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Abstract We used two approaches to characterize the
lateral mobility of phosphatidylinositol 4,5-bisphosphate
(PIP,) in the plasmalemma of baby hamster kidney and
Chinese hamster ovary fibroblasts. First, nitrobenzox-
adiazole-labeled C6-phosphatidylcholine and C16-PIP,
were incorporated into plasma membrane “lawns”
(~20 x 30 pm) from these cells and into the outer
monolayer of intact cells. Diffusion coefficients determined
by fluorescence recovery after photobleaching were similar
for the two lipids and were higher in lawns, ~0.3 pm?s,
than on the cell surface, ~0.1 pmzls. For membrane lawns,
the fractional recoveries (75-90%) were close to those
expected from the fraction of total membrane bleached,
and labeling by the probes was several times greater than
for intact cells. Second, we analyzed cells expressing M1
muscarinic receptors and green fluorescent protein fused
with PIP,-binding pleckstrin-homology domains, Tubby
domains or diacylglycerol (DAG)-binding C1 domains.
On-cell gigaseal patches were formed with pipette tips >5
pum in diameter. When the agonist carbachol (0.3 mm) was
applied either within or outside of the pipette, lipid signals
crossed the pipette barrier rapidly in both directions and
membrane blebbing occurred on both membrane sides.
Accurate simulations of lipid gradients required diffusion
coefficients >1 pm?/s. Exogenous DAG also crossed the
pipette barrier rapidly. In summary, we found no evidence
for restricted diffusion of signaling lipids in these cells.
The lower mobility and incorporation of phospholipid at
the extracellular leaflet may reflect a more ordered and
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condensed extracellular monolayer, as expected from pre-
vious studies.
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Introduction

The lateral mobilities of phospholipids in cell membranes
are of great importance for an understanding of lipid sig-
naling and, especially for the surface membrane of cells,
are the subject of multiple controversies (Scherfeld, Kahya
& Schwille, 2003). One issue is the extent to which a
liquid-ordered phase model (Singer & Nicolson, 1972)
must be modified to understand the plasmalemma of real
cells and in particular whether phospholipid diffusion is
locally constrained by formation of lipid domains and/or
protein-defined boundaries. In simple membrane bilayers,
diffusion coefficients of many lipophilic probes range 0.4—
10 pum?*/s (Tocanne, Dupou-Cezanne & Lopez, 1994; Galla
et al., 1979; Trauble & Sackmann, 1972). In cell mem-
branes, values for phospholipid probes in the outer cell
monolayer tend toward the low range (Pucadyil &
Chattopadhyay, 2006; Galla et al., 1979; Trauble &
Sackmann, 1972; Schlessinger et al., 1977), with a fraction
of probes often appearing immobile (Rimon, Meyerstein &
Henis, 1984).

Examples of low mobility are found more often when
larger membrane probes are employed (Schlessinger et al.,
1976, 1977; Elson et al., 1976), but there are outstanding
exceptions. In Xenopus oocytes, for example, large frac-
tions of the outer membrane monolayer in the animal pole
appear effectively frozen with respect to phospholipid
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mobility (Dictus et al., 1984; Tetteroo et al., 1984), and
yeast strains are also known to have very low outer
monolayer phospholipid mobility (Greenberg & Axelrod,
1993). The reasons for such low mobility are not defini-
tively established. Complex phospholipid interactions (e.g.,
the influence of cholesterol [Jafri & Keizer, 1995; Golan
et al., 1984; Pucadyil & Chattopadhyay, 2006] and for-
mation of “rafts” [Oradd, Westerman & Lindblom, 2005;
Siggia, Lippincott-Schwartz & Bekiranov, 2000] do not
appear to offer adequate biophysical explanations, nor can
massively restricted diffusion be accounted for by the
presence of protein (Golan et al., 1984) per se without
evoking a “fencing” or corral function of proteins. Sar-
coplasmic reticulum, for example, shows rapid
phospholipid diffusion in spite of a high protein density
(Scandella, Devaux & McConnell, 1972). In summary,
there is agreement that the mobile membrane phase of cell
membranes can harbor small condensed phases, usually
called “rafts,” with specialized protein content (Jacobson,
Mouritsen & Anderson, 2007; Brown, 2006; Kahya et al.,
2004; Chen, Yang & Jacobson, 2004); but the plasticity of
such domains (Schuck & Simons, 2004) and the degree of
diffusion restriction that might occur within them remain
controversial.

On the cytoplasmic side, phosphatidylinositol 4,5-bis-
phosphate (PIP,) is an especially important case because it
modulates and/or regulates numerous cell processes (van
Rheenen et al., 2005; Hilgemann, Feng & Nasuhoglu,
2001). It is a provocative case because PIP, accumulates in
“light membrane fractions” of sucrose gradients (Liu,
Casey & Pike, 1998) that are variously suggested to rep-
resent membrane rafts (e.g., Parmryd et al., 2003; Rozelle
et al., 2000). Unfortunately, characterization of lipid dif-
fusion in the cytoplasmic monolayer faces many
complexities that are not easily addressed (Rimon et al.,
1984). In some cell types, notably chromaffin cells (Mi-
losevic et al., 2005), but not all cells (Raucher et al., 2000),
PIP, appears to exist partially in submicron clusters when
imaged with green fluorescent protein (GFP)-coupled
pleckstrin homology (PH) domains. These local accumu-
lations of PIP, appear to represent real concentration
gradients, generated by complex lipid-lipid and lipid—
protein interactions, since fluorescent lipophilic dyes do not
coaccumulate with the PIP, probes (Milosevic et al., 2005).
By very similar criteria, a distinct accumulation of PH-GFP
domains in membrane ruffles (Tall, Spector, Pentyala) was
found to reflect local membrane folding patterns rather than
bona fide PIP, gradients (van Rheenen & Jalink, 2002).

It is a further problem of great physiological importance
to define how, and if, local lipid concentration gradients are
generated by localized lipid metabolism. One model is that
lateral diffusion of phospholipids is restricted by proteins
that form “corrals” (or fences). Tight junctions of
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epithelial cells evidently define a fence for the inner
monolayer of epithelial cells (van Meer & Simons, 1986),
phagosomes develop a barrier of unknown nature to lateral
lipid diffusion across the invagination boundary before
their contents are pinched off (Botelho et al., 2000), the
membrane cytoskeleton meshwork is proposed to restrict
diffusion on both membrane sides (Kusumi et al., 2005;
Dietrich et al., 2002) and present models of endocytosis (Di
& DeCamilli, 2006; Kirchhausen et al., 2005) appear to
require restrictions of phosphoinositide diffusion out of
budding vesicles.

