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A major regulator of endocytosis and cortical F-actin is thought to be phosphatidylinositol-4,5-bisphosphate
[PtdIns(4,5)P2] present in plasma membranes. Here we report that in 3T3-L1 adipocytes, clathrin-coated
membrane retrieval and dense concentrations of polymerized actin occur in restricted zones of high endocytic
activity. Ultrafast-acquisition and superresolution deconvolution microscopy of cultured adipocytes expressing
an enhanced green fluorescent protein- or enhanced cyan fluorescent protein (ECFP)-tagged phospholipase
C�1 (PLC�1) pleckstrin homology (PH) domain reveals that these zones spatially coincide with large-scale
PtdIns(4,5)P2-rich plasma membrane patches (PRMPs). PRMPs exhibit lateral dimensions exceeding several
micrometers, are relatively stationary, and display extensive local membrane folding that concentrates
PtdIns(4,5)P2 in three-dimensional space. In addition, a higher concentration of PtdIns(4,5)P2 in the mem-
branes of PRMPs than in other regions of the plasma membrane can be detected by quantitative fluorescence
microscopy. Vesicular structures containing both clathrin heavy chains and PtdIns(4,5)P2 are revealed imme-
diately beneath PRMPs, as is dense F actin. Blockade of PtdIns(4,5)P2 function in PRMPs by high expression
of the ECFP-tagged PLC�1 PH domain inhibits transferrin endocytosis and reduces the abundance of cortical
F-actin. Membrane ruffles induced by the expression of unconventional myosin 1c were also found to localize
at PRMPs. These results are consistent with the hypothesis that PRMPs organize active PtdIns(4,5)P2
signaling zones in the adipocyte plasma membrane that in turn control regulators of endocytosis, actin
dynamics, and membrane ruffling.

Phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2] con-
stitutes only about 1% of the total phospholipid in the plasma
membrane but plays major roles in regulating multiple cellular
processes. Classically, PtdIns(4,5)P2 was established as the pre-
cursor of two intracellular second messengers, inositol-1,4,5-
trisphosphate [Ins(3,4,5)P3] and diacylglycerol, generated
through the regulation of phospholipase C (PLC) (57). The sub-
sequent discovery of phosphoinositide 3-kinases (9) revealed that
PtdIns(4,5)P2 was also the substrate for the synthesis of phospha-
tidylinositol-3,4,5-trisphosphate [PtdIns(3,4,5)P3], an important
second messenger involved in insulin and growth factor signaling,
cytoskeletal remodeling, and cell proliferation and survival (63,
65). More recently, it was shown that PtdIns(4,5)P2 itself func-
tions to regulate the actin cytoskeleton, membrane trafficking,
and plasma membrane ion channels and transporters (14, 15, 24,
25, 54, 58, 62). Consequently, this extraordinary versatility of
PtdIns(4,5)P2 in cellular signaling led to the suggestion that there
are spatially and functionally segregated pools of PtdIns(4,5)P2 in
the plasma membrane (32, 43, 44, 48). Furthermore, unlike con-
ventional signaling molecules [e.g., Ca2�, Ins(3,4,5)P3, and
PtdIns(3,4,5)P3] that, upon receptor activation, show dramatic
increases in concentrations from very low levels, the overall
PtdIns(4,5)P2 concentration in the plasma membrane is already

quite high in unstimulated cells and is unlikely to increase further
upon antagonist stimulation (44, 48, 62). Thus, the hypothesis that
PtdIns(4,5)P2 itself is a second messenger depends upon whether
its concentration is locally regulated in response to cell stimula-
tion without a marked change in its overall plasma membrane
concentration (44, 58, 62).

Biochemical studies initially suggested that PtdIns(4,5)P2

might be enriched in caveolin-rich detergent-insoluble mem-
brane rafts (DIMRs) (28, 69). Later studies contradicted this
early result but supported the hypothesis that PtdIns(4,5)P2

instead might be concentrated in caveolin-free DIMRs (68,
70). However, the polyunsaturated lipid tails of PtdIns(4,5)P2

make the polyphosphoinositide unsuitable for spontaneous
partitioning into DIMRs (41). Recently, proteins in the GMC
family, which includes the neuronal proteins GAP43, myristoy-
lated alanine-rich C kinase substrate (MARCKS), and CAP23,
were found to promote PtdIns(4,5)P2 clustering in presumed
membrane rafts in neuronal cells (38). MARCKS was further
proposed to reversibly sequester plasma membrane
PtdIns(4,5)P2 and to regulate its availability in response to
extracellular stimuli (1, 44). This hypothesis is proposed to
account for the fact that PtdIns(4,5)P2 is also apparently en-
riched in large-scale (i.e., micrometer-sized) plasma mem-
brane structures, such as lamellipodia (68), membrane ruffles
(27), and contact sites for bacterial invasion (60) and phago-
cytosis (6).

PtdIns(4,5)P2 has also been shown to promote actin poly-
merization at sites where membrane retrieval and insertion are
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active, and a hypothetical signaling mechanism has emerged to
account for this activity. According to this concept, localized
PtdIns(4,5)P2 concentrations result from the recruitment of
phosphatidylinositol 4-phosphate 5-kinase � to specialized re-
gions of the plasma membrane in response to activation of the
small G proteins Rac-1 and ARF6 (6, 16, 26, 27). However, this
view was recently challenged based on biophysical character-
izations of PtdIns(4,5)P2 in cell membranes (66). These new
data suggest that apparent localized increases in plasma mem-
brane PtdIns(4,5)P2 concentrations simply reflect increased
amounts of total membrane constituents in these regions. Such
membrane-rich domains are apparently caused by local mem-
brane folds that are not resolved by fluorescence microscopy
(13, 46, 66). Furthermore, measurements of fluorescence re-
covery after photobleaching suggest that lipid diffusion in the
lipid bilayer is too fast to maintain these apparently
PtdIns(4,5)P2-rich membrane regions (13, 42, 66). Taken to-
gether, the available data provide a confusing representation
of the organization and dynamics of PtdIns(4,5)P2 in the
plasma membrane and the exact role of PtdIns(4,5)P2 in reg-
ulating cellular processes.

The present studies were designed to clarify the disposition
and dynamics of the endocytosis regulator PtdIns(4,5)P2 in
insulin-sensitive adipocytes in three-dimensional (3D) space by
using ultrafast-acquisition and superresolution deconvolution
microscopy (11, 51). We focused these studies on visualizing a
green fluorescent protein (GFP)-tagged probe for
PtdIns(4,5)P2 in cultured 3T3-L1 adipocytes, which display
active membrane trafficking, a large surface area, and a signif-
icant vertical dimension. The novel approach developed here
revealed surprisingly large-scale PtdIns(4,5)P2-rich plasma
membrane patches (PRMPs) with lateral dimensions exceed-
ing several micrometers and sometimes extending from the
bottom to the top of a cell. Control experiments with mem-
brane-staining reagents revealed that local membrane folds
were responsible for these PtdIns(4,5)P2-rich structures but
also revealed a higher lateral PtdIns(4,5)P2 concentration in
the lipid bilayer. PRMPs associate exclusively with regions of
dense F actin and colocalize with highly active zones of massive
endocytosis heterogeneously displayed on the cell surface. En-
docytosis of transferrin and cortical F-actin formation indeed
require functional PtdIns(4,5)P2. Remarkably, PRMPs also ap-
pear to define active regions of membrane ruffling induced by
the expression of unconventional myosin 1c (Myo1c). Taken
together, the data define a novel plasma membrane domain in
cultured adipocytes that concentrates PtdIns(4,5)P2 in 3D
space to apparently regulate important plasma membrane
functions.

MATERIALS AND METHODS

DNA constructs. Previously characterized plasmid constructs (pEGFP-N1;
Clontech, Palo Alto, Calif.) containing the pleckstrin homology (PH) domain of
PLC�1 linked to enhanced GFP (EGFP) (EGFP/PLC�1-PH) or a PtdIns(4,5)P2-
binding-deficient mutant (R40L) were generous gifts from Tamás Balla (Na-
tional Institutes of Health, Bethesda, Md.). The inserts of the PLC�1 PH domain
and the corresponding mutant were amplified by PCR with primers 5�-TCAAG
CTTCGAATTAACGGCATGGACT-3� and 5�-TGGATCCTTTCTAGAGTTC
TGCAGCTA-3�. Following digestion with EcoRI and XbaI, the purified PCR
products were ligated to the same multiple cloning sites in plasmid pECFP-C1
(Clontech). The correct inserts were verified by sequencing. Plasmid pEYFP-C1
(Clontech) containing Myo1c was previously characterized (4). The pcDNA3.1

construct containing the human transferrin receptor (hTFRc) was a generous gift
from Haley Melikian (University of Massachusetts Medical School).

Cell culture and fluorescent labeling of the plasma membrane. 3T3-L1 fibro-
blasts (American Type Culture Collection, Manassas, Va.) were grown to con-
fluence and differentiated as described previously (47). Day 6 to day 8 differen-
tiated adipocytes were electroporated (47) with 50 �g of EGFP/PLC�1-PH,
ECFP/PLC�1-PH (enhanced cyan fluorescent protein [ECFP] linked to the PH
domain of PLC�1) or EYFP/Myo1c (enhanced yellow fluorescent protein
[EYFP] linked to Myo1c) plasmid DNA and subsequently plated on no. 1.5
coverslips (Thomas Scientific, Swedesboro, N.J.). Transfected cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf serum
(complete DMEM) for �12 h before being switched to DMEM without fetal calf
serum (serum-starved medium). Penicillin at 50 U/ml and streptomycin at 50
�g/ml were always included to prevent bacterial contamination.

After �2 h of serum starvation, live-cell microscopy was carried out at 37°C
with KRH buffer (125 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 1.2 mM MgSO4, 2
mM sodium pyruvate, 25 mM HEPES [pH 7.4], 0.2% [wt/vol] bovine serum
albumin). Insulin stimulation of serum-starved cells was carried out at 37°C with
100 nM human insulin (Eli Lilly, Indianapolis, Ind.). Alternatively, cells were
fixed in 4% (wt/vol) formaldehyde at room temperature for 12 min and preserved
in ProLong immersion medium for superresolution deconvolution microscopic
studies. Following permeabilization of fixed cells with 0.5% (vol/vol) Triton
X-100, F-actin was stained with rhodamine (RhD)-conjugated phalloidin (RhD-
PhD). Alternatively, endogenous clathrin heavy chains were targeted with a
rabbit polyclonal antibody developed in the laboratory of Silvia Corvera (Uni-
versity of Massachusetts Medical School), followed by immunofluorescence
staining with an RhD-conjugated goat anti-rabbit secondary antibody. Depend-
ing on the experiment, plasma membrane staining with �5 �g of Alexa488
(Alx488)- or Alexa594 (Alx594)-conjugated concanavalin A (ConA)/ml for 2 to
5 min, �1 �M BODIPY-HPC for �30 min, or �1 �M DiIC18 for �5 min was
carried out with live or fixed adipocytes and at 4°C (to inhibit endocytosis), room
temperature (for fixed cells), or 37°C (for live cells). All fluorescent reagents and
ProLong immersion medium were purchased from Molecular Probes (Eugene,
Oreg.).

