Postlipolytic insulin-dependent remodeling
of micro lipid droplets in adipocytes
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ABSTRACT Despite the lipolysis-lipogenesis cycle being a fundamental process in adipocyte
biology, very little is known about the morphological changes that occur during this process.
The remodeling of lipid droplets to form micro lipid droplets (mLDs) is a striking feature of
lipolysis in adipocytes, but once lipolysis ceases, the cell must regain its basal morphology.
We characterized mLD formation in cultured adipocytes, and in primary adipocytes isolated
from mouse epididymal fat pads, in response to acute activation of lipolysis. Using real-time
quantitative imaging and electron tomography, we show that formation of mLDs in cultured
adipocytes occurs throughout the cell to increase total LD surface area by ~30% but does not
involve detectable fission from large LDs. Peripheral mLDs are monolayered structures with
a neutral lipid core and are sites of active lipolysis. Electron tomography reveals preferential
association of mLDs with the endoplasmic reticulum. Treatment with insulin and fatty acids
results in the reformation of macroLDs and return to the basal state. Insulin-dependent ref-
ormation of large LDs involves two distinct processes: microtubule-dependent homotypic
fusion of mLDs and expansion of individual mLDs. We identify a physiologically important
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role for LD fusion that is involved in a reversible lipolytic cycle in adipocytes.

INTRODUCTION

The maintenance of whole-body lipid homeostasis is fundamental
to human health. Dysregulation of the processes governing lipid
storage and breakdown can lead to the onset of serious disorders
such as metabolic syndrome and insulin resistance. Adipose tissue is
the largest store of lipids in the body, and so a thorough under-
standing of the fundamental aspects of adipocyte biology is needed
if we are to combat and eventually prevent these disorders. A key
area of adipocyte biology is the regulation of lipolysis—the hydroly-
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sis of stored lipids to release free fatty acids and glycerol. In this
study we examine the dramatic changes in lipid droplet (LD)
morphology that occur during active lipolysis and how the cell re-
gains normal LD morphology once lipolytic stimulation is removed.

LDs are cytoplasmic organelles that contain neutral lipids derived
from excess fatty acids, bounded by a phospholipid monolayer
(Martin and Parton, 2006; Thiele and Spand|, 2008; Farese and
Walther, 2009; Brasaemle and Wolins, 2012). LDs have been ob-
served in many cell types and range in size from <1 pm in diameter
in fibroblasts to >50 pm in diameter in primary adipocytes, reflecting
the specialized role of adipocytes in lipid storage. During starvation,
stored lipids are hydrolyzed in response to signaling cascades trig-
gered by binding of catecholamines to B-adrenergic receptors at the
plasma membrane. The canonical lipolysis signaling pathway in-
volves the activation of B3-adrenergic receptors, leading to increased
levels of cAMP, which activates protein kinase A (PKA). PKA phos-
phorylates a number of downstream targets, most notably perilipin A
(PLIN1a). PLIN1a is constitutively associated with the LD surface and
promotes lipid storage under basal conditions by acting as a barrier
to lipases (Greenberg et al., 1991; Londos et al., 1999b; Brasaemle
et al., 2000; Granneman et al., 2009). The barrier function of PLIN1a
is attenuated by phosphorylation (Moore et al., 2005; Miyoshi et al.,
2006). PLIN1a is phosphorylated on multiple sites, allowing for
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complex layers of control (Souza et al., 2002; Tansey et al., 2003;
Miyoshi et al., 2006; Wang et al., 2009). Although the signaling path-
ways involved in lipolysis have been studied in detail (Londos et al.,
1999a; Brasaemle et al., 2000; Garcia et al., 2004; Moore et al., 2005;
Granneman et al., 2009; Martin et al., 2009), few studies have ana-
lyzed the concurrent morphological changes that occur in the cell.

Chronic stimulation of B3-adrenergic receptor-mediated lipoly-
sis in rats and mice induces appearance of small LDs (Himms-Hagen
et al., 2000; Granneman et al., 2005; Koh et al., 2009). The appear-
ance of hundreds of tiny LDs (<1 um in diameter), termed micro
lipid droplets (mLDs), has also been documented in cultured 3T3-L1
adipocytes upon stimulation of lipolysis (Brasaemle et al., 2004;
Marcinkiewicz et al., 2006; Yamaguchi et al., 2007). Four proteins
have been localized to the mLD surface—PLIN1a, ADRP (PLIN2),
S3-12 (PLIN4), and CGI-58 (Brasaemle et al., 2004; Marcinkiewicz
et al., 2006; Yamaguchi et al., 2007). However, only PLIN1a and
CGl-58 have been studied in the context of mLD biology. Stimula-
tion of lipolysis triggered the translocation of CGI-58 from the LD
surface to the cytosol, and within 10 min CGI-58 was detectable on
mLDs. However, CGI-58 was not required for mLD biogenesis, as
demonstrated by small interfering RNA knockdown experiments
(Yamaguchi et al., 2007). Marcinkiewicz et al. (2006) showed that
PLINTa localized to mLDs in 3T3-L1 adipocytes and that PLIN1a
phosphorylation at serine 492 directed LD dispersion in fibroblasts.
The appearance of mLDs and reduction of larger LDs were initially
considered to be a fragmentation process in which phosphorylation
of PLINTa mediated mLD dispersion. However, no evidence for
fragmentation has been obtained using detailed coherent anti-
Stokes Raman scattering (CARS) microscopy (Yamaguchi et al.,
2007). In addition, although insulin inhibits lipolytic signaling
(Kitamura et al., 1999; Duncan et al., 2007), no studies have ad-
dressed how the adipocyte returns to a basal state, characterized by
the reformation of macroLDs.

