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ABSTRACT Netrins are secreted proteins that direct cell migration and adhesion during development. Netrin-1 binds its recep-
tors deleted in colorectal cancer (DCC) and the UNC5 homologs (UNC5A–D) to activate downstream signaling that ultimately
directs cytoskeletal reorganization. To investigate how netrin-1 regulates the dynamic distribution of DCC and UNC5 homologs,
we applied fluorescence confocal and total internal reflection fluorescence microscopy, and sliding window temporal image
cross correlation spectroscopy, to measure time profiles of the plasmamembrane distribution, aggregation state, and interaction
fractions of fluorescently tagged netrin receptors expressed in HEK293T cells. Our measurements reveal changes in receptor
aggregation that are consistent with netrin-1-induced recruitment of DCC-enhanced green fluorescent protein (EGFP) from
intracellular vesicles to the plasma membrane. Netrin-1 also induced colocalization of coexpressed full-length DCC-EGFP
with DCC-T-mCherry, a putative DCC dominant negative that replaces the DCC intracellular domain with mCherry, consistent
with netrin-1-induced receptor oligomerization, but with no change in aggregation state with time, providing evidence that
signaling via the DCC intracellular domain triggers DCC recruitment to the plasma membrane. UNC5B expressed alone was
also recruited by netrin-1 to the plasmamembrane. Coexpressed DCC and UNC5 homologs are proposed to form a heteromeric
netrin-receptor complex to mediate a chemorepellent response. Application of temporal image cross correlation spectroscopy to
image series of cells coexpressing UNC5B-mCherry and DCC-EGFP revealed a netrin-1-induced increase in colocalization,
with both receptors recruited to the plasma membrane from preexisting clusters, consistent with vesicular recruitment and
receptor heterooligomerization. Plasma membrane recruitment of DCC or UNC5B was blocked by application of the netrin-1
VI-V peptide, which fails to activate chemoattraction, or by pharmacological block of Src family kinase signaling, consistent
with receptor recruitment requiring netrin-1-activated signaling. Our findings reveal a mechanism activated by netrin-1 that
recruits DCC and UNC5B to the plasma membrane.
INTRODUCTION
Netrins are a family of secreted chemotropic guidance cues
that direct cell migration and adhesion during development
of the nervous system, lung, mammary glands, pancreas,
muscle, and vasculature (1). Netrin family members are
composed of ~600 amino acids and are members of the lam-
inin superfamily (2).

The netrin receptor deleted in colorectal cancer (DCC) is
a single-pass transmembrane protein with an extracellular
domain composed of four immunoglobulin (Ig) domains
and six fibronectin type III domains (3). Different domains
in netrin-1 bind to the fourth and fifth fibronectin domains,
with the capacity to cross-link DCC (4,5). The DCC intra-
cellular domain (ICD) includes three conserved sequences
termed P1, P2, and P3 (3). Binding to extracellular netrin-
1 has been proposed to trigger homodimerization of the
intracellular DCC P3 domains to activate signaling mecha-
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nisms that ultimately result in cytoskeletal reorganization
and mediate chemoattraction (1,4,6).

The UNC5 homologs, UNC5A–D in mammals, are a sec-
ond family of single-pass transmembrane netrin receptors.
Extracellularly, they are composed of two Ig domains and
two thrombospondin type I domains, with the Ig domains
implicated in netrin-1 binding (5,7). The UNC5 ICD in-
cludes a ZU-5 domain, a DCC-binding (DB) motif, and a
death domain (7,8). UNC5 homologs are required for che-
morepellent responses to netrins, either as part of an
UNC5-DCC netrin receptor complex, or in the absence of
DCC (1,9,10). Binding of the intracellular DB domain of
UNC5 to the P1 domain of DCC is thought to promote
UNC5-DCC heterodimerization (9,11). The UNC5-DCC re-
ceptor heterodimer is proposed to exhibit increased sensi-
tivity to netrin-1 and thereby facilitate long-range
chemorepellent responses, whereas an UNC5 homolog in
the absence of DCC is sufficient for short-range chemore-
pellent responses to higher concentrations of secreted netrin
(11). However, even when expressed in the same cell, DCC
and an UNC5 homolog may function independently. For
example, the Drosophila DCC ortholog Frazzled and
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UNC5 partition to different cardioblast plasma membrane
domains, with one receptor mediating adhesion and the
other repulsion, during blood vessel formation (12). The
mechanisms regulating the interaction and distribution of
DCC and UNC5 homologs, and chemorepulsion in general,
remain poorly understood.

N-terminal domains VI and V of netrins are homologous
to the N-terminal domains of laminins (13,14). The netrin
C-terminal domain exhibits sequence similarity to the tissue
inhibitors of metalloproteinase, both of which bind heparin
and are rich in basic amino acid residues (13,15,16). A frag-
ment of netrin-1 composed of only domains VI and V,
termed netrin VI-V, binds to DCC and UNC5 homologs
(3,7). Recombinant monomeric netrin-1 VI-V disrupts the
chemoattractant activity of full-length netrin-1, but is suffi-
cient to repel migrating oligodendrocyte precursor cells
(17), providing evidence that, unlike chemoattraction,
chemorepellent signaling does not require netrin receptor
oligomerization; however, how netrin VI-V influences
UNC5-DCC interactions and the downstream signaling acti-
vated are not known.

Although it is understood that DCC and UNC5 family
members can function independently or as a complex to
mediate cellular responses to netrin-1, the dynamic contribu-
tion of each protein to the regulation of various responses to
netrin remains unclear. Netrin receptor trafficking has been
studied, revealing DCC recruitment to the plasma membrane
via protein kinaseA (PKA)activation (18) andprotein-kinase-
C-triggered endocytosis of UNC5A (19), yet the regulation of
receptor trafficking by netrin-1 itself is not well understood.

