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ABSTRACT The arrangement of receptors in the plasma membrane strongly affects the ability of a cell to sense its environ-
ment both in terms of sensitivity and in terms of spatial resolution. The spatial and temporal arrangement of the receptors is
affected in turn by the mechanical properties and the structure of the cell membrane. Here, we focus on characterizing the
flow of the membrane in response to the motion of a protein embedded in it. We do so by measuring the correlated diffusion
of extracellularly tagged transmembrane neurotrophin receptors TrkB and p75 on transfected neuronal cells. In accord with
previous reports, we find that the motion of single receptors exhibits transient confinement to submicron domains. We confirm
predictions based on hydrodynamics of fluid membranes, finding long-range correlations in the motion of the receptors in
the plasma membrane. However, we discover that these correlations do not persist for long ranges, as predicted, but decay
exponentially, with a typical decay length on the scale of the average confining domain size.
SIGNIFICANCE The plasma membrane is the interface through which a cell interacts with its environment. Membrane
proteins function both as mechanical and chemical signal sensors, transmitting the information they receive into the cell via
cascades of biochemical reactions. To optimize its response and adaptation to external conditions, a cell may control the
spread of the plasma membrane proteins, for example, in dispersed nanoclusters. Understanding the mechanism and
strategy of such protein self-organization requires the knowledge of the material properties of the cell membrane and the
mobility of proteins and lipids within the membrane. Here, we show long-range correlations in the motion of membrane
proteins. However, contrary to belief, we show that the plasmamembrane does not flow as a continuous fluid at long range.
The plasma membrane is a highly dynamic heterogeneous
object. It is made of a lipid bilayer in which a variety of pro-
teins are embedded and is anchored to the cytoskeleton
through binding domains (1–6). Although the weight
percent of lipids and proteins in the plasma membrane is
comparable, the conventional description of the plasma
membrane is of a complex fluid in which protein inclusions
can diffuse (7). This point of view is supported by the
observed mobility of entities of different sizes embedded
in the plasma membrane, such as protein aggregates and
transient lipid rafts (6–10). For this reason, models such as
the Saffman-Delbr€uck model (11) that describe the plasma
membrane as a simple viscous fluid are often inconsistent
with experimental observations. For example, a significantly
lower mobility of proteins is measured in live cells as
compared to in artificial lipid-based vesicles that are
composed of a fluid lipid bilayer (3,8) and in red blood cells
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(12). The question then arises regarding whether a mem-
brane that is ‘‘more mosaic than fluid’’ (3) can flow like a
fluid lipid bilayer. Continuous flow of the plasma membrane
is believed to be the mechanism for fast equilibration of
membrane tension. Such flow is therefore essential for the
commonly suggested mediation of fast long-range mechan-
ical signals within cells (e.g., see (13–20) and reference in
(21)). Surprisingly, a recent study by Shi et al. (21) has
put forth evidence that local changes in the cell membrane
tension result in localized mechanical signaling. In these ex-
periments, short tethers where pulled out of cells to perturb
locally the tension in the cell membrane and to measure it.
No mechanical coupling between two tethers drawn at dis-
tances of 5–15 mm was observed in contrast to the strong
coupling found for tethers drawn from cell-attached mem-
brane blebs. To account for their findings, the authors
suggest a model in which the membrane has a gel-like struc-
ture and that transmembrane proteins anchored to the cyto-
skeleton are the source of the membrane’s resistance to flow.

The correlated motion of tracer particle gives a direct
measure of fluid flow. It was proposed and used to charac-
terize the viscoelastic properties of complex fluids (22–24)
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FIGURE 1 Experimental system. (A) A

schematic representation of the TrkB recep-

tor and its fluorescent tagging are shown.

(B) An oblique illumination image of trans-

fected primary motor neuron shows that

TrkB ACP is localized on the cell membrane.

(C) Single TrkB receptors on the cell mem-

brane of a motor neuron as imaged by

TIRF are shown. To see this figure in color,

go online.
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in microscopic length scales. In this method, the effect of the
mechanical perturbation created by the thermal motion of
one tracer on the motion of a second tracer is measured as
a function of their separation. For correlations between the
motion of the two tracers in a membrane to exist, informa-
tion through flow or deformation of the membrane needs to
pass between them (24–28). As a result, the correlated
motion is not only a means to characterize the viscoelastic
properties of a complex fluid at large length scales, which
are larger than the scale of structural and compositional in-
homogeneity in it, but also a way to characterize the relevant
length scale of heterogeneity (23,25,29). This measurement
is insensitive to tracer size or to tracer confinement as long
as the material in which the tracer is suspended can flow or
deform (24,30).

