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Nanoscopic compartmentalization of membrane
protein motion at the axon initial segment
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The axon initial segment (AIS) is enriched in specific adaptor, cytoskeletal, and transmembrane molecules. During AIS
establishment, a membrane diffusion barrier is formed between the axonal and somatodendritic domains. Recently, an
axonal periodic pattern of actin, spectrin, and ankyrin forming 190-nm-spaced, ring-like structures has been discov-
ered. However, whether this structure is related to the diffusion barrier function is unclear. Here, we performed single-
particle tracking time-course experiments on hippocampal neurons during AIS development. We analyzed the mobility
of lipid-anchored molecules by high-speed single-particle tracking and correlated positions of membrane molecules with
the nanoscopic organization of the AlS cytoskeleton. We observe a strong reduction in mobility early in AIS develop-
ment. Membrane protein motion in the AIS plasma membrane is confined to a repetitive pattern of ~190-nm-spaced
segments along the AIS axis as early as day in vitro 4, and this pattern alternates with actin rings. Mathematical mod-

eling shows that diffusion barriers between the segments significantly reduce lateral diffusion along the axon.

Introduction

Neurons are highly polarized cells that bear a complex dendritic
arbor and usually only a single, elongated axon emanating from
the cell body. The somatodendritic domain receives input from
thousands of synapses, and if a threshold is met, an action po-
tential is generated by a large density of ion channels in the
first 50—-150 pm of the axon, the so-called axon initial segment
(AIS; Rasband, 2010). The AIS contains a specific complement
of molecules with ankyrin G (AnkG), pIV-spectrin, neurofas-
cin, and voltage-gated ion channels that is assembled during
neuronal development (Galiano et al., 2012). The motion of
membrane molecules in the AIS decreases in correlation with
the accumulation of AnkG, an AIS-specific cytoskeletal adaptor
molecule, during neuronal development until a diffusion barrier
that impedes motion of axonal membrane molecules into the
somatodendritic domain and vice versa is established (Winck-
ler et al., 1999; Nakada et al., 2003; Boiko et al., 2007). This
barrier is believed to be a result of the anchorage of transmem-
brane molecules to the submembrane cytoskeleton meshwork
(Nakada et al., 2003). These tethered proteins then act as ob-
stacles to the lateral motion of membrane molecules, which as
a result may be transiently confined within the compartments
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Abbreviations used: AlS, axon initial segment; D, instantaneous diffusion coef-
ficient; DIV, days in vitro; GPI, glycosylphosphatidylinositol; QD, quantum dot;
SPT, single-particle tracking.
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of the meshwork, a general concept known as the picket fence
model (Fujiwara et al., 2002).

Recent investigations have found a periodic cytoskeletal
meshwork in axons, including the AIS (Xu et al., 2012; Zhong
et al., 2014; D’Este et al., 2015; Leterrier et al., 2015), that is
ubiquitously found in many types of neurons (D’Este et al.,
2016; He et al., 2016) and is conserved from Caenorhabditis
elegans to Homo sapiens (He et al., 2016). On the other hand,
electron microscopy studies have demonstrated that a dense coat
of ion channels and adhesion molecules is assembled in the AIS
membrane during development (Jones et al., 2014). However,
whether specifically the structure of the periodic cytoskeletal
meshwork as in the picket fence model or more generally the
molecular crowding by a high density of membrane molecules
along the AIS provides the basis for the membrane diffusion
barrier remains unclear (Rasband, 2013).

Here, we perform high-density single-particle tracking
(SPT) of glycosylphosphatidylinositol (GPI)-anchored mole-
cules in the AIS over the time course of neuronal development
and find that as early as day in vitro 5 (DIV5), membrane pro-
tein motion is reduced. Using high-speed SPT, we show that
the motion of GPI-anchored molecules is confined to a re-
petitive array of small areas spaced at ~190 nm. Correlative
superresolution microscopy of the cytoskeleton demonstrated

© 2016 Albrecht et al. This article is distributed under the terms of an Attribution-
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Figure 1. The diffusion of membrane molecules is restricted by DIV5 in hippocampal neurons. (A) Experimental design for the developmental time course
in cultured primary hippocampal neurons. (1) Neurons were maintained in gridded glass-bottom Petri dishes and (2) transfected with the membrane-probe
GPI-GFP. (3) Individual neurons were relocated on DIV3, 5, 7, and 10, respectively, based on their position on the grid. (4) Single-particle tracking (SPT)
experiments were conducted by sparsely labeling transfected neurons with anti-GFP nanobodies conjugated to fluorescent organic dyes. (5) After SPT,
neurons were fixed and immunostained for cytoskeletal and or AIS marker. The soma (i) and the proximal axon with the AIS {ii), identified by AnkG staining
(inset micrograph), are outlined. (B) Results from the developmental SPT time course on a typical neuron. The AIS was identified by live immunolabeling of
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that the confinement areas and the equidistant 190-nm-spaced
actin rings reported by Xu et al. (2012) are mutually exclu-
sive. A Markov model demonstrated that the periodic con-
finement significantly increases transition time for individual
molecules along the AIS.