To study the response of these proteins to netrin-1 in
living cells, we employed confocal and total internal reflec-
tion fluorescence (TIRF) microscopy to image netrin-1-
induced changes in the distribution of fluorescently tagged
netrin-1 receptors: full-length DCC with enhanced green
fluorescent protein (DCC-EGFP), full-length UNC5B-
mCherry, and DCC-T-mCherry, which replaces the DCC
ICD with mCherry. The image series were then processed
via fluorescence fluctuation analysis.

Fluorescence fluctuation analysis methods have been
widely used to measure the dynamics and binding kinetics
of macromolecules in cells. The original method, fluores-
cence correlation spectroscopy, has been used to measure
the diffusion of proteins and lipids in cells (20–22), whereas
macromolecular interactions have been characterized using
the two-color variant, fluorescence cross-correlation spec-
troscopy (23–26).

Image correlation spectroscopy (ICS) extended the anal-
ysis of fluorescence fluctuations to the spatial domain inher-
ently sampled in imaging microscopy. ICS was first applied
to single images to measure clustering and receptor distribu-
tions in fixed cells (27,28). It was expanded to measure slow
and fast macromolecule transport dynamics, using temporal
ICS (TICS) (29,30) and raster-scan ICS, respectively
(31,32). The two-color extensions, temporal image cross-
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correlation spectroscopy (TICCS) and spatial ICCS
(29,33), also measure colocalization. Analogous imaging
fluorescence correlation spectroscopy variants were intro-
duced based on TIRF microscopy and have been applied
to cellular systems (34,35), and photobleaching ICS has
been used to measure the aggregate distribution of Ab pro-
teins in nerve cells (36).

Full generalization to space and time correlation analysis
was implemented with spatiotemporal ICS (37,38), permit-
ting the measurement of transport maps of flow of cytoskel-
etal and adhesion-related macromolecules. This, too, was
extended to a two-color cross-correlation variant (STICCS)
to map interactions and cotransport of integrins and paxillin
in cell focal adhesions (39). More recently, spatiotemporal
ICS was used to generate diffusion maps in cells via calcu-
lation of an average mean-square displacement versus time
plot in a technique termed iMSD (40).

In this study, we apply TICCS to analyze a sliding win-
dow of image frames of variable length to calculate time-
dependent changes in the density, degree of aggregation,
and colocalization of fluorescently tagged netrin-1 receptors
before and after treatment with netrin-1. We report that ne-
trin-1 triggers the translocation of DCC and UNC5B from
intracellular vesicles to the plasma membrane, and that
plasma membrane DCC and UNC5B colocalize in response
to netrin-1. Our findings demonstrate that netrin-1 directs
the multimerization of receptors on the plasma membrane
and activates intracellular signaling to recruit netrin recep-
tors to the plasma membrane.
MATERIALS AND METHODS

Cell culture

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10% fetal bovine serum,

4 mM L-glutamine, 100 units/mL penicillin, 0.1 mg/mL streptomycin,

and 0.1 mM nonessential amino acids (Gibco, Carlsbad, CA). Cells were

maintained in a humidified, 5% CO2 atmosphere at 37�C. Cells were grown
for 2 days in 35 mmmicrowell dishes (MatTek, Ashland, MA) before being

imaged. Only cells below passage 25 were used for experiments. At 24 h

postplating, plasmids encoding full-length DCC-EGFP and/or full-length

UNC5B-mCherry, or full-length DCC-EGFP and DCC-T-mCherry, regu-

lated by the cytomegalovirus promoter, were transfected into the cells using

LTX Lipofectamine with the PLUS reagent, as specified by the manufac-

turer (Life Technologies, Carlsbad, CA). Full-length netrin-1 and truncated

netrin-1, containing domains VI and V, were generated and purified as pre-

viously described (13,17,41).
Confocal microscopy

Optical section imaging of basal membranes of transfected HEK293T cells

was performed using a Zeiss 710 inverted confocal laser scanning micro-

scope (CLSM) (Zeiss, Thornwood, NY) equipped with a 40�/NA 1.2 water

immersion objective lens. Cells expressing moderate levels of recombinant

protein were imaged.

The EGFP label was excited using the 488 nm line of an argon ion laser

and mCherry with a 594 nm line from a HeNe laser. Fluorescence emission

from EGFP and mCherry was separated using a main dichroic beam splitter
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488/594 and EGFP emission was collected in channel 1 through a 525 5

35 nm band-pass filter, whereas emission from mCherry was collected in

channel 2 through a 605 nm long-pass filter.

Autofluorescence from cells was approximately the same magnitude as

the background fluorescence of the medium (shown in Fig. S1 in the Sup-

porting Material, with intensity traces displayed in Fig. S2), which was sub-

tracted from the region of interest in the analysis. Detector cross talk was

measured in both channels by exciting cells expressing only EGFP con-

structs with the 594 nm laser, and cells expressing only mCherry constructs

with the 488 nm line. Measured image intensities were no different from

background fluorescence intensity levels (displayed in Fig. S3, with inten-

sity traces shown in Fig. S4).

During imaging, cells were maintained at ~37�C in a 5% CO2 environ-

ment in an incubator (Live Cell Instrument, Seoul, South Korea). The cells

were allowed to equilibrate in the imaging incubator for at least 10 min

before data acquisition to avoid thermal drift.
TIRF microscopy

Imaging of basal membranes of HEK293T cells transfected with DCC-

EGFP was performed using a homebuilt TIRF microscope based on an

inverted Olympus IX71 microscope (Olympus, Richmond Hill, Ontario,

Canada) equipped with a 60�/NA 1.45 oil immersion TIRF objective

lens. The EGFP label was excited with an OBIS 488 LS laser (Coherent,

Santa Clara, CA). Excitation and emission were separated using an

HQFITC U-T41001 filter cube (Olympus). Fluorescence emission was

collected on a 1024 � 1024 Andor iXon Ultra 888 EMCCD camera

(SnowHouse Solutions, Lac-Beauport, Quebec, Canada). The system was

controlled by LabVIEW (National Instruments, Austin, TX).

