CHAPTER 8
Basic Cell-Cell and Cell-Surface Interactions
in Liposome and Cellular Systems

Ulrike Gimsa,' Veronika Kralj-Igli¢,? Ales Igli¢,* Stefan Fiedler.*
Michael Zwanzig,* Ludwig Jonas,® and Jan Gimsa®

'Research Institute for the Biology of Farm Animals, Germany
“Institute of Biophysics, Faculty of Medicine. University of Ljubljana. Slovenia
Laboratory of Physics. Faculty of Electrical Engineering, University of Ljubljana, Slovenia
*Fraunhofer Institute Reliability and Microintegration (1ZM). Berlin, Germany
SElectron Microscopy Center. University of Rostock, Germany
“Chair of Biophysics. Faculty of Biology. University of Rostock., Germany

Contents
1. Introduction 230
2. Biological relevance of nanotube formation - lessons from other laboralories 230
2.1. Nanotubes in the immune system 230
2.2. Nanotubes in the central nervous system 232
2.3. Artificial substrates 233
3. Nanotubes in cellular and phospholipid systems /n vitro — data and theories from
our laboratories 233
3.1. Neuronal networks on chips 233
3.2, Astrocytes on nanostructured surfaces 234
3.3. Thin tubular structures formed by erythrocyte membranes 242
3.4. Nanotube formation in phospholipid systems 243
3.5. Theoretical discussion 245
4. Conclusions 248
Acknowledgments 248
References 248

Abstract

Experimental evidence on long, thin tubular structures (with or without transport gondolas)
in giant phospholipid vesicles indicates an important role of phospholipid nanotubes in
intracellular and intercellular transport and commumcation. In this work, we present
evidence that nanotubular structures similar lo the ones observed in giant phospholipid
vesicles exist also in fully differentiated cells

We have used sub-micron metal-rod decorated surfaces, “"nanolawn’ structures, as a
substrate to study cell—cell and cell-surface interactions of primary murine astrocytes.
Astrocytes are the major cell group of the brain, comprising about 50% of the cells. They
support neurons both physically as a cell matrix and physiologically by providing a stable
microenvironment and growth faclors. Astrocytes form multicellular syncytia in vivo that
provide neuronal homeostasis by taking up neurotransmitters and buffering the ionic con-
tent of the extracellular medium in the brain. Using nanolawn as the matrix for differen-
tiation, we could observe how astrocytes form nanotubular protrusions to make contact
with the matrix and each other. The thin tubular structures were very similar to those in
pure phospholipid systems. Furlhermore. gondolas on these nanotubes have been
observed suggesting a transport function for cellular material. It could be theoretically
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shown that curvature-induced self-assembly of interacting anisotropic membrane compo-
nents may lead to the spontaneous formation of thin nanotubular membrane protrusions in
systems of giant liposomes as well as in astrocytes. This self-assembly may represent a
relevant physical mechanism of nanotube formation even if membrane skeleton elements,
such as actin fibers, were not essential for the nanotube formation.

1. INTRODUCTION

Thin tubular structures are abundant in cellular systems. They have been called
filopodia [1], tunneling nanotubules (TNTs) [2.3], cytonemes [4,5], tethers [6], or
simply nanotubes [7]. They appear to have a broad range of functions. Filopodia
have first been described in living cells by Gustafson and Wolpert [8]. They
observed migration of mesenchymal cells at the interior wall of the blastocoelic
cavern of sea urchins and got the impression that the filopodia produced by these
cells explored the substrate. They assumed that filopodia were extended to
gather spatial information — a notion supported by other authors as well [9,10].
Other functions ascribed to nanotubes extending from cells are the exchange of
material or signalling molecules [2,11,12]). Nanotubes are even suspected to
carry cell organelles such as mitochondria [13]. In addition, their formation is
induced by intracellular bacteria, such as Listeria monocytogenes, using the
tubes to travel from cell to cell [14,15].

Nanotubes play a role in various cell types. Here, we will discuss their role in
the immune and the nervous system. We will show data on nanotubular protru-
sions with which astrocytes adhere to an artificial substrate, that is, sub-micron
metal-rod decorated surfaces. Research on the cellular interaction with artificial
substrates is motivated by the need for optimized biomaterials for cells to grow
on, such as matrices for tissue regeneration [16] or materials where cells are
intended to not grow upon, such as stents or heart valves [17].

