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ABSTRACT Filopodia are thin, fingerlike structures that contain bundled actin filaments and project from the cell periphery.
These structures are dogmatically endowed with the ability to sense cues in the microenvironment, implying that filopodia foster
local signal transduction, yet their small diameter hampers the imaging of dynamic processes therein. To overcome this chal-
lenge, we analyzed total internal reflection fluorescence images of migrating fibroblasts coexpressing either a plasma mem-
brane marker or tagged AktPH domain, a translocation biosensor for signaling through the phosphoinositide 3-kinase
pathway, along with a cytosolic volume marker. We devised a scheme to estimate the radii of filopodia using either the mem-
brane marker or volume marker data, and we used that information to account for geometry effects in the biosensor data.
With conservative estimates of relative target molecule abundance, it is revealed that filopodia typically harbor higher densities
of 3’ phosphoinositides than adjacent regions at the cell periphery. In this context at least, the analysis supports the filopodial

signaling hypothesis.

In migrating cells, various cytoskeletal arrays assemble in
concert with motor proteins to generate forces that drive
cell locomotion. At the leading edge of a motile cell, two
prominent F-actin architectures are typically observed: the
dendritic actin network that is characteristic of broad protru-
sions (lamellipodia), and bundled actin filaments that are
typically present in thin (~100 nm diameter), fingerlike pro-
jections called filopodia (1). Both structures promote forma-
tion of adhesion complexes, which in turn interact with
F-actin as a mechanical clutch (2,3). Adhesion complexes
also mediate signal transduction, which affects F-actin poly-
merization and myosin contractility (4).

Recently, we studied the interplay among these dynam-
ical systems, as it relates to the coupling of adhered filopo-
dia and the emergence of nascent lamellipodia; we showed
that adhesion-based signaling mediated the coupling (5).
Enriched type I phosphoinositide 3-kinase (PI3K) signaling
was detected by total internal reflection fluorescence (TIRF)
microscopy in filopodia before the onset of lamellipodial
protrusion, using fluorescent protein-tagged Akt PH domain
(AktPH) as a translocation biosensor; however, we were un-
able to interpret the intensity data in terms of the density of
AKktPH recruited to filopodia. The analysis was confounded
because the entirety of a thin filopod might be significantly
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excited by TIRF, exaggerating the membrane-bound contri-
bution to the intensity (Fig. 1). Accounting for this effect of
filopod geometry is the rationale for this study.

TIRF illumination selectively excites fluorophores in
close proximity to a glass-aqueous interface. The local fluo-
rescence intensity, f{x,y), is generally related to the fluoro-
phore concentration, [F](x,y,z), as follows (6):

floy) = a / (Fle/dz. )

The penetration depth, d ~100 nm, describes the decay of
TIRF excitation with distance from the surface, z; d is pro-
portional to the excitation wavelength and readily calculated
(6). The coefficient o accounts for the properties of the
fluorophore and of the image acquisition.

If we consider a translocation biosensor such as AktPH, a
fraction of it is in complex with its target(s) at the plasma
membrane, and a fraction resides in the adjacent cytoplasm.
Using the notation of Haugh (7), we take the local concen-
tration of unbound biosensor as [B] and the local density of
membrane-bound complex as C. For a semiinfinite region,
such as the center of the cell, and a gap height & between
the glass surface and the cell, Eq. 1 is solved as follows (6):

f = ae"/(d[B] + C). 2)

The solution of Eq. 1 for a different geometry is not
as straightforward. To compare the TIRF intensities of
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FIGURE 1 lllustration of enrichment due
to filopod geometry versus enrichment of
bound biosensor. To see this figure in
color, go online.
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individual filopodia to that of a semiinfinite region, their
geometries must be taken into account (Fig. 2 A). In the an-
alyses presented here, we consider each filopod as a cylinder
with length, L, and radius, R, with the latter typically below
the limit of optical resolution.

