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ABSTRACT  In mammalian cells, the cortical endoplasmic reticulum (cER) is a network of 
tubules and cisterns that lie in close apposition to the plasma membrane (PM). We provide 
evidence that PM domains enriched in underlying cER function as trafficking hubs for 
insertion and removal of PM proteins in HEK 293 cells. By simultaneously visualizing cER 
and various transmembrane protein cargoes with total internal reflectance fluorescence 
microscopy, we demonstrate that the majority of exocytotic delivery events for a recycled 
membrane protein or for a membrane protein being delivered to the PM for the first time 
occur at regions enriched in cER. Likewise, we observed recurring clathrin clusters and 
functional endocytosis of PM proteins preferentially at the cER-enriched regions. Thus the 
cER network serves to organize the molecular machinery for both insertion and removal of 
cell surface proteins, highlighting a novel role for these unique cellular microdomains in 
membrane trafficking.

INTRODUCTION
Trafficking of integral membrane proteins involves two separate 
but complementary processes: exocytosis mediated through 
SNARE (soluble N-ethylmaleimide–sensitive factor attachment 
protein receptor) complexes and endocytosis predominantly 
mediated by clathrin-coated pits (CCPs; Jahn and Sudhof, 1999; 
McMahon and Boucrot, 2011). In neuronal pre- and postsynaptic 

membranes, these processes are tightly localized to allow for rapid 
neurotransmitter release and activity-dependent synaptic plasticity 
(Sudhof, 2004; Sudhof and Rizo, 2011; Petrini et al., 2009; Kennedy 
et al., 2010). However, in other cell types, the localization of both 
processes has been debated. While studies in BSC-1 cells sug-
gested that CCP initiation was randomly distributed over the cell 
surface during a 7-min observation period (Ehrlich et  al., 2004), 
CCPs have been shown to form, internalize, and reform at the 
same location in COS-1 cells (Gaidarov et al., 1999). The existence 
of stable “hot spots” for clathrin-mediated endocytosis has now 
been described in many cell types (Toomre et  al., 2000; Keller 
et  al., 2001; Spiliotis and Nelson, 2003; Bellve et  al., 2006; 
McNiven, 2006; Rappoport et al., 2006; Cao et al., 2011; Nunez 
et al., 2011). There are also examples of exocytosis reoccurring at 
stable sites in nonneuronal cells. In adrenal chromaffin cells, exo-
cytic release occurs at specific reusable sites (Schroeder et  al., 
1994; Robinson et al., 1995, 1996; Wick et al., 1997) and recent 
studies of Glut4 trafficking suggest specialized plasma membrane 
(PM) domains in adipose cells are used for Glut4 delivery to the cell 
surface (Stenkula et al., 2010).

Recently we demonstrated that cell surface microdomains 
occupied by a voltage-gated K+ channel, Kv2.1, function as hubs for 
Kv channel trafficking to and from the PM in both HEK cells and 
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Kv2.1 surface clusters are sites for the exo- and endocytosis of Kv 
channels, we next asked whether cER enrichment defined PM 
domains that function as generic hubs for the trafficking of mem-
brane proteins.

cER-enriched PM domains are the preferred site 
of TfR exocytosis
To observe exocytosis of a prototypical recycling membrane pro-
tein, we expressed the TfR fused to the pH-sensitive GFP variant 
superecliptic pHluorin (TfR-SEP) in HEK cells (Miesenbock et  al., 
1998; Kennedy et al., 2010). The SEP protein is attached to the 
extracellular domain of the TfR, so its fluorescence is quenched by 
the low pH of the endosome lumen. Trafficking vesicle fusion with 

cultured hippocampal neurons (Deutsch et al., 2012). The delivery 
of Kv2.1 to the cell surface occurred at the edge of these micron-
sized platforms, as did endocytosis. While it was perhaps not sur-
prising that Kv2.1 would traffic at a location defined by the channel 
itself, we found that a completely unrelated K+ channel (Kv1.4) was 
also delivered and retrieved at the Kv2.1 cluster perimeter. This find-
ing suggested that the Kv2.1 clusters could function as generic 
endo- and exocytic platforms. Because the Kv2.1 clusters have been 
observed to localize with subsurface cisternae in hippocampal and 
motor neurons (Du et al., 1998; Muennich and Fyffe, 2004) and to 
occasionally colocalize with ryanodine receptors (RyRs; Antonucci 
et al., 2001), we explored the possibility that the Kv2.1 clusters pre-
ferred to localize over the cortical endoplasmic reticulum (cER), that 
is, endoplasmic reticulum (ER) that resides within 100 nm of the cell 
surface.

Here, using total internal reflection fluorescence (TIRF) micros-
copy in combination with multiple fluorescent markers for the ER, 
we demonstrate that this is indeed the case, with most of the Kv2.1 
clusters residing above the cER. This result in turn raised the ques-
tion of whether PM regions enriched in cER function as trafficking 
hubs for a variety of membrane proteins. We observed that both 
transferrin receptor (TfR) and Kv1.4 recycling occur immediately ad-
jacent to regions of the PM enriched in underlying cER, suggesting 
stable endo- and exocytic machinery surround these domains. In 
addition, nascent vesicular stomatitis virus G-protein (VSVG) protein 
just released from the Golgi apparatus is delivered to the cell sur-
face at these locations. Thus cER enrichment defines PM domains 
that function as trafficking hubs for membrane protein transport to 
and from the cell surface.

RESULTS
Cell surface Kv2.1 clusters are located at sites of cER 
enrichment
We first sought to determine whether Kv2.1-enriched trafficking 
hubs, which are specialized sites for Kv channel exo- and endocy-
tosis (Deutsch et al., 2012), are associated with specific intracellu-
lar structures, especially as previous studies suggested that Kv2.1 
was often localized near subsurface cisternae (Du et al., 1998). We 
therefore tested whether surface Kv2.1 clusters colocalized with 
peripheral ER projections. Figure 1A shows the relationship be-
tween surface Kv2.1 channel aggregates, detected via Alexa Fluor 
594–conjugated antibody binding to an extracellular epitope in-
serted into Kv2.1 (red), and the ER, detected with ER-Tracker 
Green. This confocal section of a transfected HEK cell suggests a 
relationship between the surface clusters and the ER, with the 
clusters appearing at the end of finger-like projections of the cER 
network as highlighted by the yellow arrows in Figure 1B. A three-
dimensional rendering of this cell region is presented in Supple-
mental Video S1. To confirm cER proximity at sites of Kv2.1, we 
used TIRF-based imaging to selectively visualize surface Kv2.1 
and cER. HEK cells were transfected with green fluorescent pro-
tein (GFP)-Kv2.1 and DsRed2-ER to highlight the ER lumen, and 
the representative images shown in Figure 1, C–F, indicate that 
the majority of the Kv2.1 clusters colocalized with the ER marker 
within the TIR illumination field. Figure 1F is derived from only 
pixels with overlapping Kv2.1 and ER fluorescence and illustrates 
the surface distribution of the Kv2.1–cER interface. Kv2.1/ER colo-
calization was also observed when ER membrane proteins such as 
yellow fluorescent protein (YFP)-Stim1 were used to illuminate the 
ER (unpublished data). Supplemental Figure S1 shows that this 
Kv2.1 cluster localization over the ER is also observed in cultured 
hippocampal neurons. Because we had previously shown that 

