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ABSTRACT A continuum description for diffusion in a simple model for an inhomogeneous but isotropic media is derived
and implemented numerically. The locally averaged density of diffusible marker is input from experiment to define the sample.
Then a single additional parameter, the effective diffusion constant, permits the quantitative simulation of diffusive relaxation
from any initial condition. Using this simulation, it is possible to model the recovery of a fluorescently tagged protein in the
endoplasmic reticulum (ER) after photobleaching a substantial region of a live cell, and fit an effective diffusion constant which
is a property both of the geometry of the ER and the marker. Such quantitative measurements permit inferences about the
topology and internal organization of this organelle.

INTRODUCTION

Photobleach measurements have been the method of choioeganelle and its key molecular constituents. When is the
for determining the diffusional mobility and the mobile ER a single connected membrane system (Terasaki et al.,
fraction for fluorophores in solution or resident in a bilayer. 1996; Ellenberg et al., 1997; Zaal et al., 1999; Subramanian
Such studies have put on a quantitative basis the fluicand Meyer, 1997)? Are membrane and luminal proteins
mosaic model of the bilayer, and more recently pointedmobile (Szczesna-Skorupa et al., 1998; Marguet et al.,
towards refinements of this model (Edidin, 1997). However,1999; Dayel et al., 1999; Nehls et al., 2000)? Do these
comparatively little is known about the physical propertiesproperties change with drug treatments or during the cell
of intracellular membrane compartments such as the end@ycle etc? However, the quantitative interpretation of such
plasmic reticulum (ER). The development of green fluores-experiments is problematic, since in contrast to the plasma
cent protein (GFP) has made it feasible to address sucmembrane, one cannot model the ER as an infinite flat sheet
questions in living cells, (reviewed in Tsien, 1998; Ellen- uniformly populated by fluorescent markers. One way to
berg et al., 1999). Chimeric membrane proteins can beartially circumvent the geometric complexity of cellular
routinely constructed in which GFP is fused with a nativeorganelles is to bleach as small a spot as possible in a region
cellular protein, which then localizes the chimera to theof the cell that looks homogeneous and interpret the recov-
organelle of interest (reviewed in Lippincott-Schwartz et al.,ery via previous formulas (Edidin, 1994; Peters et al., 1999).
1999; De Giorgi, 1999). The labeled cells appear normalAn alternative approach, which we analyze in this paper, is
and many experiments have shown via colocalization witho bleach on the scale of the entire cell and in this way
more conventional antibody markers in fixed cells that theayerage over the small scale randomness that frequently is
localization is not altered by the GFP tag. The kinetics ofnot optically resolved anyway (Sciaky et al., 1997; Ellen-
protein trafficking from the ER to the Golgi complex (Pres- perg et al., 1997). An interesting and unexpected conclusion
ley et al., 1997; Scales et al., 1997), and then to the plasmgom a series of such studies on live cells is that diffusion
membrane (Hirschberg et al., 1998; Polishchuk et al., 199%jiewed on the scale of microns matches to idealized phys-
Nakota et al., 1998; Toomre et al., 1999) have been folicg theory better than for a diffraction-limited spot.
lowed in vivo this way, as well as the breakdown and |n this paper, we describe the circumstances under which
reformation of such structures as the Golgi body (Zaal et al.gjffsion in random media can be modeled by a continuum
1999; Shima et al., 1998) and nuclear envelope (Ellenbergheory whose only free parameter is an effective diffusion
et al,, 1997) during mitosis. constantD.. Experiments can then be quantitatively fit to
The ER is a geometrically complex compartment consistiheory andD,,; becomes a useful characterization of the
ing of both tubular and cisternal components with compleXyarker and the medium (e.g., organelle). With further as-
and dynamic interconnections among them (Terasaki et alsumptions, we relatB to the microscopic diffusion con-

1986). Photobleaching technology has been used to charagent measured for a homogeneous uniform media, e.g., an
terize some of the fundamental physical properties of thi§yeq) fiat bilayer in the case of a membrane protein. That

diffusive recovery on a sufficiently large scale in the ER for
instance, can be reduced to a general phenomenological
Received for publication 21 April 2000 and in final form 17 July 2000. €quation should appear no more surprising than the ordinary
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Once one bleaches a fraction of the cell, the kinetics of Let j(r,t) denote the space- and time-dependent current of marker
the recovery will depend on the shape of the cell and wheréinits: mass/length-time in two dimensions) apf, ) the analogous
the remaining marker resides. The purpose of this paper i%)ens_l?y. B_‘y definition of qulllbrlum, there will be no flux g |s.a fixed
to develop the theory necessary to describe this proces ,05|t|0n-|ndependent) multiple @f. The current then must be:
implement it numerically, and illustrate how it can be used Ji(r, 1) = = A;(NV;(p(r, H)/p(r)) 1)
to fit an effective diffusion constant on a cell-by-cell basis. . . .