Here, we use single-particle tracking of transmembrane
proteins diffusing on the plasma membrane of two types
of cells to extract the characteristic flow of the plasma mem-
brane. From this direct measurement, we quantify the char-
acteristic flow of the plasma membrane and its range before
being arrested. Our results further support and provide new,
to our knowledge, insight into the surprising results of Shi
et al. (21).

Our experiments consisted of imaging the motion of
TrkB and p75 receptors along the plasma membrane of
neuronal and HEK 293T cells. In each experiment, we
follow only one of the two receptors. The receptors were
tagged extracellularly using ACP-CoA surface labeling,
previously described in (31) (Fig. 1, A and B), resulting
in minimal background noise arising from the cell cyto-
plasm. Importantly, the tagged receptors keep their biolog-
ical function and specificity (see Supporting Materials and
Methods; (31)). We use TIRF to image the motion of these
receptors on the cell membrane on a single molecule level
(Fig. 1 C) and extract their motion using video microscopy
(32) (see details in Supporting Materials and Methods).
To obtain significant statistics, we analyze more than
40,000 trajectories, each of them longer than 20 frames
(i.e., at least 0.5 s long), from at least 40 different cells
from several independent cultures for each receptor and
cell type.

From the extracted trajectory of the receptors, we calcu-
late the correlated displacement of two proteins a and b

according to the following:
Dj j ;tðR; tÞ ¼
D
Draj j ;tðtÞDrbj j ;tðtÞd

���~rabj � R
�E

asb
(1)

where ~rab is the vector connecting the two proteins,

Dra;bj j ;t is the displacement of protein a, or b along the di-

rection parallel or perpendicular to ~rab, and d(r) is the
d function (for discussion on measurement errors, see
Supporting Materials and Methods). The correlated
displacement of both receptors, TrkB and p75, in both
cell types with t ¼ 25 ms is presented in Fig. 2. Each
cell contained only one type of tagged receptors; there-
fore, correlations in motion were calculated only between
receptors of the same type.

The flow generated by the motion of a protein in the
membrane affects the motion of a second protein at a dis-
tance r from it and vice versa. This information exchange
is manifested in correlations in the motion of the proteins
in the membrane. For example, in a membrane with mobile
protein inclusions suspended in fluid, for protein separations
larger than the protein diameter, r[ a, we expect

Dj j � r�1;Dt � r�2 (26). However, if the membrane is

supported on a glass surface, which is the case in total inter-
nal reflection fluorescence (TIRF) microscopy, for large

separations, we expect Dj j ;ty5kBTh=2phf r
2, where kBT

is the thermal energy, h is the distance between the mem-
brane and the supporting surface, and hf is the viscosity of

the surrounding fluid (33). This result is the asymptotic
behavior expected in the case of an adsorbed membrane
on a glass surface at large separation between tracer parti-
cles (33). Similarly, immobile inclusions in the plasma
membrane will cause the correlated diffusion in both direc-
tions to decay at large separations as r�2 (34). The flow field
induced by a protein in this case is depicted by the dotted
lines in Fig. 2 A.

From the theoretical analysis, for our experimental con-
ditions, we expect the long-range correlated diffusion in
the parallel and transverse direction of both receptors
and in the different cell types to agree well (Fig. 2 C).
As predicted theoretically, the symmetry of the flow field
causes the longitudinal response to be positive and the
transverse response to be negative. To compare these mea-
surement to the theoretical prediction of Oppenheimer and
Diamant (33), we estimated the parameters entering the
Biophysical Journal 117, 810–816, September 3, 2019 811