FIGURE 1:  Kv2.1 cell surface clusters colocalize with the ER at the cell 
surface. (A) Confocal-based detection of Kv2.1-ER colocalization. 
Shown is a single confocal plane through the middle of a HEK cell 
transfected with Kv2.1HA. The ER was stained with ER-Tracker Green, 
and the red shows Alexa Fluor 594–conjugated anti-HA labeling of live 
cells to detect only surface Kv2.1 channels. (B) Enlargement of the 
boxed region in (A), illustrating the association of the Kv2.1 surface 
clusters (arrows) with cER finger-like projections. (C–E) TIRF-based 
detection of Kv2.1-cER colocalization. HEK cells were transfected with 
GFP-Kv2.1 and DsRed2-ER, and the corresponding fluorescence 
patterns are illustrated in (C) and (D), respectively. (F) Pixels containing 
both fluorescence signals. The thresholded Pearson’s correlation 
coefficient for the cell in (C–F) was 0.61. For eight similar cells examined 
in TIRF, the correlation coefficient was 0.71 ± 0.07 (mean ± SD).
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biotinylated Kv1.3 K+ channels in HEK cells 
with the DsRed2-ER marker and labeled 
single channels with quantum dots (Qdots). 
Kv1.3 shows an evenly distributed localiza-
tion on the cell surface and rapidly diffuses 
throughout the TIRF footprint. As illustrated 
in Figure S3, Qdot-labeled Kv1.3 channels 
have a random distribution with no rela-
tionship to the cER. Importantly, using our 
counting method, 42 ± 14% of Qdot-la-
beled Kv1.3 channels were located within 
0.3 μm of the cER which occupied 41± 5% 
of the cell footprint (n = 779 Qdots in 
6 cells). Together these data suggest that 
cER-enriched domains coordinate exocy-
totic machinery involved in surface protein 
delivery. Indeed, syntaxin 4 (Syx4), which is 
involved in neuronal exocytosis (Kennedy 
et  al., 2010), favors areas near the cER 
as illustrated in Figure S4. In 13 cells co
expressing Syx4-hemagglutinin (Syx4-HA) 
and DsRed2-ER, 68 ± 11% of stable Syx4 
clusters were located within 0.3 μm of the 
cER perimeter while the cER perimeter rep-
resented 35 ± 8% of the cell footprint.

TfR exocytosis adjacent to the cER is statistically significant
To generate quantitative statistics demonstrating that the TfR exo-
cytic sites are truly associated with the location of the cER, we ad-
opted the use of Euclidean distance maps (EDMs; Russ, 2007). To 
our knowledge, this is the first application of this image-processing 
approach to cell biology. EDMs are generated from a binary image 
such that the features of interest, in our case cER structures, have a 
value of 0 (“off”) and all other pixels have a value of 1 (“on”). The 
binary images were generated from filtered, thresholded, and 
zoomed TIRF images similar to those illustrated in Figure 2B. The 
Euclidean distance-mapping operation starts at the 0 values and 
sets all unassigned neighboring pixels to 1. The process then re-
peats iteratively, setting all unassigned neighbors of the pixels with 
a value of 1–2, their unassigned neighbors of pixels with a value of 
2–3, and so on, until all pixels in the image have been assigned a 
value. This simple operation results in a new image in which each 
pixel value is the distance of that pixel to the nearest image feature, 
that is, the distance to the cER. TfR puncta were detected and local-
ized at the moment of appearance using the U-track algorithm 
(Jaqaman et al., 2008). Each delivery event was manually checked to 
ensure that only true exocytosis (as illustrated in Figure 2A) was ana-
lyzed. In addition, the selection was done without prior knowledge 
of cER location to avoid introducing human bias. The distance be-
tween delivery localization and the cER was then computed from 
the EDM, and the distribution of delivery distances from the cER 
was built.

If delivery to the PM occurred at random locations, independent 
of the ER, the distribution of distances between delivery location 
and cER would be, within statistical error, indistinguishable from the 
distribution of the EDM. This is a consequence of the EDM being 
the distribution of distances to the cER as computed for the pixels in 
the whole membrane image. Figure 3A shows the cumulative distri-
bution function (CDF) of the distance between delivery and the cER 
as compared with the CDF of the distances of random pixels as 
obtained when the EDM of the entire TIRF footprint was used. The 
separation of the experimental and control curves indicates a clear 

the PM generates a burst of SEP fluorescence as the acidic pH is 
neutralized by the extracellular solution. This event is followed by 
lateral TfR diffusion in the PM and dispersal from the site of exocy-
tosis. An example of one such exocytic event is shown in Figure 2A. 
A bright punctum suddenly appears adjacent to the cER (marked 
by DsRed2-ER) and disperses as the TfR-SEP diffuses away from 
the exocytic site over the next 1–2 s. To enhance the signal-
to-noise ratio of delivered TfR-SEP, we first bleached the basal 
membrane with high-power TIR illumination to reduce membrane 
fluorescence derived from cell surface TfR-SEP. Figure 2B, left 
panel, shows a TIRF image of TfR-SEP and DsRed2-ER prior to TIR-
based photobleaching. The next three panels show individual 
bright puncta (yellow arrows) representing trafficking vesicles arriv-
ing post-bleach. Such vesicular delivery is illustrated in Video S2, 
which contains the first 4 min of imaging following the TIR-based 
photobleach of this cell. The right panel of Figure 2B summarizes 
the location of the delivery events over the 6-min imaging session. 
In this example, 93% of the exocytic events occurred within 0.3 μm 
(2 pixels) of the cER perimeter. Overall 82 ± 12% (mean ± SD, 
n = 560, from 21 cells) of the TfR-SEP exocytotic events were adja-
cent to the cER near the PM. Exocytic events occurred either adja-
cent to or away from the cER-enriched regions, but never directly 
over the cER. For this reason, we measured the area occupied by 
only the perimeter of the cER, including a 0.3-μm zone outside the 
perimeter. The cER perimeter (0.3 μm) in these cells accounted for 
only 28 ± 8% of the cell footprint. This indicates that the cER-local-
ized delivery is not simply random; that is, the occurrence of TfR 
fusion is disproportionately high at PM domains that are in close 
apposition to the cER. This observation was true not only for re-
gions underneath the nucleus, where the cER is generally located, 
but also for peripheral regions. In these regions, 84 ± 7% (n = 5) of 
TfR-SEP delivery occurred within the cER perimeter, which only ac-
counted for 31 ± 9% of the cell area. Similar findings were obtained 
with cultured hippocampal neurons as discussed in the Supple-
mental Material and illustrated in Figure S2A. For an additional 
control for random association with the cER perimeter, we expressed 