Our results suggest a new mechanism for the establish-
ment of a membrane diffusion barrier in the AIS and demon-
strate that the motion of GPI-anchored molecules in the
plasma membrane can be controlled by the organization of the
submembrane cytoskeleton.

Results and discussion

To determine at what time point during neuronal development
the AIS diffusion barrier is established, we performed time-
course experiments of high-density SPT on primary hippocam-
pal neurons. To do so, we transfected neurons at DIV2 with
GPI-GFP and then performed SPT via Atto647N-labeled anti-
GFP nanobodies by the uPAINT (universal point accumulation
for imaging in nanoscale topography) method (Giannone et al.,
2010) on the presumed AIS and a segment of the distal axon
at DIV3 (Fig. 1 A). Because we plated the neurons on grid-
ded coverslips and performed experiments in the presence of
Cy3B-labeled antineurofascin antibodies, we could identify the
same neuron and AIS in subsequent SPT experiments at DIVS,
7, and 10. After the last experiment, we fixed the cells and per-
formed immunofluorescence staining against AnkG to confirm
the location of the AIS. When we analyzed the hundreds of ob-
tained trajectories of single anti-GFP nanobodies according to
the diffusion coefficient D, we found a decrease in the median
instantaneous diffusion coefficient of GPI-GFP between DIV3
and DIV10 in the AIS (Fig. 1 B). However, we did not observe
a decrease in the median diffusion coefficient in the distal axon
(Fig. 1, C and D) of the same neuron. Strikingly, we observed
a significant reduction in the median diffusion coefficient of
GPI-GFP between DIV3 and DIVS (Fig. 1 D) in the AIS of all
tested neurons (n = 4 neurons, n = 3,390 trajectories for DIV3,
n = 11,290 for DIVS5, P = 0.003, paired ¢ test of median D).
This reduction was spatially correlated with the appearance of
neurofascin staining (Fig. 1 B and Fig. S1).

Electron microscopy of the AIS of developing neurons
does not show a significant accumulation of electron-dense ma-
terial such as ion channels at the AIS at this early time point
(Jonmes et al., 2014). On the other hand, the periodic submem-
brane spectrin—actin meshwork becomes detectable at this stage
in neuronal development at the AIS (Zhong et al., 2014; D’Este
et al., 2015) and individual ion channels start to become an-
chored by AnkG (Brachet et al., 2010). Our results thus sug-
gested that the periodic submembrane spectrin—actin meshwork
may be responsible for the observed reduction in diffusivity of
GPI-GFP between DIV3 and DIVS and not general crowding
of the plasma membrane.

We decided to investigate the diffusivity of membrane
molecules around DIV4 more closely, as this seemed to be a

transition point. We reasoned that if the periodic submembrane
spectrin—actin meshwork was the cause of the decrease in diffu-
sivity, a higher spatiotemporal resolution would be required to
detect such a ~190-nm-spaced periodic pattern in the diffusion
of GPI-GFP. We estimated that motion blurring of molecules
with high diffusivity such as GPI-GFP made it impossible to
detect sharp compartment borders with our single-molecule
detection-based method (Frost et al., 2012) and that SPT with
millisecond temporal and nanometer spatial resolution was
required to move forward. We thus decided to use strepta-
vidin-coated quantum dots (QDs), which are very bright and
extremely photostable, and to couple them via biotinylated anti-
GFP nanobodies to GPI-GFP for high-speed SPT. We reduced
motion blurring by pulsing the excitation laser for 2 ms at 5- to
10-ms frame rates on our EMCCD camera and used fiduciary
markers to correct for drift (Fig. 2 A). When we then performed
SPT measurements with a high density of membrane-bound
quantum dots to achieve high sampling of the AIS membrane
and recorded tens of thousands of frames over several minutes,
we generated trajectories of up to 2,200 steps with a median
localization accuracy of 9 nm (Fig. 2 B).