. . . . If we average the densities over a region large enough for the connections
The physical recovery times required for this approach AlGithin the network to appear isotropic, then it is plausible (as we justify
longer than for spot photobleach because of the largefirther below) that the flux is proportional & since all the material on the
scales. Highly mobile markers can be accurately followedpmicro scale is equally mobile (i.e,is equally well the density of conduits
and it is not even necessary to know the bleach region ignd we assumB, is position-independent)
advance or to bleach completely, because the recovery is (1) = Dop(r)8, 2)
followed beginning with the first postbleach image and is ! e o
sensitive to the entire cell in one experiment. Using thisThe central difficulty in treating diffusion in inhomogeneous media quan-

approach, a single experiment can, in principle, determinéitatively is that number of channels for carrying mat(?rial varies in space.
hether a sinale diffusion constant applies throuahout th To se_e hovy Egs. 1 a}r_ld 2 nat'ural'ly mcorporate this effect, consider a
w 9 PP g %ne—dlmensmnal density(x), as in Fig. 1, with an overall scale and a
cell. constriction aroundk = 0 wherep = po(l + (X/€)?), £ < L, p, <
p(=L/2). Assume a situation where far<< 0, p(X)/p(X) = r_ andp = 0
for x >> 0. Then there is an approximate stationary solutioto the

THEORY equationj(r) = j, with a constant fluxj,, of material through the constric-
. . tion given b
Two dimensions 9 Y
X
We will phrase our derivation in the context of ER membranes in a cell - . 2
viewed in projection with the photobleach, assumed to be uniform in the plp = r_ = jo/(Defipo) (dX/(1 + (}€)%)) 3
normal directionz. The limits of this idealization will be dealt with later. —

Assume there is a passive membrane marker that does not interact with
itself, is in equilibrium, and has the same microscopic diffusion constant inand imposing the boundary conditionxat> 0 yields
all parts of the ER; there is no immobile fraction. The marker density will .
appear nonuniform in a projected image; there will be a central void Jo = Der —pd/ (1) 4

indicating the nucleus, a high concentration around it from the nucIearThus’ the equilibration time between the right and left pools will be very

envelope and the greater thickness of cytoplasm in its vicinity; and then s . ; L
gradual taper down to background levels at the boundary of the cell ThEI;ong because of the constriction (and the relative density within the pools

ER is a mixture of cisternae (sheets) and tubes with more total membran\%’]III have a small gradient in comparison with the restriction). e, is
) : - the same everywhere.

around the nucleus than in the periphery. In theory, (though difficult to The equation for the time dependence mfollows from (1-2) b

discern experimentally) the variable densjifr,), seen in projection could 4 P o Y

. ) ) cpnservation of material,
be due to a potential that concentrates the marker on certain sections oP

membrane, rather than there being simply more membrane in certain — (A -

regions all marked with a uniform areal density. None of this significantly ap(l‘, 0/3t = DerV (p(r)V(p(r, t)/p(r))). ®)
matters for what follows, provided the marker is not being actively pumpedin the following, it will be useful to note the transformation that takes a
or concentrated; it must be in thermodynamic equilibrium. The processsolutionp to Eq. 5 and generates another solutidn

by which proteins are exported from the ER to the Golgi is clearly

nonequilibrium. p'(r,t) = cst - p(r, t) + cst - p(r) (6)

p(x)

FIGURE 1 One dimensional density
distributionp(x) representing two pools
of proteins separated by a constriction
of length| which was used to derive
Eq. 4.
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wherecst, , are numerical constants. Wheris uniform, Eq. 5 reduces to  an overall intensity and the time scale to match the concentration and
the usual diffusion equation, and Eq. 6 reduces to the statement that @iffusion rate for each component and adding the results.

solution to the diffusion equation is invariant under rescaling or addition of  Intuitively the microscopic diffusion constant (measured normal to a flat
an arbitrary constant. Near the boundary of the cell, wpdends to zero, membrane) will be larger thaB., to which it gives rise in a random

the current vanishes and Eq. 5 conserves the integralookr the cell. It geometry, since the marker is traveling farther than is measured in projec-

can also be shown that for an image of afea tion. To quantify this, imagine a network of tubes whose diameter is less
than the scale on which they interconnect. After a short time to equalize the
1 p 2 marker around the tubes, the diffusion will occur along a series of effec-
| = — dl’f)(V _) @) tively one-dimensional segments. Légbe the angle between a tube and the
A P plane that is imaged. Then the current along the tube is larger by a factor

cos() than its projection, whereas the marker gradient is smaller by the
is monotone decreasing to 0 under Eq. 5, and its value is a useful averagé@me factor in the two cases. Because the diffusion constant is the ratio of

measure of the shortest scales present in the image. flux to gradient,
It is instructive to rewrite Eqg. 5 as
Dest = (COS(6))D, = Dy/d 9
aplot + DV - (pV In(p) — Vp) =0 (8)