RESULTS

In agreement with previous studies, mLDs (defined by their size,
<1 pm in diameter, labeling for PLIN1a, neutral lipid content, and
peripheral distribution) were observed in 3T3-L1 adipocytes lipolyti-
cally stimulated using isoproterenol (Isop) for 30 min (Figure 1A;
Brasaemle et al., 2004; Marcinkiewicz et al., 2006; Yamaguchi et al.,
2007). We hypothesized that if mLD formation is a physiologically
relevant phenomenon, reversal of the lipolytic state would trigger a
return to the distribution and morphology of LDs observed before
lipolytic stimulation. Consistent with this hypothesis, insulin stimula-
tion of lipolytically active 3T3-L1 adipocytes resulted in the loss of
mLDs and a return to a lipolytically inactive morphology (Figure 1A).
These data demonstrate that LDs undergo dramatic and reversible
changes in morphology and distribution during a full cycle of fatty
acid release and storage in a model adipocyte cell line.

To further examine the physiological relevance of LD restructur-
ing during lipolysis, we examined the morphology of LDs upon
acute stimulation of primary mouse adipocytes in vitro. Although
previous studies noted the appearance of multilocular adipocytes
after chronic lipolytic stimulation of adipose tissue in vivo (Sugihara
et al, 1987; Funatsumaru, 1995; Himms-Hagen et al., 2000;
Granneman et al., 2005; Koh et al., 2009), the effect of acute treat-
ment on mLD formation was not shown. Primary adipocytes were
isolated from the epididymal fat pads of C57BI/6 mice and stimu-
lated with Isop for 90 min. Under basal conditions PLIN1a labeled
the surface of the single large LD, as well as clusters of small to
medium-sized LDs near the nucleus (Figure 1B). After treatment with
Isop, small, PLINTa-positive puncta were observed overlying the
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surface of the large LD (Figure 1B). At higher magnification these
puncta had a defined ring shape consistent with spherical mLDs
(Figure 1B). Analysis of mLD number overlying the large LD surface
showed an average of 18 mLDs/10 pm?, giving an upper limit of
~40,000 mLDs/cell.

Having established that mLDs are also formed in primary adipo-
cytes, we further examined the biogenesis and characteristics of
mLDs using 3T3-L1 adipocytes as a model system. Three-dimen-
sional rendering of confocal z-stack images showed mLDs distrib-
uted throughout the cell, with particular abundance close to the
basal surface (unpublished data). Time-course analysis of cells dur-
ing Isop treatment showed an increase in the number of mLDs over
30 min, reaching a steady state of 113 = 4 mLDs/cell (Figure 1C).
Because no significant change in mLD number was observed over
the subsequent 6 h, 30 min of Isop treatment was used in all subse-
quent experiments unless otherwise stated. Control cells contained
<10 LDs small enough to class as mLDs, indicating that ~10% of the
mLDs observed in lipolytically active adipocytes were likely to repre-
sent preexisting LDs. PLIN1a-labeled mLDs could be counterstained
with the neutral lipid dye Bodipy 493/503 (Figure 1D), demonstrat-
ing that mLDs are bona fide LDs with a PLIN1a-positive membrane
surrounding a neutral lipid core.

To further characterize the mLDs, we used transmission electron
microscopy after high-pressure freezing (cryofixation) and low-tem-
perature embedding. In lipolytically active cells, abundant small cir-
cular structures 50 nm to 1 pm in diameter with electron-lucent cen-
ters and monolayer membranes, prototypical of lipid droplets, were
evident throughout the cell (Figure 1E, arrows). Immunogold labeling
of cryofixed cells showed LDs labeled with PLIN1a under control con-
ditions and labeling of both mLD and LDs in cells treated with Isop.
Immunogold labeling for phospho-PKA substrates showed negligible
labeling of the LD surface under control conditions, but in cells
treated with Isop both LDs and mLDs were heavily labeled (Figure
1E). To analyze the interaction of mLDs with other organelles, tomo-
grams were generated from cryofixed, lipolytically active 3T3-L1 adi-
pocytes. The reconstructed tomograms highlighted the monolayer
membrane of the mLDs, in contrast to the obvious bilayered mem-
brane of the surrounding organelles, such as the endoplasmic reticu-
lum (ER; Figure 1F). Complete segmentation analysis of reconstructed
tomograms was undertaken to determine the extent of spatial inter-
action between mLDs and other cellular organelles in randomly se-
lected peripheral areas of cryofixed cells processed as described
earlier or processed using a conventional fixation and embedding
scheme (Figure 2 and Supplemental Video S1). A close association
between mLDs and the ER was observed in all tomographic volumes
(Figure 2, A, B, and D). ER elements could be seen to bridge between
individual mLDs and showed particularly close apposition to the mLD
surface as compared with other organelles, such as mitochondria and
multivesicular bodies (MVBs). This finding was supported by quanti-
tative analysis; ER showed a preferential enwrapping of mLDs when
compared with both mitochondria and MVBs using an unbiased ex-
traction method for volumetric data (Figure 2, B and C).

