Their Conventional 
Culture Systems

Firstly, we would like to summarize adipose cell types and 
their conventional culture systems in order to well understand 
a new organotypic culture of adipose tissue fragments. Figure 1  
summarizes adipose cell types and their suitable culture systems. 
3T3-L1 and 3T3-F442A cells, which were all cloned from mouse 
embryo-originated Swiss 3T3 cells, are the most frequently used 
preadipocyte cell lines.10-12 Ob17 preadipocyte cell line, which was 
originated from epididymal adipose tissue of ob/ob obese mice, is 
less commonly utilized.13 Recently, the new preadipocyte cell line 
DFAT-GFP cells, which were derived from mature adipocytes of 
GFP transgenic mice, have been established by H. Nobusue and  
K. Kano.14 DFAT-GFP cells would be useful for studying adipocyte 
biology, because they form adipose tissue after their implantation 
into subcutaneous tissue of mice more easily and stably than 
3T3-L1 cells.14 Adipose tissue-isolated vascular stromal fraction 
cells with fine lipid droplets have been used as primary preadipo-
cytes,15 although CD44+/CD105+ MSCs have been shown to exist 
in adipose tissue.16 These preadipocyte types are easily cultured in 
a conventional monolayer system, because they are not buoyant in 
culture medium. Adipose tissue-isolated mature adipocytes have 
been cultured in a floating system due to their buoyancy only for 
a short term (24 to 72 hours),17 because they rapidly undergo 
necrosis and apoptosis in this system. To resolve this disadvantage 
of the floating culture, H. Sugihara developed for the first time, 

ceiling culture system of mature 
adipocytes (Fig. 2), applying 
their buoyancy to culturing 
the cells.6,7 Also, he established 
three-dimensional culture of 
isolated mature adipocytes8 and 
ceiling culture of adipose tissue 
fragments in a monolayer.18 
These methods established by  
H. Sugihara allow us to 
investigate proliferation and 
differentiation of mature adipo-
cytes and preadipocytes in 
vitro for a long term. Recently, 
H.H. Zhang and M.C. Eggo 
have shown that ceiling culture 
of human mature adipocytes 
is useful for investigating 
adipocyte functions.17 By a 
combination of adipose tissue 
fragments with three-dimen-
sional collagen gel, we have 
recently developed a new orga-
notypic culture of adipose tissue 
fragments,9 as described below.

Figure 1. Adipose cell types and their suitable culture systems. As preadi-
pocyte cell lines, 3T3-L1 and 3T3-F442 cells are used more frequently 
than Ob17 cells. Primary preadipocytes (S-100 protein+/CD44-/CD105-) 
and mature adipocytes that are all isolated from adipose tissue are also 
utilized. Preadipocyte types are easily monolayer-cultured. Floating culture 
of mature adipocytes is used, but it maintains viable mature adipocytes 
only for a short term. In contrast, ceiling culture maintains viable mature 
adipocytes for a long term and is useful for studying their growth and 
differentiation. Ceiling culture is able to be applied to culture of tissue 
fragments in monolayer. Three-dimensional collagen gel culture is useful 
for both mature adipocytes and preadipocytes.

Figure 2. Ceiling culture method. Minced adipose tissue is digested by collagenase and then centrifuged. After 
centrifugation, mature adipocyte layer floats at top of test tube, while vascular stromal fraction cell types that 
consist of preadipocytes, endothelial cells and MSCs precipitate at bottom. After isolated mature adipocytes are 
collected from mature adipocyte layer, they are pored into culture bottle filled with medium. The bottle is placed 
in upside-down fashion in culture incubator. After mature adipocytes adhere to ceiling plane, medium is aspirated 
and the bottle is placed in upside-down fashion. In this way, ceiling culture of mature adipocytes is set up. 
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visible detection of targeted proteins. Finally, this method can be 
applied to cultures of various organ-related (e.g., heart and kidney) 
and bone marrow adipose tissues. To characterize both various 
organ-specific and bone marrow adipose tissues, several studies are 
proceeding in our laboratory.