In this context, lipid-metabolizing enzymes of all kinds
are known to be localized to specific areas of cell mem-
branes and in complexes with other membrane-associated
proteins (Bunce, Gonzales & Anderson, 2006; Santarius,
Lee & Anderson, 2006; Ling et al., 2006; Wang et al.,
2004; Rhee, 2001; Jenkins & Frohman, 2005). The obvious
interpretation of this organization is that local lipid signals
are generated within or next to such complexes. As might
be predicted, it was recently proposed that highly local
PIP, signals can be generated in cardiac atrial myocytes in
response to activating specific receptors, such that specific
receptors couple to specific potassium channel types via
local depletion of PIP, (Cho et al., 2005a, 2005b). Using a
fluorescence recovery after photobleaching (FRAP) tech-
nique, it was shown that fluorescent PIP,, introduced into
cells by two means, was virtually immobile (Cho et al.,
2005a). Impressively, it was determined that other phos-
pholipids diffused nearly as expected for a simple liquid
ordered-phase monolayer and that the near immobility of
PIP, could be disrupted by disruption of the actin cyto-
skeleton. Speculatively, therefore, PIP, might bind to the
cytoskeleton, stabilize it and thereby restrict phospholipid
diffusion in a positive-feedback fashion. Interestingly, the
same approaches did not suggest that PIP, diffusion was
restricted in other cell types (Cho, Kim & Ho, 2006).

Given the importance of these issues for understanding
PIP, signaling and the roles of the cytoskeleton in cell
signaling, we have attempted to reproduce the results in
multiple cell types and to employ independent experi-
mental approaches to test for a restriction of PIP, diffusion
in the cytoplasmic monolayer. First, we analyze exogenous
fluorescent PIP, mobility in a plasmalemmal “membrane
lawn” model with comparisons to the outer cell surface.
Second, we analyze endogenous PIP, mobility via PIP,-
binding domains fused with GFP (Raucher et al., 2000) in
patch-clamped cells with activation of phospholipase C
(PLC)-coupled receptors either within or outside of the
patch pipette. Third, we provide simulations of diffusion as
a quantitative basis for interpreting the results. In short, we
find no evidence for diffusion restrictions that would be
required to generate lipid gradients by local lipid kinase,
phosphatase and lipase activities.
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Methods

Whole-Cell Patch-Clamp and Pipette Perfusion of the
Cytoplasm

Patch-clamp and patch-pipette perfusion were carried out
as described at 36°C (Hilgemann & Lu, 1998). Briefly, an
Axopatch 200B patch clamp was employed for both on-cell
and whole-cell recording (Molecular Devices, Sunnyvale,
CA). Glass tubing was pulled to yield tip openings of 4-8
pm and slightly polished without cutting. Pipette-perfusion
experiments were carried out with gigaseals in the range of
3-10 GQ. To do so, flexible quartz capillary tubing (109
pm outside diameter, 40 pum inside diameter; Polymico-
Technologies, Phoenix, AZ) was positioned with a one-
dimensional hydraulic manipulator in the patch pipette so
that the solution outlet was located within 40 u of the patch
membrane. When positive pressure was applied to a 100-pl
solution reservoir, solution in the patch pipette tip was
effectively exchanged within 10 s.

Cell Culture and Transfection

A baby hamster kidney (BHK) cell line was transfected
with pcDNA3.1/hg for the human muscarinic hM1 receptor
(Selyanko et al., 2000) and selected with 400 pg/ml of
hygromycin B (Sigma, St. Louis, MO; H0654). Cultures
were maintained in collagen-coated 6-cm dishes in Dul-
becco’s modified Eagle medium (DMEM) containing 10%
(v/v) fetal bovine serum (FBS), 100 units/ml penicillin-
streptomycin at 37°C with 5% CO, and 100% humidity.
Chinese hamster ovary (CHO) hM1 cells (Selyanko et al.,
2000) were maintained in F-12K medium containing the
same amount of FBS and penicillin-streptomycin with 300
pg/ml G418. Cells at 50-70% confluence were transfected
with PH-GFP or C1-GFP plasmids using Lipofectamine
2000 reagent according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). After 18-24 h, cells were
trypsinized and kept in the same DMEM for experimental
use. All experiments were conducted 24-36 h after
transfection.

Membrane Lawn Preparation

Membrane lawns were prepared from BHK cells grown on
coverslips, largely as described (Hussain et al., 1999;
Shpetner, Herskovits & Vallee, 1996; Moore & Anderson,
1989). BHK cells were initially grown to 80% confluence
and removed from culture dishes by trypsinization. The
cells were then plated onto 22 x 40 mm no. 1 coverslips
that had been washed with ethanol and dried briefly on a

flame. Coverslips were placed into 35-mm tissue culture
dishes containing 3 ml cell culture medium with 10% FBS
and 100 units/ml penicillin-streptomycin and cultured for
24h to obtain approximately 50% confluence. Coverslips
were then transferred into culture dishes containing phos-
phate-buffered saline diluted by 50% with 2.5 mm MgCl,
for 1.5 h at 4°C. After a brief wash, cells were sonicated in
8 ml of the same solution for 2 s by moving the dish with
the 0.5-inch tapered horn held 1 cm above the coverslip at
setting 40 (Sonics and Materials Vibra Cell, Newtown,
CT). The dishes were rocked gently to remove sheered
cells, and the remaining cells were washed with the same
buffer solution. Coverslips then contained approximately
equal numbers of membrane lawns and undamaged cells.
Before experiments, the membrane lawns were washed
three times with 2 ml of a high-K solution containing lipid
phosphatase inhibitors (10 mm NayP,O,, 60 mm KF, 5 mm
ethylenediaminetetraacetic acid [EDTA], 20 mm Na,HPOy,
0.02 mm Na3VO,).

