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Fluorescence photobleaching recovery curves on a pair of membranes at various 
separations were calculated from a detailed knowledge of the variation in rela- 
tive illumination areas and intensities as well as in relative contributions to the 
collected intensity with membrane separation. The observed diffusion coeffi- 
cients were found to be relatively insensitive to membrane separation in all 
cases. Only for membranes with very different mobilities are there significant 
differences in fractional recoveries. Systematic variations in fractional recover- 
ies with cell thickness may be indicative of differential mobility in the apical 
and basal membranes. 
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Fluorescence microscopy techniques can serve to study dynamic events on sur- 
faces of cells. One method, fluorescence photobleaching recovery (FPR) [l], is spe- 
cifically designed to measure the diffusion rate of fluorescently labeled lipids or pro- 
teins in the cell membrane. The fluorescence from a small area on the cell surface 
illuminated with a laser beam focused by high-power microscope optics is continu- 
ously monitored. At a particular instant, a brief pulse of high-intensity laser illumi- 
nation bleaches a portion of the fluorophores in the illuminated area and thereby 
decreases the observed fluorescence. The time course of recovery of fluorescence is 
governed by the dynamic events (eg, diffusion) that can exchange the bleached 
molecule for fluorescent ones. The extent to which the fluorescence recovers is a 
measure of the fraction of the fluorophores that are governed by the dynamic 
process. The detailed shape of the recovery curve depends on: (1) the transverse 
intensity profile of the laser beam (usually Gaussian), (2) the extent of bleaching 
and therefore the bleach intensity and duration, (3) the effective radius of the laser 
beam, and (4) the kinetics of the dynamic process (ie, the diffusion coefficient) [ 11. 

Where possible, we have maintained the notation used in references [l] and [ 5 ] .  
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The laser beam size varies along the direction of propagation and is focused at the 
membrane of interest. A second membrane would be out of focus and thus would 
be illuminated by a wider beam with weaker intensity and hence less bleaching. 
Consequently, the fluorescence recovery curve for such a second membrane could 
be significantly different and could affect the interpretation of the measurements. 
Typically, adherent cells vary in thickness from a fraction of one to several mi- 
crometers depending on the location on the cell body. In this report, we examine in 
some detail the possible consequences of the cell thickness variation for the FPR 
measurements. 

MATERIALS AND METHODS 

The photobleaching instrumentation used in these studies has been described 
elsewhere [2,3]. Beam measurements were performed by either translation of a re- 
flective mirror surface through the beam [2,4] or by scan recovery measurements on 
thin (< 1 pm) samples of a fluorescent dye (3,3 'dioctadecylindocarbocyanine [diI]) 
embedded in a Hardman epoxy and compressed between two microscope coverslips. 
The sample translator utilized in the experiments is based on a linear piezoelectric 
motor designed by WBM and has been described previously [2]. FPR curves were 
analyzed utilizing three parameter computer fitting routines written by S. Felder 
(Washington University Medical School). 

RESULTS 
Illumination and Collection Geometries 

To estimate the effects of a second out-of-focus membrane on the FPR mea- 
surements, we needed to establish the beam radius at the focus, w(zo) and the 
divergence of the beam, ie, the variation in beam radius as a function of distance 
from the focal plane, w(z - zo). From this we can calculate the variation in intensity, 
I(r, z-zo), for a Gaussian beam, as: 

I(r,z-z,) = 2' e - 2r2/w2(z - z,) , 
a w2(z - ZJ 

where P is the total laser power, and r is the position in the plane transverse to the 
laser. In addition, we needed to measure the collection efficiency function, E(z) [5], 
which is a measure of the fractional contribution of the fluorescence from the out- 
of-focus membrane to the total detected fluorescence. 