A cohort of nine mouse fibroblasts (NIH3T3; American
Type Culture Collection, Manassas, VA) that coexpressed
GPI-tdTomato, a membrane marker, and cytosolic teal fluo-
rescent protein (TFP) were imaged by TIRF microscopy as
reported in Johnson et al. (5). For each filopod (n = 1,916)
and marker, we determined the dimensionless quantity, ®,
defined here as follows:

[ A
o =21 3
FdL 3
Here, fyand Ay are the mean intensity and area of the filopod
region, and f, is the mean intensity of the cell center (see

Supporting Materials and Methods and Fig. S1 in the
Supporting Material). Each filopod was tracked over
sequential frames (5), and the measured value of ® is an
average over the filopod’s lifetime. Assuming a uniform
membrane marker and our geometric model, and neglecting
the possible difference in /4 between the two regions, we
derived an expression for ® as a function of p = R/d. We
refer to this function as @, (all derivations are provided
in Supporting Materials and Methods):

DQuem = 2mpe "Io(p). 4
We applied this model to the GPI-tdTomato data (with d for
561 nm excitation) to estimate R for each filopod (Fig. 2 B).
The distribution peaks at =50 nm, consistent with ultra-
structural measurements (1). For the cytosolic marker,
TFP, we similarly derived an equation for ®, &, (with d
for 442 nm excitation):

FIGURE 2 Properties of adhered filopodia
inferred from TIRF images. (A) lllustration
of TIRF illumination for a semiinfinite re-
gion of a cell versus the circular cross
section of a filopod. (B) Histogram of filo-

pod radii determined from images of the
membrane marker, GPI-tdTomato. (C) With
R determined from b, the volume marker
(TFP) images were used to estimate the
void fraction ¢ for each filopod. (D) With
R determined from b and assuming ¢; =
0.62 for each filopod, the predicted value
of ® for the volume marker (Eq. 5) is
compared to the measured value. To see
this figure in color, go online.
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D = 2merpe"11(p). 5)

The coefficient & was added to account for the void frac-
tion inside filopodia (relative to the cytosol in the center
region). Using the values of R estimated from the
GPI-tdTomato data, the values of & were estimated from
the TFP data. The results reveal a reasonable peak ¢ value
of 0.62, with large variability only among filopodia with
the lower estimates of R (Fig. 2 C). Supposing that
the mean value of & were assumed for all filopodia, and
using the same estimates of R from before, the values
of ® for TFP were predicted (Eq. 5) and compared
to the measured values. A reasonable agreement was
found (Fig. 2 D; coefficient of determination = 0.72).
We conclude that our geometric model is suitable for
characterizing filopodia.

In another group of 21 cells coexpressing mCherry-
AktPH and TFP, a total of 1336 filopodia were identified.
This data set extends one described previously in Johnson
et al. (5). To relate the measured TIRF intensity to the abun-
dance of AktPH in filopodia, we combine the results given
above to derive @ for a translocation biosensor:
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d[B); ®eye + C;Prem

q) =

(©6)

Equation 6 is simplified by assuming: biosensor-target bind-
ing at the center of the cell, C,, is negligible; free biosensor
is fast diffusing and therefore close to uniform ([B] = [B].);
and biosensor-target binding is close to equilibrium. There-
fore,

= (I)cyt + (Tf/dKD)(I)mema )

where T is the density of (unbound) target in the filopod
membrane, and Kp, is the equilibrium dissociation constant
of biosensor-target binding. With prior estimates of p
and &5 Eq. 7 allows estimation of T/dKp, a dimensionless
measure of target abundance. The underlying assumptions
are conservative. If there were substantial target density in
filopodia, then local depletion of free biosensor is expected
([B]f < [B].) (7); accounting for this, and allowing C. to be
significant, would only increase the estimate of T/dKp.
Assuming a value of & = 0.62 based on the analysis
shown in Fig. 1, C and D, the TFP data for this cohort