During imaging, cells were maintained at ~37�C in HEPES-buffered me-

dium (Gibco), with a homebuilt heated box around the microscope. Cells

were allowed to equilibrate for at least 10 min before data acquisition to

reduce thermal drift.
Live-cell imaging experiments

CLSM image time series of 600 or more frames were taken of the live cells,

with sampling at 970 ms/frame, where cells were treated after the 200th

frame, thus yielding an initial prestimulation baseline for all measured pa-

rameters. TIRF image time series of 1200 or more frames were taken of the

live cells, with sampling at 500 ms per frame, where cells were treated after

the 500th frame.

For stimulation, 1.6 mg of full-length netrin-1 or netrin VI-V peptide, was

injected via a pipette tip or syringe (10 mL, Hamilton, Reno, NV) inserted

into the incubator and positioned at the edge of the dish for CLSM exper-

iments. During TIRF experiments, the solution was pipetted directly into

the dish. Controls were taken where no treatment occurred, and blank

controls substituted an equivalent volume of cell culture medium. For Src

family kinase inhibition, PP2 or PP3 were added at a final concentration

of 2 mM 15 min before imaging. Controls included addition of PP2 or

PP3 without netrin-1 stimulation.

For a 600 frame time series with stimulation occurring at frame 200,

frames 1–175 were considered prestimulation, with poststimulation from

frame 225 to the end of the measured change (i.e., decrease or increase)

in a TICCS-measured variable to quantify the maximum change in time

of an experimental parameter. In cases where no change was observed,

the poststimulation measurement was identified as frame 225 to the end

of the time series.
Image correlation analysis

ICS image analysis software was written using MATLAB R2013a (The

MathWorks, Natick, MA) and run on a PC computer with a 3.40 GHz pro-

cessor and 16 GB of random-access memory.
Theory

The fluorescence fluctuation image analysis methods ICS, TICS, and image

cross-correlation spectroscopy (ICCS) have been described earlier (27–

30,33,37,42–44). We provide the basic theory of these techniques needed

for understanding the results in this article and the extension of TICCS to

a sliding time window.
Generalized spatiotemporal correlation function

ICS is based on space and/or time correlation analysis of fluorescence inten-

sity fluctuations sampled in a fluorescence microscopy image series. The

fluorescence fluctuations arise from variations in the number of fluorescent

molecules in different areas of the image as detected within each sampled

focal spot, as well as changes in the number of emitting molecules in time

from any fixed focal spot. The image time series can be thought of as a ma-

trix of fluorescence intensity fluctuations in space and time, keeping in

mind that for CLSM imaging, the images are recorded by point scanning

as the laser beam focus is repeatedly raster-scanned across the sample.

Spatial/temporal correlation functions are subsequently calculated from

time series of specific regions of interest (ROIs) within the image, and

the correlation functions are fit by nonlinear least squares with appropriate

model functions to obtain output parameters (see below).

The generalized two-detection-channel (a and b) normalized spatiotem-

poral intensity fluctuation correlation function of an ROI is defined in Eq. 1

as a function of two orthogonal spatial lag variables, x and h (corresponding

to lateral pixel shifts along the image spatial dimensions), and a temporal

lag variable, t (corresponding to shifts in time between image frames):

rabðx; h; tÞ ¼ hdiaðx; y; tÞdibðx þ x; yþ h; t þ tÞi
hiaithibitþt

; (1)

where dia/b(x,y,t) is the intensity fluctuation in a given channel at pixel po-

sition (x,y) at time t, defined as di(x,y,t)¼ i(x,y,t)�<i(x,y,t)> . The angular
t

brackets in the numerator indicate a spatial correlation function calculated

over all pixel fluctuations in pairs of images separated by the time lag, t.

The correlation function is normalized by average intensities of the image

ROIs for frames recorded at time t and t þ t, respectively. For each detec-

tion channel, we calculate an autocorrelation function (set b ¼ a and a ¼ b

in the subscripts), as well as the cross correlation function between detec-

tion channels (a s b).

The generalized formula allows us to consider the special cases of calcu-

lations for TICS and TICCS.
TICS

Equation 2 is the discrete approximation of Eq. 1 evaluated at zero spatial

lag, giving the temporal intensity fluctuation correlation function averaged

over the ROI:

rabð0; 0;DtÞ ¼ 1

XY

XX
x¼ 1

XY
y¼ 1

diaðx; y; tÞdibðx; y; t þ DtÞ
hiaðx; y; tÞithibðx; y; t þ DtÞitþDt

;

(2)

where Dt is the discrete analog of the time lag, t, in units of image frames

and X and Y are the number of pixels spanning the ROI horizontally and
vertically (45).

For this study involving membrane receptors, the calculated temporal

correlation functions are fit to a decay model for 2D diffusion (Eq. 3, and

see Fig. 2) where the fit parameters are highlighted in bold:

rabð0; 0;DtÞ ¼ gabð0; 0; 0Þ
�
1þ Dt

tdab

��1

þ gNab: (3)
Biophysical Journal 110(3) 623–634



626 Gopal et al.
The output fit parameters are (for detection channel/labeled species x,

where x ¼ a or b) gxx(0,0,0), the zero-lags correlation function amplitude;

tdxx, the characteristic diffusion time; and gNxx, the long-temporal-lag

offset, accounting for incomplete decay of the correlation function when

immobile or very slowly diffusing species are present. The average number

of independent mobile fluorescent particles (e.g., clusters/aggregates) per

beam focal spot area is the reciprocal of the correlation function amplitude

for single-channel autocorrelation (x ¼ a or b):

hnxxi ¼ 1

gxxð0; 0; 0Þ
: (4)

The diffusion coefficient of species x is calculated from the characteristic

diffusion time and the e�2 focal spot radius, uoxx:

Dxx ¼ u2
oxx

4tdxx
; (5)

whereas the fraction of immobile species is calculated as

fimmobile; x ¼ gNxx

gNxx þ gxxð0; 0; 0Þ
: (6)

The mean number of independent mobile fluorescent particles can be con-

verted to the cluster density (CDxx) using Eq. 7, which is an area density of

the independent clusters. The degree of aggregation (DAxx) is calculated as

the ratio of the average intensity to the cluster density (Eq. 8) and is

related to the mean and variance of the distribution of aggregate size

for a clustered system, assuming that the average intensity for the ROI

is proportional to the mean number of fluorescent subunits per beam

area independent of how they are distributed or clustered in the imaged

particles (28).