FIGURE 2:  TfR exocytosis occurs at cER-enriched domains. (A) Time course of a single TfR-SEP 
exocytic event. Shown are TIRF images acquired over the indicated time series. (B) Localization 
of TfR-SEP exocytotic sites. Left panel, a TIRF image with the TfR-SEP localized to both the 
cER-associated puncta and the general PM. To enhance the signal-to-noise ratio of delivered 
TfR-SEP, we first bleached the basal membrane with high-power TIR illumination to reduce both 
the puncta intensity and, most importantly, the general membrane fluorescence derived from 
freely diffusing TfR-SEP molecules. The next three panels show single, bright puncta (yellow 
arrows) representing trafficking vesicles arriving post-bleach. Right panel, summary of the 
location of the delivery events observed up until the general membrane fluorescence became 
too bright to detect additional delivery. Sites of exocytosis are marked by the yellow circles.
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The results in cER-dense regions again indicate a preference for the 
cER. The separation between the curves is naturally reduced be-
cause the control pixels are now on average closer to the ER in the 
cropped images. The mean distance from the cER for TfR delivery 
was 0.17 ± 0.24 μm (mean ± SD, n = 114, from 5 cells), while the 
distance for the control pixels was 0.25 ± 0.33 μm, p < 0.01, assum-
ing equal variance.

TfR is preferentially endocytosed at cER-enriched PM 
microdomains
When TfR-SEP was used to monitor exocytosis, we noticed that 
it formed small puncta that frequently associated with the cER 
(Figure 4, A and B). These puncta were likely on the cell surface, 
because the SEP fluorophore is pH sensitive. Overall 88.7 ± 5.5% 
(n = 2609, from 21 cells) of the TfR puncta were within 0.3 μm of the 
cER perimeter as detected with DsRed2-ER. The cER perimeter 
occupied 29 ± 8% of the cell footprint in these cells. Figure 4C 
illustrates the dynamics of the TfR-SEP puncta, where these struc-
tures repeatedly form in the same surface region before suddenly 
disappearing due to endocytosis and removal from the TIR illumina-
tion. All puncta in Figure 4C are TfR aggregates. The cyan and yel-
low puncta are derived from two video frames separated by 46 s. In 
most cases, adjacent blue and yellow puncta represent distinct TfR 
populations that disappeared and then reappeared in the same 
general region. When appearance was exactly in the same position, 
the color overlay is white. However, puncta lifetimes were variable, 
as was puncta mobility, and the white arrows denote puncta that did 
not disappear during the 46 s, sometimes moving and sometimes 
remaining stable. Video S3 illustrates the dynamics of the TfR-SEP 

preference for exocytosis at the cER, with 75% of the delivery events 
occurring within 0.25 μm of the cER perimeter, while the control 
curve generated from all the pixels in the footprint shows 75% of 
these pixels were within 1.75 μm of the ER. The mean distance from 
the ER for TfR delivery was 0.25 ± 0.38 μm (mean ± SD, n = 131, from 
5 cells), while the distance for the control pixels was 1.5 ± 2.6 μm, 
p < 0.0001. The control curve was generated from 1.05 × 107 pixels. 
However, one could argue that delivery simply preferred the general 
region of the basal cell surface that was enriched in cER with no di-
rect association with the cER itself. Therefore, we repeated this EDM 
analysis on regions of interest highly enriched in cER (Figure 3B). 

FIGURE 3:  Euclidean distance mapping analysis of the sites of TfR 
exocytosis relative to the cER perimeter. Cumulative distribution 
functions (CDFs) comparing the distance of TfR exocytic sites from 
the cER (red) with the control case (black). Distances from the cER 
were determined by EDMs generated from images of the cER. 
(A) Summary data obtained using the entire TIRF footprint as 
determined from the low-level TfR fluorescence. The curve for the TfR 
plots the cumulative individual distances between the ER and exocytic 
locations. The control curve summarizes the distance to the ER for all 
the pixels present. The mean distance from the ER for TfR delivery 
was 0.25 ± 0.38 μm (mean ± SD, n = 131, from 5 cells), while the 
distance for the control pixels was 1.5 ± 2.6 μm, p < 0.0001. 
(B) Results derived from the region of the cell footprints highly 
enriched in cER. The mean distance from the cER for TfR delivery 
was 0.17 ± 0.24 μm (n = 114, from 5 cells), while the distance for the 
control pixels averaged 0.25 ± 0.33 μm (n = 1.1 × 107 pixels), p < 0.05, 
assuming equal variance. The image crop forces the two curves 
together because now all pixels are relatively close to the ER.

FIGURE 4:  TfR and clathrin puncta localize adjacent to cER-enriched 
domains. (A) HEK cells were transfected with TfR-SEP and DsRed2-ER 
and then imaged using TIRF optics. The green TfR puncta are most 
often seen adjacent to, but not overlapping with, the cER marker. 
(B) Enlargement of the boxed region in (A). (C) TfR puncta present at 
two time points 46 s apart. Puncta present at 0 time are cyan, while 
those visible 46 s later are in yellow. The arrows point to puncta that 
either did not change or diffused a short distance (white). However, 
most puncta disappeared only to reform nearby over the 46 s. 
(D) HEK cells were transfected with GFP-CLC and DsRed2-ER prior 
to TIRF imaging. (E) Enlargement of the boxed region in (D). (F) CLC 
puncta detected 46 s apart, as described for (C).
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to fusion. However, in nine of 52 of these exocytic events, the vesicle 
appeared first at one cER perimeter before moving to a distant cER 
perimeter to fuse. This behavior is illustrated in Figure 6C, which 
shows a vesicle track (yellow line) following arrival at the cER perim-
eter (blue dot). The fusion or delivery site is indicated by a red “+.” 
Vesicles with this behavior are also illustrated in Video S5. Together, 
these behaviors indicate that vesicles destined for fusion first appear 
in the TIRF field adjacent to cER-enriched domains. Generally, vesi-
cles undergo fusion near the same cER domain where they first ap-
peared. Vesicles that do not undergo fusion at the cER domain 
where they first appeared undergo fusion at a distant cER domain. 
Overall 84 ± 12% of exocytic events (n = 213, from seven cells) 
occurred within 0.3 μm of the cER, indicating a high degree of 

puncta and shows the entire footprint of the cell from which the 
images in Figure 4, A–C, are derived.