FIGURE 3 Quantifying PI3K signaling in
filopodia. (A) Histogram of T/dK esti-
mated from Eq. 7. (B) Adjusted fluores-
cence intensity of a filopod (arrow). Scale
bar = 10 um. (C) Pseudocolor TIRF image
showing the specification of a region adja-
cent to a filopod. Scale bar = 10 um. (D)
The adjusted fluorescence of each filopod,
1+ T/dKp, is compared to that of the adja-
cent region, 1+ T/dKp. (E) Spatiotemporal
map showing structures identified as la-
mellipodia (white) and filopodia (colored
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according to T/dKp). (Right) The bar graph
shows the mean adjusted intensities of
filopodia associated with front (n = 310),
stationary (n = 547), and rear (n = 479) re-
gions (see also Fig. S2). The error bars
are 95% confidence intervals. To see this
figure in color, go online.
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yielded estimates of R for all filopodia. Turning to the
mCherry-AktPH data, the assumed value of & and the esti-
mated value of R were used to estimate 7,/dK, for each filo-
pod (Eq. 7, with d for 561 nm excitation). As expected, the
vast majority of the T/dK), values are substantially positive
(Fig. 3 A). Each T/dKp value can, in turn, be used to conser-
vatively estimate an adjusted fluorescence, as if the filopod
were flat and semiinfinite, comparable to intensities else-
where in the contact area (Fig. 3 B):

f},adjusted = ff (1 + Tf/dKD) . (8)

With this approach, we compared the adjusted intensity
of each filopod, 1+T/dKp, to that of the adjacent region,
1+T,/dKp (Fig. 3 C; see Supporting Materials and Methods).
According to this analysis, most filopodia (94%) showed
enrichment of AktPH binding, even when the adjacent re-
gions did not, and with few exceptions the enrichment
in the filopod exceeded that of the adjacent region (95%;
Fig. 3 D).

To put this analysis in a dynamic context, a spatiotem-
poral map constructed from a time series of a representative
cell displays the timing and locations of structures identified
as lamellipodia and filopodia (Fig. 3 E) (5). In this sequence,
a prominent filopod at the front of the cell adhered before
the emergence of a lamellipod, consistent with our previous
findings (5); this filopod showed strong enrichment of
AktPH binding. At the same time, structures identified as fi-
lopodia (but exhibiting hallmarks of retraction fibers) were
present at the trailing end of the cell and exhibited low
enrichment of AktPH binding. The latter observation pre-
vailed overall for filopodia emanating from regions identi-
fied as retracting (Figs. 3 E and S2).

Filopodia are broadly described as environmental sen-
sors (1,8), implying that signals are transduced from
within. Here we have outlined a method for estimating
the enrichment of fluorescent biosensors in adhered filopo-
dia. We offer evidence that adhered filopodia of fibroblasts
are indeed privileged loci for PI3K signaling, as inferred
for neurons (9). Whether filopodia foster activation of
PI3K or frustrate dephosphorylation of its lipid products
remains to be explored. An alternate explanation is that
filopodia offer a longer domain for lipid accumulation;
the added length would ameliorate dilution by diffu-
sion of the lipid away from the leading edge. This is plau-
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sible because we previously estimated a spatial range of
~10 um for this second messenger (10), substantially larger
than the thickness of the dendritic F-actin network at the
cell’s leading edge(s).

SUPPORTING MATERIAL

Supporting Materials and Methods and two figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(16)30822-0.
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Text S1: Methods supplement

Derivation of filopodial fluorescence, membrane marker (Eq. 4)
We first consider a uniformly distributed membrane marker with area density M.
Referring to the geometry illustrated in Fig. 1A, we adopt polar coordinates (r,6), with 6
= 0 pointed in the +z-direction, and hence we express z as follows.

zZ=h+R+rcosf
The total background-subtracted fluorescence ‘volume’ of the filopod, given by fA;y, is
calculated by integrating over the volume of the cylinder, weighting by ¢%? as shown in
Eq. 1 of the main text. Since the fluorophore is confined to the boundary at r = R, we
invoke the Dirac delta function, §(x), and express the integral as follows.

1A =aM|2f [T~ R rdran|L

=2ae "M MR [ TRl g
0
The fluorescence intensity at the center of the cell is simply
f. = aMf: dz—h)e ¥ dz

=ae'M
And so the expression for ® as defined in the main text is found.
A @ ,
D= ff f 2pe—Pf g Peost do;, p= 5
fdL 0 d

Finally, an integral identity for /o(x), a modified Bessel function of the first kind, is
applied.