Fluorescent Labeling of Membranes

1-Oleoyl-2-[6[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl]-sn-glycero-3-phosphocholine  (NBD-
PC; Avanti Polar Lipids, Birmingham, AL) and D*-sn-1-O-
[1-[6'-[6-[(7-nitrobenz-2-0xa-1,2,-dazol-4-yl)amino]hexa-
nolJamino]-hexanoyul]-2-O-hexadecanolylglyceryl E-
myophosphatidylinositol 4,5,-bisphosphate (NBD- PIP,;
Echelon Biosciences Inc., Salt Lake City, UT) were dis-
solved in ethyl alcohol at a stock concentration of 1 pg/pl.
Membrane lawns were labeled by incubation with 2 um
NBD-PC or NBD-PIP, in K-saline at 4°C for 30 min. After
staining, the coverslips were washed three times with K-
saline and kept at 4°C. FRAP was then performed at room
temperature (23°C) in K-saline using a large-volume open
diamond bath polycarbonate imaging chamber (Warner
Instruments, Hamden, CT; RC26G and PH-1) that allowed
convenient solution changes.

Imaging, FRAP and Data Analysis

The experiments were performed with a Zeiss (Thornwood,
NY) LSM 510 confocal microscope equipped with 25-mW
argon-ion laser operating at dual wavelengths, 488 and 514
nm, and a second laser at 543 nm (Lasos LGK 7812 ML3
488/514, LGK 7786-P 543 nm). FRAP was carried out at
room temperature of 23°C via rectangular illumination
with a variable width. The laser output was attenuated to 1/
500 for monitoring the recovery. A Zeiss 63 x 1.40 NA oil
immersion lens was used for imaging. A stripe within the
membrane lawn or cell was bleached for just long enough
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to reduce fluorescence emission by about 50%, and
recoveries were recorded by taking just enough images to
allow accurate reconstruction of the time courses. Given
the lability of NBD fluorescence, we routinely adjusted
imaging settings, frequency and experiment durations to
insure that photobleaching was negligible in the results for
analysis.

As illustrated in “Results,” we used Matlab to simulate
FRAP results for membrane stripes from the diffusion
equation in one dimension:
oC (x,1) 0*C (x,1)

on b Ox? ()

The Bulirsch-Stoer method was employed with
polynomial extrapolation for integration (Press et al.,
1986), and the boundary condition was defined as a stripe
containing no dye (C = 0), bounded by 10 times larger
stripes on both sides with a uniform dye concentration
(C =1). Experimental results were then analyzed by
scaling simulated results to the data and fitting the
optimal diffusion coefficient (D). In addition, we
determined the best diffusion coefficients via an equation
derived empirically (Ellenberg et al., 1997) to describe
FRAP data with high precision:

_111/2
Cstripe(t) = Cstripe(final) - {1 - |:W2 (W2 + OCDI) i| }

(2)

Here, Cgyipe is the average concentration of dye in the
stripe area, w is the full width of the stripe, D is the dif-
fusion coefficient, ¢ is time and « is an empirically
determined coefficient. With o = 1.78, we found that this
equation described the appropriate discrete simulations of
FRAP with high precision.

Results
Disposition of Exogenous Phospholipids in Cells

Cho et al. (2005a) introduced exogenous fluorescent PIP,
into cardiac myocytes by two means, whole-cell patch-
clamp pipettes and a lipid carrier system. In preliminary
experiments, therefore, we attempted to perfuse fluorescent
phospholipids into cells via large-diameter pipettes with 4-
to 8-um openings, which we use routinely for whole-cell
voltage clamping (Hilgemann & Lu, 1998). Our expecta-
tion was that phospholipids might adhere to the pipette wall
and diffuse preferentially into the cytoplasmic leaflet of the
cell membrane, as appears to occur in giant excised patches
(Collins & Hilgemann, 1993; Hilgemann & Collins, 1992).
As shown in Figure 1 for C16-NBD- PIP,, that is not the
case. Figure la shows the typical whole-cell patch clamp
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of a BHK cell with a quartz capillary perfusion line within
the patch pipette. The cell has a gigaseal, and the pipette
opening is just 6 pm. For 2 min, 2 um NBD-PIP, was
perfused into the cell, and then the cell was again perfused
with lipid-free cytoplasmic solution. As shown in Fig-
ure 1b, the remaining fluorescence was very diffuse and
showed no selective labeling of the surface membrane. The
extent to which the NBD fluorescence reflects lipid that is
inserted into membranes or bound tightly by proteins is
unknown. Similar results were obtained with other fluo-
rescent probes (e.g., FM dyes used for membrane cycling
studies [Rizzoli, Richards & Betz, 2003]) and with other
cell types, including cardiac myocytes. From these out-
comes, we concluded that the FRAP technique could not be
employed for our purposes with direct application of
exogenous phospholipids to the cytoplasmic side of intact
cells.

NBD-PC and NBD-PIP, Diffusion on the Surface of
Cells

Figure 2 describes our determination of diffusion coeffi-
cients for NBD-PC and NBD-PIP, on the surface of BHK
cells. Figure 2a shows simulations of a FRAP protocol in
which a stripe 4 pum wide is bleached in the central region
of a rectangular membrane that is 84 pm wide and has a
diffusion coefficient of 0.5 pm?%/s. Simulated curve 1 gives
the fluorescence recovery at the middle of the stripe, curve
2 (dashed) gives the average fluorescence of the stripe,
curve 3 (solid) gives the best fit of equation 2 to the
recovery curve and curve 4 gives the fluorescence at the
edge of the rectangle. Note that deviation of the recovery
curve from the curve predicted by equation 2 is within the
experimental noise of data described subsequently. Also, it
is noteworthy that the recovery curve appears to reach an
asymptote at about 76% recovery toward the concentration
at the edge (curve 4), although with time the concentrations
in the entire rectangle will equalize.