Transferrin endocytosis. Day 4 differentiated 3T3-L1 adipocytes were coelec-
troporated with 50 and 150 �g of plasmid DNAs containing hTFRc and EGFP/
PLC�1-PH sequences, respectively. The cells were cultured overnight at 37°C.
The adipocytes were washed once with KRH buffer, cooled to 4°C, and incubated
at 4°C for 1 h in KRH buffer with 20 �g of Alx488-conjugated transferrin
(Alx488-TF; Molecular Probes)/ml. Subsequently, the cells were warmed to 37°C
and incubated for 15 min to allow Alx488-TF uptake. Another set of adipocytes
was electroporated with 50 �g of hTFRc DNA alone and treated with 60 �M
latrunculin B (LB) for 2 h at 37°C before Alx488-TF labeling and uptake exper-
iments were carried out. The cells were washed three times with ice-cold phos-
phate-buffered saline and immediately fixed in 4% formaldehyde. Fixed cells
were labeled with RhD-PhD for F-actin.

Microscopy. The laser-illuminated ultrafast-acquisition microscope and its
applications to investigations of cellular dynamics have been described in detail
elsewhere (47, 51). Coupled with a Nikon 60� 1.40-numerical-aperture (NA) oil
objective, the setup was able to acquire image stacks with a low pixel resolution
of 333 nm and z spacing of 250 nm. This spatial combination produced ripple-like
patterns in the deconvolved images (see Fig. 1, 2, and 13) that should be regarded
as continuous regions. High-magnification imaging (see Fig. 5, 7 to 9, and 12)
with a pixel size of 66 nm and z spacing of 250 nm was carried out by using a Zeiss
Axiovert 200 M microscope equipped with a 100� 1.40-NA oil objective. Image
stacks were deconvolved with the superresolution deconvolution algorithm de-
veloped by Carrington et al. (11). On the high-magnification images, the above-
mentioned ripple-like patterns are almost not noticeable.

Image rendering and analysis were carried out using Data Analysis and Visu-
alization Environment (40) and other software tools developed by the Biomed-
ical Imaging Group at the University of Massachusetts Medical School (http:
//invitro.umassmed.edu). Typically, the dynamic range (i.e., the minimum to
maximum pixel intensity ranges) of 12- and 14-bit images obtained from the
ultrafast-acquisition and Zeiss microscopes, respectively, was first linearly
mapped to the full scale (i.e., 0 to 255) of an 8-bit gray or false-color intensity
scale. The images were further rescaled to a narrower intensity range (i.e.,
contrast enhanced). The deformable snake algorithm (71) was modified slightly
for use with our data and was used to automatically find cell boundaries (see Fig.
3 and 4). With the aid of the Align program (http://invitro.umassmed.edu),
images of the same cell obtained with different fluorescence channels were
visually aligned to within �1 pixel of each other.

Filter sets were purchased from Chroma Techology Co. (Battleboro, Vt.) for
imaging ECFP (i.e., CFP channel; filter set 31044 v2), EGFP-Alx488 (i.e., GFP
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channel; 41001), Alx488-ConA/Alx488-TF (i.e., YFP channel; 41028), and
Alx594-ConA/RhD (i.e., RhD channel; CZ914) fluorescence. Cross talk among
fluorescence channels was characterized with specimens from single-fluorophore
labeling and was found to be negligible. Occasionally, Alx488-ConA/Alx488-TF
fluorescence was deliberately imaged in the YFP channel in three-color colocal-
ization studies (see Fig. 5, 9, and 10) to avoid fluorescence bleedthrough from the
CFP channel.

Quantitative image analysis. A fluorescence image (F) can be approximated as
the convolved product of the fluorescent specimen [S(r)], the point spread
function (PSF), and the spatial detection efficiency function [D(r�)] of the mi-
croscope, so that F 	 ��D(r�) � S(r) � PSF � dr � dr�. For the green (FG) and
red (FR) fluorescence images of the same specimen, 
F 	 FG � FR 	 [��D(r�)G

� S(r)G � PSFG � dr � dr�] � [��D(r�)R � S(r)R � PSFR � dr � dr�]. In this
study, the green image is associated with the EGFP/PLC�1-PH label, and the red
one is associated with the BODIPY-HPC/Alx594-ConA probe (see Fig. 3 and 4).
D(r�) is a property of the microscope system, and when FG and FR are appro-
priately normalized (see Results), D(r�)G � D(r�)R. The measured PSFs are very
similar (i.e., PSFG � PSFR), consistent with the negligible chromatic effect
observed in the deconvolved images. Consequently, 
F � ��D(r�) � PSF � [S(r)G

� S(r)R] � dr � dr�. Thus, 
F reflects only the difference in the fluorescent
probes present in the specimens, as it should. This scenario was confirmed in a
control experiment, in which ratiometric analysis of an EGFP/PLC�1-PH fluo-
rescence image and its counterpart detected in the YFP channel by use of
bleedthrough signals revealed that little systematic error was introduced by the
microscope system (see Fig. S1 at http://invitro.umassmed.edu/�sh/supplements
/supplements.html).

RESULTS

PtdIns(4,5)P2 is concentrated in PRMPs in live 3T3-L1 adi-
pocytes. In this study, we used an ultrafast-acquisition decon-
volution microscope to image the real-time distribution of
PtdIns(4,5)P2 in live 3T3-L1 adipocytes. PtdIns(4,5)P2 was vi-
sualized by transient expression of a fusion protein linking
EGFP to the PH domain of PLC�1 (EGFP/PLC�1-PH) (Fig.
1) (3). With this technique, a typical 3D image consisting of 81
z sections (�20 �m thick) (Fig. 1A or C) can be acquired in
about 1 s. Because of the high efficiency of utilizing fluores-
cence photons and thus the relatively low excitation power
used, the ultrafast-acquisition deconvolution microscope is
least affected by photobleaching. With wide-field illumination,
it is also the fastest way to acquire 3D images. These charac-
teristics proved to be important for capturing real-time fluo-
rescence images that closely represent the distribution and
dynamics of PtdIns(4,5)P2 in live cells.

PtdIns(4,5)P2 is primarily localized to the plasma membrane
of cultured adipocytes (Fig. 1), consistent with previous obser-
vations obtained when EGFP/PLC�1-PH was used as the flu-
orescent marker in other cell lines (6, 56, 66, 67). In contrast,
the EGFP/PLC�1-PH mutant deficient in PtdIns(4,5)P2 bind-
ing (i.e., R40L) (67) shows no plasma membrane localization
but a mostly uniform fluorescence distribution in the cytoplasm
of 3T3-L1 adipocytes (see Fig. S2 at http://invitro.umassmed
.edu/�sh/supplements/supplements.html). Surprisingly, we found
that PtdIns(4,5)P2 is enriched in distinct regions at the adipo-
cyte surface (Fig. 1; see also movie 1 at http://invitro.umassmed
.edu/�sh/supplements/supplements.html). Large-scale PtdIns
(4,5)P2-rich membrane domains (red regions in Fig. 1A, C, and
D) with lateral dimensions exceeding several micrometers are
observed and sometimes extend through almost the entire
height of the cell (Fig. 1A). These PtdIns(4,5)P2-rich domains
are found in both serum-starved cells (Fig. 1A and D) and
insulin-stimulated cells (Fig. 1C). The fact that most of these
domains are organized perpendicular to the coverslip-attached

plasma membrane suggests that they are not artifacts of pho-
tobleaching during image acquisition. These domains are visu-
alized with 8-bit, contrast-enhanced, false-color intensity scales
(intensity scale bar in Fig. 1A; see Materials and Methods) and
are the approximation of their counterparts shown in the cor-
responding 8-bit gray-scale image without contrast enhance-
ment (inset in Fig. 1A). Within these domains, gradients of
PtdIns(4,5)P2 distribution also exist, as exemplified by the
2D intensity plot (Fig. 1B; see also movie 1 at http://invitro
.umassmed.edu/�sh/supplements/supplements.html) of the 45th
z section of the cell shown in Fig. 1A (yellow outline). Since the
full widths at half maximum of the intensity peaks shown in
Fig. 1B (and in movie 1 at http://invitro.umassmed.edu/�sh
/supplements/supplements.html) mostly exceed several mi-
crometers, these large-scale PtdIns(4,5)P2-rich membrane
structures are clearly different from “membrane rafts,” whose
sizes are believed to be under the resolution of optical micros-
copy (�200 nm) (30). Instead, the physical sizes of these do-
mains are close to or larger than those of membrane ruffles and
phagosomal cups, within which PtdIns(4,5)P2 enrichment has
also been observed (6, 27). Thus, we designate these structures
“membrane patches.” In live adipocytes, we found PRMPs
colocalized with membrane ruffles (yellow arrows in Fig. 1D)
and in apparently thickened membrane regions (red arrow in
Fig. 1D).

Recent evidence has surprisingly indicated that PtdIns(4,5)
P2-rich membrane domains may be caused entirely by mem-
brane folds not resolved by fluorescence microscopy (13, 66).
These findings challenge the concept that PtdIns(4,5)P2 is lat-
erally segregated in the 2D lipid bilayer. To test this possibility,
we labeled live adipocytes expressing EGFP/PLC�1-PH with
Alx594-ConA and carried out time-dependent, dual-color de-
convolution microscopic measurements (Fig. 2). Alx594-ConA
has been used as a reagent for plasma membrane staining (7),
and its fluorescence intensity was used as an indicator of local
membrane density in this experiment (see below). We found
that PRMPs in a cultured adipocyte undergo dynamic changes
with (Fig. 2D and E) and without (Fig. 2A to C) insulin stim-
ulation and that these changes closely mirror the dynamic
distribution patterns for Alx594-ConA at the corresponding
time points (Fig. 2F to J; see also movie 2 at http://invitro
.umassmed.edu/�sh/supplements/supplements.html). The fact
that PRMPs dynamically colocalize with membrane-rich do-
mains stained with concentrated Alx594-ConA suggests that
the apparent PtdIns(4,5)P2 enrichments result at least partially
from increases in local membrane content (see below) (66).