Endocytosis of TfR is clathrin dependent, and TfR clustering in 
CCPs has been observed in numerous cell types (Hopkins, 1985; 
Jing et al., 1990; Motley et al., 2003; Bellve et al., 2006). This led us 
to examine the relationship between CCPs and the cER. When GFP-
clathrin light chain (GFP-CLC) was expressed in HEK cells with 
DsRed2-ER, diffraction-limited GFP-CLC puncta were frequently as-
sociated with the perimeter of the cER, reminiscent of the localiza-
tion of TfR-SEP puncta (Figure 4, D and E). The GFP-CLC puncta had 
lifetimes ranging from 5 to 100 s, were mobile within a small radius, 
and often reformed within the same membrane region (as illustrated 
in Figure 4F and Video S4), consistent with previously published re-
ports of CCP behavior (Gaidarov et al., 1999; Ehrlich et al., 2004; 
Loerke et al., 2009; Saffarian et al., 2009). Overall 88 ± 5% of the 
GFP-CLC puncta were within 0.3 μm of the cER perimeter (range 
80–94%, n = 1445, from 10 cells). In these cells, the area encompass-
ing the 0.3 μm surrounding the cER perimeter represented 44 ± 9% 
of the cell area, suggesting a robust preference for the cER-enriched 
domains. A similar relationship was observed in cultured hippocam-
pal neurons (Figure S2B and Supplemental Material).

When TfR-SEP and red fluorescent protein (RFP)-CLC were 
cotransfected, the TfR-SEP puncta often colocalized with RFP-clath-
rin (Figure 5, A–D), confirming that many of the TfR-SEP puncta rep-
resent clathrin-based endocytic sites, as described in other cell 
types (Gaidarov et al., 1999; Rappoport et al., 2006). Even though 
the absolute intensities varied between puncta containing both TfR-
SEP and RFP-CLC, the ratio of TfR-SEP to RFP-CLC fluorescence was 
relatively constant at 2.3 ± 0.4 (Figure 5E), consistent with previous 
reports demonstrating that CCPs grow as they accumulate cargo 
(Miller et al., 1991; Loerke et al., 2009; Mettlen et al., 2010). Taken 
together, the data presented in Figures 4 and 5 strongly suggest TfR 
endocytosis occurs at stable, reusable sites adjacent to cER-enriched 
domains.

Delivery of post-Golgi carriers to the PM occurs at the 
perimeter of cER-enriched PM domains
In the case of the TfR, the measured exocytosis reflects the delivery 
of a recycling membrane protein, as opposed to a nascent protein 
trafficking directly from the Golgi to the cell surface. Thus the vesi-
cles harboring these two different cargoes may be delivered to dif-
ferent microdomains on the cell surface. To examine the exocytic 
location of newly synthesized membrane proteins, we expressed a 
YFP-tagged, temperature-sensitive mutant of VSVG (YFP-VSVG-
ts045), which remains unfolded in the ER at 40°C. After a switch to 
the permissive temperature (32°C), VSVG-ts045 can traffic through 
the Golgi network, where it buds off into vesicles that ultimately fuse 
with the PM (Presley et al., 1997; Toomre et al., 2000; Keller et al., 
2001). This creates a large number of exocytotic events against a 
relatively nonfluorescent background, enabling the identification of 
the site of exocytosis even without the aid of a pH-sensitive fluores-
cent protein. Exocytosis was examined in HEK cells expressing both 
DsRed2-ER and YFP-VSVG-ts045 following the shift to the permis-
sive temperature. Figure 6A shows a HEK cell with blue dots mark-
ing the exocytic events that occurred within 0.3 μm of the cER 
perimeter and yellow dots marking exocytic delivery >0.3 μm from 
the cER perimeter. Figure 6B summarizes the location of exocytosis 
over time. Out of 52 exocytic events recorded in this cell, 46 of them 
occurred within 0.3 μm of the cER perimeter (only the first 33 events 
are illustrated in Figure 6, A and B). The majority of vesicles in this 
cell (36 of 52) appeared first at the cER perimeter; vesicle arrival was 
immediately followed by fusion at the cER or transient docking prior 

FIGURE 5:  TfR-SEP and GFP-CLC puncta colocalize. (A and B) TIRF 
fluorescence pattern following transfection with TfR-SEP and 
RFP-CLC, respectively. (C) Traditional overlay of the TfR and CLC 
fluorescent signals. (D) Pixels containing only both fluorescence 
signals. (E) Ratio of TfR-SEP and RFP-CLC fluorescence of the puncta 
contained within the boxed region of (D).
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occurred at PM sites within 0.15 μm of the cER perimeter. Nearly the 
same percentage of delivery events occurred at the perimeter of 
Kv2.1 clusters (Deutsch et  al., 2012). Kv1.4 endocytosis also pre-
ferred these regions, with 77 ± 3% (n = 176 events, four cells) of 
Qdots spontaneously disappearing adjacent to the cER. In these 
cells the cER perimeter (0.15 μm) accounted for only 21 ± 4% of the 
cell footprint.

Thin-section electron microscopy analysis of cER in HEK cells
The cER as viewed with TIRF-based light microscopy exhibited both 
tubular and punctate structures. At an ultrastructural level, we ex-
pected to see a similar pattern of ER running underneath PM. Our 
data also suggested that we would find both vesicular and endo-
somal structures near the cER. We analyzed the cER in glutaralde-
hyde-fixed HEK cells using thin-section electron microscopy (EM). 
To observe EM thin sections that most closely relate to our TIRF 
images, we began sectioning at the basal surface of the cells. 
Figure 8A gives us a TIRF-like snapshot of the basal membrane of 
the cell. Here we see ER that is likely within 100 nm of the PM, as it 
occupies the same plane as the sectioned basal membrane (B). 
Within 200 nm of the ER perimeter, we see four vesicular structures 
(V) that seem to be docked at the PM. These structures appear less 
dense in the center, suggesting they may be continuous with the 
extracellular space and thus in the process of exo- or endocytosis. 
Figure 8B is a deeper section, in which the ER makes a very small 
point of contact (black arrow) with the PM. We observed here both 
endocytic structures (white arrows) and vesicular structures in the 
immediate vicinity of the ER. The EM micrograph in Figure 8C illus-
trates a typical region of cER. Here the ER runs parallel to the PM at 

association between exocytosis and cER-enriched domains. The 
cER perimeter (0.3 μm) in these cells was 28 ± 8% of the area of the 
TIRF footprint, again indicating that the cER-localized delivery is not 
simply random.

