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   Obesity induces adipose tissue inflammation, but little is known about the interrelationships
among immune cells. Therefore, to assess the dynamic interplay between multiple cell types in
obese adipose, an in vivin vivin vivin vivin vivooooo  visualization technique was developed. In vivIn vivIn vivIn vivIn vivooooo  imaging revealed close
spatial and temporal interrelationships between angiogenesis and adipogenesis, which were
augmented in obese adipose tissue. In addition, increased leukocyte-platelet-endothelial cell
interactions were observed in the microcirculation, a hallmark of inflammation. Upregulated
expression of adhesion molecules contribute to local activation of inflammatory processes. We
also found that large numbers of CD8+ effector T cells infiltrated into the obese adipose tissue,
playing major roles in inflammatory macrophage infiltration into obese adipose tissue, induc-
tion and maintenance of inflammation, and systemic insulin resistance. Our results demon-
strate the power of our imaging technique to analyze multi-cellular interactions in inflammation
in vivin vivin vivin vivin vivooooo  and to evaluate new therapeutic interventions.
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Introduction
   Obesity associates with higher risks for various diseases,

including atherosclerotic cardiovascular disease, type 2

diabetes and cancer. Moreover, recent studies have shown

that obesity induces chronic inflammation within visceral

adipose tissue, which appears to lead to metabolic abnor-

malities and inflammation in distant tissues. Inflammation

is considered to play a pivotal role in the development of

metabolic diseases1). In particular, obese adipose tissue

exhibits hallmarks of chronic inflammation, including mac-

rophage infiltration, adipogenesis, angiogenesis and tis-

sue remodeling2, 3). Moreover, local (adipose tissue) and
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systemic inflammation is thought to alter adipose tissue

function, leading to systemic insulin resistance4). Adipose

tissue contains multiple cell types including stromal cells,

adipocytes, immune cells (macrophages, lymphocytes, NK

cells), and endothelial cells, and their multi-cellular inter-

actions are important in normal adipose tissue function and

dysfunction in pathological conditions such as obesity. In

particular, obese adipose tissue exhibits characteristic fea-

tures of active local and chronic inflammation. At present,

however, little is known about the sequence of events that

comprises the inflammatory cascade or the mechanism by

which inflammation develops and is maintained. To eluci-

date the significance and mechanism of the interactions

between stromal cells, vascular cells and adipocytes, we

developed a novel confocal microscopy-based visualiza-

tion technique, which enables the observation of living adi-

pose tissue while still maintaining its three-dimensional

structural integrity and tissue function. The contribution of

chronic inflammation to adipose tissue dysfunction was also

revealed by our in vivo molecular imaging method.

Visualizing Methods
   A novel visualization technique for living adipose tissue

based on laser confocal microscope was developed to vi-

sualize adipose tissue structural and functional changes in

obesity (“adipose tissue remodeling”)5). We have subse-

quently modified this visualization technique for use in liv-

ing animals, and we have succeeded in obtaining adipose

tissue images in living animals with a high time and spatial

resolution. This technique enabled us to determine the in-

flammatory cellular dynamics of obese adipose tissue3).

ExExExExEx     vivovivovivovivovivo imaging technique
   A novel visualization technique for living adipose tissue

based on laser confocal microscope was previously devel-

oped5). Endothelial cells were selectively visualized using

fluorescent Iso-lectin dyes, nuclei stained by Hoechst

33342, and adipocytes were stained using fluorescent-free

acid (BODIPY) in intact living adipose tissue (Fig.1). Lectin

is reportedly a useful histochemical probe that specifically

labels endothelial cells in many species.

InInInInIn     vivovivovivovivovivo imaging technique
   To obtain adipose tissue images, including multi-cellular

kinetics, we modified the ex vivo technique into living ani-

mals. Briefly, to obtain in vivo images, the dyes were in-

jected intravenously into anesthetized mice, and the mice

were placed in a custom-made chamber on an inverted

microscope. Imaging was performed through a small inci-

sion of the abdomen with a spinning disk confocal micro-

scope, equipped with a CCD camera. This yielded a high

spatial and time resolution, which was largely free from

motion artifacts from body movement and heartbeat. We

used Nipkow-spinning disk confocal laser microscopy,

which can provide very high speed images at up to 1000

frames per second, because the high scanning speed is

vital for the intravital imaging technique.