FIGURE 2 Two-point microrheology of

transmembrane proteins in the plasma

membrane. (A) An illustration of two pro-

teins embedded in the plasma membrane

at a distance R r is shown. The dotted lines

represent the flow field induced by the

motion of the protein in the center of the im-

age. (B) Cross correlation between displace-

ments along the line connecting the proteins

and the line perpendicular to them are calcu-

lated. (C) The measured correlated diffusion

of p75 and TrkB in neurons and in HEK cells

as a function of distance is shown. All the re-

sults fall on the same lines, confirming the

similar flow characteristics of the plasma

membrane in response to the different pro-

teins and in the different cell types. To see

this figure in color, go online.
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calculation as follows: the distance of the plasma mem-
brane to the glass slide to be h ¼ 50 nm (35,36), the thick-
ness of the plasma membrane to be w ¼ 4 nm (37), the
radius of the transmembrane part of the receptors to be
a ¼ 2 nm, the viscosity of the cytosol and surrounding
medium to be equal and hF ¼ 0:001 Pa , s (similar to wa-
ter), and the viscosity of membrane hm ¼ 0:395 Pa , s
(37).

The calculated correlated diffusion agrees well with the
experimentally measured one for both receptors, with pos-
itive longitudinal correlations and negative transverse
correlation (Fig. 3). Surprisingly, these correlations seem
to decay much faster than expected. To account for this
discrepancy, we modify the theoretical prediction by
multiplying the transverse and longitudinal solutions
with the same exponentially decaying function. This fit
provides us with an estimate for a typical decay length
of the correlations, which in our case is 450 5 80 nm
(Fig. 3, A and B). The flow of the plasma membrane is
completely arrested, namely, correlations decay to the
noise level, on length scales larger than 1.7 5 0.2 mm,
as seen in Fig. 3. We note that the fact that the membrane
flow is arrested at large distances does not imply that pro-
teins and other biomolecules cannot diffuse in between
812 Biophysical Journal 117, 810–816, September 3, 2019
domains. These findings indicate that the motion of pro-
teins in the plasma membrane is strongly correlated at in-
termediate distances (�450 nm) via the flow field induced
in the membrane by their motion. However, at larger dis-
tances (�1.5 mm and larger) the motion of proteins is
completely decoupled.

To relate the decay length of correlation in protein motion
to structural features in the membrane, we analyze the sin-
gle-protein stochastic motion of the proteins. Typical trajec-
tories of receptors in the plasma membrane exhibit an
alternation between two modes of motion, confined and
free (Fig. 4, A and B). The transient confinement events
are similarly manifested in the mean-square displacement
(MSD) of both TrkB and p75 receptors (Fig. 4 C). To obtain
a good estimate for the size of the confining domain, we
focus on the subset of long trajectories, which are tracked
for at least 3 s. The ensemble-averaged MSD, hDr2iEn, of
these trajectories and the time-averaged MSD, hDr2iTE,
curves of both receptors agree well with each other. The
MSD of a protein diffusing in a bounded domain is given
by hDr2iEn ¼ hr2Di½1þ A1 expð� D=t0Þ�, where hDr2Di is
the average domain area, A1 is a geometrical factor, t0
is the average time it takes a protein to diffuse the length
of the domain, and D is the lag time (38). If the bounded
FIGURE 3 Correlated diffusion of protein

receptors on the plasma membrane of

neuronal cells exhibit long-range correla-

tions. Comparisons between the correlated

diffusion of TrkB (A) and p75 (B) in the longi-

tudinal and transverse directions are shown.

Similar behavior is observed for both recep-

tors, with a qualitative agreement with

the simplified theory of (33) (red dashed

line; see text for the parameter choice for

the theoretical curves). The modified theory

(black solid line) better fits the experimental

results of both proteins. To see this figure in

color, go online.



FIGURE 4 Transient confinement in the motion of TrkB recep-

tors in the plasma membrane of neuronal cells. The typical

trajectory of the (A) TrkB receptor and (B) p75 receptor is shown.

(C) Ensemble-averaged MSD of TrkB (green triangles) and p75

(purple circles) shows confinement in submicron domains for

durations of several seconds. A fit of the data to Eq. 2 is shown

in the red solid line. (D) Time-averagedMSD of TrkB (green trian-

gles) and p75 (purple circles) shows a transition between a

short-time power law behavior (fitted with dashed line) to a

different power law behavior at long times (fitted with solid

line). To see this figure in color, go online.
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domain diffuses normally, the equation can be modified so
that it results in the following:

�
Dr2

�
En

¼ �
Dr2D

��
1þ A1 exp

�
�D

t0

	

þ 4DDD; (2)

whereDD is the diffusion constant of the domain. Fitting Eq.
2 2
2 to Fig. 2 C, we obtain that hDrDi ¼ 0.1755 0.003 mm , A1