The time-dependent PRMP reorganization shown in Fig. 2
(and movie 2 at http://invitro.umassmed.edu/�sh/supplements
/supplements.html) is associated with cellular morphology
changes (i.e., the top portion of the cell expanded during image
acquisition) but is not correlated with insulin stimulation. In
fact, large-scale PRMP dynamics are not induced by insulin but
are associated with dramatic changes in cellular morphology
(see movie 3 at http://invitro.umassmed.edu/�sh/supplements
/supplements.html). In contrast, most live adipocytes (i.e., �10
cells) examined by ultrafast-acquisition microscopy are seden-
tary and show no change in cell shape. Correspondingly,
PRMPs are very stable (i.e., a half-life of �0.5 h) in these cells
regardless of insulin stimulation (see movie 4 at http://invitro
.umassmed.edu/�sh/supplements/supplements.html). How-
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FIG. 1. Large-scale PRMPs on the surface of living 3T3-L1 adipocytes. (A, C, and D) 3D image stacks of adipocytes transiently expressing
EGFP/PLC�1-PH were acquired with an ultrafast-acquisition microscope (see Materials and Methods), and representative deconvolved images
were projected within 3D grids measuring 42 by 43 by 20 �m. These cells are composed of 81, 81, and 30 z sections, respectively, which are stacked
successively along the optical z axis. Each z section represents a 0.25-�m slice of cells. The cells are oriented in such a way that the bottom
membranes attached to the coverslip are closest to the plane containing the origin (O). All cells were serum starved for �2 h, and the cell in panel
C was subsequently insulin simulated for 10 min at 37°C. To facilitate visualization of the PtdIns(4,5)P2 spatial distribution, the dynamic ranges
(i.e., minimum to maximum pixel intensity ranges) of the original 12-bit images are linearly mapped to 8-bit false-color intensity scales. The images
are further contrast enhanced between their respective background noise levels and 10 times above those levels (e.g., the false-color intensity scale
bar in panel A). Thus, the image in panel A was rescaled at between 10 and 100, and those in panels C and D were rescaled at between 20 and
200. The resulting color images (e.g., panel A) were the first approximations of their 8-bit gray-scale counterparts without contrast enhancement
(e.g., inset in panel A). Only the bottom section (i.e., z1 to z30) of the cell in panel D is shown; yellow arrows indicate membrane ruffles, while
the red arrow indicates apparently thickened membrane regions. Ripple-like patterns in the 3D images (most apparent in the red regions in panels
A and C) are related to the axial-to-lateral magnification ratio used for the ultrafast-acquisition microscope and should be regarded as continuous
regions (see Materials and Methods).(B) Full-scale (i.e., 0 to 255) 8-bit 2D intensity plot of the 45th z section of the cell in panel A (yellow outline
in panel A). (See movie 1 at http://invitro.umassmed.edu/�sh/supplements/supplements.html for a complete set of 2D intensity plots.)
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ever, the ultrafast-acquisition microscopy technique used here
sacrifices resolution for speed (see Materials and Methods)
and may miss structural changes occurring on smaller spatial
scales (35). Therefore, structural details associated with
PRMPs were further examined in fixed adipocytes (see Fig. 5,
7 to 9, and 12) by using high-magnification (i.e., 66 nm/pixel)
imaging combined with a superresolution deconvolution algo-
rithm, which achieves a lateral resolution approaching �100
nm (11). Alternatively, the frequency and size of membrane
ruffles can be enhanced by overexpression of unconventional
Myo1c, thus enabling real-time examination of their spatial
relationship to PRMPs (see Fig. 13; see also movie 8 at http:
//invitro.umassmed.edu/�sh/supplements/supplements.html).

Mechanisms of PtdIns(4,5)P2 enrichment in PRMPs. To
further investigate the mechanisms that concentrate PtdIns
(4,5)P2 in PRMPs, we carried out a quantitative ratiometric
analysis (see Materials and Methods) of images of doubly-

labeled adipocytes (Fig. 3 and 4). Three membrane-staining
reagents, DiIC18, BODIPY-HPC, and Alx594-ConA, were
tested for their suitability for indicating local lipid or mem-
brane density. The former two are lipophilic dyes that are
preferentially partitioned into lipid-ordered and lipid-fluid
phases, respectively (37), and the latter mostly binds to cell
surface glycoproteins. Surprisingly, only 57% of live adipocytes
(34 out of 60) are stained with DiIC18, and the percentage
decreases to 35% for cells expressing EGFP/PLC�1-PH (19
out of 54). The significance of these results is not clear yet.
However, since DiIC18 has been shown to stain a variety of
cells (36, 66), this observation does indicate that the lipid
composition of the adipocyte plasma membrane is unique in
that it partially excludes DiIC18 labeling.

In contrast, it was found that both BODIPY-HPC and
Alx594-ConA stain all 3T3-L1 adipocytes, whether or not the
cells express EGFP/PLC�1-PH. Single-plane images of live

FIG. 2. PRMPs dynamically colocalize with lipid-dense plasma membrane domains on the surface of living adipocytes. The plasma membrane
of a living adipocyte transiently expressing EGFP/PLC�1-PH (A to E) was labeled with Alx594-ConA (F to J). Dual-color ultrafast-acquisition
microscopy of this cell was carried out every 20 s for 20 min at 37°C. Image stacks consisting of 81 z sections were acquired with the EGFP and
Alx594 fluorescence channels in an interlaced fashion, with the corresponding z sections in these two channels being acquired sequentially and
separated by �5 ms. Only side views of the plasma membrane are shown at representative time points (e.g., A and F at 0 min), and 100 nM insulin
was added at 10 min (i.e., immediately after C and H). Deconvolved false-color images acquired with the EGFP (A to E) and Alx594 (F to J)
fluorescence channels were rescaled between 10 and 100 and between 6 and 60, respectively (Fig. 1). The arrow in panel F indicates part of a
fibroblast in the foreground of panels F to J; this fibroblast is labeled with Alx594-ConA but does not express EGFP/PLC�1-PH. Scale bar, 5 �m.
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cells obtained with both the EGFP (Fig. 3A) and the
BODIPY-HPC (Fig. 3B) fluorescence channels show little flu-
orescence bleaching. With this method, only fluorescence vari-
ations within the in-focus plane (i.e., a plane with a thickness of
�1.0 �m for a 1.40-NA oil objective) are resolved, and out-
of-focus fluorescence contributes to a mostly smooth back-
ground (53). Measurements were obtained for 20 cells, and a
representative example is shown in Fig. 3. A deformable snake
algorithm (71) was used to automatically find the cellular
boundary (red line in Fig. 3A), which consists of peripheral

pixels of the cell with the highest local intensities. The resulting
boundary derived from the EGFP fluorescence image (Fig.
3A) was applied without change to the BODIPY-HPC image
(Fig. 3B). The fluorescence intensities of five pixels (i.e., one
on the cell boundary and its two nearest neighbors on either
side of the boundary) were averaged to account for the appar-
ent thickness of the plasma membrane. Almost identical inten-
sity profiles were obtained when the averaging was done over
one, five, or nine pixels (data not shown), indicating that the
apparent membrane thickness does not interfere with the data

FIG. 3. Quantitative image analysis of a live adipocyte expressing EGFP/PLC�1-PH (A) and labeled with the membrane-staining dye
BODIPY-HPC (B). A deformable snake algorithm (71) was used to automatically find the cellular boundary (shown only in panel A as a red line).
(D) Plot of normalized fluorescence intensities (i.e., I�EGFP 	 IEGFP/IGMEGFP and I�BODIPY 	 IBODIPY/IGMBODIPY; see Results) along the cell
boundary (green line, EGFP/PLC�1-PH fluorescence; red line, BODIPY-HPC fluorescence). Pix. Int., pixel intensity. Blue line, baseline.
(E) Ratiometric intensities (i.e., I�EGFP/I�BODIPY). (C) Corresponding 14-bit ratiometric image [i.e., panel C 	 (panel A � 104)/(panel B � NF)]. The
normalization factor (NF) is defined as IGMEGFP/IGMBODIPY. The image in panel C was further rescaled at between 104 and the maximum pixel
intensity so that only an IEGFP/IBODIPY ratio �1 is visible. Peak EGFP fluorescence intensities corresponding to PtdIns(4,5)P2-rich membrane
domains are labeled 1 to 9 in panels A and D. However, the cross-hatched region in panel E could also represent a broad peak. The arrow in panel
A indicates the starting point of the line intensity profile (clockwise). BODIPY-HPC staining was carried out at 0°C, and images were acquired
at 8 to 10°C to inhibit constitutive endocytosis. Scale bar, 5 �m.
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analysis. The EGFP and BODIPY-HPC fluorescence intensi-
ties (IEGFP and IBODIPY, respectively) are normalized to their
respective global minimums (IGMs) and are plotted in Fig. 3D.
Since membrane regions associated with IGMs are the least
likely places for both membrane folding and lateral
PtdIns(4,5)P2 segregation, the normalized BODIPY signal
(i.e., I�BODIPY 	 IBODIPY/IGMBODIPY) reflects the relative

degree of local membrane density elsewhere, while the nor-
malized EGFP signal (i.e., I�EGFP 	 IEGFP/IGMEGFP) ac-
counts for both local membrane density and additional lateral
PtdIns(4,5)P2 accumulation in the 2D lipid bilayer. Conse-
quently, 
I� 	 [(I�EGFP � I�BODIPY)] � 100 is a good approx-
imation of local PtdIns(4,5)P2 enrichment beyond what can be
accounted for by an increase in local membrane content (see

FIG. 4. Quantitative image analysis of a fixed adipocyte expressing EGFP/PLC�1-PH (A) and labeled with the membrane-staining probe
Alx594-ConA (B). (F) Plot of normalized fluorescence intensities (green line, EGFP fluorescence; red line, Alx594 signal) along the cell boundary
(i.e., red lines in panels A and B). Pix. Int., pixel intensity. Blue line, baseline. (C and G) Ratiometric intensities (G) and corresponding ratiometric
image (C) generated as described in the legend to Fig. 3. (D and E) Magnified views of the boxed regions (box shown only in panel B) in panels
A and B, respectively. Peak EGFP fluorescence intensities corresponding to PtdIns(4,5)P2-rich membrane domains are labeled 1 to 9 in panels A
and F. Green and red arrows in panel A indicate the starting and ending points of the line intensity profile (clockwise), respectively. Consequently,
a portion of the cell boundary suspected of being broken is excluded from data analysis. Scale bar, 5 �m.
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Materials and Methods). In addition, the normalization pro-
cedure also accounts for different levels of expression of
EGFP/PLC�1-PH in individual cells.