We then analyzed subsets of the longest trajectories and
found that specific areas were often revisited by individual QDs,
suggesting that they preferred certain domains in the plasma
membrane (Fig. 2 C). Indeed, when we plotted all measured
trajectories, they seemed to form a striped pattern perpendic-
ular to the direction of propagation of the axon both early in
the developmental time course (DIV4; Fig. 2 D) and at later
stages (DIV11; Fig. 2 E).

To analyze this pattern, we next reconstructed images
from the cumulative localizations of all detected QDs in all
captured frames and found an alternating pattern perpendicu-
lar to the axon of zones with a lower and higher density of lo-
calizations (Fig. 3). The periodic submembrane spectrin—actin
meshwork becomes established in the proximal axon as early as
DIV2, before AIS-specific markers accumulate (Zhong et al.,
2014; D’Este et al., 2015). Likewise, the earliest time point at
which a periodic pattern of GPI-GFP localizations emerged in
an area showing low instantaneous diffusion coefficient trajec-
tories was DIV3 (Fig. 3, A and B, inset II). We performed many
measurements during the developmental time course and on
later time points and consistently found periodic patterns on the
proximal axon where the AIS is located (Fig. 3, C and D, inset
III), albeit often only along segments that reached a sufficiently
high localization density (Fig. 3 D, Fig. 4, and Fig. S2). When
we calculated the spatial autocorrelation along the direction of
propagation of the axon, we found a clear periodicity of ~190
nm, consistent with the spacing of the AIS cytoskeleton (Fig. 3,
E and H). These stripes were stable in their localization and
could be found in the same place when measured again after 10
min or more (unpublished data). We detected the same period-
icity for a model transmembrane protein with one fluorescent
protein each on the cytosolic and exoplasmic side of a single
transmembrane domain (Fig. S3, A and B; Keller et al., 2001;
Albrecht et al., 2015). However, we could not detect a periodic

neurofascin. (left box) The proximal axon was neurofascin negative on DIV3 and neurofascin positive from DIV5 onwards. (middle box) Plot of trajectories
of mobile particles tracked in SPT experiments color-coded for instantaneous diffusion coefficients D. (right box) Histogram of D on the proximal axon where
the AIS assembles (white dashed line). Number of trajectories: DIV3, n = 787; DIV5, n=1,815; DIVZ7, n = 2005; and DIV10, n = 1,067. (C) Plots of the
cumulative D in the AIS (left, shades of green) and a portion of the distal axon (right, shades of blue) of the neuron shown in B. (D) Graph of the median D
for all neurons (n = 4) between DIV3 and DIV10. Statistical analysis of median D by paired ttest; *, P < 0.01; ns, not significant. Bars, 5 pm.

Axon initial segment membrane protein motion ¢ Albrecht et al.
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Figure 2. High-speed SPT shows that diffusing GPI-GFP molecules revisit small areas in the AlS. (A) Merged fluorescence micrograph of a DIV4 hippocam-
pal neuron expressing GPI-GFP (green) after PFA fixation with fiduciary markers (white) for drift correction and image correlation. (B) Plot of SPT trajectories
of anti-GFP nanobody-coupled quantum dots (n = 3,375) on GPI-GFP. Trajectories are color-coded according to the instantaneous diffusion coefficient.
The AIS was identified by live immunolabeling of neurofascin (box). Not all areas were covered homogeneously by trajectories (arrowheads). (C) Plot of
selected long trajectories (>500 steps, orange, green, and blue) along a segment with reduced lateral mobility (white box in B). The trajectories cover the
axon inhomogeneously and show local zones, which are revisited by individual QDs (black dashed lines). (D) Same plot of area as in C, with all trajectories
>20 steps plotted (n = 231) and color-coded according to the instantaneous diffusion coefficient as in B. Arrowheads emphasize a pattern emerging from
the distribution of the trajectories. (E) Plot of trajectories of anti-GFP nanobody-coupled QDs on the AlS of a DIV11 neuron expressing GPI-GFP (n = 501).
Trajectories are color coded as in B. Arrowheads emphasize an emergent pattern similar to that in D. Bars: (A and B) 5 pm; (C-E) 200 nm.

pattern in SPT localizations in the few portions of the distal
axon we imaged (Fig. S3, C and D).