¼ 1.12 5 0.03, t0 ¼ 0.17 5 0.001 s, and DD ¼ 0.01 5
0.001 mm2/s. Interestingly, similar domain areas were found
for different cell types (38); for example, a study using
superresolution imaging to measure the distribution of
area size of the cortical actin networks found a wide distri-
bution of area sizes peaked at 0.1–0.2 mm2 (6). Assuming
proteins undergo normal diffusion within the confined
domain, we can extract the diffusion coefficient of TrkB

and p75 to be Dp75 ¼ DtrkB ¼ hDr2Di=4t0 ¼ 0.28 5 0.01

mm2/s, which is 28 times larger than the diffusion constant
of the confining domain. Moreover, we observe a second
change in the MSD slope starting at D � 2:5 s, which gives
an estimate for the residency time in the confinement

domain. The time and ensemble-averaged MSD, hDr2iTE,
of both receptors is shown in Fig. 4 D. The proteins exhibit

subdiffusion,hDr2i TE � Da with a power law a � 0:73 for
D > 0.05 s. We note that the time- and ensemble-averaged

MSD, hDr2iTE, is qualitatively different from hDr2iEn
(Fig. 4 D), indicating a nonergodic diffusion mechanism
(39,40). Similar subdiffusion behavior with similar power
laws was observed previously, for example, for ion channels
in Human embryonic kidney (HEK) cells (6,41).

To further support the conclusion that TrkB and p75 are
confined to physical domains within the membrane, we
plot the two-dimensional probability distribution of finding
a receptor at any location within the membrane during the
entire span of an experiment, as shown in Fig. 5 A. Namely,
we take into account all protein positions within a span of
15 s. Similar domains were found when studying the spatial
distribution of dendritic cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin in Chinese hamster ovary
cells (42). The analysis shows clear domains in which the
occupation probability is high. A closer examination of
the trajectories contributing to each domain, as shown in
Fig. 5 B for the highlighted domain in Fig. 5 A, reveals
that receptors entered the same domain at different times,
the first entering 0.4 s after the recording started, and the
last receptor entered 11 s after the recording started. We
were able to observe in several cases two receptors entering
the same domain or a receptor entering an occupied domain.
However, our tracking algorithm is unable to follow the
motion of two proteins in the same domain because their
fluorescence signal overlaps most of the time in such a small
domain. We note that receptors can escape a domain, as can
be observed in the transient localization of the trajectories
presented in Fig. 4, A and B. However, the receptors in the
domain of Fig. 5 B do not seem to escape the domain. We
conclude that the observed domains are actual locations
within the membrane and that their lifetime is at least as
long as our experiment length, which is 15 s. Further support
to this observation can be found in (43), which observed
stable membrane domains in neuron cells with a lifetime
exceeding 30 min.

Discussion

The emerging picture from our combined results is that
flows in the plasma membrane induced, for example, by
the motion of transmembrane proteins, propagate through
the membrane at intermediate distances but are arrested
on a length scale equivalent to the size of these domains.
Such a severe suppression of flow can result only from
momentum absorption due to an immobile inclusion around
which the plasma lipids cannot flow. We note that a few
immobile obstacles cannot account for this flow suppres-
sion; they will affect the amplitude but not the long-range
power low decay of the flow field (34).

We also find that there are physical domains in the plasma
membrane. Protein receptors can diffuse into these domains
and escape from them. In addition, these domains maintain
their integrity for at least several seconds. The domains
themselves diffuse at a low rate. It is known that domains
in the plasma membrane can originate from various sources,
such as lipid microdomains sensitive to cholesterol (44) and
Biophysical Journal 117, 810–816, September 3, 2019 813



FIGURE 5 Characterization of compart-

ments in the plasmamembrane from the tra-

jectories of p75. (A) The two-dimensional

probability distribution of finding a receptor

at any time during the experiment is shown.

Domains of higher probability are present

throughout the cell; one of each is shown

at higher magnification. (B) Trajectories of

different receptor entering the domain in

the inset of (A) are shown. Each receptor

enters the domain at a different time as

indicated in the figure. To see this figure in

color, go online.
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sphingomyelin concentration (45) or interactions with the
underlying actin cytoskeleton (pickets and fences model)
(8,45). In addition, the motion of proteins can be affected
by interactions with other biomolecules (10,42,46). Most
probably, the motion of plasma proteins is susceptible to
all these effects. It is yet unclear whether the confining do-
mains observed here are the cause of the suppression of flow
in the plasma membrane. Experiments to elucidate the
source of flow suppression are currently underway.