CDxx ¼ hnxxi
pu2

0xx

(7)

hii

DAxx ¼ xx

CDxx

(8)

TICCS

To measure colocalization, TICCS is applied using Eqs. 2 and 3, but

with cross correlation between the two detection channels (a s b). The

average number of colocalized particles in the beam area, <nab>, is calcu-

lated using the amplitudes of the cross correlation function normalized by

the amplitudes of the autocorrelation functions, and the ratio of the effective

areas is defined by the focal spots of the two lasers (Ab> Aa¼ puoaa
2) (24):

hnabi ¼ gabð0; 0; 0Þ
gaað0; 0; 0Þ:gbbð0; 0; 0Þ

Ab

Aa

: (9)

The area ratio is included to account for the difference in size of the two

excitation and detection volumes and was determined from the fitted

beam radii from spatial correlation functions calculated for each channel

and corroborated experimentally with beads. We calculate the interaction

fractions M1 and M2, which are ratios of the number of colocalized parti-

cles to the number of particles for each channel. The two interaction frac-

tions are defined in Eqs. 10 and 11, where M1 refers to the fraction of

mCherry particles interacting with EGFP particles, and M2 refers to the

fraction of EGFP particles interacting with mCherry particles (a ¼ EGFP,

b ¼ mCherry):
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M1 ¼ gabð0; 0; 0Þ þ gNab

gaað0; 0; 0Þ þ gNaa

¼ hnabi
hnbbi; (10)

gabð0; 0; 0Þ þ gNab hnabi

M2 ¼

gbbð0; 0; 0Þ þ gNbb

¼ hnaai: (11)

Sliding-window TICCS

To resolve the time-dependent changes of TICCS output variables over a

long image time series, a sliding time window version of TICCS was

applied. For a time series with N images, a window size of W images and

a max time lag of Dt is chosen. Within the time series, there are N �
W þ 1 windows, with the first window starting at image 1 and the last win-

dow at N�Wþ 1. Inside each window, TICCS is implementedW� Dtþ 1

times from the first image of the window to the W � Dt þ 1 image of the

window. Each of the W � Dt þ 1 calculated variables (such as the interac-

tion fraction) determined from the TICCS analyses are then averaged to

give one set of mean variables for that window. Applying the procedure

to all overlapping windows in the time series yields the variable as a func-

tion of time, where one window is relative to its neighbors. All analyses

here have been implemented with W ¼ 200 and Dt ¼ 100, so that a suffi-

cient number of time points are used for the calculation of the correlation

functions, with an adequate number of TICCS analyses per window.
RESULTS

To examine the effect of netrin-1 stimulation on the cell-sur-
face distribution of UNC5B and DCC, four different combi-
nations of expressed receptors were imaged and analyzed by
TICCS: cells expressing DCC-EGFP, UNC5B-mCherry,
DCC-EGFP/UNC5B-mCherry, and DCC-EGFP/DCC-T-
mCherry. Fig. 1 shows a typical set of CLSM images taken
from a DCC-EGFP/UNC5B-mCherry experiment. DCC-
EGFP/UNC5B-mCherry expressing cells were also treated
with the Src family kinase inhibitor PP2 or its inactive
analog PP3 (46) in addition to full-length netrin-1 and the
netrin VI-V peptide (17).

We calculated the correlation functions for the ROIs
shown in Fig. 1 and fit them to the 2D diffusion model
(Eq. 3).These results are shown in Fig. 2. We calculated
an average of 25 DCC-EGFP units/mm2, with a diffusion co-
efficient of 0.04 mm2/min and an immobile fraction of 0.38.
In the UNC5B-mCherry channel, we detected an average of
33 units/mm2, with a diffusion coefficient of 0.03 mm2/min
and an immobile fraction of 0.41. We detected 4 mobile co-
localized units/mm2, with a diffusion coefficient of 0.04
mm2/min. The M1 and M2 interaction fractions, including
the immobile population, are calculated to be 0.58 and
0.51 respectively.

Although our initial aim was to image receptors localized
to the plasma membrane, the low diffusion coefficients of
the receptors suggested that these populations of DCC and
UNC5B might be localized to clusters of receptors in the
plasma membrane or, perhaps more likely, present in intra-
cellular vesicles tethered under the plasma membrane that
are within the confocal volume. The diffusion coefficients



FIGURE 1 CLSM images of HEK293T cells

expressing recombinant DCC-EGFP and UNC5B-

mCherry before netrin-1 stimulation. (A) Channel

1: EGFP channel showing distribution of

DCC. (B) Channel 2: mCherry channel showing

UNC5B distribution. (C) Composite overlay image

of (A) and (B). The yellow box shows a typical ROI

selected for TICCS analysis. To see this figure in

color, go online.
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of these populations did not change significantly upon ne-
trin-1 treatment.
Netrin-1 recruits DCC to the plasma membrane

To investigate the effect of netrin-1 on the distribution of
each full-length receptor, we imaged HEK293T cells ex-
pressing only DCC-EGFP or UNC5B-mCherry by CLSM
and performed sliding-window TICCS analysis on the re-
sulting image series (Fig. 3).