The wide distribution and largely peripheral localization of mLDs,
together with the relative infrequency of mLD association with LDs,
raised the question of how mLDs are formed. Initial studies noting
the presence of mLDs in lipolytically active adipocytes refer to the
“fragmentation” of large LDs giving rise to mLDs (Brasaemle et al.,
2004; Marcinkiewicz et al., 2006), suggesting that mLD biogenesis
occurs by way of fission or budding from the LD surface. Although
CARS microscopy showed mLDs appearing in the cell periphery with
no observable budding from the large LDs, these studies relied on
observation of single planes that could miss infrequent budding
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mLDs are sites of active lipolysis and interact with other organelles. (A) 3T3-L1 adipocytes were stimulated
with 10 pM (in CO,-independent media containing 0.1% bovine serum albumin) Isop + 18 h chase in 100 nM insulin,
labeling PLIN1a. Far right, a higher magnification view of mLDs after isoproterenol treatment. Bar, 10 ym. (B) Primary
mouse adipocytes were directly fixed (Cont) or stimulated with 10 pM Isop for 1.5 h. Labeling: PLIN1a (red),
4’ ,6-diamidino-2-phenylindole (blue). Bottom, higher-magnification views of PLIN1a labeling from boxed areas at top. Bar,
20 pm; 5 pm in zoom. (C) 3T3-L1 adipocytes were stimulated with 10 pM Isop for 0-60 min and mLDs/cell analyzed.
Results shown mean + SEN (>50 cells, three experiments). (D) Confocal images show mLDs labeled for PLIN1a costained
with Bodipy 493/503 (arrows). Bar, 5 pm. (E) Transmission electron microscopy images of Isop-treated 3T3-L1 adipocytes
showing electron-lucent structures <1 pm in diameter (arrows). Bar, 2 pm. Images depict associations between mLDs and
the ER, mitochondria (MC), and endosomes (E). Bars, 200 nm. Thin sections of control and Isop-treated 3T3-L1 adipocytes
immunogold labeled for either PLIN1a or phospho-PKA substrates (arrowheads). Bars, 500 nm. (F) Representative mLD in
an electron tomogram showing the electron-lucent center and monolayer membrane (arrowhead, orange highlight),
distinguishable from the bilayered membrane of the neighboring ER (open arrowhead, green highlight). Bar, 100 nm.
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FIGURE 2: mLDs interact preferentially with the endoplasmic reticulum. (A) An optical slice and complete reconstruction
of several mLDs from HPF and Lowicryl-embedded, Isop-treated adipocyte. mLD, green; ER, light blue; MC, red,
multivesicular bodies (MVBs); dark blue, plasma membrane (PM); yellow and gold, unknown. Bar, 200 nm. (B) Close
spatial proximity and preferential association can be observed between mLDs and the endoplasmic reticulum when
compared with other cellular organelles. Bar, 200 nm. (C) Quantification of the average volume of ER in close proximity
to mLDs, MC, and MVBs. A significant difference in the volume of ER was observed when mLDs were compared with
MVBs (p = 0.01). (D) Electron tomography of two different, fixed, Isop-treated adipocytes, further demonstrating the
close association between ER and mLDs. mLD, green; ER, light blue. Bar, 100 nm.
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mLD biogenesis does not require an intact cytoskeleton. (A) 3T3-L1 adipocytes
stained with Bodipy 493/503 and treated with Isop immediately before time-lapse z-stack
confocal imaging. Images were acquired every minute over a period of 30 min. Top right, higher
magnification of the white boxed areas at the t = 0 and t = 30 min time points, as indicated.
Note the appearance of peripheral mLDs. Bar, 10 pm. (B) Analysis of mLD formation in individual
cells during the first 30 min of Isop treatment. (C) 3T3-L1 adipocytes were incubated in control
medium (Cont), with Isop or Noc alone, or pretreated for 1 h with 33 pM Noc (Noc + Isop) or
25 pM Taxol (Taxol + Isop). Cells were immunolabeled for PLIN1a and B-tubulin and imaged by
confocal microscopy. Bar, 20 um. (D) 3T3-L1 adipocytes were incubated in control medium
(Cont), with 3uM cytochalasin D for 1 h (CytoD), or pretreated with cytochalasin D before Isop
(CytoD + Isop). Cells were immunolabeled for PLIN1a, costained with phalloidin, and imaged by
confocal microscopy. Bar, 20 um. (E) Confocal images of vimentin labeling in 3T3-L1 adipocytes
treated with either Noc or IDPN. Bar, 10 pm. (F) 3T3-L1 adipocytes pretreated with 1% (vol/vol)
IDPN for 1 h, followed by Isop, were immunolabeled for PLIN1a and costained with Bodipy
493/503. Bar, 20 um. (G) Analysis of mLD number in 3T3-L1 adipocytes treated with Isop alone
or after cytoskeletal disruption for 1 h. Graph depicts mean mLD/cell (>50 cells). Bars, mean +
SEM (p > 0.28, all treatments).

simultaneously appearing both in the cell
periphery and close to large LDs (Figure 3A
and Supplemental Video S2). No fission of
the large LDs was observed in the time
frames studied. The diameter of the mLDs
increased from ~0.4 ym after 5 min of stimu-
lation to ~0.6 um after 30 min. Assuming
that mLDs are spherical with an average di-
ameter of 0.5 um, we have that each mLD
has a surface area of ~3 ym? and volume of
~0.5 pm3. Therefore the formation of mLDs
requires the generation of 18 pym? of mono-
layer/min, reaching a total of 540 pm? by
30 min. This equates to 36.5% of the initial
total LD membrane in the cell. However, the
total volume contained within the mLDs at
30 minwas only 105 um?3 (at a rate of 3.5 ym3/
min), equivalent to only 7.3% of the total ini-
tial LD volume. From these data it is clear
that mLD formation significantly increases
the total LD surface area-to-volume ratio.

The peripheral localization of mLDs sug-
gested a possible role for the cytoskeleton
in mLD biogenesis. However, when 3T3-L1
adipocytes were pretreated with nocodazole
(Noc) to disrupt or with Taxol to stabilize mi-
crotubules before lipolytic activation, mLD
formation proceeded normally. Similarly, cy-
tochalasin D pretreatment to disrupt the ac-
tin cytoskeleton or B, B’-iminodipropionitrile
(IDPN) treatment to disrupt vimentin had
no effect on mLD formation (Figure 3E-F).
Together with our observations in live cells,
these data indicate that mLDs are not formed
via fission of large LDs and subsequent
cytoskeletal transport to the cell periphery.