Adipose Tissue-Organotypic Culture

In this article, we mainly describe cellular behaviors of 1-week-
old rat-derived subcutaneous adipose tissue in our culture system. 
Just after being embedded in collagen gel, adipose tissue fragments 
apparently have mature adipocytes and capillaries (Fig. 4A). Mature 
adipocytes containing a single large lipid droplet in their cytoplasm 
show a unilocular structure, and they are well maintained for 
more than 4 weeks in culture (Fig. 4, B and C). Systemic capillary 
network disappears by 7 days (Fig. 4B), although a few capillaries are  
sporadically retained. Central parts of adipose tissue fragments 
have no drastic change throughout culture term, but the periph-
eral zones of the fragments undergo prominent changes as 
follows. After 2 days in culture, two spindle-shaped cell types 
gradually begin to develop at the peripheral zones of adipose 
tissue fragments, and thereafter they actively grow (Fig. 5). The 
one cell type preadipocytes have fine lipid droplets and express  
S-100 protein (Fig. 5, A, B and D). The other cell type MSCs 
without any lipid droplets express both CD44 and CD105 (Fig. 5,  
A and C; supplementary data-1) that are well known to be markers of 
MSCs . The ratio of preadipocytes (85.0 ± 3.4%) to MSC-like cells  
(15.0 ± 3.4%) is 5.7:1 at 1 week in culture. In this system, MSCs 
do not spontaneously differentiate into any cell types other than 
preadipocytes. In fact, any of bone, cartilage and muscle tissues 
are not detected in culture assembly throughout culture term. The 
lipogenesis factor insulin increases the number of immature adipo-
cytes (supplementary data-2), suggesting that insulin causes MSCs 
to differentiate into immature adipocytes. In general, the differ-
entiation of isolated MSCs into various mesenchymal cell types,  
i.e. adipocytes, osteoblasts, myocytes and chondrocytes, is well 
known to require various differentiating factors.1 To elucidate 
whether MSCs detected in our culture system are able to differ-
entiate into various mesenchymal cell types and others, further 
studies are in order in our laboratories. Finally, we also cultured 
6-month-old rat-derived adipose tissue fragments in order to test 
the validity of our culture method. Mature adipocytes within these 
tissue fragments were well maintained (Fig. 4D), although the 
development rate of spindle-shaped cell types decreased to about 
30% of that of 1-week-old rat-derived materials.

In this system, the growth marker bromodeoxyuridine (BrdU) 
uptakes of both mature and preadipocytes are clearly detected  
(Fig. 6, A and B), although the uptake of preadipocytes is promi-
nently higher than that of mature adipocytes (Fig. 6, D and E). 
This suggests that not only preadipocytes but also mature adipo-
cytes have proliferative ability. Insulin tends to increase BrdU 
intake of mature adipocytes (Fig. 6D), but it significantly increases 
the uptake of preadipocytes (Fig. 6E). Insulin inhibits BrdU uptake 
of MSCs (Fig. 6, C and F). Namely, insulin is a growth-promoting 
factor for preadipocytes, while it is a growth-suppressing agent for 
MSCs.

Figure 3. Adipose tissue-organotypic culture and its organization proce-
dure. After rinsing adipose tissue, it was minced in about 0.5 mm in diam-
eter. The minced tissue fragments are embedded in type I collagen gel. 
After the gel is fully firm, the gel is covered with medium and cultured.

Method of Adipose Tissue-Organotypic Culture

This method9 allows us to culture subcutaneous and visceral 
adipose tissues that have mature adipocytes, preadipocytes and 
MSCs for a long term. These adipose tissues are processed as follows.  
Figure 3 illustrates this culture method.

(1) After rinsing with MEM (Minimum essential medium, 
Nissui Co. Ltd., Tokyo, Japan), adipose tissue is minced in about 
0.5 mm diameter. A total of 0.1 ml of the minced tissue fragments 
was embedded in 1.0 ml type I collagen gel solution (Nitta Gelatin 
Co. Ltd., Osaka, Japan), as described below.