Preparation of stromal vascular fractions
and flow cytometry
   We isolated SV cells as previously described6, 7) with mi-

nor modification. We then incubated the isolated cells with

either labeled mAb or isotype control Ab and analyzed them

by flow cytometry.

Coupling of adipogenesis and angiogen-
esis (“““““adipose tissue remodeling”””””) in
obesity revealed by living tissue imag-
ing
   It was impossible to identify and discriminate the stromal

cells, adipocytes, and vasculature in conventional paraffin

embedded specimens. In addition, the assessment of multi-

cellular dynamics that are vital for inflammatory processes

in vivo can not be determined using such techniques. How-

ever, our novel living tissue imaging method yielded three-

dimensional precise images without any artifacts, which

therefore enabled the visualization of tissue structural and

functional changes in obese adipose tissue (Fig.1).

   Using this visualization technique, we identified cell clus-

ters that had close spatial and temporal interrelationships

between blood vessel development (angiogenesis) and

adipogenesis, and both were augmented in visceral adi-

pose tissue taken from animal models of obesity (db/db

mice). In addition to the hypertrophied adipocytes in obese

adipose tissue, a striking finding was that the smaller, newly

differentiating adipocytes were always coupled with angio-

genesis, surrounding inflammatory macrophages, and in-

creased production of reactive-oxygen species and in-

flammatory cytokines (tumor necrosis factor, TNF-α; mono-

cyte chemotactic protein, MCP-1; and vascular endothe-

lial growth factor, VEGF). With regards to the vasculature,

three-dimensional reconstruction of the images confirmed
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Fig.1  Coupling of adipogenesis and angiogenesis in obese

adipose tissue revealed by living tissue imaging
Epididymal fat pads from lean (8-week-old db/+, a,b), and obese (8-

week-old, db/db, c) animals were visualized by conventional imaging

(a), and using our living tissue imaging method (b,c,d). In our meth-

ods, unfixed living adipose tissue was labeled with lectin (red) to visu-

alize the vasculature (endothelial cells), BODIPY (blue) for adipocytes,

and Hoechst 33342 (green) for nuclei. In obese db/db mice, adipocytes

are hypertrophies (b,c). In addition, a number of small BODIPY+

adipocytes were observed and were surrounded by lectin+ cells and

vessel sprouts (adipo-angiogenic cell clusters) indicating adipogen-

esis and angiogenesis was taking place in expanding obese adipose

tissue (c,d). Close-up view of cell clusters in obese adipose (e). Scale

bar represents 50 μm (c). Scale bar 20 μm (e).

Fig.2  Cellular kinetics visualized by novel in vivo molecular

imaging methods
(a) Multi-cellular dynamics (erythrocyte, leukocyte, and platelet) in the

microcirculation can be visualized with high time and spatial resolu-

tions (a-d). In a, fluorescent lectin (blue), dextran (red), and Hoechst

(green) was injected. In b, anti-GPIb (Glycoprotein Ib) antibodies

(green), dextran (red), and Hoechst (blue) was injected. In c, dextran

(red), and acridine orange (green) was injected. In d, dextran was

injected, and image was sequential. All scale bars represent 10 μm.

Please note the multiple cell types can be specifically visualized.

that the vessels supplying the clusters had dead ends; in

other words, they had the characteristics of vessels sprout-

ing from the existing vasculature, angiogenesis. We re-

ferred to these cell clusters that showed adipogenesis and

angiogenesis as“adipo-angiogenic cell clusters”.