When stimulated with netrin-1, the average cluster density
of DCC-EGFP increased by 12%, whereas the degree of re-
ceptor aggregation decreased by 11% and the mean intensity
remained constant. Although the decrease in aggregation
state after netrin-1 stimulation may seem paradoxical, these
findings are consistent with the interpretation that a popula-
tion of DCC is localized to membrane proximal intracellular
vesicles that are recruited to the plasma membrane as a result
of netrin-1 application, assuming that the receptors in the
plasmamembrane are less clustered compared to those stored
in compact vesicles within the confocal volume.

To address the possibility that netrin-1 recruits DCC to the
plasma membrane, DCC-EGFP was expressed in HEK293T
cells and imaged via TIRF microscopy (Fig. 4), which limits
excitation to a much narrower focal volume proximal to
the cell membrane relative to confocal microscopy. The
increased intensity detected between Fig. 4, A and B, reveals
an increase in DCC-EGFP at the basal membrane induced by
netrin-1 stimulation. Fig. 4C illustrates the formation of fila-
podia and lamellopodia enriched with DCC, consistent with
previous studies quantifying increased filopodia formation
and membrane extension evoked by DCC activation in
HEK293T cells (47). Intensity traces quantifying the in-
crease in membrane associated DCC are shown in Fig. 4 D.

Sliding-window TICCS was then performed on the TIRF
microscopy image series (Fig. 5), revealing two responses to
netrin-1: netrin-1 response 1 (R1) and netrin-1 response 2
(R2), differentiated by the change in cluster density. In ne-
trin-1 R1, the average cluster density increased by ~400%,
whereas in netrin-1 R2, the average cluster density
decreased by ~70%. The degree of aggregation increased
in both cases: in R1 by 20,000% and in R2 by 12,000%,
and the mean intensity increased by ~40% in R1 and R2.

The netrin-1-induced increase in intensity for both re-
sponses supports the conclusion that DCC is recruited by ne-
trin-1 from intracellular vesicles to the plasma membrane.
Furthermore, the increase in aggregation indicates that ne-
trin-1 oligomerizes DCC upon application. The R1 response
shows a considerable increase in DCC cluster density,
consistent with DCC recruitment to the plasma membrane
that results in an increase in cluster density and degree of ag-
gregation. In contrast, the R2 response exhibits a decrease in
DCC cluster density, suggesting that significant aggregation
of plasma membrane DCC dominates over DCC recruit-
ment, as shown in Fig. 4.

To independently address whether application of netrin-1
recruits DCC to the plasma membrane, recombinant DCC-
EGFP was expressed in HEK293T cells. Proteins exposed
on the extracellular face of the plasma membrane were
then selectively labeled by cell-surface biotinylation. The
biotinylated proteins were isolated using streptavidin-coated
beads and assessed by Western blot analysis for DCC.
Increased biotinylated cell-surface DCC was detected
5 min after exposure to netrin-1 (Fig. S5), supporting the
FIGURE 2 Representative TICCS correlation

functions and fits to the 2D diffusion model

(Eq. 3) calculated for the ROIs shown in Fig. 1.

(A) Autocorrelation function and best fit for channel

1 DCC-EGFP. (B) Autocorrelation function and

best fit for channel 2 UNC5B-mCherry. (C) Cross-

correlation function and best fit for channel 1 � 2,

with the inset showing a zoomed scale to show the

decay andfit.R2¼ 0.99 for the autocorrelation func-

tions and 0.51 for the cross-correlation function.

The correlation-function data are the discrete points

and the solid lines are the best fits. Dt ¼ 0.97 s.

Biophysical Journal 110(3) 623–634



FIGURE 3 Mean percentage changes in cluster

density (CD), degree of aggregation (DA), and

average intensity (Int.) of (A) transfected DCC-

EGFP HEK293T cells and (B) transfected

UNC5B-mCherry HEK293T cells in the control,

blank, and netrin-1 stimulation conditions. Error

bars indicate the mean 5 SE; *p < 0.05 and

**p < 0.001 compared to control and blank stimu-

lation, evaluated by one-way analysis of variance

(ANOVA); significance was evaluated at a 90%

confidence level (CL) (*) and a 95% CL (**) via

the two-tailed t-test. N ¼ 5–9.
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conclusion that DCC is rapidly recruited to the plasma
membrane after stimulation with netrin-1.
Netrin-1 recruits UNC5B to the plasma membrane

Application of netrin-1 to UNC5B-mCherry HEK293T-ex-
pressing cells resulted in an increase in the average cluster
density by 6%; the average intensity increased by 4%,
whereas the degree of aggregation did not change. This sug-
gests a relatively modest recruitment of UNC5B from
outside of the sampled volume, possibly also from intracel-
lular vesicles to the plasma membrane, but in an aggregation
state not different from preexisting UNC5B.
Netrin-1 oligomerizes DCC in the absence of an
intracellular domain

We then co-expressed full-length DCC-EGFP with DCC-T-
mCherry, which replaces the DCC ICD with mCherry to
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assess the contribution of activated DCC signaling. A signif-
icant difference in colocalization was detected via both inter-
action fractions after application of netrin-1. As illustrated in
Fig. 6, the averageM1 increased by 30% and the averageM2
by 25% after stimulation with the ligand, consistent with ne-
trin-1-induced colocalization of the two DCC variants.