Our results strongly suggested that the global reduc-
tion of diffusion in the AIS was locally correlated with the
periodic submembrane spectrin—actin meshwork in the AIS.
To investigate the spatial relationship between the periodic
pattern of GPI-GFP localizations and the underlying cyto-
skeleton, we performed correlative SPT and superresolution
imaging of different components of the axonal cytoskeleton.
For this, we fixed and immunostained neurons after SPT
experiments and then performed superresolution imaging
of the cytoskeleton of the same AIS. First, we overlaid SPT
measurements with direct stochastic optical reconstruction
microscopy images of the C terminus of BII-spectrin, which
is located at the center of the spectrin tetramer that connects
the actin rings (Xu et al., 2012; Video 1). We found exten-
sive spatial overlap between the particle trajectories and
BII-spectrin immunostaining (Fig. 4, A-E). A spatial cor-
relation analysis showed a strong cross-correlation between
GPI-GFP and PlI-spectrin positions (Fig. 4 F), which was
also apparent in the plot of GPI-GFP versus BlI-spectrin lo-
calization density (Fig. 4 E).

When instead we correlated GPI-GFP trajectories with
superresolution imaging of actin via phalloidin AF647, GPI-
GFP localizations and actin staining seemed mutually exclusive
(Fig. 4, G-K; and Video 2). Consistently, the cross-correlation
analysis between GPI-GFP and actin showed a ~100-nm
phase shift, corresponding to half a period of the cytoskeleton
(Fig. 4 L), which became also apparent in the localization den-
sity (Fig. 4 K). From this, we concluded that GPI-GFP mole-
cules are confined in their lateral motion in the neuronal plasma
membrane between actin rings.

Finally, we devised a mathematical model to ask whether
the periodic areas are merely areas with higher and lower den-
sity of freely diffusing molecules or whether the observed
molecules indeed experienced resistance on their path down
the axonal plasma membrane consistent with a diffusion bar-
rier. We chose an area of axon with a very high density of long
trajectories (Fig. 5 A). We then constructed a Markov model
(Prinz et al., 2011), where the axon space between the ends of
the box in Fig. 5 B is discretized in many small areas and the
transition probabilities between these areas are extracted from
the experimental SPT data. The Markov model can then com-
pute kinetic properties for timescales much longer than the in-
dividual trajectory lengths. To measure global diffusivity along
the axon, we computed the so-called commitment probability
(Fig. 5 C), which is the probability with which a protein that is
located at the given axonal position will reach the right bound-
ary before reaching the left boundary (box in Fig. 5 A). For free
diffusion, the commitment probability would be a straight line;
for obstacles along the path, the model would find steps; and
for a complete block, the model would fail. The commitment
probability clearly shows steps (Fig. 5 C), which is a hallmark
of metastable states along the axon (i.e., regions within which
the dynamics is relatively fast and transitions between them are
rare). To pinpoint the locations of these steps, the slope of the
commitment probability is plotted in Fig. 5 D and color-coded
in Fig. 5 C. The local maxima of this function correspond to
the step positions of the commitment probability, and most
of those occur at ~190 nm distances. Dashed vertical lines in
Fig. 5 (B-D) map these positions, showing that steps of the
commitment probability correspond to low-density regions of
the protein localizations and thus to localizations of actin rings.
Thus, proteins move within axon stripes and between two actin
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Figure 3. Accumulated positions of GPI-GFP molecules from SPT show a periodic pattern of ~190 nm along the AIS that emerges as early as DIV3 during
development. (A) Plot of SPT trajectories on the proximal axon of a DIV3 hippocampal neuron expressing GPI-GFP color-coded according to the instanta-
neous diffusion coefficient (D). Two areas are emphasized: one with a high (inset I) and one with a lower mean D (inset Il). (B) Reconstructed image from all
localizations acquired during SPT of QDs corresponding to the trajectories in A. (C) Trajectories color-coded for D on the proximal axon of a DIV 14 neuron.
In a neurofascin-positive area (inset Ill), the lateral mobility is reduced compared with the distal axon that loops back to the neuron (arrow). The periodic
pattern was observed directly on the AIS in DIV14 neurons. (D) Reconstructed image of all localizations from the SPT experiment in C. (E) Autocorrelations
of localizations along the axon (dashed lines) reveal a periodicity of ~190 nm emerging in areas of low D trajectories in insets Il and lll, but not in the area
of high Din inset |. (F and G) A periodic pattern was observed along the entire proximal axon where the AlS is located but was usually more prominent in
some regions (dashed line lines in IV and V). (H) Autocorrelations along segments IV and V show periodically arranged stripes of localizations. Bars, 1 pm.

rings by normal diffusion. They can also jump to adjacent axon
stripes (i.e., cross the actin rings), but this event is rare, and
thus, the transport of proteins along the axon is slowed down
compared with the diffusivity within each segment.