From Fig. 3D, it is clear that PtdIns(4,5)P2-rich (i.e., EGFP/
PLC�1-PH labeling; green line) and lipid-dense (i.e.,
BODIPY-HPC labeling; red line) membrane domains (labeled
1 to 8 in Fig. 3A and D) exclusively colocalize, a finding which
is also apparent from a comparison of the fluorescence images
in Fig. 3A and B. This colocalization is found in all 20 cells
examined and reaffirms the conclusion derived from Fig. 2 that
PtdIns(4,5)P2 is enriched in the 3D space of PRMPs through a
mechanism involving local membrane folding. Furthermore,
except for domain 1, peak EGFP fluorescence intensities are
all higher than their BODIPY-HPC counterparts. An average

I� of 45%  10% (mean and standard error of the mean) was
obtained for all eight peaks, indicating additional PtdIns
(4,5)P2 enrichment in the PRMPs beyond the increase in local
membrane density. However, it was also observed that I�EGFP

is globally higher than I�BODIPY, except in the vicinity sur-
rounding peaks 1 and 8. In fact, the average EGFP intensity is
23%  1% higher than that of its BODIPY-HPC counterpart.
These results could suggest that a nonlinear baseline instead of
the linear baseline depicted in Fig. 3D (blue line) should be
used to estimate relative peak heights. Thus, a peak height
should be defined by the baseline established by its associated
valleys. To test this hypothesis, a ratiometric intensity profile
(I�EGFP/I�BODIPY), which is independent of the methods of
fluorescence normalization (see above), is plotted in Fig. 3E. It
clearly shows, for peaks 2, 3, 5, and 7, higher magnitudes of
EGFP fluorescence above the noisy baselines surrounding
these peaks (Fig. 3E). This effect is best visualized in the
ratiometric image (Fig. 3C), in which the higher EGFP/
PLC�1-PH intensities are clearly visible above the background
noise. Finally, the exact value of 
I� is dependent on how a
fluorescence peak is defined. For example, the cross-hatched
region in Fig. 3E can be regarded as a broad peak. In this case,
the calculated 
I� will be between 23%  1% and 45%  10%.

The above-mentioned considerations demonstrate that the
average 
I� of 45%  10% should be regarded as the upper
limit of lateral PtdIns(4,5)P2 enrichment in PRMPs. Similarly,
an average upper limit of 46%  13% was calculated from a
total of 55 PRMPs examined for four representative cells.
However, quantitative analysis (Fig. 3) assumes that there is no
interaction between the BODIPY-HPC and EGFP/PLC�1-PH
labels, because the data (Fig. 3) can also be explained by a
nonlinear exclusion mechanism, in which a higher local level of
EGFP/PLC�1-PH progressively inhibits BODIPY-HPC label-
ing. Therefore, we tested another fluorescent probe that binds
to the plasma membrane via a different mechanism (see be-
low).

ConA binds to oligosaccharide residues on the outer leaflet
of plasma membranes, while EGFP/PLC�1-PH targets
PtdIns(4,5)P2 on the inner leaflet. Therefore, these two mem-
brane probes should not interfere with each other. Further-
more, unlike lipophilic dyes, ConA can be effectively cross-
linked in formaldehyde-fixed samples. Thus, fluorescently
labeled ConA is the reagent of choice for subsequent super-
resolution deconvolution microscopic studies of fixed adipo-
cytes (Fig. 5 to 9). However, ConA can only indirectly probe
local lipid density through its interaction with membrane-

bound glycoproteins. Thus, we found various degrees of spatial
divergence between the ConA- and EGFP/PLC�1-PH-rich
membrane domains in fixed adipocytes. Nevertheless, where
these two probes completely colocalize in the plasma mem-
brane (Fig. 4), we found that the normalized Alx594-ConA and
EGFP/PLC�1-PH intensity profiles are well aligned (Fig. 4F).
That is, differences in fluorescence intensities occur only in the
peak positions (labeled 1 to 9 in Fig. 4A and F), and the valleys
associated with these peaks overlap (Fig. 4F). Therefore, ad-
ditional PtdIns(4,5)P2 enrichment occurs only in PRMPs. The
average 
I� was calculated to be 48%  8% (excluding peak
4); this value agrees very well with the average 
I� of 46% 
13% estimated with BODIPY-HPC as the membrane stain
(Fig. 3). These results, together with the ratiometric intensity
profile (Fig. 4G) and the ratiometric image (Fig. 4C), indicate
that there is additional PtdIns(4,5)P2 enrichment in PRMPs
above that accounted for by an increase in local membrane
content. Taken together, the results derived from Fig. 3 and 4
support a mechanism in which PtdIns(4,5)P2 is somehow con-
centrated in the lipid bilayer of PRMPs in addition to its
increased concentration in 3D space due to local membrane
folding.

We noted that peak 4 in Fig. 4 is unique in that it has a high
EGFP/PLC�1-PH fluorescence intensity but no corresponding
spike in Alx594-ConA labeling. This is because the deformable
snake algorithm localizes the maximum local EGFP fluores-
cence (Fig. 4D) to just beneath the plasma membrane defined
by extracellular Alx594-ConA labeling (Fig. 4E). Thus, fluo-
rescence signals associated with these two reporters do not
colocalize exactly in this region. The PtdIns(4,5)P2-containing
structures immediately beneath the plasma membrane were
examined in detail in Fig. 7 to 9.

The data reported above indicate that PRMPs are
PtdIns(4,5)P2- and membrane-rich structures on the adipocyte
cell surface. The estimated upper limit of 46%  13% for
PtdIns(4,5)P2 enrichment in PRMPs (Fig. 3) above the in-
crease in the general membrane material content agrees well
with the reported �40% higher PtdIns(4,5)P2 concentration in
the membranes of phagosomal cups (6). In the latter study,
local membrane density was controlled for by myristoylated
GFP localized to the plasma membrane, and fluorescence im-
ages obtained with a confocal microscope were used for quan-
titative analysis. These results are also consistent with quanti-
tative electron microscopic studies indicating that
PtdIns(4,5)P2 is enriched in the lamellipodia of HEK-293 as-
trocytoma cells (68). Taken together, converging lines of evi-
dence based on different techniques have confirmed the con-
cept that PtdIns(4,5)P2 can be laterally segregated in
micrometer-sized domains in 2D lipid bilayers. Interestingly,
both the results of phagocytosis studies and the results derived
from Fig. 3 and 4 indicate that such lateral segregation pref-
erentially occurs at the same sites at which local membrane
folds concentrate PtdIns(4,5)P2 in 3D space.

PRMPs colocalize exclusively with regions of dense cortical
F actin. Directing actin polymerization is one of the major and
best-characterized signaling functions of PtdIns(4,5)P2 (10, 32,
54, 58). We therefore examined the spatial relationship be-
tween PRMPs and the underlying actin cytoskeleton (Fig. 5).
In a three-color colocalization study, PtdIns(4,5)P2 localization
is revealed by a fusion protein linking ECFP to the PH domain
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of PLC�1 (ECFP/PLC�1-PH). ECFP/PLC�1-PH shows the
same binding specificity for PtdIns(4,5)P2 on the plasma mem-
brane (Fig. 5A and 9A) as EGFP/PLC�1-PH, and a mutant
form of ECFP/PLC�1-PH deficient in PtdIns(4,5)P2 binding
(i.e., R40L) displays uniform fluorescence distribution in the
cytoplasm (data not shown). A fully differentiated adipocyte
(i.e., day 7 differentiation) (35) transiently expressing ECFP/
PLC�1-PH (Fig. 5A and D) was fixed and subsequently labeled
with Alx488-ConA to reveal the plasma membrane (Fig. 5B
and E), followed by cell permeabilization and Rhd-Phd stain-
ing to visualize cortical F actin (Fig. 5C and F). High-magni-

fication (i.e., 66 nm/pixel) image stacks were acquired and
processed with a superresolution deconvolution algorithm that
is capable of resolving structural details at �100 nm (11).
Distribution patterns for the three fluorescent labels were vi-
sualized with 8-bit false-color intensity scales and showed a
striking resemblance to each other when viewed from the top
(Fig. 5A to C) or side (Fig. 5D to F) of the cell. This exclusive
colocalization between PRMPs and regions of dense cortical F
actin is found in dozens of serum-starved adipocytes (e.g., Fig.
5A to F) and insulin-stimulated adipocytes (data not shown),
suggesting that PRMPs may direct the spatial organization of

FIG. 5. PRMPs associate exclusively with regions of dense cortical F-actin. Adipocytes expressing ECFP/PLC�1-PH (A, D, and G) were fixed
and labeled with Alx488-ConA for the plasma membrane (B, E, and H), followed by cell permeabilization and F-actin staining with RhD-PhD (C,
F, and I). High-magnification (i.e., 66 nm/pixel) image stacks consisting of 17 z sections were acquired with negligible cross talk among the three
fluorescence channels (see Materials and Methods) and were processed with a superresolution deconvolution algorithm (11). Distribution patterns
for the fluorescent probes (A to F) were visualized with 8-bit false-color intensity scales and were contrast enhanced at between 10 and 100 for
panels A and D, between 10 and 70 for panels B and E, and between 10 and 50 for panels C and F. The cell is viewed both from the top (A to
C) and from the side (D to F; the side indicated by the arrow in panel B). In addition, single-plane images of an adipocyte expressing
ECFP/PLC�1-PH at a high level (i.e., intracellular aggregates of the fusion protein indicated by the arrow in panel G) are shown in panels G to
I with 8-bit single-color intensity scales (cyan, ECFP/PLC�1-PH; green, Alx488-ConA; red, Rhd-Phd). The cell shown in panels G to I is accessible
to Rhd-Phd labeling, as indicated by the intracellular RhD fluorescence (arrow in panel I). Adipocytes were serum starved for �2 h, and the cell
in panels G to I was subsequently insulin stimulated at 37°C for 10 min. Scale bars, 5 �m.
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the cortical cytoskeleton. This hypothesis is consistent with the
observation that drastic overexpression of ECFP/PLC�1-PH,
as indicated by the intracellular aggregation of the fusion pro-
tein (arrow in Fig. 5G), prevents cortical F-actin formation in
both serum-starved cells (data not shown) and insulin-stimu-
lated cells (Fig. 5G to I, 10, and 11). That this effect is specific
is confirmed by the fact that Alx488-ConA staining of the outer
leaflet of the plasma membrane is not visibly affected (Fig.
5H). In contrast, cortical F-actin formation relies on the direct
accessibility of PtdIns(4,5)P2 on the inner leaflet of the plasma
membrane, which is blocked by the overexpression of ECFP/
PLC�1-PH (Fig. 5I).