One possible interpretation of these results is that the
domain boundaries are surrounded by relatively immobile
obstacles (e.g., proteins anchored to underlying actin
cortical mesh), which form dense enough fences to suppress
lipid flow (see Fig. 6). Such an interpretation is consisted
with other studies (6). Because the actin network fluctuates
and changes as well as the internal section of the receptors,
it is expected that these domains will diffuse and change in
time on a longer timescale. This interpretation is supported
by the high protein density in the plasma membrane and the
many reports that implicate that the cortical actin network
plays a role in restricting protein motion in the cell mem-
brane (e.g., (6,45,47–52)). Moreover, studies of the structure
of the actin cortex (6,53) show that the actin mesh size is
comparable to the length scale emerging form our various
measurements for domain size and flow suppression, that
is, �0.4 mm.
FIGURE 6 An optional model for flow arrest due to dense pro-

tein arrangement entangles with the underlying actin mesh. The

flow field in the plasma membrane induced by protein motion

decays strongly because of momentum absorption by immobile

proteins. The trajectory of the tracer protein (depicted below

the membrane) reflects the transient local trapping of the tracer

protein. To see this figure in color, go online.
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Our results and suggested interpretation provide a micro-
scopic explanation to the surprising finding that local changes
in the plasma membrane result only in a local perturbation of
membrane tension (21). Combined, the observation that per-
turbations to membrane tension do not propagate throughout
the cell have significant implication to models relying on
mechanical signaling across cells.

From the vast literature concerned with the plasma mem-
brane structure, it is clear that the factors governing its
local organizations are multiple and that their combined ef-
fect is complex. How these factors affect and contribute to
optimize sensing and signaling at the interface between a
cell and its surrounding is still not fully understood. How-
ever, some studies hint that the passive receptor confine-
ment in microcompartments of the plasma membrane
may promote the maintenance of signaling protein com-
plexes (52). We hypothesize that the correlated motion of
proteins within these compartments may add to the integ-
rity of such complexes without affecting proteins at larger
distances.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.

2019.07.001.
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14. Diz-Muñoz, A., D. A. Fletcher, and O. D. Weiner. 2013. Use the force:
membrane tension as an organizer of cell shape and motility. Trends
Cell Biol. 23:47–53.

15. Fogelson, B., and A. Mogilner. 2014. Computational estimates of
membrane flow and tension gradient in motile cells. PLoS One.
9:e84524.

16. Gauthier, N. C., T. A. Masters, and M. P. Sheetz. 2012. Mechanical
feedback between membrane tension and dynamics. Trends Cell
Biol. 22:527–535.

17. Huse, M. 2017. Mechanical forces in the immune system. Nat. Rev.
Immunol. 17:679–690.

18. Gauthier, N. C., M. A. Fardin, ., M. P. Sheetz. 2011. Temporary in-
crease in plasma membrane tension coordinates the activation of
exocytosis and contraction during cell spreading. Proc. Natl. Acad.
Sci. USA. 108:14467–14472.

19. Lieber, A. D., Y. Schweitzer, ., K. Keren. 2015. Front-to-rear mem-
brane tension gradient in rapidly moving cells. Biophys. J. 108:1599–
1603.

20. Houk, A. R., A. Jilkine, ., O. D. Weiner. 2012. Membrane tension
maintains cell polarity by confining signals to the leading edge during
neutrophil migration. Cell. 148:175–188.

21. Shi, Z., Z. T. Graber, ., A. E. Cohen. 2018. Cell membranes resist
flow. Cell. 175:1769–1779.e13.

22. Liu, J., M. L. Gardel, ., D. A. Weitz. 2006. Microrheology probes
length scale dependent rheology. Phys. Rev. Lett. 96:118104.

23. Sonn-Segev, A., A. Bernheim-Groswasser, ., Y. Roichman. 2014.
Viscoelastic response of a complex fluid at intermediate distances.
Phys. Rev. Lett. 112:088301.

24. Crocker, J. C., M. T. Valentine,., D. A. Weitz. 2000. Two-point micro-
rheology of inhomogeneous soft materials. Phys. Rev. Lett. 85:888–891.