The detected netrin-1-induced increase in colocalization
of full-length DCC with DCC-T-mCherry verifies the capac-
ity of netrin-1 to oligomerize DCC in the absence of a DCC
ICD (4). The absence of changes in mean cluster density and
degree of aggregation suggests that signaling by the DCC
ICD is required to recruit DCC-containing vesicles.
Netrin-1 induces colocalization of DCC and
UNC5B with concomitant vesicular DCC
recruitment

To further investigate the mechanism underlying netrin-1
signaling by UNC5 homologs and DCC, we cotransfected
FIGURE 4 TIRF microscopy images from a

time series of HEK293T cells, expressing recombi-

nant DCC-EGFP (A) Image frame 100 (50 s),

before netrin-1 stimulation. (B) Image frame 600

(300 s), immediately post-netrin-1 stimulation

at ~550 frames. (C) Image frame 900 (450 s),

showing cells well after netrin-1 stimulation. (D)

Intensity traces taken from the yellow line at the

different times shown from (A)–(C). The red trace

displays the intensity from (A) before netrin-1

stimulation. The blue trace displays the intensity

from (B) immediately after netrin-1 stimulation.

The black trace shows the intensity from (C)

following the redistribution well after netrin-1

stimulation. The single-frame time is 500 ms. To

see this figure in color, go online.



FIGURE 5 Mean percentage changes in (A)

cluster density, (B) degree of aggregation, and

(C) average intensity measured by TICCS

from TIRF images of transfected DCC-EGFP

HEK293T cells in the control and netrin-1 stimula-

tion conditions. Error bars indicate the mean 5

SE; *p < 0.05, **p < 0.001 compared to the

control, evaluated by one-way ANOVA. Results

marked þ indicate significance at a 99% CL via

a two-tailed t-test. N ¼ 12–21.
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HEK293T cells with both DCC-EGFP and UNC5B-
mCherry, performed CLSM imaging with netrin-1 stimula-
tion, and analyzed the image series with TICCS. Average
cell population results are depicted in Fig. 7.

The DCC average cluster density increased ~120% after
netrin-1 stimulation, whereas the degree of aggregation
decreased by ~30%. Colocalization of DCC and UNC5B
increased significantly via an ~50% increase in M1. Interest-
ingly, M2 did not increase significantly with M1 in this case.
The reason for this can be understood by examining time
profiles extracted by TICCS analyses. In some cases, the
interaction fractions can be masked due to large changes
in total surface population expression. Fig. 8 shows the
time series associated with DCC cluster density, degree of
aggregation, and M1 colocalization coefficient. Due to the
averaging inherent in the TICCS sliding window analysis,
the effect of netrin-1 is not precisely localized in time, but
the onset of variable change can be perceived.

Maximal colocalization was reached in a minimum of
100 frames after netrin-1 stimulation, with DCC cluster den-
sity strongly influencing the change in M1. The degree of
DCC aggregation is inversely proportional to cluster den-
sity. This observation fits the model where membrane prox-
imal intracellular vesicles within the confocal field of view
(more aggregated DCC) deliver DCC to the membrane (less
aggregated DCC) after netrin-1 stimulation. This would
result in a decrease in the degree of aggregation and an in-
crease in cluster density. Such a mechanism would increase
the number of DCC units present, with a concomitant
decrease in the aggregation state of those units, similar to
what we observed in the singly transfected DCC-EGFP
HEK293T cells.

SinceM2 is the number of colocalized units normalized by
the number of DCC units, a change in M2 is not seen, as the
number of colocalized units is constantly proportional to the
number of DCC units after netrin-1 stimulation (Fig. 8, A
and C). M1 is reliable, as UNC5B parameter distributions
did not change with netrin-1 stimulation. This is consistent
with UNC5B units already present in the plasma membrane
being recruited into an UNC5B-DCC receptor complex.
FIGURE 6 Mean percentage changes in cluster

density (CD) and degree of aggregation (DA) for

DCC-EGFP (A) and DCC-T-mCherry (B), in the

average intensity (Int.) for both DCC variants

(C), and in the interaction fractions (D) in

HEK293T cells in the control, blank, and netrin-1

stimulation conditions. Error bars indicate the

mean 5 SE; **p < 0.001 compared to control

and blank stimulation, evaluated by one-way

ANOVA, and significance at a CL of 99% via a

two-tailed t-test. N ¼ 7–17.
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FIGURE 7 Mean percentage changes in cluster

density (CD) and degree of aggregation (DA)

for DCC-EGFP (A) and UNC5B-mCherry (B), in

the average intensity (Int.) for DCC and UNC5B

(C), and interaction fractions (D), in HEK293T

cells in the control, blank, netrin-1, and netrin

VI-V stimulation conditions. Error bars indicate

the mean5 SE, *p< 0.05, **p< 0.001 compared

to control and blank stimulation, evaluated by one-

way ANOVA. All marked results are significant

with a paired t-test at the 90% CL, whereasþ indi-

cates significance at the 99% CL in a two-tailed

t-test. N ¼ 15–18.
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M1 decreases after reaching a maximal level, which is
due to the simultaneous decrease in DCC cluster density
and the slight increase in the degree of aggregation. The rea-
sons behind this reversibility are unclear, but it may corre-
spond to receptor desensitization and endocytosis. For
example, netrin-1 binding may cause DCC to dissociate
from UNC5B, followed by DCC internalization in vesicles,
which remain in the analysis region. Notably, netrin-1 bind-
ing activates ligand-mediated downregulation of DCC in
neurons by ubiquitination and proteosomal degradation
(48), for which endocytosis is required.