(2) Prepare the collagen gel solution as follows. Mix 8 volumes 
of acid-soluble type I collagen with one volume of x10 concen-
trated Ham’s F-12 medium and 1 volume of reconstructive buffer 
(2.2 g NaHCO3 and 4.77 g HEPES in 100 ml 0.05 M NaOH)
and keep this mixture on ice.

(3) Gently and fully mix the cold collagen solution with adipose 
tissue fragments above.

(4) Pour 1 ml of this mixture in a 12- or 6-well culture dish, 
and immediately warm the dish to 37 C for at least 20 minutes in 
a 5% CO2 incubator to allow a gel to form.

(5) After at least 20 minutes, when the gel is fully firm, cover 
the gel with 3 ml/dish Ham’s F-12 medium supplemented with  
10 % fetal calf serum and 50 μg/ml gentamicin.

(6) Incubate the dish at 37 C in a 5% CO2/95% air incubator.
In culture assembly, cellular behaviors are able to be easily 

analyzed by histochemistry, immunohistochemistry, electron 
microscopy, ELISA and gene-investigated methods (RT-PCR, 
real-time RT-PCR, and Northern and Southern blots). For western 
blot analysis, serum-free medium is recommended to be used in 
culture, because much serum-containing albumin interferes with 
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Figure 4. Histology of adipose tissue in adipose tissue-organotypic cultures of 1-week-old (A, B and C) and 6-month-old rat materials (D). (A) Adipose 
tissue fragment just after being embedded in collagen gel has viable mature adipocytes with a large single lipid droplet and a peripherally located 
nucleus, hence have been called unilocular fat cells. Capillary network (arrowheads and inset) is seen among mature adipocytes. Note that erythrocytes 
are seen in capillaries. (B) At 1 week in culture, viable mature adipocytes are maintained at the center of the tissue fragment and they have no drastic 
morphological change. However, capillary network disappears within the tissue fragments. Spindle-shaped cells do not develop at the central part of 
the fragment. (C) Even at 4 weeks in culture, mature adipocytes are well retained within the fragment, and spindle-shaped cells are also not observed 
at the center. (D) Mature adipocytes within the fragments derived from 6-month-old rats are also well retained at 1 week in culture. Notice that the size 
of 6-month-old rat-derived mature adipocytes is about 1.5 to 2 times that of 1-week-old rat-derived mature adipocytes (B). A, B, C and D, H-E staining. 

Functional Properties of Adipose Tissue in its Organotypic 
Culture

In adipose tissue-organotypic culture, triglyceride is produced 
in culture supernatants. The lipogenesis-promoting factor insulin 
enhances its production, increasing size of mature adipocytes 
and number of preadipocytes. Also, adipokines of adiponectin 
and leptin are produced in culture supernatants, and insulin  
prominently enhances their production (supplementary data-3,  
A and B). The lipolysis-related factor BRL and the inflam-
mation-related agent TNF-a inhibit the production of both 
adiponectin and leptin (supplementary data-3, A and B), whereas 
the inflammation-related factor LPS does not affect their produc-
tion (supplementary data-3, A and B). This suggests that insulin 
may be a powerful differentiation-promoting player for adipose 
tissue, whereas TNF-a, LPS and BRL may be a differentiation-
suppressing factor for the tissue at least in their comparison with 
insulin. In general, adipose tissue produces many adipokines 
other than adiponectin and leptin, and adipokines are suggested 
to be closely associated with various pathologic conditions.4,5 
Analyzing adipokine profile in response to various agents in this 
system would be thus promising for investigating mechanisms of 