To quantify this slowdown effect, we compare the mean
first passage time between the ends of the box in Fig. 5 A using
the Markov model with the mean first passage time expected
from Brownian motion with the measured diffusion constant.
We found that the diffusion constant computed from the step-
length distribution is equivalent in axon and stripe directions,
suggesting free diffusion within domains. Overall, however,
transport along the axon is between 3 and 10 times slower than
expected from pure diffusion, consistent with a diffusion barrier.

Our results show that between the third and the fifth
day in culture of developing hippocampal neurons, a peri-
odic array of barriers to the motion of GPI-anchored GFP in
the plasma membrane is created in the AIS that localizes to
actin rings. At this time, the full density of ion channels, ad-
hesion molecules (Jones et al., 2014), and extracellular ma-
trix (Frischknecht et al., 2009) at the AIS is not established,
ruling out a major role of these assemblies. Earlier work has
observed the establishment of a diffusion barrier in the AIS at
DIV7-10 (Nakada et al., 2003; Boiko et al., 2007); however,
the technological possibilities at the time allowed only the
observation of a few molecules that were found to be virtu-
ally immobile. In contrast, we find a macroscopic reduction

Axon initial segment membrane protein motion
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Figure 4. The periodic confinement areas overlap with Bll-spectrin immunostaining and are excluded from actin rings. (A) Proximal axon of a DIV5 hip-
pocampal neuron with trajectories from SPT of GPI-GFP with QDs overlaid with a superresolution micrograph of ll-spectrin. (B) Reconstructed image of
all localizations from SPT in the region of interest (white box, A) shows a regular pattern along the axis of the axon. (C) Superresolution micrograph of plI-
spectrin confirms periodicity of the submembrane cytoskeleton in the region of interest. (D) Overlay of trajectories (magenta) and Bll-spectrin (white). (E)
Overlay of localizations from SPT (magenta) and cytoskeletal marker ll-spectrin (cyan). Regions where both overlap are black. (F) Auto- and cross-correla-
tion along the axon (dashed line, D) confirms that both SPT localizations and Bll-spectrin are arranged periodically at ~190 nm. The cross-correlation places
clusters of localizations from SPT on top of pll-spectrin with an offset of ~25 nm. (G) Proximal axon of a DIV6 hippocampal neuron with trajectories from SPT
of GPI-GFP with QDs overlaid with a superresolution micrograph of actin. (H) Reconstructed image of all localizations from SPT in region of interest (white
box, G) shows a regular pattern along the axis of the axon. (I) Superresolution micrograph of actin confirms periodicity of the submembrane cytoskeleton
in the region of interest. (J) Overlay of trajectories (magenta) and cytoskeletal marker actin (white). (K) Overlay of localizations from SPT (magenta) and
cytoskeletal marker actin (cyan). Regions where both overlap are black. (L) Auto- and cross-correlation along the axon (J, dashed line) confirms that both
SPT localizations and actin are arranged periodically at ~190-nm spacing. The cross-correlation places clusters of localizations from SPT in between the

actin rings with an offset of ~20 nm. Bars, 500 nm.

in diffusion coefficients of mobile molecules in the AIS that
correlates with a compartmentalization of membrane protein
motion between actin rings. These results strongly suggest
that the actin rings themselves or associated structures act
as a physical barrier to membrane protein motion even in
the outer plasma membrane leaflet. Mathematical modeling
indeed confirms that periodic obstacles to membrane protein
motion are located between localization rings. Our work thus
provides a new mechanistic model for the AIS diffusion bar-
rier in which a periodic array located to actin rings reduces
membrane protein motion.

Because the periodic actin meshwork extends all along the
axon in mature neurons but we do not detect periodic patterns of
GPI-GFP localizations in the distal axon, it seems that besides
the actin rings, additional AIS properties or AIS-specific factors
may contribute to diffusion barrier formation. Several possible
mechanisms for barriers to membrane protein motion have been
proposed (Trimble and Grinstein, 2015), including interaction
with submembrane organelles or lipid composition. Interest-
ingly, a specific cisternal organelle localizes to the AIS (Bas
Orth et al., 2007) that may interact with the membrane at con-
tact sites. The AIS may also have a specific lipid composition
that is influenced by the periodic actin rings, but unfortunately,

although discussed (Rasband, 2010), thorough analyses of the
AIS lipidome are missing.

Regarding other functions of the periodic cytoskeletal
structure, our work opens several questions. It is known that the
overexpression of Pll-spectrin induces a periodic cytoskeletal
structure in dendrites (Zhong et al., 2014) and that a fraction of
dendrites stained with a fluorogenic analogue of the actin-stabi-
lizing drug jasplakinolide exhibit periodic actin rings. It will be
important to investigate whether such structures inhibit mem-
brane protein motion as well and if the restriction of membrane
protein motion contributes to AIS maturation, function, or relo-
cation (Grubb and Burrone, 2010).