where to average the angle it was assumed that the tubes are isotropically
This invites the interpretation of Ip) as the negative of a potential(r) distributed in eithed = 2 ord = 3 dimensions. The same relation holds
(temperature is one), in which case Eq. 8 becomes just the usual Fokkéer a luminal marker.
Planck equation for diffusive relaxation to the Boltzmann distribution in A similar relation can be derived when the marker is confined to a sheet
the presence of a one-body potential (Wang and Uhlenbeck, 1945)n three dimensions with unit normal vectdr Let t, and t, be two
(Phrased in terms ad(r), Fig. 1 should be inverted, and our calculation of independent tangent vectors in the sheet and imagine the mean concentra-
the redistribution of material between the left and right pools is identical totion gradient in the plane of the sample to bekithen,
the flux due to thermal activation over a potential barrier.) One can equally . R
well attribute the spacial dependencepdb more membrane per projected Dert = (X 11)?) + (X t1)?)Dg = (1 — {(X- N)?)D,
area,A(r), and thus writep(r) = A(r)e"Y®. Hence our earlier remark that

it is only p that matters in computing the relaxation, #gt) or U(r); it is = (1(d = 2), 2/3(d = 3))D, (20)
analogous to a free energy, with potentially both an entropicand an
enthalpic,U, contribution. The first equality is just the analogue of Eq. 9 applied to the two indepen-

dent directions in the sheet. Thusgifs contained in the sheet where the
fluorophore resides, there is no reductionDg, whereas if the normal to
Real cells the sheet is isotropically distributed, there is a reduction by 2/3.
Egs. 9 and 10 also illustrate a limitation of our model. If the cell were
The above formulas work in any number of dimensions, but with currentcompletely flat, and the ER of uniform composition but composed of
instrumentation it is not feasible to follow in time photobleach recovery in cisternae in the center and a random grid of tubes in the limb, Ehgn
three dimensions. Thus, it is necessary to consider the limitations inheremnwould vary by 2. Only if we averaged over regions large enough to contain
in two-dimensional images of a cell. The biggest problem is that twoa fixed ratio of sheets to tubes would our current formulation hold.
disjointed domains can appear connected in projection, and thus our model
will impute a number of connections between them proportional to the
projected density. For our model to be valid, we have to assume that thfjUMERICAL IMPLEMENTATION
degree of interconnections is uniform across the cell; othenBigewould
be a function of position. The same caveat applies to a network of tubuleAlgorithms
with restrictions (e.g., the model of Olveczky and Verkman, 1998). If there
is a systematic variation in the number or severity of the restriction acrosd he basic data set consists of a prebleach image and a series
the cell, then it can only be modeled Bgx(r). of postbleach images, which ideally continue long enough
For a three-dimensional slab of material described by Eqg. 5, the denSIth that the last Image is nearly proportlonal to the prebleach

will become uniform inz, when it has diffused a horizontal distance of - - P . -
order the thickness. Thus errors of projection are minimized by photo—One (assuming no immobile fraction). The code defipes

bleaching a portion of the cell much larger than its thickness. Nonunifor-0€ the prebleach image and initializes the dengify, 0),

mity of the bleach irzis also immaterial under the same circumstances. With the first postbleach image. The subsequent images are
An immobile fraction, provided it is a fixed numerical fraction of then compared with the simulation results as a function of

p(r), can be readily handled by the above formulas, since they can b¢ime to fit Def‘f'

applied to the mobile fraction only, by exploiting Eq. 6 to transform away The data are defined with 1- to 2-bvte accuracy on a
the immobile part ofp (n.b.: Eq. 5 is invariant undes — (1 — v;)p). y y

However, the initial conditions for the mobile fraction have to be computed"€Ctangular mesh of points. Centered differences are then
from the experiment by determining the fraction of materigl < 1 used to approximate Eq. 5 in such a way that the conserva-
bleached. So in the unbleached (respectively bleached) region, the pr¢ion ofp over the entire image is exact. For simplicity in one
bleach mobile density is (+ )p (respectively 1- v)yyp), which serves  dimension, define the mesh pointsias 1, 2,..N. Then the

to initialize the numerical integration. The numerical solution as a function : - : :
of time is then added to the immobile fraction (which is reducedypin current Eq. 1 is defined on half Integer mesh points as

the bleached region) to compare with experiment. We have not found a . _ _ _ _ _ _
robust way to implement the most general situation, when the immobile Jivvz = 0.8 + p) (/i1 — (p/D))

fraction is a function of position, unrelated f and mention potential .. . _
problems in the discussion. and at the boundarigg,, = jny12 = 0.

Two species with differenD,;, whose densities are both a fixed ~APProximate Eq. 5 for a time stefpas (with an analogous
fraction of p, can be handled by doing a single simulation, then adjustingterm for the divergence gfin the other dimension),

(11)
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pit + 8) = pi(t) + 8(is12 — ji—12) (12)  time units of the numerical simulation to physical ones, in
order to determiné® .
For anys, =;p; is the same for all times. Numerical stability ~ The time to converge the diffusion equation by an explicit
limits 6 to 1/4 in two dimensions, and we have found it moretime stepping scheme scales as the fourth power of the mesh
than accurate enough when following photobleach recovergize (versus mesh squared for a good implicit scheme; Press
to used = 1/8 and stay with this very primitive first order et al., 1992). However most of the time is spent removing
explicit in time algorithm, rather than attempt somethingthe variation on the large scales. Thus for the modest
higher order or implicit (Press et al., 1992). The simulationaccuracy requirements necessary for biological imaging,
code is available from the first author. one can just coarsen the mesh after the highest wavenum-
bers have relaxed. In practice we integrate for a time large
enough for a line 1 pixel wide to spread to 4 pixels and | in
Data and efficiency issues Eq. 7 to decrease by 4. Pairs of pixels are then averaged in

nt()jothx andy to cut the mesh size by 2. If this operation is

The real experimental images have a nonzero backgrou @ peated twice, then on a modern work station 2ihage

intensity from regions where there are no cells, and pixel tg _" . . )
requires a few minutes to run to completion.