Recycling Kv1.4 potassium channels are both delivered to 
and retrieved from the cell surface near cER-enriched PM 
regions
We previously demonstrated that the Kv1.4 channel was delivered 
to and retrieved from the PM at the perimeter of Kv2.1 clusters 
(Deutsch et al., 2012). To determine whether cER-enriched PM do-
mains would still be the preferred site for Kv1.4 delivery and retrieval 
in the absence of Kv2.1 expression, we used a single-molecule, 
Qdot-based assay to track both exo- and endocytosis of recycling 
Kv1.4 channels. HEK cells expressing surface biotinylated CFP-
Kv1.4-loopBAD (extracellular biotin acceptor domain) and DsRed2-
ER were briefly incubated with a low concentration of Qdots to label 
a small fraction of the surface Kv1.4 channels. The cells were then 
imaged via TIRF, and the appearance and disappearance of Qdots 
were analyzed with custom tracking algorithms (Sergé et al., 2008). 
As previously described (Deutsch et al., 2012), the spontaneous dis-
appearance of a Qdot for >60 s represents endocytosis, as nonfluo-
rescent Qdot states are unlikely to occur for this amount of time. 
Similarly, the sudden appearance of a Qdot in the TIR field >60 s 
after the beginning of imaging represents membrane delivery of a 
previously internalized surface channel. Figure 7 illustrates the Kv1.4 
insertion and retrieval sites mapped over 2 min and 42 s. The loca-
tion where each Qdot first appears is marked by a yellow circle, and 
its disappearance is marked with a red X. Trajectories from 292 
frames are shown, and the length of the track is representative of the 
amount of time each Qdot was present during the movie. Almost 
80% of the Kv1.4 exocytosis (78 ± 3%, n = 176 events, four cells) 

FIGURE 6:  Exocytosis of VSVG-ts045 occurs predominantly at the 
cER perimeter. (A) HEK cell transfected with YFP-VSVG-ts045 and 
DsRed2-ER and imaged via TRIF microscopy at the permissive 
temperature (32°C). Blue dots mark exocytic events that occurred 
≤0.3 μm from the cER perimeter, and yellow dots mark events that 
occurred >0.3 μm from the cER perimeter. Of 52 exocytic events 
recorded in this cell, 46 of them occurred within 0.3 μm of the cER 
perimeter; only the first 33 events are illustrated in (A) and (B). 
(B) Summary of the location of YFP-VSVG-ts045 vesicle fusion over 
time. Same cell as in (A). Overall 84 ± 12% of exocytic events (n = 213, 
from 7 cells) occurred within 0.3 μm of the cER perimeter. The cER 
perimeter (0.3 μm) in these cells was 28 ± 8% of the area of the TIRF 
footprint. (C) Magnification of DsRed2-ER fluorescence from (A) 
overlaid with a track of vesicular movement (yellow line). Appearance 
of the vesicle at the PM is marked with a blue dot, and exocytosis 
within 0.3 μm of the cER perimeter is marked with a red +.

FIGURE 7:  Exo- and endocytosis of Kv1.4. HEK cells expressing 
biotinylated Kv1.4 were labeled at low efficiency with 605 Qdots and 
then imaged via TIRF microscopy for observation of delivery and 
retrieval at the cell surface. (A) The location where the Qdot first 
appears is marked by the yellow circle, and its disappearance is 
marked with the red X. Note that the appearing Qdot in the top 
center of (A) most likely diffused into the TIR field from the side of the 
cell, as it was first detected at the edge of the cell. Trajectories from 
292 frames are shown, and the length of the track is representative 
of the amount of time each Qdot was present during the movie. 
(B and C) Enlargements of the top and bottom boxed regions in (A), 
respectively. Kv1.4 exocytosis preferred PM sites within 0.15 μm of 
the cER perimeter with 78 ± 3% (n = 176 events, four cells) of Qdots 
spontaneously appearing in these regions. Kv1.4 endocytosis also 
preferred these regions with 77 ± 3% (n = 176 events, four cells) of 
Qdots spontaneously disappearing adjacent to the cER. In these cells, 
the cER perimeter (0.15 μm) accounted for only 21 ± 4% of the cell 
footprint.
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cER perimeter, we repeated our TfR exocy-
tosis study using ORAI1 as a marker for ER–
PM contacts. ORAI1 is a PM Ca2+ channel 
physically gated by interactions with acti-
vated STIM1 in the ER. ORAI1 typically has 
a diffuse PM localization and only localizes 
to ER–PM contacts following physical inter-
action with STIM1 (Figure S6B). When we 
used ORAI1 puncta as a marker of ER–PM 
contacts, we observed 67 ± 5% (n = 5, 
150 events) of TfR exocytic events occurred 
within 2 pixels of the ORAI1 puncta, while 
the puncta only accounted for only 15 ± 3% 
of the cell footprint (Figure S6C). These data 
indicate that a subset of the cER-localized 
TfR exocytosis occurs in the vicinity of 
“classic” ER–PM contacts.

DISCUSSION
The previously described function for cER 
largely involves regulation of Ca2+ homeo-
stasis. In the PM, voltage-gated Ca2+, Orai, 
and Trp channels are localized to these mi-
crodomains along with ER proteins involved 
in Ca2+ regulation, such as the ryanodine re-
ceptor, IP3 receptor, and STIM1 (Carrasco 
and Meyer, 2011). The data presented 
above indicate that an additional role for 
these membrane domains is to serve as lo-
calized trafficking hubs for endo/exocytosis. 
Not only are the relatively abundant TfRs 
trafficked at these locations but also sparse 
membrane proteins, such as the Kv1.4 K+ 
channel. In addition, this localized trafficking 
extends beyond recycling membrane pro-
teins, because nascent VSVG traveling to 
the surface for the first time is delivered 

here. While the work presented here is derived from HEK cells, the 
data are likely of general relevance to other cell types, especially 
neurons. HEK cells express a large number of neuronal genes and 
are actually of neuronal origin, despite the fact that they were de-
rived from a kidney homogenate (Shaw et al., 2002). Because HEK 
cells express almost no voltage-gated ion channels, they are best 
viewed as immature neurons. Furthermore, a recent publication de-
scribes a strikingly similar relationship between the cER and endo-
cytic traffic in yeast, in which the cER extends across the majority of 
the PM (Stradalova et al., 2012).