The exclusive colocalization between PRMPs and regions of
dense F-actin (Fig. 5) prompted us to address whether the
plasma membrane localization of PtdIns(4,5)P2 and PRMP
formation are dependent on actin polymerization. It was pre-
viously reported (35) and confirmed in the present studies that
a layer of cortical F-actin is formed in fully differentiated
3T3-L1 adipocytes. For example, at day 7 of differentiation,
82%  5% (Fig. 6A) of cultured adipocytes possess distinct
cortical F-actin upon Rhd-Phd staining (Fig. 5A to F). Incu-
bation of these cells with the actin polymerization inhibitor LB
severely disrupts F-actin formation (Fig. 6A). However, in 32%
 4% of these LB-treated cells, some of the F-actin cytoskel-
eton is preserved. The presence of cortical F-actin in these
fully differentiated adipocytes and its disruption by LB are not
dependent on acute insulin stimulation (35), although insulin
can enhance the formation of additional F-actin in serum-
starved adipocytes (33). In a population (i.e., �18%) of un-
stimulated adipocytes that do not show distinct cortical F-actin,
we found that all adipocytes expressing EGFP/PLC�1-PH have
clear plasma membrane localization of the fusion protein (Fig.
6B). Thus, without LB treatment, display of PtdIns(4,5)P2 on
the plasma membrane is independent of insulin stimulation
and the cortical cytoskeleton. In LB-treated cells, 100%  1%

adipocytes with at least some cortical F-actin display plasma
membrane localization of EGFP/PLC�1-PH, and the percent-
age decreases to 78%  2% in cells that are completely devoid
of F actin (Fig. 6B). This result is likely due to the potential
toxicity of LB for a kinase(s) that synthesizes PtdIns(4,5)P2 in
cells that take up large amounts of this drug. Overall, however,
PtdIns(4,5)P2 localization to the plasma membrane is largely
independent of cortical F-actin formation.

High-magnification optical sections of four LB-treated adi-
pocytes expressing EGFP/PLC�1-PH but completely devoid of
F-actin were acquired and deconvolved with the superresolu-
tion deconvolution algorithm. PRMPs still form in these cells
(see movie 5 at http://invitro.umassmed.edu/�sh/supplements
/supplements.html) and are qualitatively indistinguishable (in
three out of four cells) from those observed in control live or
fixed cells (Fig. 1, 2, 5, 7, 9, 12, and 13). Live adipocytes that did
not undergo the electroporation process were also labeled with
Alx594-ConA. These cells were quickly fixed and examined
with the superresolution deconvolution imaging technique. An
elaborate PRMP-like network is found on the surface of
these cells (see movie 6 at http://invitro.umassmed.edu/�sh
/supplements/supplements.html), indicating that PRMPs are
not artifacts of EGFP/PLC�1-PH expression and/or the elec-
troporation process. Thus, both PtdIns(4,5)P2 localization to
the plasma membrane and PRMP formation are independent
of cortical F-actin formation. Instead, uneven distribution of
plasma membrane content is an intrinsic property of 3T3-L1
adipocytes and other cell lines (see Discussion) and is the
major mechanism contributing to PRMP formation (Fig. 2 to
4).

PtdIns(4,5)P2-containing vesicular structures beneath
PRMPs. It has long been established that PtdIns(4,5)P2 plays a
crucial role in clathrin-assisted endocytosis by recruiting mul-
tiple molecular components to the plasma membrane (14, 22,
43). Subsequent PtdIns(4,5)P2 hydrolysis on the nascent endo-

FIG. 6. Display of PtdIns(4,5)P2 in the plasma membrane of 3T3-L1 adipocytes is independent of the cortical F-actin cytoskeleton. Morpho-
logically differentiated adipocytes (day 7) expressing EGFP/PLC�1-PH were serum starved for �2 h. A portion of the cells was incubated with 60
�M LB for 2 h at 37°C. The cells were fixed in 4% formaldehyde, followed by Rhd-Phd staining for F actin (Fig. 5). (A) Percentages of cells
displaying at least partial cortical F actin (i.e., F-actin positive) with (w/) or without (w/o) LB treatment. PtdIns(4,5)P2 production was monitored
by the plasma membrane localization of EGFP/PLC�1-PH. (B) Percentages of cells with plasma membrane (Membr.) PtdIns(4,5)P2 (PIP2) as a
function of LB treatment and intactness of cortical F-actin. Error bars are standard errors of the mean from two independent experiments. [See
movie 5 at http://invitro.umassmed.edu/�sh/supplements/supplements.html for the distribution of PtdIns(4,5)P2 on the surfaces of two adipocytes
completely devoid of F actin.]
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FIG. 7. PtdIns(4,5)P2-containing vesicular structures just beneath the PRMP of a fixed adipocyte. (A, B, and E) Two adipocytes transiently
expressing EGFP/PLC�1-PH (A and E) were labeled with Alx594-ConA (B) after cell fixation. The dynamic range of the deconvolved 3D image
obtained with the EGFP fluorescence channel (E) was mapped to an 8-bit false-color intensity scale and contrast enhanced at between 10 and 100.
The images in panels A and B are the 17th z sections of their respective 3D deconvolved images. The dimensions of the 3D grid in panel E are
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somes is believed to be important for the clathrin coat disas-
sembly that precedes endosome maturation toward the interior
of a cell or recycling back to the plasma membrane (22).
However, this dynamic process of PtdIns(4,5)P2 turnover has
not been directly observed. We hypothesized that the
PtdIns(4,5)P2-containing structures found beneath the plasma
membrane (e.g., peak 4 in Fig. 4) are related to adipocyte
endocytic activities. Therefore, these structures were examined
in further detail by superresolution deconvolution microscopy
in Fig. 7 to 9.

Figure 7 shows two adjoining adipocytes, both expressing
EGFP/PLC�1-PH (Fig. 7A) and labeled with Alx594-ConA
(Fig. 7B) after cell fixation. Intensity profiles for lines drawn
across the two cells or the right-side cell alone are plotted in
Fig. 7C and D, respectively (green line, EGFP/PLC�1-PH la-
beling; red line, Alx594-ConA staining). Because of the reso-
lution limit (i.e., �200 nm) of optical microscopy, the center
plasma membranes attaching the two cells appear as a single
fluorescence entity (Fig. 7A to C). As expected, the fluores-
cence intensities associated with these center membranes are
approximately double those of the single plasma membranes
on the other sides of these cells (Fig. 7C). This result indicates
that Alx594-ConA is a sensitive indicator of local membrane
density and that the local PtdIns(4,5)P2 concentration is ap-
proximately proportional to the total lipid content in these
membrane regions. In contrast, the right-side cell appears to be
polarized, with one side of the plasma membrane being en-
riched in both PtdIns(4,5)P2 and overall lipid contents (i.e., a
PRMP) (red arrows in Fig. 7). Furthermore, the PRMP, when
visualized with EGFP/PLC�1-PH fluorescence (Fig. 7A), ap-
pears to be thicker than its Alx594-ConA-labeled counterpart
(Fig. 7B). Correspondingly, there is an additional shoulder
associated with the EGFP/PLC�1-PH peak (arrow in Fig. 7D)
at �1 �m beneath the cell boundary defined by both EGFP/
PLC�1-PH and Alx594-ConA labeling (left peaks in Fig. 7D).
To resolve these additional PtdIns(4,5)P2-containing struc-
tures, superresolution deconvolution images were acquired at
a lateral resolution of �100 nm (Fig. 7E and F) (11). The
deconvolved 3D image in Fig. 7E (EGFP fluorescence only)
shows that the PRMP extends throughout one side of the cell
(red arrow). Furthermore, in the colocalization image (Fig. 7F;
colocalized regions are white), a magnified view of a 1.5-�m
slice of that PRMP (yellow outline in Fig. 7E), shows vesicle-
like, PtdIns(4,5)P2-rich structures (green) just beneath the
plasma membrane defined by extracellular Alx594-ConA stain-
ing (red). Within the resolution of the microscopic technique,
these “vesicles” are �100 to 300 nm in diameter and appear to
be interconnected and partially attached to the plasma mem-
brane (blue arrow in Fig. 7F). In contrast, no similar
PtdIns(4,5)P2-containing membranes are found further inside

the cells (Fig. 7). This proximity of PtdIns(4,5)P2-containing
“vesicles” to PRMPs is found in three out of four adipocytes
examined in the superresolution fashion, suggesting that
PRMPs may spatially organize endocytic activities (see below).

The dynamic nature of these PtdIns(4,5)P2-containing “ves-
icles” is revealed by differential Alx594-ConA staining before
(Fig. 8B to D) and after (Fig. 8A) adipocyte fixation. Because
surface Alx594-ConA is continuously internalized, various
stages of the endocytosis process can be immobilized in fixed
adipocytes so that structural details can be resolved later by
superresolution deconvolution microscopy. The difference in
Alx594-ConA staining of living and fixed adipocytes is most
apparent for the bottom membranes attached to coverslips
(0.75-�m z sections) (Fig. 8A and B). When Alx594-ConA (red
regions in Fig. 8B) is applied to living adipocytes at 37°C, the
probe is able to label lipid-rich structures on the bottom mem-
brane together with EGFP/PLC�1-PH (green regions in Fig.
8B). On the other hand, Alx594-ConA cannot diffuse to the
bottom membrane after cell fixation, and only EGFP/
PLC�1-PH is present there (Fig. 8A). When live cells are
stained, the process of Alx594-ConA internalization appears to
be manifested initially as endocytic vesicles containing both
EGFP/PLC�1-PH and Alx594-ConA (Fig. 8C; colocalized re-
gions are white) and lining the inner surface of the plasma
membrane (green arrows in Fig. 8C). It also appears that, when
these endocytic membranes mature toward the interior of the
cell, the Alx594-ConA label progressively dominates (green
arrows in Fig. 8C). Importantly, only Alx594-ConA persists on
the intracellular vesicles (cyan arrowheads in Fig. 8C). This
apparent maturation process is most obvious in a magnified
region (i.e., a 1-�m-thick z section) of another adipocyte show-
ing massive endocytic activities, where “vesicles” containing
only Alx594-ConA appear to emerge from the tip of this mem-
brane trafficking event while “vesicles” still containing EGFP/
PLC�1-PH are closer to and partially attached to the plasma
membrane (Fig. 8D). Taken together, the data presented in
Fig. 7 and 8 are consistent with the hypothesis that
PtdIns(4,5)P2 is lost from endocytic membranes early in the
endocytosis process (15, 22).