Beyond the development of the AIS, the finding that the
motion of membrane molecules can be confined by the plasma
membrane—associated cytoskeleton is important for all of cell
biology. That the motion of a membrane molecule can be con-
fined by actin corrals has long been proposed (Kusumi et al.,
2005). Indeed, it is clear that transmembrane molecules can be
caught by submembrane structures (Tomishige and Kusumi,
1999) and that whereas lipids seem to undergo Brownian mo-
tion in the plasma membrane at the macroscopic scale, at the
nanoscopic scale, they exhibit subdiffusive motion (Fujiwara et
al., 2002; Eggeling et al., 2009).
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Figure 5. The periodic confinement areas
are separated by diffusion barriers. (A) Over-
lay of a reconstructed image of SPT local-
izations (black) on the AIS of a DIV5 neuron
with trajectories (blue). The area selected for
Markov model analysis is emphasized (box),
and the model describes the diffusion from the
left end to the right end of the area. (B) Plot
of trajectories in area used for analysis and

boundaries detected by the Markov model.

B x axis indicates distance, and tick marks are
200 nm. From the left, a ~200-nm spacing of
detected boundaries is apparent. As the pat-
tern becomes more complex and is not per-
pendicular to axon propagation, boundaries
are not as easily identified by the algorithm.
(C) Plot of the commitment probability from the
left to the right. The value corresponds to the

" local probability that a molecule will move to
the right boundary rather than the left bound-

C = \ 0.04  ary next. Thus, the commitment probability in-

% 1 dicates the progress of the transport process
2 1 0.03  from left to right. In the case of pure random
S 1 motion, a proportional increase in commit-
g 1 0.02 ment would be defected along the axon. The
£ 1 slope of the graph is color-coded to emphasize
£ I/ 001 |ocal barriers defected as sudden changes in
§ commitment between areas of proportional
© 1 0 increase. (D) Plot of local change of the com-

D q i v T v ; mitment probability. Peaks indicates positions

- ] . 1 1 1 1 0.04 where the commitment probability makes a

s g I i 1 . 1 ! step change and thus positions of dynamical

o I ] 1 : 1 : 0.03 boundaries (color-coded in C, corresponding

£ g 1 1 " 1 i to low-density regions in A and B).

B g 1 i : i 0.02

§ 8 0.01

o

38.0
x-coordinate [um]

In recent years, the organization of the plasma membrane
and its control by cellular mechanisms is being investigated
with new scrutiny using several novel experimental approaches.
Stimulated emission-depletion fluorescence correlation spec-
troscopy has demonstrated that the motion of lipids in the
plasma membrane can be increased by an actin-depolymerizing
drug (Andrade et al., 2015) and a combination of fluorescence
correlation spectroscopy with accurate temperature control of
the sample showed that actin polymerization influences the
motion of GPI-anchored proteins (Saha et al., 2015). However,
these studies could not spatially resolve a correlation between
actin and moving molecules, and the mechanism behind these
findings remains unclear.

How a GPI-anchored molecule in the exoplasmic mem-
brane leaflet of the plasma membrane can be confined by the
submembrane cytoskeleton is subject of intensive investigation.
It is known that transbilayer interactions of the alkyl chains of
lipids can confine molecules in supported membrane bilayers
(Spillane et al., 2014) and likely also in the plasma membrane
of cells (Raghupathy et al., 2015). In the future, it will be im-
portant to investigate whether individual GPI-anchored or trans-
membrane molecules exhibit confined motion in protein-dense
areas of the plasma membrane of cultured cells as well (Saka et
al., 2014), as such areas, according to the picket fence model,
should capture lipid-anchored molecules.

Our work opens several exciting questions regarding the
function of the periodic axonal cytoskeleton and the global
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regulation of membrane protein motility by the cytoskeleton.
Future work will elucidate the functional consequences of mem-
brane protein compartmentalization in the AIS on membrane
transport and neuronal polarization and a possible compartmen-
talization of the dendritic and distal axonal plasma membrane.

Materials and methods

Ethics statement

Humane killing for preparation of rat primary hippocampal neurons
conformed to local King’s College London ethical approval under the
UK Supplementary Code of Practice, The Humane Killing of Animals
under Schedule 1 to the Animals (Scientific Procedures) Act 1986, or in
accordance with the guidelines issued by the Swiss Federal Act on An-
imal Protection, respectively. All efforts were made to minimize animal
suffering and to reduce the number of animals used.