obesity, metabolic syndrome, aging19-21 and adipose tissue-related 
cancer.22-24

Also, mRNAs of adiponectin, leptin and PPARg are expressed in 
this system (supplementary data-3, C, D and E). Insulin increases 
the expression of these genes, whereas TNF-a and LPS inhibit 
it (supplementary data-3, C, D and E). BRL prohibits mRNA 
expression of leptin, while BRL does not affect that of adiponectin 
and PPARg (supplementary data-3, C, D and E). BRL- and 
LPS-induced protein expression of adiponectin is inconsistent 
with BRL- and LPS-induced mRNA expression of adiponectin, 
while LPS-induced protein expression of leptin is discrepant 
with LPS-induced mRNA expression of leptin (supplementary  
data-3). This indicates the discrepancy between protein and mRNA 
expressions of adiponectin and leptin by BRL or LPS. Although 
the precise reason for the discrepancy is unclear, the following 
possibilities may be involved in the cause of the discrepancy:  
(1) more rapid change of mRNA than that of protein secretion;  
(2) regulatory issues of protein secretion and transcription, transla-
tion and posttranslation of mRNA. Overall, our results suggest that 
adipose tissue maintained in our culture system is respondent to 
several lipogenesis-, lipolysis- and inflammation-related molecules. 
Thus, our adipose tissue-organotypic culture method seems to be 
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Figure 6. Proliferation of mature adipocytes (A and D), preadipocytes (B and E) and MSCs (C and F) at 1 week in cultures of 1-week-old rat materials 
with or without insulin. In cultures with insulin, its stimulation was carried out at culture day 2, 4 and 6. Cell growth is assessed by immunohistochemistry 
with BrdU. A mature adipocyte shows intranuclear BrdU uptake in black (arrowhead in panel A). Preadipocytes show intranuclear BrdU uptake (allows 
in panels A, B and C). CD44+/CD105+ MSCs in brownish red (C) has intranuclear BrdU intake (arrowhead in C). (D) There is no significant differ-
ence of number of BrdU-positive mature adipocytes between cultures with and without insulin, although insulin tends to enhance BrdU uptake of mature 
adipocytes. (E and F) Insulin enhances BrdU uptake of preadipocytes (E), while it inhibits BrdU uptake of MSCs (F), indicating their significant difference 
between that of immature adipocytes or MSC-like cells with and without insulin. 

Figure 5. Development of preadipocytes and MSCs at the peripheral zone of adipose tissue fragments derived from 1-week-old rats. (A) At 2 weeks 
in culture, preadipocytes and MSCs appear actively at the peripheral part of the fragment. Preadipocytes (arrowheds) have fine lipid droplets in the  
cytoplasm. MSCs without lipid droplets (C) are also seen. (D) Lipid droplets (red in color) are confirmed by oil red O staining. (A, B and C), H-E staining. 
*central zone of tissue fragment. 
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a useful tool for investigating adipose tissue-based mechanisms of 
obesity and metabolic syndrome.

Organotypic Culture as a Model for Tissue Regeneration 
and Organogenesis

In organotypic culture of adipose tissue fragments  
(Suppl. Fig. 4), both preadipocytes and MSCs actively regen-
erate at the peripheral zone of the fragments, whereas they are 

not produced at the central zone.9 In fact, cellular growth 
at the peripheral zone is extensively higher than that at 
the central zone (Fig. 7A). Although the precise mecha-
nism of these phenomena is unclear, we would like to 
propose the following possible theories for their explanation:  
(1) cell density theory and (2) niche theory (Fig. 8). Firstly, 
we explain a “cell density theory.” Namely, the cell density 
of the central zone of the tissue fragments is prominently 
higher than that of the peripheral zone. In general, increased 
cell density in a microenvironment inhibits the regeneration 
and growth of cells that are subjected to contact inhibition 
of cell growth.25,26 Thus, it is conceivable that decreased 
cell density of the peripheral zone may contribute to active 
development of preadipocytes and MSCs, supporting our 
previous study that thyroid folliculogenesis with active 
proliferation of thyrocytes (Fig. 7B) takes place at the 
peripheral zone, while the phenomena does not occur at the 
central zone, using three dimensional collagen gel culture of 
thyroid tissue fragments.27,28 Secondly, we explain a “niche 
theory.” That is, mature adipocytes, which are concentrated 
in the central zone of adipose tissue fragments, may organize 
a niche-like microenvironment for preadipocytes and MSCs, 
while the microenvironment may be lost at the peripheral 
zone of the tissue fragments due to the loss of mature adipo-
cytes. In general, a niche microenvironment for stem cell 
types maintains their resting state.29 Thus, it seems likely 
that the niche-like microenvironment organized by mature 
adipocytes may inhibit regeneration of preadipocytes and 
MSCs at the center, while its loss at the peripheral zone may 

contribute to their reproduction. In addition, the combination of 
“cell density theory” and “niche theory” may be involved in active 
regeneration of preadipocytes and MSCs at peripheral zone of 
adipose tissue fragments. Since these theories seem promising for 
explaining the mechanisms of tissue regeneration and remodeling, 
further studies are in order in our laboratory.