Figure 2b and c shows data from single FRAP experi-
ments for NBD-PIP, and NBD-PC, respectively. The lipids
were applied for 5 min at concentrations of 2 um, followed
by multiple washes, and 2-um-wide regions were bleached
at the edges of cells. Included in both panels are recovery
data (curve 1), the best fits of equation 2 (curve 2, dashed)
and the best description via discrete simulation (curve 3,
solid). Figure 2d gives the average diffusion coefficients,
0.079 and 0.044 pm?s, respectively, for NBD-PIP, and
NBD-PC. The difference is not significant (P = 0.09).
Figure 2e gives the percent recovery of fluorescence within
150 s. Recovery is significantly reduced at 150 s from 81%
to 71% with PC vs. PIP,. From simulations, it is likely that
the recoveries at 150 s do not reflect immobile lipids and
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Fig. 1 (a) BHK cell in whole-cell voltage clamp with giant patch
pipettes (~ 6 pum diameter opening). A quartz perfusion line with 109
pm outer diameter is used to perfuse solution with 2 um NBD-PIP,
toward the pipette orifice and into the cell (left portion of patch
pipette). This line can be moved toward and away from the cell
opening via a hydraulic micromanipulator. (b) Typical confocal

that the reduced recovery for PC can be explained by a
somewhat smaller diffusion coefficient. Since the diffusion
coefficients were substantially smaller than expected for
simple bilayers, we tested two interventions that might be
expected to influence diffusion. First, we treated cells with
latrunculin to disrupt the actin cytoskeleton, and changes
were not evident. Second, for NBD-PC we confirmed that
cholesterol removal by 6 mm fS-methylcyclodextran for 15
min increased the diffusion coefficient more than twofold
(Pucadyil & Chattopadhyay, 2006; Ilangumaran & Hoessli,
1998).

NBD-PC and NBD-PIP, Diffusion in Membrane Lawns

The membrane lawn preparation (Hussain et al., 1999;
Shpetner et al., 1996) has the advantage for our purpose of
free access to the cytoplasmic side with reasonable main-
tenance of membrane cytoskeletal structures (Aggeler,
Takemura & Werb, 1983; Moore & Anderson, 1989) after
removal of cell constituents. Thus, it seems possible, at
least, that diffusion restrictions related to the cytoskeleton
and other membrane-associated proteins would be intact
after sonication. A clear disadvantage is that phospholipids
will presumably reach both membrane surfaces and that
membrane asymmetry will likely be disrupted. Our
expectation, therefore, was that FRAP signals would be
complex but might reveal the presence of slow components
that could be analyzed and manipulated.

Figure 3 shows typical fluorescence images of the
membrane lawns after labeling with either 2 um NBD-PC
(upper images) or 2 um NBD-PIP, (lower images), applied

fluorescence micrograph of a BHK cell that was perfused with NBD-
PIP, liposomes for 2 min and then with PIP,-free solution for 2 min.
The fluorescent lipids clearly bind throughout the cytoplasm, and
surface membrane is not selectively labeled. Results for a number of
hydrophobic membrane probes were similar

as described in “Methods” and followed by extensive
washout. The fluorescence appears mostly homogeneous
over the entire lawn dimensions of roughly 20 x 30 pum for
both probes. Figure 3b and e shows images of the lawns
immediately after photobleaching stripes, and Figure 3c
and f show the same lawns after 45 s of recovery. As
apparent, recovery was largely complete in this time frame
for both lipids. Figure 4 shows FRAP time courses for 4-
pm stripes bleached in membrane lawns labeled with
NBD-PC and PIP,. Figure 4b also shows the time course
for an 8-um stripe (dotted line), and dashed lines show the
best fits to equation 2. The diffusion coefficients are 0.062
and 0.17 pm?/s for PC and PIP,, respectively. One concern
with narrow bleach stripes is that the bleach may extend
beyond the intended border and thereby cause artifactually
low diffusion coefficients. However, as evident here, dif-
fusion coefficients determined with wider stripes were not
markedly different (0.20 vs. 0.17 pm?%/s). The approximate
75% recoveries of fluorescence in these membrane lawns
correspond reasonably to the recovery expected, given the
nonexponential nature of recovery pointed out above and
the fact that about 15% of the total lawn area is bleached.
From further experiments, we determined the average
NBD-PC diffusion coefficient in the lawns to be
0.18 = 0.02 umz/s (n = 5). For NBD-PIP, on membrane
lawns, an average diffusion coefficient of 0.16 £ 0.06
um?/s (n = 20) was obtained. Figure 5 shows typical Z-
scans of fluorescence intensity for a membrane lawn and an
intact cell on the same coverslip. The incorporation of
NBD-phospholipids on the membrane lawns was almost
four times greater than on the intact cell plasma membrane,
and possible reasons for this difference will be discussed.
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Fig. 2 Time courses of fluorescence recovery in intact BHK cells
after bleaching NBD-labeled PIP, and PC. (a) Simulation of lipid
diffusion in a planar sheet assumed to be 44 pm wide. At zero time,
the lipid concentration is O in a 4-pum stripe in the middle of the sheet
and the concentration everywhere else is 1. Curve I depicts the
concentration recovery at the center of the stripe, curve 2 (dashed)
gives the average concentration in the stripe, curve 3 (solid) gives the
prediction of equation 2 described in “Methods” and curve 4 is the
lipid concentration at the far edge of the membrane. Note that the far
edge and the stripe do not approach equilibrium in a simple
exponential manner, so it appears as if there is an immobile fraction
of lipid. (b, ¢) Experimental FRAP data for BHK cells stained with 2
um NBD-PIP, and NBD-PC, respectively. Micrographs show the cell
images just after bleaching, where rectangles correspond to the
bleached area. Curves 2 (dashed) give the best fit to equation 2, and
curves 3 give the equivalent discrete simulations with the best-fit
diffusion coefficient. (d) Average diffusion coefficients from 10
experiments for each probe. (e) Percentage recovery of fluorescence
at 150 s for the two probes

PIP, Diffusion in Intact Cells

The experiments just described have multiple limitations
that will be discussed. To determine mobility of endoge-
nous PIP, in the cytoplasmic leaflet, we devised a strategy
using the on-cell patch-clamp recording configuration with
cells expressing PIP,-binding domains and hM1 musca-
rinic receptors. To facilitate imaging, the patch pipette tip
was positioned nearly parallel to the microscope stage and
the pipettes employed were pulled to have a rather shallow
taper to the tip. Our tactic was to exploit the on-cell giant
patch configuration in which receptors can be activated
within the pipette via rapid intrapipette perfusion of ago-
nist. In this case, the propagation of the lipid signal into
membrane outside of the pipette can be monitored.
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Conversely, agonists can be applied outside of the pipette
and penetration of the lipid depletion into the membrane
within the giant pipette can be monitored. Both CHO and
BHK cells were employed, and results were very similar.