pixel fluctuations due to noise in the electronics. Occasion- .
. . S . Two variants of the standard photobleach recovery ex-
ally there will be saturation, which if extensive, makes the . . .
periment can easily be handled with our code. In a fluores-

image unusable for quantitative purposes. . ) ]
Before subtracting the background, we smooth the datat8ence loss in_photobleaching (FLIP; Cole et al., 1996)

- . . : T . "experiment, a fixed region of the cell is repeatedly bleached,
eliminate the pixel-pixel fluctuations. This is most easily . ; .
: ; ) and the fluorescence elsewhere in the cell is monitored. If
done by iterating the transformation,

all material is mobile and in a connected compartment, then
(13) ultimately all fluorescence will disappear. To simulate this,
we initialize p with the prebleach image spt= p, and at

which is simply the diffusion equation on the data grid. This€very time step zerg within the bleach box. The data
is repeated until the pixel-to-pixel variation falls to a presetProcessing and fit ob.; are done as before.
level. In practice we always work with cells that span at It is sometimes convenient to bleach a strip across the cell
least 100 pixels, bleach regions of at least 20 to 30 pixelsand then image only that strip during the recovery. Instru-
and only fit to experiment intensities averaged over at leasinental considerations often dictate this protocol for rapidly
10 x 10 pixel blocks, so this initial smoothing does not diffusing species, in which case significant diffusion has
materially alter the data. A histogram of the density is then@lready occurred at the time of the first postbleach image. If
made for all points in the image, and the most commorthe bleach reduces the strip intensity to zero, then the
intensity value is defined as the background. The optimapimulation is easy: merely initialize to the prebleach image,
smoothing and background are determined from the prenumerically zero the strip, and follow the simulation for-
bleach data and used on all subsequent images in the serigard. If the bleach reduces the initial intensity in the strip to

The background is then subtracted from all points, and® fraction y, of its initial value, then schematically one
negative values are reset to 0 in all the postbleach imageghould subtract,,p from the entire image as in Eq. 6, then
Negative values in the prebleach image are reset to a smaEro the strip region, simulate and add bagiat each time
positive value of 0.5 (on a scale of 0—255 for 1 byte data)Point to get the value to be compared with experiment. In
since p occurs in the denominator of Eq. 5. (The actualPracticey, is not known, so it has to be fit along with the
value is immaterial, provided it is small.) The total intensity time scale to the experiment, i.e.,
added top is 0.17% of the total for the data used in this

pli = pij T 8(picejt picsj + pij+1 + Pij—1 — 4o,

paper.

The simulation is run until the final density is within a [ drpeyr, t) = (1 — y)(1 — vp)f drp(r, At)
few units (on a 255 scale) of its asymptotic value, as strip

measured by the norn§ ( denotes spatial average),

+ drp(r) (15)
N= (oo - 5006 aa v"fs ’

strip

trip

To fit the effective diffusion constant, the user selects one owhere we have also allowed for an immobile fractignand
more boxes on the prebleach image, the time series dhe experimental densities are background subtracted. The
experimental images are smoothed and background sulselution of Eq. 5, which appears on the right hand side of
tracted and the intensity averaged over the selected box(ed€)g. 15, satisfiep(r, 0) = 0 andp(r, ) = p(r) andA is the

The intensities are now on the same scale as the numericedmporal scale factor which determinBg. It has been
simulation, and it remains only to translate from the spaceassumed that the bleach removes a negligible fraction of the

Biophysical Journal 79(4) 1761-1770
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total cell fluorescence. Since these strips azum wide,
diffraction effects can be adequately accounted for by de-
fining w to be the width measured at half the maximum
intensity.

RESULTS

We now fit an experiment in which the ER of a mammalian
culture cell was labeled with a galactosyltransferase tagged
with GFP; a fraction of the cell was bleached, and the
recovery monitored over time (Sciaky et al., 1997). Both the
bleaching and imaging were done on a Zeiss 410 confocal
microscope which generated rather noisy 1 byte per pixel
image files (intensity range, 0—255). To ensure that the
fusion protein was retained in the ER throughout the exper-
iment, cells were incubated with the drug brefeldin A,
which blocks protein egress from the ER. This type of data
is a good test of the robustness of our algorithms, and the
errors made in the various steps of data reduction and
simulation are presented below.