PRMPs colocalize with active zones of clathrin-assisted en-
docytosis. To establish a direct link between the PtdIns(4,5)P2-
containing “vesicles” and clathrin-assisted endocytosis, three-
color colocalization experiments were carried out to determine
the spatial relationship among PRMPs, clathrin heavy chains,
and membrane density in cultured adipocytes (Fig. 9). In these
studies, PtdIns(4,5)P2 is targeted with ECFP/PLC�1-PH (blue
regions in Fig. 9A). The plasma membrane is distinct from the
endocytic membrane, as determined by extracellular Alx488-
ConA labeling after cell fixation (green regions in Fig. 9B; see
also discussion about Fig. 8). The cell was subsequently deter-

41 by 33 by 11 �m. O, origin. (C and D) Plots of EGFP (green line) and Alx594 (red line) fluorescence intensities for lines drawn across the two
cells (C) and for lines drawn across the right-side cell (D). The arrow in panel D indicates an additional shoulder associated with the
EGFP/PLC�1-PH peak. (F) magnified colocalization image showing part of the PRMP on the right-side cell (red arrows in panels A, B, E, and
F). It is a 1.5-�m cell section (yellow outline in panel E) that consisted of six z planes (i.e., z6 to z11) tilted 20° out of the paper. EGFP (green)
and Alx594 (red) fluorescence images were rescaled between 30 and 90 and between 15 and 45, respectively, before being merged in the
colocalization image. An 8-bit two-color intensity square (i.e., the color square in panel F; white indicates colocalized regions) was used. Thus, the
colocalization image was prepared in such a way that most of the EGFP/PLC�1-PH- or Alx594-ConA-labeled structures were visible but
background noise was mostly eliminated to avoid being mistaken as intracellular structures. The blue arrow in panel F indicates the PtdIns(4,5)P2-
containing structures beneath the plasma membrane. The cells were serum starved for �2 h. Scale bars: panel B, 5 �m; panel F, 1 �m.
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gent permeabilized, and clathrin heavy chains were immun-
ofluorescently labeled with RhD-derivatized antibody (red re-
gions in Fig. 9C). As expected, clathrin heavy chains concentrate
in the perinuclear region and on the plasma membrane (Fig.

9C), where clathrin-assisted membrane trafficking predomi-
nantly occurs (43). As a result of detergent permeabilization,
Alx488-ConA probe also leaks into the cell (Fig. 9B). Despite
this complication, it is clear from examining the 3D projection

FIG. 8. PtdIns(4,5)P2-containing vesicular structures beneath the plasma membrane are endocytic. Differential Alx594-ConA staining of
adipocytes before (B to D) and after (A) formaldehyde fixation reveals the endocytic nature of the PtdIns(4,5)P2-containing membranes. Living
cells expressing EGFP/PLC�1-PH were labeled with Alx594-ConA at 37°C (B to D). Colocalization images of deconvolved 3D structures (green,
EGFP/PLC�1-PH; red, Alx594-ConA; white, colocalized regions) were prepared as described in the legend to Fig. 7. (A and B) Sections (0.75 �m)
of the bottom membranes attached to the coverslips, demonstrating differential Alx594-ConA staining before (B) and after (A) cell fixation. (C
and D) Cross sections (0.75 and 1 �m, respectively) exposing endocytosis processes in two different adipocytes. Green arrows in panel C indicate
endocytic vesicles containing both EGFP/PLC�1-PH and Alx594-ConA and lining the inner leaflet of the plasma membrane. Cyan arrowheads in
panel C indicate intracellular vesicles containing only Alx594-ConA. Yellow arrows in panels B and C indicate parts of neighboring cells labeled
with Alx594-ConA only. Scale bars: A and B, 5 �m; C and D, 1 �m.
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images that the PtdIns(4,5)P2- and membrane-rich region (i.e.,
a PRMP) (arrows in Fig. 9A and B) also contains increased
amounts of the clathrin subunit (arrow in Fig. 9C). Whether or
not the cells are insulin stimulated (Fig. 9) or serum starved
(data not shown), this spatial correlation between active re-
gions of clathrin-assisted endocytosis and PRMPs are observed
in all nine adipocytes examined by the three-color colocaliza-
tion method. These results are consistent with the hypothesis
that PtdIns(4,5)P2 enrichment in PRMPs leads to enhanced
PtdIns(4,5)P2 interactions with the downstream effector mol-
ecules that assemble the clathrin coat (22, 43), thus focusing
endocytic activities in active zones of the adipocyte surface
membrane.

The detailed spatial relationships identified for the cellu-
lar structures by the three fluorescent labels are revealed
upon examination of magnified colocalization images (sam-
ple z sections of 0.5 �m) (Fig. 9D to F). Figure 9D shows

extensive colocalization (white regions) between clathrin
heavy chains (red regions) and PtdIns(4,5)P2-containing
membranes (blue regions). Some PtdIns(4,5)P2-containing
structures are distinct from the plasma membrane, which is
marked with extracellular Alx488-ConA labeling (green re-
gions in Fig. 9E). Since clathrin-coated endocytotic vesicles
originate from the inner leaflet of the plasma membrane,
while Alx488-ConA labels the outer leaflet, there is only a
partial overlap in anticlathrin and Alx488-ConA fluores-
cence (Fig. 9F), with these two signals being biased toward
the interior and toward the exterior of the cell, respectively.
Detailed examination of Fig. 9D to F further reveals
PtdIns(4,5)P2-containing and clathrin-coated “vesicles”
emerging from the plasma membrane (yellow arrowheads).
There are also nascent “vesicles” predominantly decorated
with clathrin heavy chains and containing little or no
PtdIns(4,5)P2 (yellow arrows). Similarly, a few PtdIns(4,5)

FIG. 9. PRMPs colocalize with active zones of clathrin-assisted endocytosis in cultured adipocytes. (A to C) The plasma membrane of an
adipocyte transiently expressing ECFP/PLC�1-PH (A, blue) was labeled with extracellular Alx488-ConA (B, green) after cell fixation, followed by
cell permeabilization and immunofluorescence labeling (RhD-conjugated antibody) of clathrin heavy chains (C, red). Cross sections (5 �m) (i.e.,
z16 to z35) of the adipocyte were projected within 3D grids measuring 38 by 44 by 15 �m, exposing a PtdIns(4,5)P2-rich (arrow in panel A) and
lipid-dense (arrow in panel B) plasma membrane patch (i.e., PRMP) colocalizing with concentrated clathrin heavy chains (arrow in panel C). (See
movie 7 at http://invitro.umassmed.edu/�sh/supplements/supplements.html for a complete set of colocalization images of the whole-cell section
shown in panels A to C.) (D to F) Representative magnified, two-color colocalization images (Fig. 7) of a 0.5-�m cell section. Yellow and cyan
arrowheads indicate colocalization of PtdIns(4,5)P2 and clathrin heavy chains on and beneath the plasma membrane, respectively; yellow arrows
indicate clathrin-coated vesicles emerging from the plasma membrane. All image stacks were acquired with the CFP, YFP, and RhD fluorescence
channels without cross contamination (see Materials and Methods) and were deconvolved with a superresolution deconvolution algorithm. All
images were visualized with 8-bit single-color intensity scales. The images in panels A to C were rescaled between 10 and 100, and the images in
panels D to F were rescaled between 15 and 45. The cell was serum starved for �2 h and was subsequently insulin stimulated for 10 min at 37°C.
Scale bar, 1 �m.
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FIG. 10. Transferrin endocytosis in 3T3-L1 adipocytes. (A, C, E, and H) Differentiated adipocytes (day 5) expressing hTFRc were incubated
with Alx488-TF for 1 h at 4°C to allow ligand-receptor binding on the plasma membrane (arrow in panel A). The cells were subsequently warmed
to 37°C and incubated for 15 min to allow transferrin uptake (arrows in panels C and E). (B, D, F, and I) The cells were fixed in 4% formaldehyde
and stained with Rhd-PhD for F-actin. Arrows in panels B and D indicate cortical F-actin, while actin filaments were disrupted by either LB
treatment (F) or expression of ECFP/PLC�1-PH (I). (G and H) Expression of the fusion protein (G) sequesters plasma membrane PtdIns(4,5)P2
but does not interfere with Alx488-TF binding to its receptors on the cell surface (H). However, transferrin uptake in these cells is inhibited (H).
In contrast, a majority of cells in which cortical F-actin is completely disrupted by LB treatment have normal transferrin endocytosis (E and F).
Interestingly, transferrin labeling of the cell surface appears to be polarized [arrows in panels G and H indicate a membrane region enriched in
PtdIns(4,5)P2 and surface-bound transferrin]. Alx488 fluorescence in panel H was imaged in the YFP channel to avoid fluorescence from
ECFP/PLC�1-PH (see Materials and Methods). Scale bars, 5 �m.
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P2-containing “vesicles” with residual clathrin labeling are
found close to the plasma membrane (cyan arrowheads).
Importantly, colocalization between clathrin heavy chains
and PtdIns(4,5)P2 in these images (Fig. 9D to F) occurs
only in the vicinity of the plasma membrane. These obser-
vations provide direct evidence supporting the hypothesized
PtdIns(4,5)P2 turnover during clathrin-assisted endocytosis
(22, 43). Slice-by-slice colocalization images of the PRMP
shown in Fig. 9A to C are shown in movie 7 at http:
//invitro.umassmed.edu/�sh/supplements.html.