Figure 6a shows a typical image of the PH-GFP domain
fluorescence of a CHO cell expressing hM1 receptors
before applying agonist (0.3 mm carbachol) into the pipette.
The PH domains are located largely at the cell surface, and
the membrane is pulled somewhat into the pipette orifice
by the gigaohm seal formation (region 1). Upon perfusion
of carbachol into the pipette tip, there is a rapid decrease of
fluorescence at the membrane within the pipette tip, fol-
lowed approximately 8 s later by a decrease of PH domain
at membrane outside of the pipette (membrane region 2).
PH domains from all membranes in the focal plane of the
cell translocated eventually into the cytoplasm as PIP, was
evidently hydrolyzed, and this was followed by a gradual
recovery in time. We note an abrupt increase of fluores-
cence in the signal recorded within the pipette at
approximately 33 s. This corresponds to a shift of mem-
brane position in the pipette that is associated with
formation of membrane blebs with PLC activation, as
described in subsequent figures.

To account for these results in simulations, we find that
PIP, diffusion coefficients must be larger than determined
in membrane lawns. Figure 6¢ shows a simulation in which
it is assumed, as in the Appendix, that PIP, is being con-
stantly dephosphorylated and phosphorylated so that total
PIP, turnover occurs with a time constant of 20 s. With this
turnover, the simulated activation of PIP, degradation in
10% of the cell membrane leads to cellular PIP, depletion
with approximately the right delays and time courses when
the diffusion coefficient is 0.7 pm?/s. We note that if the
basal turnover of PIP; is assumed to occur more slowly, the
depletion signals continue for a longer period of time and
are of larger magnitude. In other words, the time course
with which these signals come to a steady state is pre-
sumably determined by continuous turnover of PIP, in the
membrane that is not exposed to carbachol.

Figure 7 shows typical results obtained when carbachol
was applied to the cell membrane outside the gigasealed
on-cell patch pipette. Line scans are shown perpendicular
to the patch pipette (vertical line) and directly through the
axis of the pipette (horizontal line). The interval between
exposures was 3 s. Before agonist exposure, at times #_j,
PH-GFP domains are mostly accumulated on the plasma
membrane. Fluorescence of the free cell membrane in the
pipette is greater than in the overall cell membrane, pre-
sumably as a result of optical aberrations. When carbachol
is introduced into the chamber at time t5, fluorescence of
the cell membrane decreases with a time constant of about
3 s (see line scans at #3 and #¢ and in Fig. 8d). Within the
pipette, membrane fluorescence decreases with a delay of
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Fig. 3 Typical confocal images
from FRAP experiments using
BHK membrane lawns stained
with 2 um NBD-PC in a—c and 2
um NBD-PIP; in d—f. The
membranes are incubated in
high-K solution with a cocktail
of lipid phosphatase inhibitors.
The images were taken just
before (a, d) and just after (b, e)
bleaching membrane stripes and
after 45 s recovery from
photobleach (c, f). The recovery
after photobleach was recorded
with 1/500 of the laser intensity
used for photobleaching
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Fig. 4 Fluorescence time courses in typical FRAP experiments using
BHK membrane lawns stained with NBD-PC (a) and NBD-PIP, (b).
About 15% of the fluorescence is bleached. Solid lines are with 4-pm
stripes, and dotted line illustrates responses for an 8-pm stripe.
Dashed lines give the best fits of equation 2 to the data, resulting in
the diffusion coefficients given in the figure

about 5 s. Since the signals throughout the cell membrane
exposed to carbachol were similar, we averaged them and
present normalized results for the whole cell and the
membrane in the patch pipette in the right panel of Fig-
ure 7d. The delay between signals is less than 5 s for a
diffusion distance of about 6 p from the edge of the pipette
to the free membrane within the pipette. For rough esti-
mation of the diffusion coefficieint, we assume that
D = 0.5 x*/t, where x is distance and 7 is the apparent time
constant. The diffusion coefficient obtained, 3.5 umzls, is
still larger than expected from the pipette application of
carbachol, and conclusions from simulations were similar.
We used line scans for this analysis at positions where no
membrane blebbing was observed.

To test whether IP; kinetics significantly affect the PH
domain signals, we performed similar experiments with the
PIP,-binding domain of the Tubby protein, a transcription
factor that binds with high specificity to PIP, but does not
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Fig. 5 Z-scans of NBD-PC-labeled whole BHK cell (solid line) and
BHK membrane lawn (dashed line) on the same coverslip. The step
size is 0.3 um with the same solutions and identical microscope
setting. Incorporation of NBD-PC is four times greater in the
membrane lawn than in the surface of the intact cell

bind IP; (Santagata et al., 2001; Brown et al., 2007) and
that has also been used as a fusion protein to monitor PIP,
kinetics (Brown et al., 2007). As shown in Figure 8, the
introduction of carbachol into the pipette stimulates as
expected release of the Tubby domain from the plasma
membrane of a BHK cell in gigaseal formation and
expressing hM1 receptor. In Figure 8a, fluorescence
intensities are shown for four different regions of the cell.
Before carbachol exposure, #y_;, the domain is mostly
associated with the surface membrane. The horizontal line
scan of the image crosses the cell at the edge of the pipette
and the far end of the cell in the chamber. The perpen-
dicular line crosses almost through the center line of the
cell. When carbachol was introduced into the pipette,
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o Fig. 7 (a) Fluorescence micrographs of PH-GFP domains in BHK
£ 50000 cell expressing hM1 receptors with giant patch pipette attached in on-
s cell configuration. Images from left to right are before (1),
g immediately after (#3) and 10 s after (f5) carbachol application.
=1 3 Horizontal and vertical line scans are shown for these and additional
8 40000 time points at 3 s intervals, namely 7,9, corresponding to 9, 6 and 3 s
© . before carbachol and 0, 3, 6, 9, 12, 15 and 18 s after carbachol
= ERE application in the bath solution outside of the pipette. (b) Horizontal
c{_\l 30000 f ™. line scans for 10 consecutive exposures show the latency in the
o s decrease of the peak membrane fluorescence in the pipette at #3. (c)

""""""""""""" Vertical line scans show simultaneous drop of fluorescence through-

20000 1 1 1 1 1 out the cell membrane outside of the pipette. (d) (Left) Comparison of
0 20 40 60 80 100 120 membrane fluorescence signals recorded outside of the pipette