Advantages of localized trafficking hubs
Research over the past decade has increasingly demonstrated that 
numerous PM functions are highly organized, often due to the exis-
tence of specific submembrane scaffolding structures. The use of 
stable, reusable sites for endo/exocytosis outside the neuronal syn-
apse is now becoming a commonly accepted idea (Schroeder et al., 
1994; Robinson et al., 1995, 1996; Wick et al., 1997; Bellve et al., 
2006; Stenkula et al., 2010). Membrane protein trafficking hubs, as 
described here and in our previous work, have obvious advantages. 
Specialized domains are more energy efficient than constantly reas-
sembling trafficking machinery, and trafficking vesicles can be deliv-
ered along relatively static microtubules. Such localization also 
provides for enhanced regulation, because signaling molecules can 
be stably localized at the trafficking sites.

a distance >100 nm away, likely not within the field of view that can 
be imaged by TIRF microscopy. The ER turns outward to make oc-
casional perpendicular contacts (black arrows) with the PM. Figure 
8D illustrates a similar situation, with the ER running parallel to the 
transversely sectioned PM (T) and occasionally making close contact 
with the PM. Here some of the tubular ER running parallel to the PM 
is close enough (<100 nm) to be observed in the TIR imaging plane. 
This is consistent with the often tubular appearance of the cER in 
TIRF. Microtubules run underneath the ER at a distance far beyond 
TIR imaging plane. Distinct ER–PM junctions like those found in sub-
surface cisterns in neurons (Rosenbluth, 1962) or induced by STIM1 
in response to ER Ca2+ depletion (Orci et al., 2009) were rarely ob-
served in our HEK cells.

Our ultrastructural study of cER in HEK cells shows that some of 
the cER we observe in TIRF indeed forms close physical contact 
with the PM. To study these apparent connections in greater detail 
with TIRF microscopy, we expressed YFP-STIM1, which is a well-
characterized marker for ER–PM contacts, along with DsRed2-ER. 
YFP-STIM1 is distributed throughout the ER under normal resting 
conditions but displays a remarkable translocation to sites of con-
tact between the ER and PM under conditions of ER Ca2+ depletion 
(Liou et al., 2005). We observed that YFP-STIM1 translocated to a 
subset of discrete cER-enriched domains, consistent with our ultra-
structural analysis (Figure S5). To determine whether ER–PM con-
tacts are involved in the localization of trafficking events near the 

FIGURE 8:  Thin-section EM of cER in HEK cells. (A) EM micrograph of an ultrathin section 
(<100 nm) through the basal membrane (B) of the cell. Within 200 nm of the ER (ER) on the right, 
there are four vesicular structures (V), which are likely docked at the PM. (B) EM micrograph 
illustrates ER making a small contact point (black arrow) with the PM (PM) in this section. 
Endocytic structures (white arrows) and possible vesicular structures are within 200 nm of the 
ER–PM contact point. (C) This EM micrograph illustrates a typical region of cER. Here the 
ER runs parallel to the PM but at a distance >100 nm from the PM. The ER turns to make 
perpendicular contacts with PM (black arrows). (D) This micrograph illustrates a similar situation 
as in (C), with the ER running parallel to and making contacts with the PM. Microtubules (MT) 
run underneath the cER at a distance far out of the TIRF field. All micrographs were acquired at 
100,000× magnification. All scale bars are 200 nm. (B = basal membrane; V = vesicular structure; 
PM = cross-sectioned PM; MT = microtubules; T = transverse-sectioned PM; black arrows = 
ER–PM contacts; white arrows = endocytic structures).
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adjacent to sites of close apposition between the cER and the PM. 
Furthermore, endocytic components, such as CLC and TfR cargo, 
preferentially accumulate adjacent to cER-enriched PM domains. 
This spatial arrangement suggests that factors important for the lo-
calization and regulation of exo/endocytic machinery are enriched 
in the vicinity of the cER.

MATERIALS AND METHODS
Plasmid constructs, cell culture, and transfections
Fluorescent protein, HA epitope, and BAD-tagged Kv channel con-
structs have been described previously (O’Connell and Tamkun, 
2005; O’Connell et al., 2006, 2010; Tamkun et al., 2007) and are 
based on the Living Colors vector system (Clontech, Mountain View, 
CA). The HA epitope or BAD sequence is contained within the ex-
tracellular domain between the first and second transmembrane 
domains of Kv2.1 and Kv1.4 (Tamkun et  al., 2007; Weigel et  al., 
2011). When necessary, the BirA biotin ligase in the pSec vector was 
cotransfected with Kv1.4 to achieve biotinylation during channel 
biosynthesis, presumably within the ER lumen (Tamkun et al., 2007). 
TfR modified with an extracellular SEP has been previously de-
scribed (Kennedy et  al., 2010). The temperature-sensitive VSV 
G-ts045 fused to YFP has also been described previously (Presley 
et  al., 1997). CLC with GFP or RFP fused to the C-terminus was 
a gift from Santiago Di Pietro (Department of Biochemistry and 
Molecular Biology, Colorado State University). The luminal ER marker 
pDsRed2-ER was obtained from Clontech.

HEK 293 cells (passage 38–45; American Type Culture Collec-
tion, Manassas, VA) cells were transfected with 1–3 μg of Kv channel 
DNA, 1 μg of pSec Bir A, 100 ng of CLC fusions, 500 ng of TfR-
SEP,200 ng of DsRed2-ER, or 1 μg of YFP-VSVG-ts045 using a Bio-
Rad Genepulser Xcell (Bio-Rad Laboratories, Hercules, CA) with a 
0.2-cm gap cuvette and a single 110-V 25-ms pulse. Transfected 
cells were plated on glass-bottom 35-mm dishes (Matek, Ashland, 
MA) that had been previously coated with Matrigel (BD Biosciences, 
San Jose, CA) and covered in DMEM plus 10% fetal bovine serum. 
HEK cells were imaged within 24 h of electroporation in HEK physi-
ological imaging saline consisting of (in mM): 146 NaCl, 4.7 KCl, 2.5 
CaCl2, 0.6 MgSO4, 1.6 NaHCO3, 0.15 NaH2PO4, 0.1 ascorbic acid, 
8 glucose, and 20 HEPES (pH 7.4; imaging saline).

Confocal and TIRF microscopy
HEK cells and neurons expressing fluorescent protein–tagged 
constructs were imaged with one of two microscope systems, 
depending on the experiment performed. Standard three-dimen-
sional imaging, 0.3-μm Z steps, was performed with an Olympus 
FV1000 confocal microscope equipped with spectral detectors and 
the SIM scanner. GFP was excited using the 488-nm line of an argon 
laser, and emission was collected using the variable band-pass filter 
set at 500–530 nm. Alexa Fluor 594 fluorophores were detected us-
ing a 543-nm HeNe laser with the variable band-pass filter set at 
600–630 nm. A 60×/1.4 NA oil-immersion objective was used for 
imaging, and the pinhole diameter was set for the appropriate Airy 
unit when using one laser. An intermediate pinhole diameter was 
used when two fluorophores were being detected simultaneously. 
For each image, the detector voltage was adjusted as necessary to 
utilize the full 12-bit range.