   To examine the extent of the coupling between adipo-

genesis and angiogenesis within the adipo-angiogenic cell

clusters, we assessed the extent to which perturbation of

angiogenesis would affect adipogenesis, by treating db/db

mice for 2 weeks with an anti-VEGF antibody. We found

that the anti-VEGF-treated mice tended to show a smaller

increase in body weight and, at the cellular level, it mark-

edly inhibited formation of smaller differentiating adipocytes,

as well as formation of blood vessel sprouts. The number

of adipo-angiogenic cell clusters was markedly decreased,

indicating that the coupling of adipogenesis and angiogen-

esis is essential for differentiation of adipocytes in obesity,

and that VEGF is a key mediator in that process.

   Notably, a thiazolinedione, pioglitazone, induced adipo-

genesis that was uncoupled from angiogenesis. This un-

coupling of adipogenesis and angiogenesis in pioglitazone-

treated adipose tissue suggests a different adipogenic

mechanism underlies thiazolinedione-induced adipogen-

esis. Our findings provide novel evidence of dynamic in-

teractions between differentiating adipocytes, stromal cells

and angiogenesis in living obese adipose tissue.

Inflammatory cell dynamics in obese adi-
pose tissue
   To analyze the multi-cellular interactions in obese adi-

pose tissue, and clarify the contribution of chronic inflam-

mation in obese conditions, we developed in vivo molecu-

lar imaging methods that enabled us to analyze and com-

pare the three-dimensional structures, cellular dynamics

and vascular function within lean and obese adipose tis-

sue in vivo with high spatiotemporal resolution (Fig.2). We

found increased leukocyte-platelet-endothelial cell interac-

tions in the microcirculation of obese visceral adipose tis-
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Fig.3  Inflammatory cellular dynamics in the microcirculation

of obese adipose tissue
One-shot (a,b) and sequential (c) images obtained by intravital fluo-

rescence microscopy in adipose tissue from wild-type (a), and obese

ob/ob (b,c) mice. Blood cells were negatively visualized after injection

of FITC-dextran (a-red, b). Erythrocyte, leukocyte and platelet cell

dynamics were visualized at high spatiotemporal resolutions. The

nuclei of circulating leukocytes, adipocytes and endothelial cells were

stained by Acridine Orange dye (a-green, c). Note the firmly adher-

ent/rolling leukocytes with small platelet aggregations on the vascular

wall in the post capillary venules of obese adipose tissue indicating

inflammatory cellular dynamics (b,c). Scale bars represent 10 μm.

Fig.4  Cellular kinetics in developing thrombus
Mesenteric capillary microcirculation was visualized, and

imaging was performed after laser induced injuries with in-

jecting hematoporphyrin. FITC-Dextran (green), rhodamine-

lectin (red), and Hoechst (blue) was injected. Note that single

platelet can be visualized during thrombus formation. Im-

age was obtained 30s after laser injuries.

sue in ob/ob and high-fat diet-induced obese mice, which

were indicative of activation of the leukocyte adhesion cas-

cade, a hallmark of inflammation. Local platelet activation

in obese adipose tissue was indicated by increased P-

selectin expression and formation of monocyte-platelet

conjugates. Upregulated expression of adhesion molecules

on macrophages and endothelial cells suggests that their

interactions contribute to local activation of inflammatory

processes in obese visceral adipose tissue. Interestingly,

enhanced leukocyte-endothelial interactions were not ob-

served in subcutaneous fat in the same mice. The admin-

istration of anti-ICAM1 antibody normalized the cell dynam-

ics seen in visceral fat, indicating that the adhesion mol-

ecules can be a new therapeutic target for obese and dia-

betic conditions.

CD8+ effector T cells contribute to mac-
rophage recruitment and adipose tissue
inflammation in obesity
   Recently, we found that large numbers of CD8+ effector

T cells infiltrated epididymal adipose tissue in obese mice,

whereas the numbers of CD4+ helper and regulatory T cells

were diminished. The infiltration of CD8+ T cells preceded

the accumulation of macrophages during diet-induced-obe-

sity. Immunological and genetic depletion of CD8+ T cells

reduced inflammatory (M1) macrophage infiltration and

adipose tissue inflammation, and ameliorated systemic in-

sulin resistance. The transfer of CD8+ T cells to CD8-defi-

cient mice enhanced inflammation in obese adipose tissue,

demonstrating the importance for CD8+ T cells in obese

conditions. Coculture and other in vitro experiments re-

vealed major interactions between CD8+ T cells, macroph-

ages, and hypertrophied adipocytes. Several in vitro stud-

ies have shown that obese adipose tissue directly activates

CD8+ T cells, which subsequently promotes recruitment

and activation of macrophages, thereby initiating and main-

taining the inflammatory cascades in obese adipose tis-

sue. Infiltration of CD8+ T cells is, therefore, essential for

the initiation and development of adipose inflammation6).