_ 1 T xcosf _ 1 T _xcosf
Io(x)—;foe d@-;foe do

This yields the expression for ®,,c, given as Eq. 4 in the main text.

Derivation of filopodial fluorescence, volume marker (Eq. 5)

Following the same approach as above, now for a uniformly distributed volume marker
with concentration [F], we obtain the following. Note that the constant void fraction &
has been assumed for the filopod.

A = aef[F][2[:foﬂe'(mmose)/drdrdH]L
_ 2a€_(h+R)/d€f[F]LfoR f: e—rcosH/drdr do,
f.=ae™[Fld;
_ 2e0”

P R pm
e fO fo e dr de

Invoking the properties of Bessel functions, the above is evaluated as follows.




2;[5

jﬂl r/d )rdr

= 2fr€_,-e oL (p)
This is equivalent to the expression for ®.; given as Eq. 5 in the main text.

Derivation of filopodial fluorescence, translocation biosensor (Eq. 6)

For a translocation biosensor, with average free concentration [B]rand average
membrane-bound density Crin the filopod, we apply the same approach and results
from above to calculate total fluorescence.

ffAf = zae_(h+R)/dL(5f[B]_ffoRfone_rcosg/drdrde+CfRfOﬂ€_RCOSB/d d@)

= 2mae " L(e,[B1,d’pl,(p) +C,RI,(p))
=ae™Ld(dB],®,, +C,®,,,)

f = mem

Invoking Eq. 2 for the fluorescence intensity at the cell center, f;, and combining with the
above yields the expression for ® given as Eq. 6 in the main text.

Specification of d values for various excitation wavelengths

The characteristic penetration depth (d) of an evanescent wave can be estimated from
the excitation wavelength (A = 442 nm for TFP, 561 nm for tdTomato and mCherry), the
angle of incidence of the beam (6; = 70°), and the refractive indices of glass (ns = 1.52)
and aqueous solutions (n2 = 1.33) as follows.

A

- 72
47[(7112 sin® 6, —ni)

d:

Thus, d values of 68 nm and 86 nm were calculated for TFP and tdTomato/mCherry,
respectively.

Image acquisition and processing

Live-cell imaging by TIRF microscopy and image processing were performed as
described previously (1), and additional details are provided here. The XY optical
resolution is set by the pixel side length of 256 nm (based on the pixel density of the
camera and the overall magnification). Supplementary Figure S1 illustrates the image
analysis workflow for a representative cell, starting with a raw image among many in a
stack of sequential images (Fig. S1A). The filopodia and (non-filopodial) cell region
were identified as described previously, and the center region of the cell was
determined. In brief, filopodia were identified using a tophat filter applied to the binary
cell mask, healing discontinuities and removing structures smaller than 15 pixels. The
center region was then determined by subtracting filopodia masks from the cell mask
and eroding it further by a 2.5 ym diameter disk (Fig. S1B). The filopodia were tracked
across sequential images as described previously (1).

For the analysis presented in this paper, the region associated with each filopod in each
image was determined by dilating the filopod mask in the TFP channel (Fig. S1C). This



step is important because it ensures that all of the filopod'’s fluorescence is captured,
and because there is a slight focal difference between wavelengths. The area A
associated with each filopod region (in nm?, based on the square of the pixel side
length) and the mean background-subtracted intensity of that region, f;, were
determined. Note that the background fluorescence is already subtracted, so the value
of the total fluorescence, fAy, is not sensitive to the degree of dilation. Finally, the
length of each filopod, L, was estimated as the major axis of an ellipse drawn around
the filopod region (without dilation). This quantity was expressed in units of nm
according to the pixel side length as described above. These quantities, together with
the appropriate value of d and the mean background-subtracted intensity of the center
region, f;, were used to calculate ® for each fluorescent protein and filopod (Eq. 3).
This quantity was averaged over the duration of the filopod across multiple frames (if
applicable). To reduce noise, frames in which filopodia with a mean GPI or Akt-PH
intensity less than 20% of the center region intensity were excluded. All calculations
were executed using MATLAB (MathWorks).