To image Qdot recycling and cER, we used a Nikon Eclipse Ti 
Perfect-Focus–equipped TIRF/wide-field fluorescence microscope 
equipped with AOTF-controlled 405-, 488-, 543-nm diode lasers, 
100 mW each, and an Intensilight wide-field light source. A 100× 
Plan-Apo TIRF, 1.49 NA objective was used for image acquisition. 
Emission was collected through a Sutter Lambda 10-3 filter wheel 

Why cER-enriched PM domains as a trafficking hub?
Using this cellular organelle as a trafficking hub has two obvious 
advantages. First, many trafficking vesicles delivering cargo to the 
cell surface move via kinesin motors along microtubule tracks. The 
ER network is rich in microtubules, with microtubule dynamics re-
sponsible for defining cytoplasmic ER morphology (Terasaki et al., 
1986; Klopfenstein et  al., 1998; Waterman-Storer and Salmon, 
1998). Thus the ER surface itself may serve as a template for micro-
tubule orientation toward the cell surface. Second, because the cER 
plays a major role in Ca2+ homeostasis, trafficking here could place 
endo/exocytosis under direct control of Ca2+ within this microdo-
main. In support of this idea, ER-derived Ca2+ regulates exocytosis 
in astrocytes (Marchaland et al., 2008). While this study specifically 
examined glutamate release from these cells, this effect of localized 
Ca2+ on exocytosis may have general relevance.

Relationship between the cytoskeleton, cER, and exocytosis
An obvious concern is that cER reaches the PM in regions where 
cortical actin is sparse and these just happen to be areas where 
exocytic/endocytic vesicles can get access to the PM (Orci et al., 
1972). We have addressed this possibility in two ways. First, as il-
lustrated in Figure S7, we disrupted F-actin with latrunculin A 
(100 nM, 30 min) and observed the ER present at the cell surface 
decreasing to 77 ± 12% of control (n = 12). If the ER, and trafficking 
vesicles, reach the surface just where cortical actin is sparse, then 
actin depolymerization should have increased the amount of ER vis-
ible within the TIR field. Actin depolymerization caused a decrease 
in the percentage of TfR exocytotic events occurring at the ER pe-
rimeter, from 82 ± 12% (mean ± SD, n = 560, from 21 cells) under 
control conditions to 76 ± 9% (mean ± SD, n = 97, from four cells). 
However, it is difficult to conclude that F-actin is involved in coupling 
exocytosis to the ER perimeter, because this change could be due 
to nonspecific effects derived from cell shape changes following 
loss of the cytoskeleton. In our second attempt to relate cER and 
actin, we imaged photoactivatable GFP-actin and DsRed2-ER in 
TIRF and found that, while large actin bundles appear to direct the 
cER morphology, fluctuations in the fluorescence intensity of the 
finer cortical actin mesh, which cannot be resolved by light micros-
copy, show no apparent relation to ER positioning (Figure S8). 
Additional research is required to determine the role, if any, of actin 
in the localization of exocytosis near the cER.

On the other hand, microtubules play a role in both the organiza-
tion of the ER and vesicular transport. This led us to investigate 
whether tubulin disruption with colchicine alters the cER or the loca-
tion of TfR exocytosis. While the cytoplasmic ER is disrupted follow-
ing microtubule depolymerization with colchicine (2.5 μM, 20 min, n 
= 5) as expected (unpublished data), the ER in the TIR field is unaf-
fected, as illustrated in Figure S9, suggesting tubulin does not play 
a tethering role for the cER. After 40 min in colchicine, the percent-
age of TfR exocytosis occurring within 0.3 μm of the cER perimeter 
is reduced to 47 ± 18% (n = 9) compared with 82 ± 5% under control 
conditions, with the cER perimeter representing 24 ± 7% of the cell 
area. Whether this is meaningful or just an indication of poor cell 
health, as suggested by the morphology changes, is unclear. Unfor-
tunately, we have found no interventions that selectively remove the 
cER, for this would be a convincing means of linking this structure to 
exocytosis.

Conclusion
We have discovered a new cellular microdomain that directs mem-
brane protein trafficking to and from the cell surface. Exocytosis of 
both recycling and nascent membrane proteins preferentially occurs 
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sequences were analyzed for the location of Qdot appearance (i.e., 
membrane insertion) or disappearance (i.e. endocytosis) by both 
manual inspection and an automated analysis. In the case of the 
manual analysis, Qdots that appeared or disappeared within 2 μm 
of the cell perimeter were not counted, due to concerns that they 
might be just entering or leaving the basal cell surface. Qdots were 
classified as entering or leaving the surface at the cER if the appear-
ance or disappearance occurred within 0.15 μm of the cER perime-
ter. Potential dark states <60 s were most problematic and were 
dealt with as described previously (Deutsch et al., 2012). Only Qdot 
appearances that occurred more than 60 s following the disappear-
ance of a Qdot within a 1 μm radius were counted as indicating 
surface insertion, as opposed to representing detection of the same 
Qdot emerging from a dark state. The same logic applied to Qdots 
that disappeared only to be followed by reappearance in <60 s 
<1 μm away; that is, these Qdots were not counted as being inter-
nalized by the cell.

For the automated detection and tracking of Qdot-labeled Kv1.4 
channels, we used a multiple-target tracking (MTT) approach based 
on the algorithm developed by Sergé et al. (2008) and described 
previously (Deutsch et al., 2012). This analysis provides the positions 
and intensities for each of the targets throughout the entire video 
duration, allowing for determination of the time and location of 
newly arriving channels to the cell surface. Using the results of the 
MTT algorithm, we categorized Qdot-tagged Kv1.4 channels that 
arrived to the cell surface after a delay relative to the start of the im-
age sequence (to allow for potential Qdot dark states) as arriving to 
the cER or not. This classification was determined by overlaying the 
individual Qdot-tagged channel signal with the thresholded DsRed2-
ER signal, along with the MTT algorithm trajectories. If the channel 
arrived within 1 pixel of the cER perimeter (1 pixel = 160 nm), it was 
categorized as arriving to the ER, and similarly if the channel ap-
peared outside the 1 pixel boundary it was classified as not arriving 
to the cER. Channels that appeared to diffuse from the side of the 
cell to the basal surface were discarded.

TfR-SEP exocytosis
HEK cells or neurons were transfected with TfR-SEP and DsRed2-ER 
18–24 h prior to imaging at 37°C. Basal SEP fluorescence was 
bleached for 1 min in TIR using 100% 488-nm laser power. SEP and 
DsRed fluorescence were imaged at a rate of 2 and 0.1 Hz, respec-
tively, until SEP fluorescence recovered to a point at which addi-
tional exocytic events were masked. The center of each exocytic 
event, based on pixel intensity, was manually detected.