As shown in Figure 1A, insulin stimula-
tion of lipolytically active cells resulted in a
decrease in mLDs concomitant with in-
creased numbers of large LDs, here termed
macroLDs. Consistent with an active regula-
tory role for insulin in macroLD formation,
removal of the Isop stimulus alone did not
result in any significant loss of mLDs or for-
mation of macroLDs (Figure 4, A and B). In
contrast, overnight treatment with insulin
caused mLD number to decrease signifi-
cantly, showing that reversal of the lipolytic
state is accelerated by insulin action.

In addition to inhibiting lipolytic signal-
ing, insulin also promotes lipid storage. To
determine whether further enhancing lipid
storage would affect mLDs, insulin was sup-
plemented with free fatty acids (oleic acid) in
the chase media. Whereas oleic acid alone
had no observable effect on LD morphology
(Figure 4A), the combination of insulin and

events (Yamaguchi, 2010). By using high-resolution live-cell confocal ~ oleic acid resulted a rapid reduction in mLD number that was signifi-
microscopy to generate real-time z-stack images of 3T3-L1 adipo-  cantly greater than with insulin alone (Figure 4B). Together these
cytes, we are able to observe mLD biogenesis in four dimensions  data suggest that the formation of macroLDs requires insulin and
(4D). Both the number and size of mLDs increased steadily following  elevated fatty acid levels, consistent with postprandial conditions

Isop stimulation. mLDs were first observed forming within 2 min,  in vivo.
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FIGURE 4: Insulin stimulates macroLD formation from mLDs. (A) 3T3-L1 adipocytes were
activated with Isop before an 18-h chase in normal medium (Wash), 100 nM insulin (Ins), or

50 pg/ml oleic acid (fatty acids). Cells were immunolabeled for PLIN1a (red) and costained with
Bodipy 493/503 (green). Bar, 10 pm. (B) Analysis of mLD number in 3T3-L1 adipocytes treated
with Isop (Isop) or incubated in normal medium for 18 h (Wash), with 100 nM insulin for 4 h or
18 h, or with 100 nM insulin and 50 pg/ml oleic acid (Ins + FA) for 1 or 18 h. Graphs depict mLD/
cell averaged from three micrographs (>50 cells) from one representative experiment. Bars,
mean * SEM. *p = 0.02, **p < 0.001. Isop vs. Wash, p = 0.13. (C) 3T3-L1 adipocytes (Cont) were
treated with 10 uM Isop (Isop) for 30 min or 10 pM MK 2206 for 30 min before activation with
Isop (MK + Isop). Alternatively, 3T3-L1 adipocytes were treated with 10 pM Isop for 30 min and
then with either 100 nM insulin and 50 pg/ml oleic acid (Isop + InsFA) or MK 2206 and then
insulin and oleic acid (Isop + MK + InsFA). Samples were immunoblotted for phospho-PKA
substrates and PLIN1a. Analysis of the intensity of the phospho-PKA substrate band at ~60 kDa,
normalized to the intensity of the band of the same size on the immunoblot of PLIN1a, shows
the changes in phospho-PLIN1a levels. (D) 3T3-L1 adipocytes were activated with Isop and
subsequently treated with insulin and fatty acids in the absence or presence of MK 2206. Cells
were immunolabeled for PLIN1a and costained with Bodipy 493/503. Bar, 20 pm.

PLIN1a (Figure 4C). However, inhibition of
Akt using MK2206 blocked the dephospho-
rylation of PLINTa observed in response to
insulin (Figure 4C). The inhibitory effect of
insulin on prolipolytic signaling preceded
any effect on mLD numbers (Figures 4, B
and C). Consistent with a requirement for
insulin signaling through Akt in the recovery
of the basal adipocyte LD phenotype, inhi-
bition of Akt prevented the insulin- plus fatty
acid-induced loss of mLDs (Figure 4D).

To investigate the mechanisms involved
in macroLD formation, we performed time-
lapse z-stack confocal imaging on 3T3-L1
adipocytes treated with insulin and oleic
acid and stained with Bodipy 493/503. Us-
ing this method, we were able to track LDs
and analyze changes to LD morphology in
4D. Over 16 h, the majority of mLDs were
replaced with medium-sized LDs through a
combination of mLD fusion and growth of
individual mLDs (Figure 5 and Supplemental
Video S3). Three distinct mechanisms of
mLD resorption were observed: 1) rapid fu-
sion between adjacent LDs (Figure 5C), 2)
slow adsorption of LDs into adjacent LDs
(Figure 5D), and 3) growth of individual
mLDs without any detectable interaction
with other LDs (Figure 5E). On insulin and
fatty acid treatment, mLDs showed the fol-
lowing rearrangements: alignment in rows
(first events within 1 min of treatment), for-
mation of clusters, and fusion of individual
mLDs within clusters. Over time the irregu-
larly shaped clusters became one or two
larger spherical LDs, which continued as
single entities for the remainder of the im-
aging time, consistent with our previously
defined strict criteria for LD fusion events
(Murphy et al., 2010). Analysis of fusion
events showed the majority occurring 1-5 h
after the addition of insulin and fatty acids
(Figure 5, A and B). In addition, we also ob-
served the absorption of one LD into an-
other over a period of several hours (Figure
5D). Finally, three-dimensional imaging of
mLDs showed that some isolated mLDs un-
derwent considerable increase in diame-
ter—an average of 0.7 £ 0.1 ym over 16 h of
treatment with insulin and oleic acid—uwith-
out any observable interaction with other
LDs (Figure 5E). Quantitative analysis of this
phenomenon showed that mLDs expanded
at an average rate of ~0.12 pm/h over the
first 7 h of treatment before reaching an ap-
parently stable state.