Fig. 2 shows the experimental prebleach, first postbleach,
and final images. The code reports on the percentage of
saturated pixel values in all the images that were analyzed,
which for the first two images mentioned, amounts to 0.1%
and 0.06%, respectively. The code then smooths the pre-
bleach image, which in this case required 26 iterations of
Eq. 13 on the whole 5fdmage to reduce the average root
mean square variation between each pixel and its 4 neigh-
bors to the target of 2.5. This transformation will spread the
intensity on a single pixel to a Gaussian spot of radius 3.5.
Fig. 3 shows a histogram of pixel intensity values before
and after smoothing. The peak at 1 in Figa 8omes from
the large dark areas away from the cell, and the single pixel
speckle throughout the images gives the spike around 60.
After smoothing, the maximum in the distribution moves to
4, which becomes the background value to subtract, the
peak at 60 disappears, and there are no pixels with intensity
over 230. The integrated intensity from 0 to 7 of the two
histograms is unchanged.

How these various manipulations will impact the diffu-
sion constant fit can be quantified by monitoring the inten-
sity changes averaged over the X0 supergrid we use in
comparing theory and experiment, Table 1. The average
errors of smoothing are of the order of 1%, and the largest
percentage error occurs in the lowest intensity box, and thus
represents an error of only 1% with respect to the mean box
intensity. Our automated technique of determining the back- _ , _
ground intensity could fail if the cell occupied most of the 'GURE 2 Three confocal 5£2images showing photobleaching and
h . . . recovery of GFP-galactosyltransferase in the ER Rrebleach imageby
image, so the user can override the internal value. The fingk g osibleach imagec) Final image (i.., after recovery).
processing step resets all negative pixels to 0.5 and 0.0 in
the prebleach and all postbleach images, respectively. The
averaged intensities change by less than 0.5% and the actuzll being studied (or enough of it to account for the diffu-
numbers for the first post bleach image are given in Table 1sive recovery). We did not zero out the second cell above

The final step in processing the experimental images is téhe one that was bleached in Figb2since it is far enough
select a rectangular region of interest (ROI) that contains théfom the bleached region, and there is enough of a gap

Biophysical Journal 79(4) 1761-1770
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FIGURE 3 Histogram of number of pixels versus intensity for the full
512 prebleach imageaj before smoothing and after smoothing.

between the two cells to minimize the spurious flow of
material inputed by the code. The result of all these pre-
processing steps is shown in Fig. 4, which are the prebleac
first postbleach (with 10< 10 grid), and simulated final
postbleach images, respectively. These are the inputs a
output of the simulation where panel (apipanel (b) is the
initial p and (c) is the finalp. After the remaining experi-
mental postbleach images are similarly processed, we begi
the simulation. The two norms that characterize small
scales] Eq. 7, and large scaleN,Eq. 14, are 0.15 and 25.8,
respectively, for the first postbleach image. The program
coarsens the image after 32 and 160 time steps when

FIGURE 4 The smoothed and background subtracted region of interest
used to model the photobleach in Fig. 2. Part (a) is the prebleach image

TABLE 1 The errors due to various data transformations p(x), (i-e., Fig. 2a); (b) the first postbleach image(r, 0), (i.e., Fig. 2b)

involved in simulating the photobleach experiment in Fig. 2 ' . -
simulated intensity(r, ).

Average Maximum
Process Deviation Deviation
Smoothin 1.2% 6.8% .
Zeraing pixels ywe A 0.011,N = 25.5 and = 0.003,N = 24.8 respectively. The
Coarsening 0.25% 3.2% program took 94752 times steps to reach the targét ef

with the numbered grid boxes for averaging the intensity; and (c) the final

The first two operations are applied to the experimental data as explainegt’ at which tlfgel had decreas?d to the altogether negligible
in the text, and the third refers to the computational mesh used in th&/alue of~10"". If the coarsening steps are omitted, and the

simulation.

Biophysical Journal 79(4) 1761-1770
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in box averaged intensities are less than 1%, Table 1, except

in regions of low absolute intensity: 95,143 steps were B34
required to terminate the integrationMit= 1, very close to N pox22l 7
the value with coarsening. - Box43

OX -1

Once the user has input the physical pixel size (0,425
in our example) and the physical times at which the recov-
ery was monitored, a value @f,4 could be determined for
each box in Fig. 4. In Fig. 5, we show a sampling of boxes
in the bleached region, which recover at ostensibly different
initial rates, yet are all fit by nearly the sarbgy. Note that I
the experiments were terminated well before complete re- b
covery but are consistent with there being no immobile 0120 3(;?“?;20“;30 600 700 800
fraction within the scatter for the experimental time course.
We illustrate this by rescaling the simulation in boxes (4,6)FIGURE 6 Plots of the experimental recovespld lineg and simula-
and (6,6) with @4 = 0.5 and 15% immobile fraction (thin tion for several grid boxes labeled as in Figb 4vhere the intensity
solid line in Fig. 5). Although the fits appear to be slightly decreases. The fi; with no immobile fraction giveg; = 0.34, 0.37, 0.40,
better than those witly, = 0, they can be rather ambiguous 0.25, and 0.2qum'/s for boxes (2.4), (4.2). (5.2). (4.3). and (5.3), respec-