YFP-VSVG-ts045 exocytosis
HEK cells transfected with YFP-VSVG-ts045 and DsRed2-ER were 
cultured at the nonpermissive temperature of 40°C for 12–16 h prior 
to imaging and shift to the permissive temperature of 32°C. YFP and 
DsRed2 were imaged in TIR at a rate of 2 Hz and 0.1 Hz, respec-
tively. Vesicles were tracked manually in Volocity.

Thin-section electron microscopy
HEK cells were grown on carbon-coated glass coverslips coated 
with Matrigel and fixed with 2.5% glutaraldehyde in 0.15 M phos-
phate buffer (pH 7.4). Coverslips were en bloc stained with aqueous 
uranyl acetate, postfixed with osmium tetroxide, and dehydrated 
with ethanol before being embedded in Epon. The carbon coat af-
fixed to the embedded cells allowed for unambiguous orientation 
of the basal surface of the HEK cells for ultramicrotomy. Ultrathin 
sections (<100 nm) were mounted on copper grids and were 
imaged with a JEOL 1400 TEM.

containing the appropriate band-pass filters. The stage and objec-
tive are temperature controlled via a Zeiss/Pecon stage-heating 
insert and objective heater at 37°C. This microscope is equipped 
with the Andor iXon EMCCD DU-897 camera, 512 × 512. For all 
imaging experiments, the cells were on the microscope stage for 
less than 1 h.

cER domain localization
The majority of experiments used DsRed2-ER expression to illumi-
nate the cER in TIRF with a calculated penetration depth of 63 nm. 
The cER-enriched domains were delimited by an automated object-
finding algorithm (Volocity, version 6.1.1; Waltham, MA), and the 
cER perimeter was calculated automatically. Neither exocytic events 
nor clathrin-related structures were observed to localize directly over 
the cER, so the area occupied by the cER-enriched domains was not 
included in the calculation of cER perimeter. For confocal imaging, 
cells were labeled for 10 min at 37°C with ER-Tracker Green and 
then washed three times with imaging saline and imaged at 37°C.

Antibody and Qdot labeling
HEK cells were labeled in imaging saline containing an anti-HA 
monoclonal antibody conjugated to Alexa Fluor 594 (1:1000 dilu-
tion) for 5–10 min at 37°C before being rinsed and imaged at 37°C. 
Quantum dot recycling assays were performed essentially as de-
scribed previously (Deutsch et  al., 2012). Briefly, cells expressing 
biotinylated Kv1.3 or Kv1.4 constructs were first incubated in 1% 
bovine serum albumin (BSA; immunoglobulin G/fatty acid-free; 
Sigma-Aldrich, St. Louis, MO) in imaging saline for 5 min and then 
incubated for 5 min with 0.1 nM streptavidin-conjugated quantum 
dots (QD605; Invitrogen, Carlsbad, CA) in imaging saline containing 
1% BSA. The cells were then rinsed extensively with imaging saline 
and returned to the tissue culture incubator. All incubations were 
performed at 37°C. To control for nonspecific Qdot binding, we im-
aged cells expressing GFP-Kv1.4-loopBAD that were not cotrans-
fected with the BirA biotin ligase.

Detection of Kv1.4 recycling
The dissociation rate of biotin–streptavidin binding is relatively slow, 
with 4 and 25% dissociation over 1 h at 37°C for biotin conjugates 
or biotin, respectively (Howarth et al., 2006; Chivers et al., 2010). 
This slow dissociation rate, combined with the lack of photobleach-
ing and low potential for biological degradation (Jaiswal et al., 2004; 
Jaiswal and Simon, 2004), make Qdot labeling useful for tracking 
individual Kv channels to and from the cell surface. HEK cells ex-
pressing biotinylated Kv1.4 channels were labeled with Qdots at 
low efficiency, as described above, and then returned to the tissue 
culture incubator for 1–2 h to allow endocytosis and recycling to the 
cell surface to approach steady state. The cells were then removed 
from the incubator and imaged using the TIRF system described 
above. Spontaneous Qdot appearance represents a cytoplasmic 
channel previously on the cell surface now entering the 100-nm TIRF 
illumination field, that is, approaching or inserting into the mem-
brane. Observation of the expected single-channel diffusion in the 
membrane confirmed surface delivery (Deutsch et al., 2012). Spon-
taneous loss of a cell surface Qdot represents a channel undergoing 
endocytosis.

Image presentation and data analysis
Images were imported into Volocity 6.1.1 software for three-dimen-
sional reconstruction, object detection/tracking, and quantitative 
analysis. Numerical data were exported into Origin Pro 8.5 (Origin-
Labs, Northampton, MA) for further analysis and curve fitting. Image 
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Generation of EDMs
Locations of TfRs were determined using the U-track algorithm. For 
generation of the EDMs, images of the ER were processed using 
ImageJ (National Institutes of Health, http://imagesj.nih.gov/ij) in a 
two-step process that includes image segmentation followed by ac-
tual EDM transform. First, a value representing the level of extracel-
lular background noise was subtracted from the image. Then, for 
correcting for heterogeneous background arising from cellular auto-
fluorescence, the local background was found using a 20-pixel 
Gaussian filter, and it was subsequently subtracted from the original 
image. Next images were convolved with a 5 × 5 Laplacian kernel 
that acted as an edge detector to extract ER features. Images were 
zoomed by a factor of 10 using bicubic interpolation, which allowed 
for a higher accuracy in the final EDM. The images were then con-
verted to binary by thresholding. The EDM was generated by invert-
ing the image and using the Distance Mapping operation in MAT-
LAB (MathWorks, Natick, MA). We used a custom-written algorithm 
to extract the pixel value of the EDM at the site of TfR exocytosis. 
Control values were determined by selecting all EDM values within 
a region of interest encompassing either the entire TIRF footprint 
(determined using low-level TfR fluorescence as a mask for the cell 
region) or only the region most highly enriched in ER. For the local 
ER network analysis, the ROI was hand-drawn around the ER. Dis-
tances from the ER were imported into Origin 8.6 for further 
analysis.

Statistics
Data are presented as the mean ± SD, unless otherwise indicated. 
Colocalization statistics were calculated in Volocity 6.1.1 only from 
intensity values within thresholds using the Pearson’s correlation co-
efficient, as previously described (Barlow et al. 2010). Cumulative 
distribution functions of the distances to the cER were generated 
using a bin size of 75 nm. The distributions of the EDM and the 
distances from the delivery locations to the cER were compared us-
ing a two-sample t test.
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