Our results suggested that mLDs could
undergo both growth and homotypic fu-

To validate the role of insulin signaling in macroLD formation, we  sion events to generate macroLDs (Figure 5). We next investigated
examined the effect of inhibiting Akt on mLD number in insulin-and ~ whether these processes were also microtubule independent. In
fatty acid-treated 3T3-L1 adipocytes. Akt inhibition had no effecton  contrast to mLD formation, addition of Noc during insulin and
the ability of Isop to stimulate PKA-mediated phosphorylation of  oleic acid treatment resulted in a dramatic perturbation of the
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FIGURE 5: Time-lapse imaging of macroLD formation reveals LD fusion and growth. (A, B) Volume-rendered z-stack
confocal images of live 3T3-L1 adipocytes stained with Bodipy 493/503, activated with Isop for 30 min, and then treated
with 100 nM insulin + 50 pg/ml oleic acid immediately before imaging. (A) Z-stack images were collected every 10 min
over a 16-h period. Bar, 20 pm. (B) Z-stack images were collected every 5 min over a 2-h period, Bar, 10 pm (B) and 5 um
(enlargement). Analysis showed clustering of mLDs (red arrowheads), and alignment of LDs (blue arrows), followed by
fusion and mLD growth. (C) Detail of the fusion of adjacent LDs (arrows), shown as a volume-rendered image. (D) Detail
of the absorption of one LD into the adjacent LD with no fusion, shown as a volume-rendered image. (E) Detail of the
growth of an isolated mLD in the cell periphery, shown as a volume-rendered image. Note that although some mLDs
appear adjacent this mLD, analysis in three dimensions revealed that the mLDs remained spatially distinct during
imaging, with no observable interactions.
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(B) Time-lapse z-stack confocal imaging of a Bodipy 493/503-stained 3T3-L1 adipocyte treated with Isop for 30 min and
Noc for 1 h and with 100 nM insulin and 50 pug/ml oleic acid immediately before imaging. Z-stack images were collected
at 10-min intervals over a 16-h period. Arrow shows mLD growth. Bar, 10 pm. C) Analysis of LD fusion events in cells
treated with 100 nM insulin and 50 pg/ml oleic acid with (+Noc) or without (-Noc) the addition of Nocodazole. Graph

shows average number of fusion events = SEM from three cells under -Noc and five cells under +Noc conditions.
(D) Schematic representation of LD morphology during lipolysis and lipid storage.

recovery process, with the generation of uniformly medium-sized
LDs, with few large LDs or mLDs (Figure 6A). The effect of Noc was
not mimicked by disruption of the vimentin network (Figure 6A),
showing that the effects were not mediated by indirectly disrupt-
ing the vimentin cytoskeleton. Time-lapse, z-stack confocal mi-
croscopy showed that LD fusion events were dramatically de-
creased in Noc-treated cells (average 68.7 £ 22.4 fusion events

Volume 23 May 15, 2012

—-Noc, 1.0 £ 0.3 fusion events +Noc, in a 5-h period; Figure 6, B
and C, and Supplemental Video S4). mLDs did not form rows or
clusters, but instead each grew larger in diameter to fill the cell
with many medium-sized LDs (Figure 6B). Of interest, the rate
of mLD growth in Noc-treated cells (0.04 pm/h) was one-third
of that observed in cells treated with insulin and oleic acid alone
(0.12 um/h).
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DISCUSSION

In this study, we gained the first insights into the cycle of LD remod-
eling that accompanies stimulated lipolysis, as well as the reversal
to a basal state characteristic of unstimulated cells (see scheme in
Figure 6D). In addition, we described the three-dimensional ultra-
structural characteristics and cellular environment of mLDs. We
showed, using real-time confocal microscopy, that mLD formation
occurs within minutes of B-agonist stimulation, reaching a maximum
after 30 min, and we provided quantitative estimates of the volume
and surface area of the LD populations before and after stimulation.
Using a combination of light microscopy and electron tomography,
as well as live-cell imaging, we were able to show that mLDs are
bona fide LDs (labeled by perilipin, possessing a neutral lipid core,
and surrounded by a monolayer), which form rapidly throughout
the cell in response to lipolytic stimulus and form close contacts
with the ER. In addition, we were able to follow the subsequent re-
versal of the lipolytic state to reform macroLDs and show that this
process is stimulated by insulin and oleic acid and requires intact
microtubules.

Our real-time observations strongly suggest that mLD formation
does not involve the fragmentation of macrolLDs, as originally pro-
posed (Brasaemle et al., 2004; Marcinkiewicz et al., 2006), but are
consistent with previous studies using CARS microscopy (Yamaguchi
et al., 2007). We obtained no evidence for budding from larger LDs,
and there was no detectable effect of cytoskeletal disruption on the
appearance of mLDs in the cell periphery. We cannot rule out the
existence of lipid-containing “fragments” derived from macro LDs
that are below the detection limits of light microscopy, but no evi-
dence for such structures was obtained in our ultrastructural analy-
ses by electron microscopy. Our studies therefore suggest that
mLDs form de novo in the cell periphery and rapidly become new
sites of active lipolysis. These conclusions are in agreement with,
and complementary to, a recent study suggesting de novo forma-
tion of mLDs upon stimulation of lipolysis in 3T3-L1 adipocytes (Paar
et al., 2012). MicroLDs were shown to form throughout the cyto-
plasm upon stimulation of lipolysis, and formation was blocked by
treatment with triacsin C, which inhibits activation of lipolysis-
derived fatty acids and their incorporation into triglycerides (Paar
etal., 2012). Our electron tomographic analysis of the ultrastructure
and organelle associations of mLDs suggested a particularly close
association of the ER in the cell periphery. This raises the possibility
that the ER plays a direct role in lipid transfer to and from the mLDs,
consistent with the hypothesis that the ER acts as a conduit for lipid
transfer (Holthuis and Levine, 2005; Murphy et al., 2009) and in de
novo formation of mLDs.