Time (s) (dashed line) and within the pipette (solid line). (Right) Normalized

Fig. 6 (a) Rapid perfusion of carbachol into a giant on-cell patch
pipette with gigaseal (region 1) on a CHO cell overexpressing hM1
muscarinic receptors and GFP-PH domains. (b) When the cholinergic
agonist carbachol (300 um) is introduced into the pipette tip at the
tenth second, PH domains initially are lost from membrane in voltage
clamp. However, the focal depletion spreads to membrane outside the
pipette (region 2, dotted line) within 10 s, and PH domains
accumulate in the cytoplasm of the cell (region 3, dashed line) with
a similar time course. The GFP signal at the membrane in the pipette
(solid line) increases abruptly at about 32 s as a result of membrane
blebbing in the pipette tip. (¢) Simulation of experimental results. See
text for details

@ Springer

line scans for the average of membrane-associated fluorescence
outside of the pipette (dotted line) and within the pipette (solid line).
The time delay of PIP, depletion in the pipette is less then 5 s,
corresponding to PIP, diffusion over approximately 6 um along the
tip of the pipette

fluorescence began to decrease at the near edge at time 73
followed by the far edge at 75 and continued to decrease
with a time constant of about 5 s, somewhat slower than
determined with the PH domains. Presumably, this differ-
ence reflects the higher specific affinity of the Tubby
domain for PIP, as well as the lack of influence of inositol
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Fig. 8 Florescence signals from Tubby-GFP fusion proteins tran-
siently expressed in BHK cells expressing hMI1 receptors. (a)
Cytoplasmic fluorescence changes upon carbachol perfusion into
the pipette tip. Receptor activation in membrane within the pipette
releases Tubby domains remotely. (b) Horizontal line scans for 10
consecutive exposures at 3 s time intervals. The line crosses the
pipette edge and the far end of the cell. Membrane fluorescence
decreases first at the pipette, followed by a delayed decrease at the
other end of the cell. (¢) A vertical line crosses the plasma membrane
at similar distances from the pipette, and membrane fluorescence
decreases simultaneously at the two membrane crossings. (d) An
intact cell is exposed to carbachol twice, and optical signals on the
plasma membrane and in the cytoplasm mimic results for PH domains

1,4,5-triphosphate (IP3). The peaks associated with the
scans drop at nearly the same rate at opposite ends. Fig-
ure 8d shows multiple responses of the Tubby domains that
were readily obtained in intact cells from sequential
applications of 0.3 mwm carbachol for 10 s. From this and
similar experiments, our estimates of PIP, diffusion coef-
ficients range 1.5-2.5 pum?/s.

Finally, we performed equivalent experiments to deter-
mine whether gradients of diacylglycerol (DAG)-binding
C1-GFP domains might be detected in the same BHK and

CHO cell lines stably expressing hM1 receptors. In this
case, a loss of cytoplasmic fluorescence occurs when DAG
in the surface membrane increases as the C1-GFP domains
move to the plasma membrane. As shown in Figure 9 for a
BHK cell, strong C1 domain signals could be evoked
multiple times by applying and removing carbachol (0.3
mm) on the outside of the on-cell giant pipette. Figure 9a
shows line scans in an axis through the pipette tip before
and 30 s after application of carbachol. As already noted,
the cells usually underwent profuse blebbing within 10-20
s of applying carbachol, and this causes the membrane
boundary to move both within and outside of the pipette
(cell images in Fig. 9a). The fact that membrane blebbing
occurs rapidly within the pipette, when carbachol is applied
outside the pipette, documents that this complex cellular
response to PLC activation and PIP, depletion (Sheetz
et al., 2006) propagates with little or no delay across the
pipette boundary. As further illustrated by these line scans,
peak fluorescence at the edge of cells often did not increase
in spite of the fact that fluorescence in central regions of
the cell decreased. This complexity may be related in part
to the membrane blebbing and in part to the high concen-
tration of cytoplasmic Cl1 domains achieved by
overexpression. In any case, it was not possible to deter-
mine that any DAG gradients occurred in the cell surface
using this approach.

As shown in Figure 9b, repeated activation of Ml
receptors caused repeated strong reductions of C1 domain
in the cytoplasm of the cell as well as in the cytoplasm
drawn into the pipette. From normalized results of these
specific experiments and five similar ones, we report that
the largest differences in time courses between signals in
the bulk of the cytoplasm and in the pipette tip were on the
order of 1.5 s. This is not unexpected since the diffusion
distances from the center of the cell to the cell membrane
are even larger than the distance from the pipette orifice to
the cell membrane in the pipette tip. Thus, the lack of C1
domain gradients in these experiments simply documents
that the C1 domain can diffuse within cells with a diffusion
coefficient of at least 3 umzls, as expected for free diffusion
of small proteins (i.e., ~ 10,000 kDa).

That DAG analogues rapidly cross the membrane
bilayer and diffuse across cells without causing membrane
blebbing is documented in Figure 10. In the experiment
illustrated, 2 um dioctanoylglycerol (DAG8) a DAG analog
was perfused into the pipette tip 25 s after the start of
imaging. The CI1-GFP fluorescence signal was monitored
in different areas of the cell, as indicated in Figure 10b.
The fluorescence of the entire cytoplasm decreases with a
time constant of less than 1 min when DAGS is applied to a
membrane area that is at most 1/40 of the total cell
membrane. We note in this context the close similarity of
these time courses to those expected for free phospholipid
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Fig. 9 BHK cell stably expressing hM1 receptors and transiently
transfected with GFP-C1. The cell membrane outside the pipette was
exposed to carbachol (0.3 mm) twice, as indicated by solid bars in b.
(a) Line scans and cell images before and 30 s after exposure to
carbachol. Each time the cell is exposed to carbachol, blebbing occurs
over the entire cell, including plasma membrane not exposed to
carbachol within the pipette. The blebbing is documented here as a
shift of membrane position in the pipette (see line scans). (b) GFP-C1
domain fluorescence for the bulk of the cell cytoplasm (1, solid line)
and for cytoplasm within the patch pipette tip (2, dotted line). The
GFP-C1 domain responses are nearly identical in time course and
recover within 1 min for the most part after removal of carbachol

diffusion in simple membrane bilayers, as illustrated in the
Appendix for PIP; diffusion across the surface of a cell
with similar dimensions. In summary, we have uncovered
no evidence for restriction of PIP, or DAGS8 diffusion in
the cells employed in this study.