Cell culture

Primary hippocampal neurons were prepared from embryonic day18
Sprague-Dawley rats (Charles River) as previously described (Kaech
and Banker, 2006). Neurons were maintained in neurobasal medium
with B27 supplement and GlutaMAX (all Thermo Fisher Scientific)
on poly-lysine (Sigma-Aldrich)—coated 18-mm-diameter #1.0 glass
coverslips (Menzel) or uGrid glass-bottom Petri dishes (ZellKontakt
GmbH) at 37°C in a CO,-controlled humidified incubator. After 3 d, the
cytostatic cytosine p-D-arabinofuranoside (Sigma-Aldrich) was added
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at a final concentration of 5 uM. Neurons were transiently transfected
with protein fusion constructs between DIV2 and DIV8 using Lipofect-
amine 2000 (Thermo Fisher Scientific). The GPI-GFP protein fusion
construct was a gift from the Helenius laboratory (ETH Zurich, Zurich,
Switzerland; Keller et al., 2001). The L-YFP-GT-mHoneydew-46 con-
struct was based on L-YFP-GT46, a gift from P. Keller (Max Planck
Institute for Cell Biology and Genetics, Dresden, Germany; Keller et
al., 2001), and modified by inserting mHoneydew between the trans-
membrane domain and the CD46 domain to increase the size of the
cytosolic part of the fusion protein.

SPT

Anti-GFP nanobodies (ChromoTek) were labeled with biotin-
sulfo-N-hydroxysuccinimide (Thermo Fisher Scientific) by standard
N-hydroxysuccinimidyl ester chemistry according to the manufactur-
er’s protocol using a threefold molar excess resulting in approximately
one biotin per nanobody. The labeled nanobody was purified from the
excess of unreacted biotin using three 3-kD MWCO desalting columns
(Zeba Spin; Thermo Fisher Scientific). Biotin—anti-GFP nanobod-
ies were conjugated to 1 nM Qdot 705 streptavidin (Thermo Fisher
Scientific) at a ratio of 3:1 on the day of the experiment. Nanobody-
conjugated QDs were added before image acquisition at a concentra-
tion of ~10 pM. A single image series of 25,000-50,000 frames, which
took 2—5 min, was recorded with 2- to 10-ms exposure time and 2-
to 3-ms pulsed laser illumination. The irradiance at the sample was
~2 kW/cm?. The EMCCD camera was run in its high-speed modality
using the 20-MHz readout.

100-nm red-fluorescent (580/605) beads (Thermo Fisher
Scientific) were added as fiduciary markers for drift correc-
tion and image correlation.

SPT using Atto647N-coupled anti-GFP nanobodies (Chro-
moTek) was done using the uPAINT method. Nanobodies were
added immediately before image acquisition at a concentration of
~25 pM, and multiple image series (typically 10-20) of 500 frames
were recorded with 25-ms exposure time and 5-ms laser illumina-
tion time. A lower irradiance of ~0.5 kW/cm? was used to reduce the
extent of photobleaching.

SPT experiments were all performed in live-cell imaging buffer
(145 mM NaCl, 5 mM KCI, 10 mM glucose, 10 mM Hepes, 2 mM
CaCl,, 1 mM MgCl,, 0.2% [wt/vol] BSA, and 10 mM ascorbate; Ewers
et al., 2014) on a heated microscope stage.

The lateral localization accuracy was 25-30 nm for the track-
ing of Atto647N and 10-15 nm for the QDs. Instantaneous diffusion
coefficients D, , for individual trajectories were calculated from the
mean square displacement.

Immunofluorescence staining

Before fixation, the neurons were briefly rinsed in warm PBS. For
staining of Pll-spectrin and AnkG, neurons were fixed for 15 min with
4% (wt/vol) PFA (Sigma-Aldrich) in PBS. For actin staining, neurons
were extracted and fixed with glutaraldehyde as previously described
(Xu et al., 2012). Samples were permeabilized in 0.2% (vol/vol) Triton
X-100 (Sigma-Aldrich) for 30 min, blocked for 30 min with ImagelT
(Thermo Fisher Scientific), and then washed twice in PBS and subse-
quently blocked for 1 h in 10% (vol/vol) horse serum and 1% (wt/vol)
BSA in PBS (blocking buffer).