A ! : tively. The crosses denote the simulation intensities at full recovery

when the experiments have not run to long enough times fof_ 1200 s in this example).
a clear asymptotic plateau to be visible. Random errors in
the data translate into about a 20% uncertaintpi as
shown by the two bracketing curves for the second data sefiections with more remote regions of the cell. The compu-
The same diffusion constant should apply to the regiondational grid coarsening did not affect the fitsDf; to the
whose fluorescence decreases during recovery, a samplifjecision shown.
of which is shown in Fig. 6. The scatter is somewhat larger It is sometimes possible to get a reasonable estimate of
than before, perhaps because the percentage change in Per Py bleaching a strip of widtlv across a cell and fitting
tensity is much less. Some of the variation may be due to théhe recovery to the approximate formula
change in effeptive dimensionality qf the ER between the (1) = 1(20)(1 — (WAWR + 47D 4t) H™2) (16)
center and periphery of the cell, which can chabyg by
a factor of 1.5 (cf. Egs. 9 and 10). Note also that the fourthpresented in Ellenberg et al. (1997). It is assumed that the
curve in Fig. 6 does not approach its asymptote monotonibleach is complete, there is no immobile fraction, the cell is
cally. The fluorescence hits a minimum because of the mang uniform rectangle, the strip is normal to the long direction,
channels connecting box (4,3) with the bleached region. Thandw is much less than the distance to either end. Fig. 7
slow increase from the minimum results from weak con-shows the pre-processed image of a mitotic cell in which a
w = 4 um strip was removed numerically. The recovery
was then simulated with our code and an assumed diffusion
constant of 1um?/s. The fit to Eq. 16 was very good but
] gaveD.4 = 1.35, Fig. 8, rather than 1. Similar experiments
= with the strip centered and near the lower edge daye=

1 1.31 and 1.11, respectively. The disparities between Fig. 7
and the idealization necessary for Eq. 16 to apply can push
Do either up or down in comparison with 1. The finite
] extent of the cell decreases the time necessary to reach the
4 asymptote and increases tbg; implied by Eg. 16; placing
. the strip at the edge of a strictly rectangular cell, is equiv-
7 alent to a strip twice as wide in the middle of a cell twice as
, , , , . 1 ‘ ] long, decreasin®.; by 4. The quality of the fit is worse with
0 200 . 4800 600 800 the strip on the edge, as expected, and the curvature of the cell

me (Seconds) there largely counteracts the theoretical reductio jp
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FIGURE 5 Plots of the experimental recovehgévy solid linesand the

simulation for several of the grid boxes shown in Figb.4With no

immobile fraction the fit oD gives 0.29, 0.29, 0.30, and 0.34n?/s for DISCUSSION

boxes (4,5), (4,6), (5,5), and (6,6), respectively. The two dashed curveghe gpility to simulate diffusion in a generally inhomoge-

bracketing the preferred fit for (5,5) show the effect of varyiDg: by but isot . terial is the first tial st .
20%. The thin solid curves for boxes (4,6) and (6,6) assume an immobiltvDeous ut Isotropic matenal Is the nrst essental step In

fraction of 15% and giv®.; = 0.5. Thex marks the prebleach intensities Modeling diffusion in live cells, but there are many com-
to which the experiment would recover if there were no immobile fraction. plicating issues for which a general treatment is impossible,
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FIGURE 7 Smoothed and background subtracted images of a&ell (

Siggia et al.
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FIGURE 8 Comparison of a fit of Eq. 16 to the results of the simulation
(solid curve) for the data in Fig.& Simulation 1 is recovery into the gm
bleach strip in Fig. B; simulation 2, the same strip moved %t higher;

and simulation 3, the same strip moved g2 lower than Fig. . The fit

of Eq. 16 givesD; = 1.35, 1.31, and 1.11 for these three cases, versus a
value of 1.0 used in the simulation of the full cell image, which defines the
data.

around complexities of geometry, other dynamical pro-
cesses, and immobile fractions.

Both our experiments and analysis have dealt with cells
viewed in projection. Our model as embodied in Eqg. 5
readily generalizes to three dimensions. If it applies to the
ER in real cells, then it is a mathematical consequence that
neglect of the third dimension is inconsequential, provided
the scale of variation in the lateral dimensions is large
compared with the thickness. However, it is anticipated that
a variation of 50% can occur D (cf. Egs. 9 and 10) as
one proceeds from a region where the orientation of the
tubes and cisternae are random in a volume to one where
they are random only in the plane. The variatiorDig; can
be as large as a factor of 3 if the ER is entirely tubular,
randomly oriented in one region, entirely aligned in an
adjacent one, and the bleach box is normal to the aligned
tubes (i.e., diffusion followD, in the latter region). The
fundamental assumption embodied in Eqg. 5 is that the
density of fluorescence represents equally well the density
of connections, i.e., the flux is proportional foEg. 1. The
measured intensity has to be averaged over a spacial region
larger than the interconnection scale e.g., a few microns
(Terasaki et al., 1986). Our model completely fails when
two compartments which overlap in projection are actually
disconnected in 3D.

The pathways by which the cell targets newly synthesized

before and §) after a 4um strip was zeroed across the length of the cell proteins and internalizes material from the outside involve a

to generate synthetic data to test the 1D diffusive recovery formula show

in Eq. 16.