Discussion

We have characterized PIP, diffusion in the surface
membranes of fibroblasts by two approaches. Using the
FRAP method for PIP, and PC in the extracellular cell
membrane monolayer and in membrane lawns, we obtained
diffusion coefficients that are smaller than expected for
simple membrane bilayers by a factor of 3-10. Using a
completely different approach for the cytoplasmic mono-
layer, we expressed receptors that couple to PLC together
with fluorescent lipid-binding domains to generate and
visualize lipid gradients across entire cells, and we
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obtained no evidence that PIP, or DAG diffusion is
restricted. We consider here the complexities, limitations
and implications of these experiments.

Exogenous PIP, Diffusion

Exogenous phospholipids with fluorescent labels have been
used extensively to analyze the lateral mobility of mem-
brane lipids in a variety of cell types (Vaz et al., 1979;
Jacobson, 1983; Almeida & Vax, 1995). Most probes form
micelles that allow spontaneous incorporation of fluores-
cent monomers into cell membranes by a reaction that can
rapidly exchange micelle probes with probes in the cell
membrane (Flanagan et al., 1997; Elvington & Nichols,
2007; Pagano et al., 1981; Pagano & Huang, 1975). In our
experience with pipette perfusion of cells via giant patch
pipettes, several commonly used hydrophobic fluorescent
membrane probes, and especially PIP,, bind profusely
throughout the cytoplasm and presumably on internal
membranes (Fig. 1). These complications clearly preclude
any simple use of these probes in FRAP experiments to
analyze diffusion in the cytoplasmic membrane leaflet. It is
not clear why our experience is different from that of
others, in particular with atrial myocytes (Cho et al,
2005a). It will be important, therefore, to apply additional
techniques to the cell types that have given highly con-
flicting results with the FRAP technique (Cho et al., 2006).
We suspect that our use of large-diameter pipette tips
facilitates phospholipid diffusion into and subsequently
throughout the cytoplasm of cells. Even if large pools of
fluorescent probes exist outside of the surface membrane, it
may be possible to determine short-term diffusion coeffi-
cients in small membrane volumes with other techniques
such as fluorescence correlation spectroscopy (Schwille &
Haustein, 2007).

To enhance its solubility and reliable application, the PC
used in the present study had a C6 side chain. Owing to the
more hydrophilic nature of PIP,, it could be incorporated
efficiently into membrane lawns with C16 side chains. The
diffusion coefficients determined for these two probes, in
both membrane lawns and intact cells, were rather similar,
suggesting that they encounter similar frictions. This is to
some extent surprising as the longer NBD-labeled side
chain probably loops back to the membrane surface
(Chattopadhyay, 1990). The results appear to confirm that
NBD-labeled phospholipids indeed imitate multiple
behaviors of native lipids in membranes (Pagano & Sleight,
1985). Therefore, we see no clear reason to question the
outcome that phospholipids in the outer monolayer of these
fibroblasts diffuse 3—10 times slower than expected for
simple bilayers. In fact, the on-cell outcomes are similar to
outcomes described for neurons (Pucadyil &
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Fig. 10 Diffusion of short chain diacylglycerol (DAGS, 2 um)
throughout a BHK cell subsequent to its perfusion into an on-cell
patch pipette. Perfusion is initiated at the twenty-fifth second, and the
GFP-C1 domain moves to the cell membrane and out of the
cytoplasm in the entire cell with an approximate time constant of
60 s. Result 1 (solid line) is the average fluorescence of the cytoplasm,
2 (dotted line) gives fluorescence of the membrane opposite the

Chattopadhyay, 2006). Substantial accelerating effects of
cholesterol removal suggest that the condensing function of
cholesterol (Hung et al., 2007) in the outer monolayer may
play a significant role in slowing phospholipid diffusion.

The major concern in membrane lawns is clearly the
disposition of phospholipids with respect to inner and outer
monolayers. In the simplest case, phospholipids are ran-
domized between monolayers, and the diffusion
coefficients obtained may be intermediate between real
values in the outer and inner membrane leaflets. Regardless
of the details, it is notable that we did not find slow
components of PIP, (or PC) diffusion in this preparation,
which might be caused by extensive lipid binding to
membrane proteins and/or a fence function of the cyto-
skeleton. In so far as this membrane model maintains
peripheral membrane proteins, which are potentially
important determinants of PIP, diffusion, we find no evi-
dence for any significant restriction.

Endogenous PIP, Diffusion

Fusions of the PLC-6 PH domain with GFP are presently
widely used as a means to detect changes of PIP, in living
cells. To our knowledge, this was the first attempt to
determine a diffusion coefficient with these domains. There
were two prerequisites, which appear to be met: first, it was
possible to generate regional PIP, depletions in cells via
overexpression of Gg-coupled receptors and, second, the
PH domains bind and dissociate from PIP, fast enough to
detect lipid gradients. The Tubby domains, which do not
bind IP;, overcome the specificity limitation of PH
domains in binding both PIP, and IP;. Even membrane

400

pipette tip and 3 (dashed line) gives fluorescence of cytoplasm drawn
into the pipette tip. The fluorescence pattern gives no indication that
DAGS crosses through the cytoplasm, which would result in a
characteristic C1 domain waveform. The time course of signals
corresponds reasonably to those expected for free phospholipid
diffusion laterally in a membrane, as expected from Figure 1

blebbing occurs rapidly in areas where agonist has not been
applied, suggesting that signaling lipids move rapidly in
lateral directions. In Figures 6—8, PH domains respond
within 6-10 s at distances of 6-10 u from the sites where
agonist is applied to cells. To explain the data set, we
conclude that PIP, diffusion coefficients must be at least 1
and possibly 3 um?/s, and diffusion of DAG appears to
occur at least as fast from the C1 domain signals obtained
(Figs. 9, 10).