Figure 1A shows the result of a large number of beam size measurements as a 
function of the distance from the focal plane. The scatter in these data arise from a 
combined uncertainty in the beam size measurement and the focusing position. The 
solid line is the curve predicted by the beam expansion formula [6]: 

wyz-ZJ = WZ(Z,) + ( y;," j, 
with X = 528.7 nm and w(zo) = 2.0 pm. From this, we calculated the central 
intensity, I(o,z- zo), by equation 1 for r =0,  shown in Figure 1B. This is an 
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important parameter for estimating the bleaching efficiency since the fraction 
bleached is [l]: 

A(z-z,) = F(O)/F(-) = 1 - K-' (l-e-K); (3) 

where K is a bleaching constant given by [l]: 

K(z-z,) = (YI'(O,Z-Z~)T, (4) 

with T the duration of the bleach, a a first-order rate constant for bleaching, and 
I' (0,z - zo) the laser intensity during bleaching. 

Figure 1C shows the normalized collection efficiency function, E(z- z,) ap- 
propriate to the experimental configuration (see figure legend) of Figure 1A. These 
data were obtained simply by measuring the total fluorescence from a thin 
fluorescent sample as a function of focusing position. The collected fluorescence is 
restricted by an image plane pinhole whose radius, so, is generally chosen to be 
approximately twice that of the beam size in the image plane (which is w' = w(zo) 
x M with M being the total magnification). For the curves in Figure 1C obtained 
with a 40x objective*, w(zo) = 2.0 pm, the beam image is 0.10 mm in radius and 
the image pinholes had 0.20 and 0.125 mm radii, respectively. Koppel et a1 [5] have 
shown that within certain approximations E(z- zo) is Lorentzian, 

E(z-z,) = [l + (F)2 I-' , 
with t? being the half-width at half height. Accounting properly for the beam expan- 
sion (equ. [2]) [becomes: 

where a, is the divergence angle of the objective (sin a, = numerical aperturehe- 
fractive index) [M. Schneider and W.W. Webb, personal communication.] The 
predicted values of P are thus 17.6 pm and 12.0 pm for the curves in Figure 1C 
compared with 15.0 pm and 10.5 pm as measured. The measured curves are not 
Lorentzian for large values of z - z, reflecting the approximate nature of equation [5]. 

Effects on Diffusion 

true collection efficiency, we calculated the expected fluorescence recovery curves [ 11 
for a pair of identical membranes separated by a distance z- z,. The resultant 
curves were then computer fit as if the data represented a single recovery com- 
ponent. The percent deviation of the best fit recovery time, T ~ ,  from the true 

Having established the nature of the illumination geometry and measured the 

*There is a 1.25 x auxillary lens in the Zeiss microscope so that M = 50 for a 40 x objective. 
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Fig. 1 .  
object planes. Measurements for a 40x water immersion objective with both a reflective edge [A,X, 01 
and a thin fluorescent sample [O] are included. The solid line is the predicted beam radius variation 
based on equation 2 with w(zJ = 2.0 pm. B: Variation in the normalized central laser intensity, 
I(O,z-zo)/I(O,z,,) calculated from the beam radius change according to equations 1 and 2. C: Measured 
variation in normalized fluorescence intensity from a thin fluorescent film as a function of the distance 
between the focal and object planes. This corresponds to the collection efficiency function E(z-z,) 
described by Koppel et a1 [5 ] .  The data shown are for a 40 x water immersion objective with w(z,) = 
2.0 pm and with image plane pinhole radii of 0.20 mm (0) and 0.125 mm (O) ,  respectively. The full 
widths at half heights are 15.0 and 10.5 pm, respectively. 

A: Measured variation in beam radius as a function of the distance between the focal and 
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recovery time was then calculated as a function of membrane separation. For the 
geometry represented by Figure 1, the largest deviation of the fitted T~ from the true 
T~ was less than 6% and occurred over a range of separations between 5 and 15 pm. 
This is less than the usual experimental uncertainty of FPR experiments, and 
consequently, we expect very little effect from the cell thickness under these 
conditions. It is possible to focus the beam more sharply with the appropriate 
external lenses. Figure 2 shows the expected percent deviation in 7D as a function of 
membrane separation for a 1.0 km beam radius with a 40x objective and the 
E(z- z,,) functions of Figure 1C. The deviations are still small (< 25%) but are 
greatest at 6-8 pm, which is a typical cell thickness in the perinuclear region. Thus, 
measurements on different regions of a cell may introduce systematic variations in 
the measurements of as much as 25% resulting in a larger scatter than the technique 
is otherwise capable of providing. 