Estimation of filopod radius from ® e, or @yt value

For cells expressing the membrane marker GPI-tdTomato, the value of ®,c, for each
filopod was determined from the data, and the corresponding values of p (Eq. 4, main
text) was identified by iterative root finding. By multiplying the estimated p by d = 86 nm
for 561-nm excitation, the estimated radius R was found. This value of R was converted
back to dimensionless p for the TFP channel by dividing by d = 86 nm for 442-nm
excitation, and then comparison of the measured @, for TFP and Eq. 5 of the main text
yielded an estimate of the void fraction, &, for each filopod. For the cells co-expressing
mCherrry-AktPH and TFP, the &, for TFP was determined from the data as before,
and Eq. 5 of the main text was used to estimate p (by iterative root finding), assuming a
nominal value of & = 0.62. By multiplying the estimated p by d = 68 nm for 442-nm
excitation, the estimated radius R was found. All calculations were executed using
MATLAB (MathWorks).

Specification of the contact area region adjacent to a filopod

In each applicable frame, a circle with radius 5.12 ym (corresponding to 20 pixel side-
lengths), centered at the base of the filopod, was drawn. Within this circle, the non-
filopodial region of the cell was identified (Fig. S1D). Prior to this, pixels that are part of
the low intensity cell edge were excluded by eroding the cell mask by a 5-pixel radius
disk. All operations were executed using MATLAB (MathWorks).

Calculation of adjusted intensity of the adjacent region

We used the TFP data to estimate a void fraction for the adjacent region, ¢,, relative to
the center. This was taken as the ratio of the TFP intensity in the adjacent region
divided by that of the center region. Then, turning to the mCherry-AktPH data, the ratio
of the intensity of the adjacent region, f,, to that of the center region (incorporating Eq. 2
from the main text) is as follows.

de [B], +C,

Jo_
£ d[Bl,+C,



Incorporating the same assumptions as in the derivation of Egs. 7 & 8 in the main text,
we obtain

£—€+];

fo " dK,

With f,/f, taken from the AktPH data and ¢, estimated from the TFP data, the ratio
T./dKp was estimated for each adjacent region. Hence, the adjusted fluorescence of
the adjacent region was calculated as follows.

T
juste = c 1+ .
f;z,adjm d f ( dKD )

It suffices to compare the quantities 1+T/dKp and 1+T,/dKp as shown in Fig. 3D of the
paper. All calculations were executed using MATLAB (MathWorks).

Classification of filopodia as associated with protruding, retracting, or stationary
regions

To classify cell regions based on their motility status, we calculated the relative
protrusion and retraction on an angular basis about the cell centroid using overlap of
cell masks between frames as described previously (2). This data was then used to
generate a kymograph-like map of membrane protrusion/retraction as a function of time
and angular position relative to the centroid. An averaging filter was applied to this
“‘map” in space and time to capture only the bulk protrusion and retraction events. This
smoothed protrusion/retraction map was then segmented into 3 bins using k-means
clustering (Fig. S2A). The highest bin was marked as protruding, the middle one as
stationary, and the bottom one as retracting. The filopodia locations were also binned
with respect to angle relative to the cell centroid, and the assocated motility status of the
bin for each filopod in each image was determined. Finally, each filopod was classified
by whichever motility status was most frequent during the filopod lifetime.
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Supplementary Figures

Figure S1. Identification of regions in TIRF images. a) TIRF image showing an entire cell
expressing the volume marker, TFP. Scale bar = 20 um. b) Demarcation of a filopod region
(filled in blue) and the cell’'s center region (outlined in green). c) Dilation of the filopod region
(extra area colored cyan). d) Identification of the adjacent area (filled in magenta).
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Figure S2. Classification of filopodia according to the motility status of the adjoining
membrane region. a) lllustration of a representative protrusion/retraction map that was
smoothed and subjected to k-means clustering. Red: protruding; gray: stationary; blue:
retracting. b) Redrawing of Fig. 3D with the filopodia associated with retracting (‘rear’) regions
marked with blue symbols and the others marked with black symbols.
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