'Series of disconnected membrane-bound organelles. The
physical separation between organelles is essential since
they have different lipid and protein components, but it

requires elaborate mechanisms to separate substrate from

and one must deploy biophysical methods in a way thathe organelle resident enzymes and target it to the next
optimizes the prospects for quantitative analysis. For thisompartment. The Golgi complex receives secretory cargo
purpose we provide some intuitive guides grouped looselexported from the ER and appears at the optical level as
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multiple compact structures, some of which are disconin with the PM intensity in the neighborhood) and only then
nected, as shown by photobleach (Cole et al., 1996). Toun the simulation. Alternatively, in the experiment, one
determine the diffusive mobility within the Golgi complex could photobleach the Golgi, allow the fluorescence to
requires care since structures which appear continuous irecover in the PM that was also bleached and then do a
projection are actually disconnected. The strategy adaptesecond bleach on the PM and compare with the standard
by Cole et al. (1996) was to bleach a narrow strip across aimulation. (The first recovery must be run to completion
single structure and ideally remove only a small fraction ofonly to determinep. If an alternate means can be found to
the structure’s total fluorescence. An alternative strategy isletermine the steady-state density in the PM, such as con-
to bleach one of two structures ostensibly connected by #ocal microscopy, then a single bleach will suffice.) In
narrow neck in a projected image. If recovery is very slow,either case, the bleach that determibgg should be as far
they are not connected. Otherwise, the situation resembldsom the irrelevant pool as possible and sufficiently small
that in Fig. 1, and if the density in the neck can be measurethat the material necessary for recovery comes from nearby.
D can be inferred. We have found no general robust and practical method
We have found that many images of GFP chimeras in thdor determining an immobile fraction cell-wide that is not a
ER can show bright spots on a diffuse background. If thefixed multiple of p(r). One way of understanding the prac-
entire region is bleached and the material in the spot is bottical problems is to decompose the prebleach image),
connected to the rest of the fluorescence pool and noand the final imagep..(r), into a mobile density,,(r) and
subject to any special localization, then the recovery of thean immaobile density;(r),
entire image would be described by our simulation. If the
spot does not recover, then it was probably disconnected po(r) = pi(r) + pm(r), p=(r) = x(r)pi(r) + apn(r)  (17)
from the ER, whereas if the recovery is faster than diffusive,
some process is actively concentrating material. where x(r) = vy, < 1 in the bleached region (assumed
The most general point to be made is that the ability toknown) and 1 elsewhere, ard= [x(r)p,(r)/fpm(r) is the
simulate the entire cell liberates the experimenter fromfraction of the mobile pool that was bleached. It is only
bleaching the smallest region possible in order to fit to thep,(r) that is time-dependent, and to integrate Eq. 5 requires
usual formulas for a homogeneous media. Thus, one shoukkttingp = p,(r); i.€., p(r) must be known. Eqg. 17 can be
exercise the freedom to bleach a variety of shape and sizeverted point by point; however, botf}, anda cannot be
patterns, in different locations in the cell and verify that onesimultaneously determined from Eq. 17, since the right-
D fits all. One should also compare a FLIP experiment inhand sides are not independent at all points, iga, =
which the entire cell is drained of fluorescence by repeat{p... The parametey,, can be found by fitting Eq. 17 to the
edly bleaching one region, with the more conventionalboundary of the bleached region and assuming pgthare
fluorescence recovery after photobleaching (FRAP). If theuniform over the step created by the bleach, but even when
sameD fits both, it is a stringent test that all material is in v, is known, the self-consistent equation fors not easy to
a single connected compartment with evidently very homosolve.
geneous properties throughout. Finally, because recovery The real problems in inverting Eq. 17 have to do with
usually is very gradual into the limb of the cell (cf. box 6,6 time scales and experimental errors. The immobile fraction
in Fig. 5), the experiment should be run long enough tohas to be absolutely immobile for a time long enough for
reliably estimate if there is an immobile fraction. As shown p,,(r) to relax over the whole cell. Naturally, one is less
in Fig. 5, we can achieve slightly better fits by addipcas  sensitive to regions farthest from the bleach box, and vul-
a fitting parameter. However this additional degree of free-nerable to large errors if part of the cell moves. As a
dom allows one to fit partially recovered or even croppedconsequence, if one inverts Eq. 17 formally (for example,
data as though it is fully recovered, and thereby arrive aby doing the experiment wherg, ~ 0), there will be
meaningless values f@ 4 and ;. isolated points wherg;(r) < 0 for values ofa near 0 or 1.
The ability to bleach a defined region is particularly In practice there frequently remains only a rather small
important when some fraction of the image is immobile orinterval of allowed « values. Under typical conditions,
subject to different dynamics. In the simplest case, thevhere the immobile fraction is merely slow and parts of the
immobile component is a fixed fraction of the total, and cell do move around, it is very hard to automatically deter-
after some rescalings that we have outlined, the quality ofminep,, ; cell-wide. The best strategy seems to be bleaching
the fits between simulation and experiment should be nan alternating on/off pattern across the entire cell so that the
worse than in the ideal case when everything is mobile. Butecovery occurs locally and rapidly.
imagine one is viewing the plasma membrane (PM) for a Until now the plasma membrane was the prototypical
marker also present in the Golgi complex and thus disconmembrane for biophysical studies of lateral protein mobility
nected from the time scale of the experiment. One strateg{Edidin, 1994). In this system, intrinsic membrane proteins
at the computer processing level would be to excise thean have diffusion constants in the range of 0.01 to 0.1
Golgi complex from the prebleach image (and perhaps fillum?/s, and some degree of short term localization as man-
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ifested by less than complete recovery. There is also #irschberg, K., C. M. Miller, J. Ellenberg, J. F. Presley, E. D. Siggia, R. D.