There are two significant limitations to our estimates of
PIP, diffusion rates. First, Ca may be released in areas
where PIP, is cleaved initially and, upon diffusion to
neighboring membrane zones, promote PLC activation and
PIP, cleavage. Free Ca in the micromolar range is known
to promote activation of PLC by G-protein signaling
(Horowitz et al., 2005). In the absence of G-protein acti-
vation, however (i.e., outside the region of agonist
application), we are aware of no evidence that substantial
PLC activities are stimulated by the free Ca concentrations
achieved by Ca release in these cell types (0.3-2 um [Luo
et al., 2001]). Second, the continuous generation and deg-
radation of PIP, by lipid kinases and phosphatases may
complicate the experimental results. As described in Fig-
ure 6, we used simulations to address this complexity.
From whole-cell experiments and experiments with appli-
cation of carbachol outside the pipette (e.g., Fig. 7), we
know that PH domains can be lost almost completely from
the cell surface upon activation of receptors. However,
when agonist is applied to a limited cell area, the nadir of
signals corresponds to loss of only about 25% of the
domains. The fact that domains continue to be lost from
adjacent membrane requires that PIP, can diffuse rapidly
across the pipette wall and that PIP, diffuses continuously
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into the membrane within the pipette where PLC is acti-
vated. These processes evidently come to a steady state
within about 25 s. To account for this, it is essential that
PIP, turnover in the region not exposed to agonist takes
place within this same time frame, presumably via simul-
taneous lipid phosphatase and kinase activities.

To conclude, we point out that Ca signals occur on a
nanometer scale in cells because millions of Ca ions can
diffuse through ion channels each second into a cytoplasm
with very low free Ca (Carrera et al., 2007; Hinch,
Greenstein & Winslow, 2006). For PIP,, a robust physical
basis for nanometer-scale gradients is not established. A
sharp PIP, gradient, which can be visualized across the
neck of phagosomes (Botelho et al., 2000; Scott et al.,
2005), would appear to require a physical diffusion
restriction, whereas extended gradients over several
microns, e.g., along the membrane furrow that forms dur-
ing cytokinesis (Emoto et al., 2005; Saul et al., 2004), do
not require restrictions. Our data provide no evidence that
bulk PIP, diffusion is restricted on the cytoplasmic side of
cells employed in this study. Entirely new approaches seem
required now to determine more definitely whether diffu-
sion coefficients for small fractions of total PIP,, e.g., in
membrane buds in the process of endocytosis, might be
radically lower.
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Appendix
Simulations of PIP; and PIP, Diffusion

The most analyzed example of spatially organized phos-
pholipid signaling is the PIP; gradient that develops from the
leading to the trailing edge of migrating cells (Devreotes &
Janetopoulos, 2003; Insall & Weiner, 2001). As underscored
by simulations here, the existence of the PIP; gradients
requires no restriction of lipid diffusion, and the time courses
with which gradients develop are accounted for very well by
phospholipid diffusion coefficients, as expected for simple
bilayers with no restrictions. For the simulation illustrated in
Figure 11, it is assumed that lipid kinases (PI3-kinases) are
localized to 1% of total cell membrane at the left pole of the
cell, while PIP; phosphatases (PTEN) are localized to 1% of
the cell membrane at the right cell pole with enough activity
to hydrolyze most of the cell’s PIP; within 2 min. With a
diffusion coefficient expected for simple phospholipid
bilayers, 1-4 pmz/s (Jacobson, 1983), the average PIP;
molecule requires a good minute to traverse the cell length
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(20 pm) from its site of synthesis to its site of degradation.
Gradients develop with apparent time constants of 30-60 s
when lipid kinase activity is increased in a stepwise fashion,
and these times are consistent with experimental data and
previous simulations (Ma et al., 2004).

As outlined in the “Introduction,” it is proposed that
PIP, depletion during PLC activation can occur on a
nanometer scale so as to mediate signals from specific
receptors to specific ion channels (Cho et al., 2005a,
2005b). Figure 12 illustrates the drastic extent to which
lipid mobility would have to be restricted to explain such
highly localized signals. Figure 12a presents simulation of
a l-p-diameter disk of membrane with 50,000 PIP, mole-
cules (i.e., about 1% of total phospholipid in the
cytoplasmic leaflet), as expected for the plasma membrane
of most mammalian cells (e.g., Nasuhoglu et al., 2002). A
single PLC is assumed to exist at the center of the mem-
brane disk. Its activity is assumed to be 1,000 s~ the
maximal rate that we can project from biochemical studies
(Smrcka & Sternweis, 1993). When the PLC is activated,
PIP, is depleted uniformly across the membrane disk.
Similarly, PIP, gradients remain negligible when the
activity is simulated in an infinite sheet of membrane
(simulation not shown).

In this same context, one may consider whether con-
tinuous metabolism of PIP, by phosphatases and lipid
kinases might allow larger and/or more local gradients to

PIP,
Degradation

SynF;rl%sis J . .

Arbitrary Units

L { | J
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Fig. 11 Simulation of PIP; gradients in a cell assumed to be
spherical and 20 pm in diameter with lipid kinases located to 1% of
the cell area at one pole (PIP; synthesis) and lipid phosphatases
located to 1% of cell area at the opposite pole (PIP; degradation).
Degradation rate is 0.1/s within the degradation pole, and the
diffusion coefficient is 2 pm?%s. The cell contains initially no PIPs,
and PIP; synthesis is initiated at time O
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Fig. 12 Simulated PIP, gradients generated by a single PLC
degrading PIP, at a rate of 1,000 s~'. The PIP, density is assumed
to be 50,000/4” in steady state, equivalent to approximately 1% of the
cytoplasmic monolayer; and the diffusion coefficient is 2 pum?*/s. (a)
Disk model. The single PLC begins to cleave PIP; at the tenth second.
PIP, densities remain nearly homogeneous as PIP; is cleaved from the
disk. (b) Infinite sheet model. Activity of a single PLC is initiated at

develop with PLC activation. Figure 12b illustrates the
PIP, gradients that are generated by the same punctate PLC
activity in a membrane in which it is assumed that PIP; is
generated and destroyed everywhere by lipid kinases and
phosphatases so that the average PIP; lifetime is about 30 s.
These assumptions are in fact required to reconstruct sig-
nals described subsequently for PH domains in intact cells.
Activation of PLC with an activity of 1,000 s~' generates a
gradient with a length constant of about 1 um with these
assumptions and with a peak magnitude of 6% of the
background PIP,. As pointed out by Cho et al. (2005a), for
significant PIP, signals to occur between neighboring
proteins, lipid diffusion must be restricted more than 100-
fold, probably 1,000-fold.
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