As primary antibodies, we used monoclonal mouse PII-spec-
trin antibody (clone 42, which targets a sequence close to the C ter-
minus of Pll-spectrin; BD), monoclonal mouse AnkG antibody (clone
65; Neuromab), and monoclonal neurofascin antibody (clone A12/18;
Neuromab) conjugated in-house to Cy3 by N-hydroxysuccinimidyl
ester chemistry. As secondary antibody, we used donkey anti-mouse
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AF647 (A31571; Thermo Fisher Scientific). Staining with antibodies
was performed in blocking buffer using a 1-h incubation for primaries
and secondaries, respectively. To label actin filaments, samples were
labeled with Alexa Fluor 647—conjugated phalloidin (A22287; Invitro-
gen) overnight at 4°C or ~1 h at room temperature. A concentration of
~0.5 uM phalloidin in blocking buffer was used.

Microscope setups

Standard immunofluorescence microscopy was performed on a spin-
ning-disk confocal microscope (inverted Olympus IX71; Roper Scien-
tific). Superresolution imaging and SPT experiments were performed
on a custom-built setup. In brief, a 473-nm laser (100 mW; Laserglow
Technologies), a 556-nm laser (200 mW; Laserglow Technologies),
and a 643-nm laser (150 mW; Toptica Photonics) were focused onto
the back-focal plane of an NA 1.49, 60x, total internal reflection flu-
orescence objective (Olympus). A quad-edge dichroic beamsplitter
(405/488/532/635 nm; Semrock) was used to separate fluorescence
emission from excitation light. Emission light was filtered by a quad-
band bandpass filter (446/523/600/677 nm; Semrock) and focused by a
500-mm tube lens onto a back-illuminated electron multiplying charge
coupled device chip (Evolve Delta; Photometrics).

Single-molecule localization microscopy

The buffer for superresolution imaging consisted of 0.1 M p-mercap-
toethylamine/0.2 M Tris, pH 8.0, with 5% (wt/vol) glucose, 0.25 mg/
ml glucose-oxidase, and 20 pg/ml catalase. The imaging laser inten-
sity of the 643-nm laser line used was ~2 kW/cm?. The intensity of
the 473-nm activation laser was automatically adjusted to keep the
mean number of localizations per frame constant (maximum intensity,
~0.5 kW/cm?). We recorded a minimum of 25,000 frames with an ex-
posure time of 20-35 ms.

Data analysis

Data analysis was performed in MATLAB (MathWorks). Positions of
single particles were determined based on a maximum likelihood es-
timator by Gaussian fitting (Smith et al., 2010; Albrecht et al., 2015).
Single-molecule localization microscopy images were corrected for
drift based on image correlation, whereas for SPT experiments, the
localizations were drift-corrected using fiducials. SPT data were reg-
istered with subsequent superresolution images based on fiducials. We
used a minimum of three fiducials and performed a rigid transformation
based on the MATLAB built-in routine cp2tform using nonreflective
similarity. We determined a fiducial registration error of <25 nm. Auto-
and cross-correlations were determined by converting coordinates to
pixels and determining the correlation function based on the MATLAB
built-in routine autocorr.

Modeling

For the Markov state model and commitment probability, analyses shown
in Fig. 5 were done with the PYEMMA software package (Scherer et al.,
2015). The axon stripe area (Fig. 5 A) was discretized by finding 1,000
centroid coordinates using the k-means method and then assigning all pro-
tein localizations to the nearest centroid (Voronoi partition). A reversible
maximum likelihood Markov model (Prinz et al., 2011) was estimated
from the discretized trajectory data using a time lag of one step (0.2 s). The
committor probability (Fig. 5 C) was computed as described previously
(Noé€ et al., 2009), where the starting and finishing states are chosen at the
two ends of the selected axon section that exhibits a clear stripe pattern.
The qualitative form of the committor function is robust with respect to
changes of the lag time. A smoothing window of size 50 nm was applied
to reduce statistical noise. The curve shown in Fig. 5 D was computed as a
central difference from the smoothed committor function.

620z Jequiede( 90 uo 3senb Aq 4pd-801L£0910Z A0l/S9196S L/LE/L/S 1 Z/4Ppd-8jone/qol/Bi0"sseidnu//:dny woy papeojumog


A31571
A22287

Online supplemental material

Fig. S1 shows that the reduction of lateral mobility coincides with the
accumulation of neurofascin at the AIS between DIV3 and DIVS. Fig.
S2 shows examples of the periodic pattern of localizations from SPT on
the proximal axon over the time course of neuronal development. Fig.
S3 shows SPT experiments of a transmembrane protein in the proximal
and of GPI-GFP in the distal axon. Video 1 shows a PII-spectrin super-
resolution micrograph overlaid with trajectories of QDs on GPI-GFP in
the AIS at DIVS5. Video 2 shows an actin superresolution micrograph
overlaid with trajectories of QDs on GPI-GFP in the AIS at DIV4.
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