It is possible to make measurements with large image pinholes or even without 
any. The depth of focus effects imposed by E(z - z,) then are absent. Nevertheless, 
I(0, z - a )  decreases as z-z, increases (see Figure lB), which reduces the fraction 
bleached in the out-of-focus membrane and thus decreases its contribution to the 
measured recovery curve. Since I(0, z - z,) decreases less rapidly than E(z - z,) for 
small pinholes a larger pinhole will allow for a greater effect on 7D. For K I 2, the 
measured T~ is approximated well by a linear combination of the two contributing 

0 5 10 15 
Membrane Separation (microns) 

Fig. 2. 
function of their separation. The curves illustrate the deviation expected for a 1 .O pm beam radius 
focused by a 40x objective given the collection efficiency functions of Figure 1C for 0.20 mm (0) and 
0.125 mm (X) pinhole radii and using K = 2 (56% bleaching) on the focused membrane. 

The percent deviation in the fitted 7D from the true 7D for two identical membranes as a 
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recovery times weighted by their respective recovery amplitudes. On this basis, we 
estimate the maximum effect on the out-of-focus membrane to be about 50% when 
E(z - z,) is not contributing to the depth of focus. 

still small, effects can be expected. If the in-focus membrane exhibits mobility and 
the other membrane has totally immobile components there is no effect on T~ of the 
second membrane. Conversely, if the out-of-focus membrane has mobile compo- 
nents while the in-focus membrane has none, then 

If the two membranes have different diffusion kinetics, more complex, but 

When the diffusion coefficients are similar but the fractional recoveries differ, 
the effects on the observed diffusion coefficients are less than in the limiting cases. 
Thus if the in-focus membrane shows the greater fractional recovery, the effect of 
the second membrane is less than when the two membranes are identical. Converse- 
ly, if the out-of-focus membrane shows the greater fractional recovery, its effect is 
less than or in the limit equal to that given by equation 7. These results are summar- 
ized in Table I. 

Effects on Fractional Recovery 

are free to undergo diffusive motion and is defined [l] as: 
The fractional recovery is a measure of the fraction of the fluorophores that 

- F(O) F -  
- F(-) - F(0)' 

where, as in reference [l], F(-), F(O), and F(m) are the fluorescence levels before, 
immediately following, and at long times after the bleach, respectively. It is easy to 
show that for two membranes (designated by the superscripts f and o for in-focus 

TABLE 1. Summary of dual membrane effects on D, and F, 

Effect on D, Effect on FR 

I: Dp z D: For 40 X/W w = 2 p M :  < 5 %  

F; P Fo w = 1 pM: <25% R 
None 

A'F; + AOE(Z - z 0 ) q  

AF + AOE(Z-ZO) 
FOBS = 11: Dy 3 D: 

F; # Fg 

Smaller than I if F; > FZ 
Smaller than IV if F; < Fg R 

None 

408:CR 



FPR in Multiple Membranes JSSCB:219 

and out-of-focus respectively) separated by a distance z - z,, the observed fractional 
recovery is: 

AfFf, + E(z - zO)AoFO, 
FO,bs(~-~o) = Af + E(z-zO)Ao ' (9) 

with Af and Ao given by equation 3 and Ff, and FO, designating the true fractional 
recovery in the respective membranes. 

the observed fractional recovery. If the fractional recovery in one membrane is zero, 
the observed fractional recovery is strongly affected. Thus if FO, = 0: 

Clearly, if the membranes are identical, there is no effect of cell thickness on 

or conversely if Ff, = 0: 

A0E(z - z0) 
Af + A0E(z -zo) 

FibS(z-z0) = FO, = Q°FE 

The factors Qf (z-z,) and Q" (z-z,) are plotted in Figure 3 as a function of 
membrane separation. Intermediate cases are obtained as the appropriate linear 
combinations of these (FR = QfFf, + QOFf;). These results are summarized in 
Table I. 