In addition to mLD biogenesis, we also examined the process
by which 3T3-L1 adipocytes regained basal morphology (i.e., loss
of peripheral mLDs) after the removal of the lipolytic stimulus. Live-
cell imaging of insulin- and fatty acid-treated, lipolytically active
adipocytes showed that mLDs were converted into larger LDs by
three mechanisms: 1) an increase in size of isolated mLDs (expan-
sion) without detectable fusion events, 2) the apparent transfer of
lipid between adjacent mLDs, and 3) fusion of mLDs. Previous stud-
ies showed that lipid can be incorporated into preexisting LDs via
lipid synthesis at the LD surface (Kuerschner et al., 2008), and one
possibility is that mLD expansion could occur in the same way. In
addition to preventing lipolysis, insulin also augments lipid storage
by promoting esterification of fatty acids (Campbell et al., 1992).
Consistent with this, we found that the rate of macrolLD formation
was increased when cells were treated with a combination of insulin
and oleic acid. We suggest that the availability of additional free
fatty acids increased the rate at which mLDs were able to expand.
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A similar mechanism can be envisaged under physiological condi-
tions, in which mLDs would form during periods of starvation to
increase the efficiency of lipolysis, and, once food is consumed,
insulin would be released to stop lipolysis and promote the storage
of the newly available fatty acids (Campbell et al., 1992). The sec-
ond type of mLD change observed in real time was a putative lipid
transfer event in which one LD increases in size with a concurrent
decrease in the size of a juxtaposed LD. This process shows remark-
able similarities to events mediated by FSP27 (Gong et al., 2011).
FSP27 localizes to the LD and mLD surface, with particular abun-
dance at LD-LD contact sites, mediating directional flow of lipids
from a smaller to a larger LD (Gong et al., 2011). A slow transfer of
lipids from small, “donor” LDs to larger, “acceptor’ LDs was de-
scribed in recent studies of oleic acid-treated 3T3-L1 cells using
CARS microscopy, but this process took several hours (Paar et al.,
2012), in contrast to the stimulated fusion described here. The third
and most striking feature of the reversal process upon treatment
with insulin and fatty acids was the fusion of mLDs. Within minutes
of removing a lipolytic stimulus and treating with insulin and oleic
acid, mLDs showed clustering and linear accumulations. This was
followed by fusion of mLDs, defined using the strict criteria devel-
oped in our previous studies (Murphy et al., 2010). Compared to
lipid transfer events, LD fusion observed here occurred rapidly, with
the two initial LDs replaced by one larger LD within one frame
(15 min). We previously demonstrated that LD fusion in basal un-
stimulated adipocytes was extremely rare unless the cells were
treated with chemical fusogens. The rapid, chemically induced fu-
sion was not dependent on an intact cytoskeleton (Murphy et al.,
2010). In contrast, the insulin-stimulated fusion described here rep-
resents a slower physiological process that is dependent on micro-
tubules. Microtubules have been implicated in the organization of
upstream insulin signaling complexes (Eyster et al., 2006), but we
show here that the effect of Akt inhibitors on macroLD formation is
distinct from the effect of nocodazole, arguing against an effect of
nocodazole at the level of insulin signaling. We suggest that mLDs
cluster before fusion by way of transport along microtubules. A
similar but constitutive microtubule-dependent LD clustering and
fusion sequence was shown in NIH-3T3 cells and was proposed to
be mediated by an interaction between ADRP on the LD surface
and the microtubule motor protein dynein (Bostrom et al., 2007).
The new findings presented here, showing a physiological role for
insulin-stimulated, microtubule-dependent LD fusion, now provide
a framework for the detailed characterization of the intersection
between insulin signaling pathways, the LD fusion machinery, in-
cluding proteins such as FSP27, and microtubule-dependent traf-
ficking pathways required for lipid homeostasis in adipocytes.

In conclusion, we showed dramatic changes in LD morphology
after lipolytic stimulation in both cultured cells and adipose tissue,
suggesting an important physiological role of this cycle of mLD for-
mation and consumption in vivo. The LD cycle can regulate the
amount of LD surface area available in the cell periphery to suit the
amount of lipid hydrolysis required such that, during lipolysis, there
is increased area available to allow access for lipases. This situation
would be reversed during lipid storage. It is important to note that
adipocytes of white adipose tissue are unique in containing a single
lipid droplet under basal conditions, allowing the storage of the
maximal amount of triglyceride with the smallest surface area. From
a number of studies it is apparent that LD size is an important factor
that determines lipolysis efficiency (Suzuki et al., 2011). For exam-
ple, FSP27 promotes large LD formation, and its deletion is associ-
ated with smaller LDs and increased lipolysis (Puri et al., 2007; Keller
et al., 2008; Toh et al., 2008; Liu et al., 2009). This effect may arise
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from disruption of the ongoing cycles of mLD formation and con-
sumption as described here. From our estimates, after 30 min of li-
polytic stimulation, the formation of mLDs had increased the total
LD surface area by one-third, a process that would require the phos-
pholipid monolayer enclosing the LDs to be synthesized (or re-
cruited from other cellular membranes) at a significant rate. Recent
studies defined the conserved mechanisms of phosphatidylcholine
synthesis allowing the surface monolayer to be rapidly expanded in
response to dramatic changes in LD size during increased lipid stor-
age (Krahmer et al., 2011). Assuming the total surface area of the ER
in adipocytes is similar to that calculated for fibroblasts (Griffiths
et al., 1989), we find that the total area of mLD membrane gener-
ated in 30 min (540 pm?) is approximately equal to 10% of the ER
surface area (5870 pm?). With this amount of membrane used to
generate many mLDs instead of one large LD, the total surface
area—to-volume ratio is increased by >10-fold. As lipases act at the
LD surface to hydrolyze the core neutral lipid, the large increase in
surface area—to-volume ratio could serve to increase the efficiency
of lipolysis, making mLDs the major site for lipid hydrolysis. This
study provides fundamental new insights into lipid droplet remodel-
ing, providing a framework for the detailed characterization of the
intersection between insulin signaling pathways and the LD fusion
machinery required for lipid homeostasis in adipocytes.