PtdIns(4,5)P2 but not F actin is critically important for
transferrin endocytosis. The concomitant enrichment of
PtdIns(4,5)P2 and cortical F actin within and beneath PRMPs,
respectively (Fig. 2 to 5), suggests that both may play roles in
clathrin-assisted endocytosis. Since receptor-mediated trans-
ferrin uptake is a classic example of clathrin-assisted endocy-
tosis, this process was investigated in 3T3-L1 adipocytes as a
function of PtdIns(4,5)P2 availability and actin polymerization
(Fig. 10 and 11). Differentiated adipocytes expressing hTFRc
were incubated with Alx488-conjugated transferrin at 4°C to
allow ligand-receptor binding on the plasma membrane (arrow
in Fig. 10A). The cells were subsequently warmed to 37°C and
incubated for 15 min to facilitate transferrin uptake (arrows in
Fig. 10C and E). Some of these cells also highly express ECFP/
PLC �1-PH (Fig. 10G), which sequesters PtdIns(4,5)P2 in the

plasma membrane and in some cases completely prevents cor-
tical F-actin formation (Fig. 5G to I and 10G to I). Alterna-
tively, F-actin was disrupted by LB treatment (Fig. 10E and F).
As visualized by RhD-PhD staining, 77%  4% of the hTFRc-
expressing adipocytes have cortical F-actin (Fig. 11A) (35).
This percentage decreases to 41%  6.7% for cells expressing
EGFP/PLC �1-PH and to 25%  5% for LB-treated cells (Fig.
11A). For cells that have cortical F-actin, 93%  2% show
clear transferrin endocytosis after 15 min (Fig. 10C and D).
This percentage decreases to 34%  1% for cells expressing
EGFP/PLC �1-PH but retaining cortical F-actin (Fig. 11B).
For cells expressing the fusion protein and completely lacking
F-actin, only 10%  2% undergo transferrin endocytosis. This
further inhibition in transferrin endocytosis (i.e., from 34% 
1% to 10%  2%) in EGFP/PLC �1-PH expressing cells is only
partially attributed to the loss of the cortical cytoskeleton,
since disruption of F-actin with LB causes only a slight de-
crease in the rate of transferrin uptake (i.e., from 93%  2%
to 84%  4%) (Fig. 11B). Rather, in cells that lack cortical F-
actin due to high-level EGFP/PLC�1-PH expression,
PtdIns(4,5)P2 in the plasma membrane likely is sequestered to
a higher degree and therefore is more effective in inhibiting
transferrin endocytosis than cortical F-actin. Thus, it appears
that clathrin-assisted endocytosis is critically dependent on the

FIG. 11. Transferrin endocytosis is critically dependent on plasma membrane PtdIns(4,5)P2 but is only modestly facilitated by the actin
cytoskeleton. (A) Summary of cortical F-actin formation (i.e., F-actin positive) as a function of ECFP/PLC�1-PH expression (i.e., PLC�1-PH
positive) or LB treatment. Cells in which a complete or a partial cortical actin cytoskeleton was preserved were counted as F actin positive.
(B) Percentages of cells undergoing transferrin endocytosis as a function of plasma membrane PtdIns(4,5)P2 (sequestered by ECFP/PLC�1-PH)
and/or F-actin (disrupted by LB treatment or ECFP/PLC�1-PH expression). Error bars are standard errors of the mean from two independent
experiments.
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availability of PtdIns(4,5)P2 in the plasma membrane but is
only partially facilitated by the cortical F-actin cytoskeleton.

PRMPs appear to direct Myo1c-induced membrane ruffling
near the substratum. Based on data showing that cortical actin
filaments are concentrated beneath PRMPs in cultured adipo-
cytes (Fig. 5), we tested whether actin-based functions may be
similarly localized at PRMP sites. One actin-based cellular
process is plasma membrane ruffling (27, 45), which has been
reported to be intensified by insulin stimulation in 3T3-L1
adipocytes (33, 35). However, ruffling events occur mainly at
the adherent membrane of adipocytes in cultures (35) and are
fairly infrequent. However, the frequency and size of plasma
membrane ruffles in cultured adipocytes can be amplified by
the expression of unconventional Myo1c (5). We therefore first
evaluated the distribution of expressed Myo1c in 3T3-L1 adi-
pocytes. Figure 12 shows that a representative adipocyte tran-
siently expressing both ECFP/PLC�1-PH (Fig. 12A) and a
fusion protein linking EYFP to Myo1c (EYFP/Myo1c) (Fig.
12B) displays PRMPs colocalized exclusively with regions of
concentrated EYFP/Myo1c. Furthermore, in the colocalization
image (Fig. 12C; red regions indicate ECFP/PLC �1-PH, green
regions indicate EYFP/Myo1c, and white regions indicate co-
localization), EYFP/Myo1c fluorescence is localized mostly be-
neath the inner leaflet of the plasma membrane labeled with
ECFP/PLC�1-PH. Thus, EYFP/Myo1c is concentrated at re-
gions of dense F-actin, which are also exclusively localized at
PRMPs (Fig. 5). These findings are consistent with electron

microscopic images showing that Myo1c is localized mostly at
the cortical F-actin network beneath the plasma membrane of
cultured adipocytes (4).

In live cells, the overexpression of Myo1c leads to dramatic
ruffling events near the substratum (Fig. 13; see also movie 8
at http://invitro.umassmed.edu/�sh/supplements/supplements
.html) (5). Large membrane ruffles have also been observed,
albeit at a much lower frequency, in normal adipocytes (yellow
arrows in Fig. 1D). The fact that these ruffles occur predomi-
nantly in membranes close to the coverslip (Fig. 1D and 13; see
also movie 8 at http://invitro.umassmed.edu/�sh/supplements
/supplements.html) is consistent with current hypotheses on
actin-based cellular motility (45). Thus, a membrane protru-
sion occurring at the bottom of a cell, possibly driven by con-
centrated Myo1c activity on F-actin, can briefly attach to the
coverslip. Since the immobile adipocyte does not retract on the
opposite end of this protrusion event, this temporary attach-
ment cannot be sustained. Therefore, the membrane protru-
sion eventually detaches and peels back, resulting in a classic
ruffling event (see movie 8 at http://invitro.umassmed.edu/�sh
/supplements/supplements.html). In contrast, there are no
physical structures for membrane attachment in the spaces
above the coverslip, and large-scale membrane ruffles are sel-
dom observed in these regions in our studies. Importantly,
PRMPs are found immediately above the Myo1c-induced
membrane ruffles (labeled 1 to 3 in Fig. 13A), and little large-
scale ruffling occurs in regions not associated with PRMPs.

FIG. 12. PRMPs concentrate the actin-binding motor protein Myo1c beneath the plasma membrane. (A and B) High-magnification image
stacks consisting of 55 z sections (i.e., 13.75 �m) were acquired for a fixed adipocyte coexpressing ECFP/PLC�1-PH and EYFP/Myo1c with the
CFP and YFP fluorescence channels without cross talk (see Materials and Methods). After the image stacks were processed with a superresolution
deconvolution algorithm, surface distribution patterns for PtdIns(4,5)P2 (A) and Myo1c (B), visualized with 8-bit false-color intensity scales
(rescaled at between 10 and 100) (Fig. 1), show perfect colocalization on side views of the plasma membrane. (C) The colocalization image (red,
ECFP/PLC�1-PH; green, EYFP/Myo1c; white, colocalized regions), visualized with 8-bit single-color intensity scales (rescaled at between 10 and
100), shows that Myo1c fluorescence originates predominantly beneath the inner leaflet of the plasma membrane labeled with ECFP/PLC�1-PH.
The adipocyte was serum starved for �2 h and was subsequently insulin stimulated for 30 min at 37°C. Scale bar, 5 �m.
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Detailed examination of movie 8 at http://invitro.umassmed.edu
/�sh/supplements/supplements.html reveals that the PRMP
above the most active ruffle (ruffle 1) persists throughout the
experiment, while the one above the least active ruffle (ruffle 2)
diminishes (Fig. 13). Significantly, all PRMPs regroup some-

what at these same membrane sites toward the end of the
experiment (Fig. 13F), suggesting a localized mechanism co-
ordinating PtdIns(4,5)P2 concentration in the plasma mem-
brane, F-actin dynamics, and Myo1c-driven membrane traf-
ficking at these specialized membrane patches.

FIG. 13. PRMPs spatially correlate with Myo1c-induced membrane ruffles. Ultrafast-acquisition deconvolution microscopy was carried out
every 30 s for 10 min for a living adipocyte expressing both ECFP/PLC�1-PH and EYFP/Myo1c fusions. The CFP fluorescence was excited with
the 458-nm laser line of an Ar laser. Therefore, there is significant fluorescence bleedthrough from the CFP channel to the YFP channel, while
reverse bleedthrough is negligible. Therefore, only the CFP fluorescence images depicting PtdIns(4,5)P2 distribution and dynamics are shown, with
the understanding that major membrane ruffles (labeled 1 to 3 in panel A) are caused by Myo1c overexpression (see Results). Deconvolved images
were projected within 3D grids measuring 18 by 42 by 10 �m and were visualized with 8-bit false-color intensity scales (rescaled at between 10 and
100). Representative images at 0, 2, 4, 6, 8, and 10 min are shown. O, origin. (See movie 8 at http://invitro.umassmed.edu/�sh/supplements
/supplements.html for the complete image sequence.)
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DISCUSSION

An important conclusion derived from the present findings
is that plasma membranes of cultured adipocytes are complex
and heterogeneous structures that contain organized zones of
high actin polymerization, endocytic, and membrane-ruffling
activities. Using advanced imaging techniques, we found that
both lipid and protein constituents of the plasma membrane
are distributed nonuniformly in 3D space. This distribution has
the significant consequence of concentrating the signaling mol-
ecule PtdIns(4,5)P2 in micrometer-sized plasma membrane
patches (i.e., PRMPs) (Fig. 1 to 5, 7 to 9, 12, and 13). Such
preferential concentration of PtdIns(4,5)P2 in specific regions
of adipocyte surface membranes likely enhances PtdIns(4,5)P2

interactions with downstream effectors [e.g., PtdIns(4,5)P2-
binding components of protein complexes that regulate actin
polymerization and endocytosis]. Indeed, PRMPs are involved
in the spatial organization of cortical F-actin (Fig. 5) and
colocalize with active zones of endocytosis (Fig. 7 to 9).
PRMPs display little movement on the cell surface of cultured
adipocytes (see movie 4 at http://invitro.umassmed.edu/�sh
/supplements/supplements.html). However, in adipocytes whose
motility is dramatically enhanced by the expression of Myo1c,
PRMPs show profound spatial correlation with Myo1c-in-
duced membranes ruffles (Fig. 12 and 13; see also movie 8 at
http://invitro.umassmed.edu/�sh/supplements/supplements
.html). Thus, the imaging data presented here support the
hypothesis that PRMPs constitute the major structural basis
upon which multiple PtdIns(4,5)P2-directed cellular activities
take place. Interestingly, insulin stimulation does not seem to
alter the global organization of PRMPs (see movie 4 at http:
//invitro.umassmed.edu/�sh/supplements/supplements.html).