Platelet Kinetics in Thrombus Formation,
and Inflammatory Status
   It is well known that platelets play an important role in

inflammatory diseases, such as atherosclerosis. However,

the molecular and cellular mechanisms of platelet kinetics

in vivo are unknown, because experimental methodology

to analyze kinetics of individual platelets in living animals

is not well established. We have already established an in

vivo visualization system, which enabled us to analyze

thrombus formation at the individual platelet level (Fig.3)8).

We can analyze platelet kinetics in vessels of various sizes,

including large-sized arteries, veins, and small capillaries.

In un-stimulated conditions, single platelet moved in a
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“stop-and-go” manner along the vessel wall and interacted

with endothelial cells. By inducing the production of ROS

(reactive oxygen species) by laser injury, we can trigger

thrombus formation in vessels of all sized including small

capillaries and the carotid arteries and observe the kinet-

ics of individual platelets (Fig.4). We could evaluate not

only thrombus formation but also platelet functions at the

individual platelet level. After laser injury, platelets started

to adhere to the vascular wall, and aggregated. The throm-

bus caused decreased blood flow and the vessel was sub-

sequently completely occluded. Using this technique, we

elucidated that Lnk (adapter protein) regulates integrin sig-

naling leading to stabilization of developing thrombus in

vivo8). We established the efficient culture system of hu-

man iPS-derived platelets, and we confirmed the functional

role. These artificial platelets can circulate, and contribute

to their thrombus formation in vivo, indicating the clinical

usefulness considering the cell therapy for future9).

   In addition, we elucidated the contribution of inflamma-

tory cytokines, ROS, and integrin signaling to our throm-

bosis models10). Therefore, our imaging technique had very

broad applications, such as evaluation of anti-platelet drugs

in vivo, stem cell-derived platelet function in vivo, and the

effect of genetic mutations on platelet functions.

Cellular interrelationships associated
with chronic inflammatory disease
    Cellular reactions in inflammation are particularly dynamic

and involve multiple cell types. Consequently, analysis of

the multi-cellular dynamic processes involved in inflamma-

tion by in vivo imaging using intact tissues in living animals

offers a powerful tool. Our results demonstrated the ad-

vantages and potential of our imaging technique to ana-

lyze multi-cellular interactions in inflammation in vivo. Us-

ing our new imaging technique to analyze the complex cel-

lular interactions within obese adipose tissue, we were able

to show that visceral adipose tissue obesity is an inflam-

matory disease. Our technique could be used to evaluate

potential therapeutic interventions against inflammation in

obesity. Clearly, further studies are needed to identify what

initiates the cascade of inflammatory responses in obesity.

To address these important questions, it will be necessary

to combine in vivo visualization technologies with genetic

and pharmacological interventions.

   In summary, using our imaging system can be a power-

ful tool to analyze the inflammatory conditions including

metabolic syndrome and thrombosis. We clarified the

mechanism by which thrombi are rapidly formed by dis-

coid platelets on undisputed endothelium. The initial plate-

let aggregation subsequently leads to irreversible integrin-

and actin-dependent thrombus development. Inflammatory

cytokine signaling in endothelial cells (ECs) played pivotal

role in discoid platelet aggregations in vivo. In addition, Our

imaging revealed close spatial and temporal interrelation-

ships between angiogenesis and adipogenesis in obese

adipose. In addition, increased inflammatory cell interac-

tions in obese adipose were visualized and we found that

large numbers of CD8+ effector T cells infiltrated into obese

adipose, and these cells were essential for the initiation

and development of adipose inflammation.
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