Our findings are consistent with netrin-1 stimulation trig-
gering the colocalization of UNC5B and DCC via formation
of a receptor complex, with a contribution of DCC recruited
from intracellular vesicles to the plasma membrane.
Netrin VI-V induces DCC and UNC5B
colocalization, but not DCC recruitment

We next applied the C-terminally truncated netrin VI-V pep-
tide on DCC-EGFP and UNC5B-mCherry transfected cells
to determine whether the netrin-1 C-terminal domain is
required to induce changes in population distributions
similar to those induced by full-length netrin-1. In contrast
Biophysical Journal 110(3) 623–634
to treatment with full-length netrin-1, only M1 and M2
increased (each by ~50%) after stimulation with netrin
VI-V. This suggests that netrin VI-V does not activate
DCC recruitment to the plasma membrane, although it still
induces UNC5B and DCC colocalization in the membrane.
Together, these findings indicate that the mechanism that
recruits plasma membrane DCC is activated by full-length
netrin-1, but not by netrin VI-V.
UNC5B and DCC colocalization is not regulated
by Src family kinase activation, unlike DCC
recruitment

Netrin-1 activation of Src family kinase signaling is an early
event downstream of DCC (49,50), but it is unknown
whether Src family kinase activation contributes to the for-
mation of a DCC and UNC5B complex and subsequent
signaling. To address this, we used cells expressing DCC-
EGFP and UNC5B-mCherry, and treated them with the
Src family kinase inhibitor PP2 and its inactive analog,
PP3 (46) (Fig. 9). After application of netrin-1 and PP2,
we observed an increase in colocalization via M1 (90%)
and M2 (110%), consistent with formation of the receptor
complex. No other changes in population distributions
FIGURE 8 Time profiles for cluster density (A)

and degree of aggregation (B) of DCC-EGFP, and

for the M1 interaction fraction (C) in HEK293T

cells coexpressing DCC-EGFP and UNC5B-

mCherry in a control experiment (dotted black

line) and under netrin-1 stimulation (solid black

line). Netrin-1 stimulation occurs at time frame

200, but due to the averaging nature of the analysis,

the effect of netrin-1 is not exact in time. The sin-

gle-frame time is 0.97 s.



FIGURE 9 Mean percentage change in cluster

density (CD) and degree of aggregation (DA) for

DCC-EGFP (A) and UNC5B-mCherry (B), in the

average intensity (Int.) for DCC and UNC5B (C),

and in the interaction fractions (D) in HEK293T

cells in control, PP2 control, PP3 control, and ne-

trin-1 stimulation in PP2 and PP3. Error bars indi-

cate the mean 5 SE; *p < 0.05, **p < 0.001,

evaluated by one-way ANOVA against the relevant

control. Results marked þ indicate significance

with a two-tailed t-test at the 90% CL,

whereas þþ indicates significance at the 95%

CL. N ¼ 8–12.
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were observed, indicating that Src family kinase inhibition
blocked recruitment to the plasma membrane.

The inactive analog, PP3, did not block DCC recruitment
by netrin-1, as the DCC average cluster density increased by
~20%, whereas the degree of aggregation decreased by
~7%. In this particular study, population distribution
changes in UNC5B were observed with netrin-1 treatment,
as the mean cluster density increased by ~20% and the
mean degree of aggregation decreased by ~6%. This is
consistent with recruitment from membrane proximal intra-
cellular vesicles present within the confocal volume
sampled. Colocalization increased, as indicated by increases
in both interaction fractions, M1 by ~110% and M2 by
~120%. With PP3, netrin-1 induced the formation of the re-
ceptor complex and resulted in plasma membrane recruit-
ment of UNC5B and DCC, whereas the active form, PP2,
completely blocked recruitment but not colocalization.
DISCUSSION

DCC and UNC5B direct cell migration during development,
with DCC required for chemoattraction and UNC5 homo-
logs required for chemorepulsion in response to netrin-1
(1). Many cells express both DCC and an UNC5 homolog
and exhibit the capacity to be attracted or repelled by ne-
trin-1; however, the mechanism by which netrin-1 influ-
ences the dynamic distribution of DCC and UNC5
homologs in the plasma membrane remains poorly under-
stood. Here, applying TICCS analysis to confocal and
TIRF image series to assess the distribution of DCC and
UNC5B, we address the dynamic recruitment, reorganiza-
tion, and interaction of DCC and UNC5B in living cells in
response to netrin-1.
In studies expressing a single receptor, either DCC or
UNC5B, our findings are consistent with netrin-1 stimu-
lating DCC recruitment to the plasma membrane from intra-
cellular vesicles docked proximal to the membrane that are
within the confocal point-spread function, whereas a more
modest increase in plasma membrane UNC5B, in contrast,
is recruited from outside of the focal volume. ICS methods
have previously been used to study the dynamics and mem-
brane organization of epidermal growth factor receptors,
providing evidence for association with membrane micro-
domains (51). In contrast, in imaging DCC, we observe
ICS changes that indicate recruitment to the plasma mem-
brane from an intracellular pool. The results obtained using
TIRF microscopy, which reduces detection of cytoplasmic
proteins by restricting excitation to a thin optical section
within the evanescent field, reinforces this interpretation
of the confocal ICS data. Consistent with this, the results
of selective biotinylation of cell-surface proteins demon-
strate that the addition of netrin-1 triggers a rapid increase
in plasma-membrane DCC. A similar increase in cluster
density was observed by Rocheleau and Petersen in an
ICS study for Sendai viral particle delivery and dispersal
in the plasma membrane, although viral entry into the
confocal volume originated deeper in the cells in this
case, as the mean intensity increased in time as well (52).

In cells expressing both DCC-EGFP and DCC-T-
mCherry (lacking the DCC intracellular domain), only an
increase in colocalization was detected. This is consistent
with netrin-1 cross-linking the extracellular domains of
full-length DCC and DCC-T-mCherry, in agreement with
recent structural studies (4). In contrast, netrin-1 did not
evoke a change in cell-surface levels of DCC when DCC-
T-mCherry was coexpressed, suggesting that activation of
Biophysical Journal 110(3) 623–634
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intracellular signaling, which requires DCC intracellular
domain dimerization is essential for netrin-1-induced
recruitment of DCC to the plasma membrane. Consistent
with this requirement for activation of intracellular
signaling, the Src family kinase inhibitor PP2 also blocked
DCC and UNC5B plasma-membrane recruitment, but not
receptor-complex formation, after application of netrin-1.
These findings support, to our knowledge, a novel mecha-
nism whereby netrin-1 signals to recruit its own receptors
to the plasma membrane in a manner dependent on the
DCC intracellular domain and Src family kinase signaling.
Recruitment of DCC