To maintain body homeostasis, stem cells are considered to 
produce tissue-specific differentiating cell types (hematopoietic, 
intestinal, epidermal cells, etc.) in response to daily cellular loss.29 

Figure 7. Immunohistochemistry with BrdU in adipose (A) and thyroid (B) tissue-organotypic culture after 48 hour incubation with 30 μg/ml BrdU. 
Intranuclear BrdU uptakes of adipose cell types and thyrocytes at peripheral zones of adipose (A) and thyroid tissue fragments (B) are extensively greater 
than those at the central zones. P, peripheral zone. C, central zone. 

Figure 8. Two theories regarding the mechanism of preadipocyte and MSC regen-
eration that occurs specifically at peripheral zone of the tissue fragments in vitro. 
In regard to “cell density theory,” central zone of adipose tissue fragments is char-
acterized by higher cell density, whereas the peripheral zone is characterized by 
lower cell density. In general, increased cell density in a microenvironment inhibits 
the regeneration and growth of cells that are subjected to contact inhibition of cell 
growth. Namely, central zone is tissue-static area with cell growth inactivation, 
while peripheral zone is tissue-remodeling area with cell growth activation. Thus, 
lower cell density of the peripheral zone may contribute to active development of 
preadipocytes and MSCs. In regard to “niche theory,” central zone concentrated 
by mature adipocytes may be subjected to mature adipocyte-organized niche-
like environment, whereas peripheral zone with sparse population of mature 
adipocytes may lose the environment. In general, a niche environment for stem 
cell types maintains their resting state. Thus, the niche-like environment formed by 
mature adipocytes may inhibit regeneration of preadipocytes and MSCs at the 
center, while its loss at the peripheral zone may contribute to their regeneration. 
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Partial defect of tissue is well known to initiate tissue regenera-
tion such as liver regeneration after its partial defect by injury.30 
Thus, the defect of cell population and tissue is considered to be 
essential for initiation of these phenomena. As described above, a 
tissue fragment is largely subdivided into the following two parts: 
(1) peripheral zone with lower density of cell population and  
(2) central zone with higher density of cell population (Fig. 8). On 
the basis of this fact, organotypic culture of tissue fragments seems 
to be a promising model for investigating tissue regeneration and 
remodeling in vitro. However, only several organotypic cultures 
of tissue fragments, including thyroid,27,28 brain31,32 and adipose 
tissues,9 are successfully established. Thus, various tissues other 
than these tissues above should be applied to organotypic culture 
system. In addition, injection of various stem cell types, including 
embryonic stem cells33 and iPS cells,34,35 into tissue fragments 
may allow us to study in vitro organogenesis with their prolifera-
tion and differentiation in a tissue microenvironment-dependent 
way. Since these issues are critical for regenerative medicine, 
further extensive studies are inevitably needed.

In Conclusion

In this article, we have introduced adipose tissue-organotypic 
culture system that maintains the unilocular structure, prolif-
erative ability and function of mature adipocytes, generating both 
preadipocytes (immature adipocytes) and CD44+/CD105+ MSCs 
from the tissue fragments. Our culture method will open up a new 
way for investigating multiple cell types within adipose tissue and 
for studying the cell-based mechanisms of obesity and metabolic 
syndrome. Since our method retains viable adipose tissue in vitro 
for a long term, it is a useful tool for studying interactions between 
adipose tissue and other tissues or various cell types. In addition, 
organotypic culture system of tissue fragments, including adipose, 
brain and thyroid tissue fragments seems to be a promising model 
for studying tissue regeneration and organogenesis in vitro.
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