25. Sonn-Segev, A., A. Bernheim-Groswasser, and Y. Roichman. 2014.
Extracting the dynamic correlation length of actin networks from
microrheology experiments. Soft Matter. 10:8324–8329.
26. Oppenheimer, N., and H. Diamant. 2009. Correlated diffusion of mem-
brane proteins and their effect on membrane viscosity. Biophys. J.
96:3041–3049.

27. Cui, B., H. Diamant, ., S. A. Rice. 2004. Anomalous hydrodynamic
interaction in a quasi-two-dimensional suspension. Phys. Rev. Lett.
92:258301.

28. Cui, B., H. Diamant, and B. Lin. 2002. Screened hydrodynamic inter-
action in a narrow channel. Phys. Rev. Lett. 89:188302.

29. Sonn-Segev, A., A. Bernheim-Groswasser, and Y. Roichman. 2017.
Dynamics in steady state in vitro acto-myosin networks. J. Phys.
Condens. Matter. 29:163002.

30. Levine, A. J., and T. C. Lubensky. 2000. One- and two-particle micro-
rheology. Phys. Rev. Lett. 85:1774–1777.

31. Zahavi, E. E., N. Steinberg,., E. Perlson. 2018. The receptor tyrosine
kinase TrkB signals without dimerization at the plasma membrane. Sci.
Signal. 11. eaao4006.

32. Crocker, J. C., and D. G. Grier. 1996. Methods of digital video micro-
scopy for colloidal studies. J. Colloid Interface Sci. 179:298–310.

33. Oppenheimer, N., and H. Diamant. 2010. Correlated dynamics of inclu-
sions in a supported membrane. Phys. Rev. E Stat. Nonlin. Soft Matter
Phys. 82:041912.

34. Oppenheimer, N., and H. Diamant. 2011. In-plane dynamics of mem-
branes with immobile inclusions. Phys. Rev. Lett. 107:258102.

35. Seriburi, P., S. McGuire, ., D. R. Meldrum. 2008. Measurement of
the cell-substrate separation and the projected area of an individual
adherent cell using electric cell-substrate impedance sensing. Anal.
Chem. 80:3677–3683.

36. Giebel, K., C. Bechinger, ., M. Bastmeyer. 1999. Imaging of cell/
substrate contacts of living cells with surface plasmon resonance
microscopy. Biophys. J. 76:509–516.

37. Weiß, K., A. Neef, ., J. Enderlein. 2013. Quantifying the diffu-
sion of membrane proteins and peptides in black lipid membranes
with 2-focus fluorescence correlation spectroscopy. Biophys. J.
105:455–462.

38. Saxton, M. J., and K. Jacobson. 1997. Single-particle tracking: applica-
tions to membrane dynamics. Annu. Rev. Biophys. Biomol. Struct.
26:373–399.

39. Burov, S., J. H. Jeon, ., E. Barkai. 2011. Single particle tracking in
systems showing anomalous diffusion: the role of weak ergodicity
breaking. Phys. Chem. Chem. Phys. 13:1800–1812.

40. Metzler, R., J. H. Jeon, and A. G. Cherstvy. 2016. Non-Brownian
diffusion in lipid membranes: experiments and simulations. Biochim.
Biophys. Acta. 1858:2451–2467.

41. Weigel, A. V., B. Simon, ., D. Krapf. 2011. Ergodic and noner-
godic processes coexist in the plasma membrane as observed by
single-molecule tracking. Proc. Natl. Acad. Sci. USA. 108:6438–
6443.

42. Torreno-Pina, J. A., B. M. Castro, ., M. F. Garcia-Parajo. 2014.
Enhanced receptor-clathrin interactions induced by N-glycan-mediated
membrane micropatterning. Proc. Natl. Acad. Sci. USA. 111:11037–
11042.

43. Akin, E. J., L. Sol�e,., M. M. Tamkun. 2016. Single-molecule imaging
of Nav1.6 on the surface of hippocampal neurons reveals somatic nano-
clusters. Biophys. J. 111:1235–1247.

44. Goiko, M., J. R. de Bruyn, and B. Heit. 2016. Short-lived cages restrict
protein diffusion in the plasma membrane. Sci. Rep. 6:34987.

45. Lenne, P. F., L. Wawrezinieck,., D. Marguet. 2006. Dynamic molec-
ular confinement in the plasma membrane by microdomains and the
cytoskeleton meshwork. EMBO J. 25:3245–3256.