DISCUSSION 

We have demonstrated that for the optical geometry employed in FPR 
instrumentation currently in use in our laboratory the laser illumination geometries 
and the collection efficiency functions conform closely to theoretical predictions 
[5,6]. We exploited these findings to calculate the effects on the FPR measurements 
of simultaneously illuminating and detecting fluorescence from two membranes at 
various separations as would be expected for adherent cells of varying thickness. 
The results are summarized in Table I. Four important conclusions emerge. First, 
the effects on the measured diffusion coefficients are small for all membrane 
separations and can be kept below 20%-25% deviation from the true value. This is 
because at small separations where the fluorescence contributions from both 
membranes are significant, the beam sizes are close so the fraction bleached, and 
the rates of recovery are similar for the two membranes. At larger separations where 
the beam sizes at the two membranes differ significantly, the contribution from the 
out-of-focus membrane to the total fluorescence is small. The maximal effect occurs 
at separations about equal to the half width, i?, of the collection efficiency function, 
E(z - z,). Second, the effects on the diffusion are at or slightly above the precision 
the instrumentation is capable of providing (= 10%). Variations in cell thickness or 
shape might then be one source of the substantially larger scatter of the data 
frequently observed (= 30%) [3]. Third, the effects on the measured fractional 
recoveries can be significant, only if the membranes behave differently. In the 
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Fig. 3.  
two membranes with large differences in F, values. The solid line corresponds to the case where the in- 
focus membrane exhibits much greater mobility. This curve is Q'(Z-Z,). The broken line corresponds 
to the converse case where the out-of-focus membrane exhibits greater mobility. This curve is 
Qo(z - z0). 

Variation in the ratio of observed to real fractional recovery as a function of separation of 

extreme case where the out-of-focus membrane has only immobile (or very slowly 
diffusing) components, the maximal change in fractional recovery is from %FL in 
the thin regions to FL in the very thick regions, ie, a twofold change. 

Conversely, if the out-of-focus membrane has mobile components, but the in- 
focus membrane has only immobile components, the fractional recovery will change 
from a maximal value of 0.5 in the thin regions to 0 (or <0.1 in practice) in the 
thick regions. These findings provide an experimental test for differential mobilities 
in the two membranes of the cell. By consistently focusing on either of the two 
membranes (apical or basal surface) and measuring on many regions on the cell 
body, there should be trends of either larger or smaller fractional recoveries in the 
thin regions indicative of differential mobilities. In well-behaved systems, it might 
be possible to estimate the respective fractional recoveries for the two membranes, 
especially if the cell thickness can be estimated from the microscope focusing. 
Fourth, it is possible that the incomplete recovery frequently observed for proteins 
in cell membranes could arise from immobile fluorophores in the out-of-focus 
membrane, for example the basal surface, rather than from inherent mobility 
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restrictions. If so, tne recovery should always be larger on the thicker regions of the 
cell. In the systems examined so far with this point in mind, no such systematic 
effects have been observed [Y. Henis, personal communication]. 

It is unlikely that cell morphology variations introduce large errors in the 
diffusion constant estimates obtained by fluorescence photobleaching recovery 
measurements, although increased scatter in the data may result. Since the 
fractional recovery is independent of cell thickness for identical membranes, the cell 
morphology as a general rule is not a parameter of concern in FPR experiments. 
However, substantial variations in the fractional recovery can result from cell 
morphology effects if there are intrinsic differences in the mobility between the 
basal and apical membranes. In favorable cases, it may be possible to explore the 
variation in fractional recovery with cell thickness to ascertain which membrane ex- 
hibits greater mobility. 
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