MATERIALS AND METHODS

Cell culture

3T3-L1 fibroblasts (American Type Culture Collection, Rockville,
MD) were maintained as described previously (Martin and Parton,
2005) and used between days 6 and 12 of postdifferentiation.
Primary adipocytes were isolated from the epididymal fat pads of
~12-wk-old C57BI/6 mice by collagenase digestion as described
previously (Lawrence et al., 1990). To fix cells for immunofluores-
cence microscopy, 16% paraformaldehyde was added directly to
suspended cells to give a final concentration of 4% and samples
incubated at room temperature for 30 min. We placed 200-pl drops
of fixed cells onto Parafilm, and a 22-mm? poly-L-lysine—coated cov-
erslip floated on top of the drop for 15 min at room temperature to
allow cells to adhere. All steps for immunolabeling were performed
as described previously (Murphy et al., 2010).

Antibodies, plasmids, and reagents

Rabbit anti-Phospho PKA Substrate (RRXS/T; catalogue no. 9624)
was obtained from Cell Signaling Technology (Beverly, MA), and
rabbit anti-perilipin A (P1998) and mouse anti-o-tubulin clone DM
1A (T9026) were obtained from Sigma-Aldrich (St. Louis, MO). Alexa
488- and Alexa 594—conjugated secondary antibodies were ob-
tained from Molecular Probes (Eugene, OR). Bodipy 493/503 was
obtained from Molecular Probes and prepared as a saturated solu-
tion in ethanol (working dilution, 1:200). Phalloidin was obtained
from Invitrogen (Carlsbad, CA). Oleic acid was obtained from Cal-
biochem (La Jolla, CA) and conjugated to fatty acid-free bovine se-
rum albumin before use. All other reagents were obtained from
Sigma-Aldrich unless stated otherwise.

Indirect immunofluorescence microscopy and real-time
video microscopy

Indirect immunofluorescence microscopy was performed as de-
scribed previously (Murphy et al., 2010). The data were processed
using the LSM 510 Meta software (Carl Zeiss, Jena, Germany), and
images were assembled using Photoshop CS5 (Adobe Systems,
Mountain View, CA). Confocal micrographs are representative of
hundreds of cells observed in more than three experiments. Cells for
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real-time microscopy were plated onto glass-bottomed tissue cul-
ture dishes (MatTek Corporation, Ashland, MA) or 25-mm, round
glass coverslips and transferred into CO,-independent medium
(Invitrogen) supplemented with 0.1% fatty acid—free bovine serum
albumen (Calbiochem). When used, Bodipy 493/503 was diluted
1:4000 directly to the imaging medium 10 min before start of imag-
ing. Reagents were diluted in 1 ml of medium and added to 3 ml of
medium covering cells before imaging. For 4D imaging, time series
were collected at 37°C using Axiovert 200M SP LSM 510 META or
710 META confocal laser scanning inverted microscopes equipped
with a 63x oil immersion objective (numerical aperture, 1.4) and a
heated stage. The z-stack confocal images were taken at 30-s inter-
vals using AlM, version 3.2, or Zen 2009 software (Zeiss). QuickTime
videos (Apple, Cupertino, CA) were assembled using ImageJ 1.37p
(National Institutes of Health, Bethesda, MD) or Imaris, version 7
(Bitplane, Zurich, Switzerland), and still images were compiled using
Adobe Photoshop CS5.

Mathematical and statistical analysis

Given that analysis of confocal z-stack images demonstrated that
the lipid droplets were spherical, surface area (S.A. = 2rr?) and vol-
ume (V = [4/3]nr®) were calculated from the radii of individual drop-
lets, as measured in the xy-plane bisecting the largest apparent di-
ameter of the LD. In fixed cells, measurement of the lipid droplet
radii through one xy-plane was used to derive lipid droplet dimen-
sions from micrographs. Between 500 and 1000 lipid droplets were
analyzed in >100 cells from randomly chosen fields for each experi-
ment and differences compared using an unpaired Student's t test
(two tailed, unequal variance). Graphs depict average + SEM unless
otherwise stated.

Western blotting

SDS-PAGE and Western blot analysis was carried out as described
previously (Murphy et al., 2010). Briefly cells were lysed in 10 mM
Tris, 150 mM NaCl, 5 and mM EDTA, pH 7.4, containing phos-
phatase and proteinase inhibitors (Roche, Indianapolis, IN), and
solubilized in Laemmli sample buffer containing 25 mM dithiothre-
itol. Immunolabeled proteins were visualized using horseradish
peroxidase—conjugated secondary antibodies and developed using
the Supersignal ECL reagent (Pierce/Quantum Scientific, Murarrie,
Australia).