dependence of the ostensikﬂl:_, on bleach spot size for Phair, and J. Lippincott-Schwartz. 1998. Kinetic analysis of secretory
ff protein traffic and characterization of Golgi to plasma membrane trans-

scales below 1—2’~m1 Wh!Ch has beer_] i.nterpreted in terms  port intermediates in living cellsl. Cell Biol. 143:1485-1503.
of a fast and slow diffusing pool (Edidin, 1994). Kubitscheck, U., P. Wedekind, and R. Peters. 1994. Lateral diffusion
By contrast, our measurements probe only scales larger measurement at high spatial resolution by scanning microphotolysis in a

than a few microns. We have fouridl;; for many GFP- ! co_”foctﬁlsmr']crosfc’pf'3p:':y3"33'6T:94?{956'2 Lk Hirsehbera. C. b
. - ippincott-Schwartz, J., J. F. Presley, K. J. Zaal, K. Hirschberg, C. D.
tagged transmembrane proteins in intracellular compart- Miller, and J. Ellenberg. 1999. Monitoring the dynamics and mobility of

ments to be in the range of 0.8m%s with 80-100% membrane proteins tagged with green fluorescent praiégthods Cell
recovery (Sciaky et al., 1997; Ellenberg et al., 1997). This Biol. 58:261-281.

Implles a mlcroscop|®o appllcable to a ﬂat membrane Of Marguet, D, E.T. SpIIIOtIS, T. Pentcheva, M. Leb0W|tZ, J. SChneCk, and
M. Edidin. 1999. Lateral diffusion of GFP-tagged H2Ld molecules and

2 . - B - .
up to~1 pm/s, comparable to diffusion times in synthetic o GFp-TAP1 reports on the assembly and retention of these molecules
bilayers. Our measurementsf are quantitatively repro- in the endoplasmic reticulumimmunity.11:231-240.

ducible over many cells and in many subregions within eactNakata, T., S. Terada, and N. Hirokawa. 1998. Visualization of the dy-
cell. Other transport mechanisms that might appear like hamics of synaptic vesicle and plasma membrane proteins in living

diffusi 't t includi t of detached axons.J. Cell Biol. 140:659—-674.
iusional transport, including moveément of detache VeS_NehIs, S., E. L. Snapp, N. B. Cole, K. J. M. Zaal, A. K. Kenworthy, T. H.

icles, can be ruled out by the conceptually simple but Roperts, J. Ellenberg, J. F. Presley, E. Siggia, and J. Lippincott-
technically difficult biophysical technique of measuring Schwartz. 2000. Dynamics and retention of misfolded proteins in native

both a protein and lipid diffusion constant (Zaal et al., ER membraneshat. Cell Biol. 2:288-295.

- . . . Olveczky, B. P., and A. S. Verkman. 1998. Monte Carlo analysis of
1999). If transport were by vesicles, both protein and lipid obstructed diffusion in three dimensions: application to molecular dif-

would recover at the same rate. The consistency of different fusion in organellesBiophys. J.74:2722-2730.
D.i for Golgi and ER protein and lipids during mitosis Peters, R. 1999. Scanning microphotolysis: three-dimensional diffusion

(Zaal et al. 1999) and after treatment with brefeldin A measurement and optical single-transporter recordvgthods. 18:
. : ' . . . 508-517.
rovides evidence that vesicle processes for moving Golgi
P P 9 gPolishchuk, R. S., E. V. Paolishchuk, P. Marra, S. Alberti, R. Buccione, A.

a'_ﬁ'd ER markers are not occurring under these conditions. | ini and A. A- Mironov. 2000. Correlative light-electron microscopy
Viewed on the scale of microns, the ER membrane system reveals the tubular-saccular ultrastructure of carriers operating between
is as amenable to study as the plasma membrane, andColgi apparatus and plasma membraheCell Biol. 148:45-58.

; ; ; i i At in_ Presley, J. F., N. B. Cole, T. A. Schroer, K. Hirschberg, K. J. Zaal, and J.
biophysical methods, if sufficiently quantitative, allow in Lippincott-Schwartz. 1997. ER-to-Golgi transport visualized in living

direct inferences gbout transport processes in live ce_IIs cells. Nature.389:81—85.

whose study previously required biochemical or genetigpress, w., S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery. 1992.

manipulations. Numerical Recipes in C. Cambridge University Press, Cambridge.

Scales, S. J., R. Pepperkok, and T. E. Kreis. 1997. Visualization of

ER-to-Golgi transport in living cells reveals a sequential mode of action
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