In embryonic rat spinal commissural neurons or neocortical
neurons, PKA activation causes the recruitment of DCC
from an intracellular vesicular pool to the plasma membrane
of the growth cone, enhancing axon extension and chemo-
tropic turning to netrin-1 via a mechanism dependent on
the v-SNARE VAMP2 (18,53,54). These previous experi-
ments indicate that PKA regulates the sensitivity of embry-
onic spinal commissural neurons to netrin-1 by modulating
DCC trafficking. DCC also forms a complex with the
t-SNARE syntaxin-1 and v-SNARE TI-VAMP, and traf-
ficking via these interactions has been implicated in ne-
trin-1-mediated guidance (55,56). Application of netrin-1
itself rapidly increases exocytosis in neuronal growth cones
through a mechanism that requires SNARE function and
activation of Erk1/2 and Src family kinases (57,58).
Although application of netrin-1 alone increases the amount
of DCC at the neuronal plasma membrane (54,59), and it has
been suggested that recruitment of DCC-containing vesicles
may contribute (54,55,59), the specific role of DCC-con-
taining vesicles in this increase is not well understood.

Our findings indicate that DCC expressed in HEK293T
cells is recruited from intracellular vesicles to the plasma
membrane after stimulation by netrin-1. Application of ne-
trin-1 results in oligomerization of DCC-T-mCherry, indi-
cating that the capacity to signal via the DCC intracellular
domain is not essential for oligomerization. In contrast,
expression of DCC-T-mCherry negated the netrin-1-induced
increase in plasma-membrane DCC, supporting the conclu-
sion that activation of DCC signaling is a prerequisite for the
recruitment of DCC-containing vesicles. Interestingly, these
findings suggest that DCC activation by netrin-1 may acti-
vate a mechanism that locally recruits DCC to the plasma
membrane, potentially providing positive feedback to maxi-
mize the response to netrin-1.

Extracellularly, netrin-1 binds to the fourth and fifth fibro-
nectin domains of DCC and either Ig domain of UNC5B
(1,4). Intracellularly, although the DCC P1 domain pro-
motes heterodimerization by interacting with the UNC5B
DB domain (9), our analysis of full-length and DCC-T-
mCherry coexpression suggests that the interaction of the
DCC and UNC5B intracellular domains is not essential.
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Instead, netrin-1 cross-linking the DCC extracellular do-
mains appears to be sufficient for oligomerization.
Recruitment of UNC5B

In contrast to DCC, relatively little attention has been paid
to the mechanisms and consequences of UNC5 trafficking.
Unlike PKA activation promoting DCC recruitment,
PKC activation promotes UNC5A endocytosis in neurons,
biasing axonal responses from chemorepulsion to chemoat-
traction in responses to netrin-1 (19,60). Although the
mechanism regulating UNC5B intracellular transport is
poorly understood, these earlier findings demonstrate that
the regulation of UNC5 homolog trafficking can have
critical functional consequences. Our current findings
demonstrate netrin-1-induced UNC5B recruitment to the
plasma membrane, with and without coexpression of
DCC, revealing, to our knowledge, a novel mechanism regu-
lating the trafficking and distribution of UNC5B.
Regulation of UNC5B-DCC complexes

Genetic studies in Drosophila have provided evidence that
coexpression of DCC and an UNC5 homolog increase
sensitivity to netrin-1 and argue that a DCC-UNC5 homolog
receptor complex facilitates long-range chemorepulsion
(11). Here, we directly visualize the formation of an
UNC5B-DCC complex in living cells in real time and
monitor the recruitment of both receptors to the plasma
membrane by netrin-1.

Although the netrin-1 VI-V peptide does not function as a
chemoattractant for commissural neurons, it is sufficient to
repel migrating oligodendrocyte precursor cells (17), sug-
gesting that it activates UNC5 homolog function. Here, we
present evidence that netrin-1 VI-V triggers UNC5B-DCC
multimerization, similar to full-length netrin-1; however,
the netrin-1 VI-V peptide does not activate receptor recruit-
ment to the plasma membrane, consistent with an inability
to activate DCC and the absence of chemoattractant activity.

Inhibiting Src family kinase activation, a key signaling
mechanism downstream of DCC, similarly did not block ne-
trin-1-induced UNC5B-DCC multimerization, but disrupted
receptor recruitment to the plasma membrane. Together
with the results obtained using netrin-1 VI-V, truncated
DCC-T-mCherry, and Src family kinase inhibition, these
findings suggest a novel role for netrin-1 activation of
DCC signaling in the recruitment of netrin receptors to the
plasma membrane.
CONCLUSIONS

Using sliding-window TICCS, we have investigated the in-
fluence of netrin-1 on the distribution of DCC and UNC5B
in living cells. Our findings reveal that DCC and UNC5B are
recruited to the plasma membrane by netrin-1, with DCC
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recruited from intracellular vesicles within the local ROI.
Furthermore, we detect the formation of an UNC5B and
DCC complex triggered by netrin-1, with concomitant
recruitment of DCC to the plasma membrane. Studies that
utilize DCC lacking an ICD, the netrin-1 VI-V peptide,
and pharmacological inhibition of Src family kinase
signaling support the conclusion that DCC and UNC5B
recruitment to the plasma membrane requires DCC
signaling, whereas DCC-DCC or DCC-UNC5B multimeri-
zation by netrin-1 does not. Time profiles analyzed in
each condition reveal details of population dynamics and
colocalization that indicate the rapid formation of receptor
complexes, maximal within 100 s after netrin-1 application,
with the recruitment response on a similar timescale.

Uncovering the molecular mechanisms involved in netrin
receptor trafficking will provide a deeper understanding of
the regulation of neural circuit formation and potentially
identify new molecular targets to promote functional recov-
ery after injury or neurodegeneration.
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