Electron microscopy

Sapphire disks (Engineering Office M. Wohlwend, Sennwald, Swit-
zerland) were coated with atomized carbon using a Baltec MED 020
coating system (Leica, Wetzlar, Germany) and baked at 120°C for
6-12 h. The 3T3-L1 fibroblasts were plated onto sterilized sapphire
disks and differentiated into adipocytes. All reagents used for elec-
tron microscopy sample preparation were obtained from ProSciTech
(Kirwan, Australia) unless otherwise stated. Sample preparation for
electron microscopy was performed as described previously (Nixon
et al., 2009). Cells on sapphire disks were immersed in 0.7% low
melting point agarose (Progen Biotechnik, Heidelberg, Germany)
in DMEM at 37°C and placed into carriers for high-pressure freez-
ing (HPF). HPF was performed using an EMPACT 2 HPF (Leica).
Sapphire disks were rapidly fixed at 0°C and 2000-bar pressure.
Subsequent cryosubstitution was performed with an EM AFS 2
(Leica). Samples for ultrastructural analysis were dehydrated in dry
acetone and simultaneously postfixed and stained in a solution
comprising1% osmium tetroxide, 0.5% uranyl acetate (SPI, West
Chester, PA), and 5% H3O in acetone. Cryosubstitution was per-
formed at —90°C over 52 h, raised to 20°C over 48 h, and samples
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were dehydrated stepwise into acetone using a BioWAVE micro-
wave (Pelco, Ted Pelling, Redding, CA) at room temperature. Sam-
ples were sequentially microwaved at 250 W for 40 s in 50% ace-
tone, 70% acetone, and 90% acetone and two 100% acetone
washes before embedding in epoxy resin. For embedding, samples
were microwaved at 250 W for 3 min under vacuum in 50% resin (in
acetone) and then twice in 100% resin. The resin was polymerized
in a 60°C oven for 48 h. Alternatively, samples for immunolabeling
were frozen as detailed and cryosubstituted into 0.2% uranyl ace-
tate and 5% H,O in acetone over 120 h at -85°C. Samples were
embedded in Lowicryl (HM20) resin using an EM AFS2 S6E cryo-
substitution machine with FSP robot attachment (Leica). Samples
were dehydrated in acetone at —=50°C (five 20-min washes) before
embedding in Lowicryl resin. Samples were incubated at -50°C in
50% resin (in acetone) for 2 h and in 75% resin (in acetone) for 2 h,
followed by three 15-h exchanges in 100% resin. The Lowicryl resin
was polymerized under UV light for 48 h at —50°C, after which
the temperature was increased to 20°C over 2 h and the sample
further incubated under UV light for a further 48 h at 20°C. For im-
munolabeling, ultrathin sections (60-65 nm) of Lowicryl-embedded
samples were washed for 2 min in 0.1 M PHEM (60 nM 1,4-pipera-
zinediethanesulfonic acid, 25 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, 10 mM ethylene glycol tetraacetic acid,
and 2 mM MgSQOy, pH 7)/137 mM NaCl buffer, quenched in PHEM/
NaCl with 10% glycine for 10 min, and blocked in PHEM/NaCl with
10% glycine, 10% fish skin gelatin, and 10% bovine serum albumin
for 15 min. Sections were incubated for 30 min in primary antibody
diluted 1:100 in blocking solution. Sections were washed twice in
blocking solution, followed by two washes in PHEM/NaCl. Sections
were then incubated for 30 min in 10 nm protein A-gold (obtained
from the Cell Microscopy Center, University Medical Center,
Utrecht, Netherlands), which was diluted 1:70 in blocking solution.
After this, the sections were washed twice in blocking solution and
then twice in PHEM/NaCl before incubation for 5 min in 1% glutar-
aldehyde in PHEM/NaCl. Sections were then washed twice in ultra-
pure water and dried on Whatman paper. Forimaging of unlabeled,
ultrathin epoxy resin sections (60-65 nm), samples were poststained
first with a solution of 5% uranyl acetate and 50% ethanol in H,O
for 2 min, followed by three 1-min washes in H,O, a 30-s incubation
in Reynolds’ lead citrate solution, and three further 1-min washes in
H,O. Both epoxy resin— and Lowicryl-embedded samples were im-
aged in a JEOL 1011 electron microscope (JEOL, Peabody, MA) at
80 kV. Images were captured using a Morada digital camera (Olym-
pus, Center Valley, PA), analyzed using ImageJ software, and com-
piled using Photoshop CS5. For all ultrastructural and immuno-
electron microscopy a minimum of three experiments were
performed, with at least two sapphire disks processed, sectioned,
and imaged per condition. In some experiments 3T3L1 adipocytes
were fixed in glutaraldehyde and processed for Epon embedding
as described previously (Parton et al., 2002). For high-resolution
tomography, each side of the thick sections (300 nm) was labeled
for 5 min with 10 nm of protein A-gold diluted 1:10 in H,0O, fol-
lowed by three 5-min water washes, to generate fiducial markers. A
Tecnai F30 microscope (FEI, Hillsboro, OR) was used to image the
dual-axis tilt series at 2° increments from —60° to +60° at an accel-
erating voltage of 300 kV. Images were captured using an LC-1100
4K by 4K camera (Direct Electron, San Diego, CA) at a binning of
2 equipped with the microscope control program SerialEM. Tomo-
gram alignments and weighted backprojection reconstructions
were performed using IMOD software (Boulder Laboratories for 3D
Electron Microscopy of the Cell, University of Colorado, Boulder,
CO). Areas to be imaged were selected from four different isoprot-
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erenol-treated 3T3-L1 adipocytes, two cells each from two experi-
ments. mLDs were identified as electron-lucent circular structures
with diameters <500 nm. Organelles were manually segmented at
high fidelity and meshed in 3dmod as previously described (Richter
et al., 2008). The slicer tool was used in 3dmod, and optical slices
were averaged to improve contrast and aid in resolving fine struc-
tures. Quantification of tomographic volumes was performed as
follows. Subtomograms were extracted with dimensions 600 by
600 nm by the thickness of the section surrounding all mLDs, MVBs,
and MC (chosen because these values were sufficient to encom-
pass the full diameter of the organelle of interest, as well as any
closely associated organelle in all directions). The program imod-
info in IMOD was used to extract all volumetric data within the
given subtomograms, and statistical significance was determined
using Student's t tests.
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