The fusion protein EGFP/PLC�1-PH has been demon-
strated in many laboratories to be a sensitive indicator of
PtdIns(4,5)P2 in multiple cell types (2, 3, 44). In agreement
with previous observations (48, 56, 67), PtdIns(4,5)P2 is found
primarily in the plasma membrane of cultured 3T3-L1 adipo-
cytes. EGFP/PLC�1-PH affinity toward PtdIns(4,5)P2 is rela-
tively weak (Kd, �2 �M) (39), and the plasma membrane-
bound fusion protein undergoes rapid (�1 s) equilibrium with
its cytosolic counterpart (64). Therefore, EGFP/PLC�1-PH is
specifically targeted to plasma membrane PtdIns(4,5)P2 but is
unlikely to induce lateral PtdIns(4,5)P2 segregation in micro-
meter-sized membrane domains (44). Furthermore, a major
mechanism contributing to PRMP formation is local mem-
brane folding concentrating PtdIns(4,5)P2 in 3D space (Fig. 2
to 4). Such an uneven distribution of plasma membrane con-
tent is intrinsically present on the adipocyte surface, as evi-
denced by 3D images (see movie 6 at http://invitro.umassmed
.edu/�sh/supplements/supplements.html) of live cells labeled
only with Alx594-ConA. Therefore, PRMPs are not the result
of EGFP/PLC� 1-PH expression or the electroporation pro-
cess introducing plasmid DNA. On the other hand, EGFP/
PLC�1-PH is not very useful for visualizing PtdIns(4,5)P2 in
intracellular membranes because intracellular PtdIns(4,5)P2 is
difficult to image against the background fluorescence of
EGFP/PLC�1-PH solubilized in the cytosol or bound to
Ins(1,4,5)P3. In fact, quantitative electron microscopic results
have shown that the level of EGFP/PLC�1-PH expressed in the
cytoplasm is higher than those in intracellular membranes but

significantly lower than that on the plasma membrane (68).
Nevertheless, under favorable expression and imaging condi-
tions, we observed some EGFP/PLC�1-PH localization in the
perinuclear region of adipocytes (data not shown), where the
fusion protein presumably binds to PtdIns(4,5)P2 in Golgi
membranes (23, 34).

Heterogeneous segregation of PtdIns(4,5)P2 in plasma
membranes was previously reported based on single-plane,
wide-field, or confocal microscopy (38, 59, 66). However, the
full extent of PtdIns(4,5)P2 spatial organization is revealed in
the present studies by use of a custom-built, laser-illuminated,
ultrafast-acquisition deconvolution microscope. This tech-
nique allowed us to acquire 3D images within a time frame (�1
s) that is virtually insensitive to cell movements and with min-
imal interference from photobleaching (51). During the course
of our studies, a report of PtdIns(4,5)P2-rich membrane do-
mains in another cell type surprisingly suggested that they may
result entirely from local membrane folds unresolved by fluo-
rescence microscopy (66). This hypothesis is supported by our
observation that PRMPs in adipocytes colocalize with mem-
brane-dense domains labeled with BODIPY-HPC or Alx594-
ConA (Fig. 2 to 4). The existence of such PRMPs is consistent
with electron microscopic images showing numerous small
(i.e., 25 to 150 nm) invaginations and vesicles in and near the
surface membranes of rat adipocytes (12, 61). Remarkably,
clusters of these suboptical-resolution structures organize into
large patches that are apparent on the adipocyte surface under
fluorescence microscopic observation (61). These membrane
invaginations significantly increase the total surface area of an
adipocyte cell and may reflect adaptive specialization of the
plasma membrane to handle a massive membrane trafficking
volume occurring in this particular cell type (61). Furthermore,
quantitative, ratiometric image analysis carried out in the
present studies indicates that PtdIns(4,5)P2 is also laterally
concentrated in PRMPs (Fig. 3 and 4). These data agree with
previous results obtained from quantitative fluorescence and
electron microscopic studies demonstrating PtdIns(4,5)P2 en-
richment in the membranes of phagosomal cups and lamelli-
podia, respectively (6, 68). On the basis of earlier data and our
present results, the mechanisms of increased membrane con-
tent and increased lateral PtdIns(4,5)P2 concentration both
appear to contribute to the formation of PRMPs.

Regardless of the specific mechanism for concentrating
PtdIns(4,5)P2 in PRMPs, we found that these plasma mem-
brane structures are effective in concentrating PtdIns(4,5)P2-
directed actin polymerization (Fig. 5) and endocytic (Fig. 7 to
9) activities in segregated regions on the adipocyte surface.
The importance of PtdIns(4,5)P2 in managing F-actin assembly
and remodeling has been well documented (10, 32, 54, 58). We
found that PRMPs are exclusively associated with regions of
dense cortical F actin (Fig. 5). This direct correlation between
the spatial concentrations of PtdIns(4,5)P2 and F-actin is con-
sistent with atomic force microscopic measurements, which
demonstrated that the adhesion forces between the plasma
membrane and its underlying F-actin cytoskeleton were di-
rectly proportional to PtdIns(4,5)P2 levels in the membrane
(50). In addition, we find that sequestration of PtdIns(4,5)P2 in
the plasma membrane by the overexpression of EGFP/
PLC�1-PH inhibits cortical F-actin formation (Fig. 5G to I,
10G to I, and 11A). These results indicate that PRMPs play a
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role in the spatial organization of the actin cytoskeleton. In
contrast, the disruption of cortical F-actin by LB does not
interfere with PtdIns(4,5)P2 production or PRMP formation
(Fig. 6; see also movie 5 at http://invitro.umassmed.edu/�sh
/supplements/supplements.html). It appears that the uneven
distribution of plasma membrane content, a major mechanism
contributing to PRMP formation (Fig. 2 to 4), is an intrinsic
property of animal cells (24). Through the use of various tech-
niques and cell types, it has been estimated that 40 to 1,000%
excess membrane is stored in membrane folds, microvilli, and
caveolae (17, 19, 52, 55, 61, 72, 73). Many mechanisms could
contribute to such complexity in the 3D organization of the
plasma membrane; these include lipid compositions (8, 29),
membrane-protein interactions (20, 44), and cytoskeletal
elements (spectrin-ankyrin network, F-actin, microtubules,
intermediate filaments, and so forth) (24, 31). These mecha-
nisms cannot be completely abolished by the disruption of F
actin alone (see movie 5 at http://invitro.umassmed.edu/�sh
/supplements/supplements.html), consistent with the fact that
adipocytes completely lacking cortical F actin still maintain a
distinct irregular cellular morphology characteristic of fully dif-
ferentiated adipocytes (see movie 5 at http://invitro.umassmed
.edu/�sh/supplements/supplements.html).

Increasing evidence indicates that PtdIns(4,5)P2 functions in
highly localized membrane structures to regulate cellular pro-
cesses (14, 15, 32, 43, 44, 48). Studies on large-scale membrane
dynamics associated with phagocytosis and bacterial invasion
have demonstrated that transient, focal PtdIns(4,5)P2 accumu-
lation is essential for developing membrane protrusions sur-
rounding the invading particles. Interestingly, in those previous
studies, the complete loss of PtdIns(4,5)P2 on internalized
membranes coincided with membrane fission (6, 60). Consis-
tent with these findings, our results obtained with superreso-
lution deconvolution microscopy reveal PtdIns(4,5)P2-contain-
ing, submicrometer-sized vesicular structures immediately
beneath PRMPs (Fig. 7). PtdIns(4,5)P2 is subsequently elimi-
nated from such “vesicles” maturing toward the interior of the
cell (Fig. 8C and D). These observations suggest that
PtdIns(4,5)P2 dynamics associated with phagocytosis and bac-
terial invasion may also occur on smaller spatial scales and are
associated with clathrin-assisted endocytosis (15, 43). Clathrin
coat assembly on budding endosomes is thought to depend on
the local presence of PtdIns(4,5)P2, while PtdIns(4,5)P2 hydro-
lysis precedes clathrin coat disassembly and probably also en-
dosome fission (15, 22). This hypothesis is directly supported
by the images shown in Fig. 9. In a membrane region associ-
ated with active endocytosis, budding “vesicles” containing
both clathrin heavy chains and PtdIns(4,5)P2 are found to
emerge from the inner leaflet of the plasma membrane (Fig.
9D to F; see also movie 7 at http://invitro.umassmed.edu/�sh
/supplements/supplements.html). Most significantly, a PMRP
completely colocalizes with this active region of endocytosis
(Fig. 9A to C), consistent with the observation that plasma
membrane PtdIns(4,5)P2 is critically important for transferrin
uptake, a classic example of clathrin-assisted endocytosis (Fig.
10 and 11). Taken together, the data suggest a mechanism for
spatially focusing PtdIns(4,5)P2 signaling to clathrin-mediated
endocytosis at specific regions of the cell surface through the
formation of PRMPs. In contrast, completely abolishing corti-
cal F-actin with LB treatment only modestly inhibits trans-

ferrin uptake, a finding which adds to a large body of conflict-
ing evidence relating to the exact function of F actin in the
endocytosis process (18, 21, 49).

The correlations between the spatial dispositions of PRMPs
in the adipocyte plasma membrane and similarly localized
zones of concentrated F-actin and high endocytic activities do
not provide conclusive evidence that there is a causative link
between them. It could be argued that more endocytosis occurs
at PRMPs simply due to the larger amounts of membranes
present at these regions to be internalized. In order to further
investigate the issue of the functionality of PRMPs, we used a
protein, the molecular motor Myo1c, which is known to re-
quire F-actin for its actions (4). As expected, expressed Myo1c
localized predominantly at regions of high cortical F-actin lev-
els that occur just beneath PRMPs (Fig. 12). Significantly, the
membrane ruffling that is mediated by Myo1c in these adipo-
cytes occurs predominantly at substratum locations marked by
PRMPs (Fig. 13; see also movie 8 at http://invitro.umassmed
.edu/�sh/supplements/supplements.html) (5). In other words,
Myo1c apparently can function efficiently to cause large mem-
brane ruffles only at sites on the plasma membrane where it is
concentrated by large amounts of F-actin, beneath PRMPs.
These data indicate that a function of PRMPs is to localize
membrane-ruffling events, presumably by concentrating F ac-
tin and Myo1c to enhance their promotion of ruffling. Little or
no membrane ruffling occurs away from PRMPs in the adipo-
cyte plasma membrane. These considerations provide strong
support for the hypothesis that PRMPs have important func-
tions in directing cellular processes in adipocytes. The fact that
Myo1c also promotes GLUT4 translocation in response to
insulin (4) suggests that PRMPs may also promote this process.
Future experiments are directed toward testing this possibility.
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