46. Torreno-Pina, J. A., C. Manzo, and M. F. Garcia-Parajo. 2016.
Uncovering homo-and hetero-interactions on the cell membrane
using single particle tracking approaches. J. Phys. D Appl. Phys.
49:104002.

47. Charrier, C., M. V. Ehrensperger, ., A. Triller. 2006. Cytoskeleton
regulation of glycine receptor number at synapses and diffusion in
the plasma membrane. J. Neurosci. 26:8502–8511.
Biophysical Journal 117, 810–816, September 3, 2019 815

http://refhub.elsevier.com/S0006-3495(19)30541-7/sref2
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref2
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref3
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref3
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref4
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref4
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref4
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref5
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref5
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref5
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref5
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref6
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref6
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref6
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref7
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref7
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref8
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref8
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref8
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref8
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref9
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref9
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref10
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref10
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref10
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref11
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref11
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref11
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref12
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref12
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref12
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref13
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref13
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref14
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref14
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref14
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref15
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref15
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref15
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref16
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref16
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref16
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref17
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref17
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref18
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref18
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref18
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref18
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref19
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref19
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref19
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref20
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref20
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref20
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref21
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref21
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref22
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref22
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref23
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref23
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref23
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref24
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref24
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref25
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref25
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref25
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref26
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref26
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref26
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref27
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref27
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref27
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref28
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref28
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref29
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref29
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref29
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref30
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref30
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref31
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref31
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref31
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref32
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref32
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref33
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref33
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref33
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref34
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref34
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref35
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref35
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref35
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref35
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref36
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref36
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref36
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref37
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref37
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref37
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref37
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref38
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref38
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref38
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref39
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref39
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref39
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref40
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref40
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref40
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref41
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref41
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref41
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref41
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref42
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref42
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref42
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref42
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref43
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref43
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref43
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref43
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref44
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref44
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref45
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref45
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref45
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref46
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref46
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref46
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref46
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref47
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref47
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref47


Chein et al.
48. Haggie, P. M., J. K. Kim, ., A. S. Verkman. 2006. Tracking of quan-
tum dot-labeled CFTR shows near immobilization by C-terminal PDZ
interactions. Mol. Biol. Cell. 17:4937–4945.

49. Sheetz, M. P., M. Schindler, and D. E. Koppel. 1980. Lateral mobility
of integral membrane proteins is increased in spherocytic erythrocytes.
Nature. 285:510–511.

50. Suzuki, K., K. Ritchie, ., A. Kusumi. 2005. Rapid hop diffusion of a
G-protein-coupled receptor in the plasma membrane as revealed by
single-molecule techniques. Biophys. J. 88:3659–3680.
816 Biophysical Journal 117, 810–816, September 3, 2019
51. Wheeler, D., W. B. Sneddon, ., G. Romero. 2007. NHERF-1 and the
cytoskeleton regulate the traffic and membrane dynamics of G protein-
coupled receptors. J. Biol. Chem. 282:25076–25087.

52. You, C., T. T. Marquez-Lago, ., J. Piehler. 2016. Receptor dimer
stabilization by hierarchical plasma membrane microcompartments
regulates cytokine signaling. Sci. Adv. 2:e1600452.

53. Morone, N., T. Fujiwara, ., A. Kusumi. 2006. Three-dimensional
reconstruction of the membrane skeleton at the plasma membrane
interface by electron tomography. J. Cell Biol. 174:851–862.

http://refhub.elsevier.com/S0006-3495(19)30541-7/sref48
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref48
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref48
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref49
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref49
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref49
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref50
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref50
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref50
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref51
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref51
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref51
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref52
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref52
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref52
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref53
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref53
http://refhub.elsevier.com/S0006-3495(19)30541-7/sref53

	Flow Arrest in the Plasma Membrane
	Discussion
	Supporting Material
	Author Contributions
	Acknowledgments
	References