Most of the observed cellular nanotubes employ actin filaments. However,
nanotubular structures may also develop in cell-free systems [18,19]. Cellular
exocytosis has been modelled in protein-free liposomes and has been shown to
involve nanotube formation [20]. Furthermore, we will provide theoretical and
practical evidence from our own laboratories that actin is not necessary for
nanotube formation.

2. BIOLOGICAL RELEVANCE OF NANOTUBE FORMATION -
LESSONS FROM OTHER LABORATORIES

2.1. Nanotubes in the immune system

The immune system's main functions are defense against invading patho-
gens and preventing cancer by destroying transformed cells. It is set up as a
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complicated network of different cell types, both mobile and tissue resident.
Therefore, intercellular communication is a prerequisite for optimal function.
Recently, nanotubes have been discovered to functionally connect immune cells
[12]. These nanotubes connect dendritic cells, the most potent antigen-present-
ing cells of the immune system. Following stimulation with bacterial products,
dendritic cells transmit calcium fluxes over distances up to 100 ym. This transport
is not medialed by gap junctions or by release of ATP. Both calcium fluxes and
injected dye traces are transported through these connections, which have a
length of up to 100 ym and an average diameter of 35nm. While the authors
observed between 0 and 75nanotubes per cell in living cell samples, reduced
numbers were seen in fixed samples where numerous discontinued fragments
where found. The connections are transient in live cells. Time-lapse microscopy
revealed that connections form and disappear frequently between cells over a
period of several minutes [12]. Dendritic cells extend lamellipodia in response to
stimulation with bacterial products [21]. Spreading of lamellipodia followed con-
tact by nanotubes and calcium fluxes [12]. The tracing dye, Lucifer yellow, travels
through these nanotubes to ~5-6 surrounding cells. Apparently, the open lumen
of the nanotubes is limiting, as the bigger texas red dextran does not travel [12].
Interestingly, no calcium fluxes were observed in non-myeloid cells, for example,
fibroblasts, although they were connected by nanotubes [12]. The authors as-
sume that contact of antigen or inflammatory stimuli with dendritic celis might lead
to a prompter response when cells are interconnected via nanotubes. Antigen
processing might be faster and a local inflammatory response might occur more
rapidly as if mediated by the secretion of cytokines [12]. It has been shown that
dendritic cells underlying gut epithelial cells can project dendrites in between cells
even through tight junctions in order to access bacteria in the gut lumen [22].

It has been shown that also most other immune cells such as B cells, T cells,
NK cells, monocytes and neutrophils form nanotubes [7,23,24]. It is not known
whether signaling via nanotubes is relevant to T-cell activation, as immune
synapses require close opposition of membranes and a large interface [25]. It has
been speculated however, that B cells upon stimulation of B-cell receptors extend
nanotubes (here called cytonemes) on which they present antigens to search for
rare T cells with the appropriate T-cell receptor [24]. These cytonemes reach a
length of up to 80puym and are 200-400nm in thickness. They often show a
branched structure with concentrated lipid-raft staining at the branching points.
Otherwise, lipid-raft structures are punctately distributed along the cytoneme
shafts and especially to be found at the tip of the cytoneme. Actin has been found
distributed similarly along the shaft. The authors however do not report a colo-
calization and whether they found actin also at the tips of the cytonemes [24]. The
time course of appearance of these cytonemes is consistent with early activation
events and supports the hypothesis that these structures might be used for
transport of signaling molecules or receptors. They show up as early as 5min
after B-cell receptor stimulation and grow and stabilize over 30—40min. Their
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growth rate is 0.2 um/s [24). Nanotubes in neutrophils have been assumed to
increase the capacity for adhesion, catching and holding of objects for
phagocytosis over a distance [26]. In another study, membrane nanotubes con-
necting cells have been shown for B cells, macrophages and NK cells [7]. The
authors report “bulges” travelling along the nanotubes comparable to gondolas
described by Rustom et al. [2]. The nanotubes indeed transport cellular material
as the authors show that lipids from two cells can mix. Thus, they assume that the
nanotubes also provide a mechanism for the intercellular transfer of cell surface
proteins [7]. In addition to nanotube formation from actin-driven protrusions,
described by Rustom et al. [2], they found nanotube formation between cells that
were previously connected via an immunological synapse as cells separated [7].

2.2. Nanotubes in the central nervous system

Nanotubes in the central nervous system (CNS) have been observed on neurons
and astrocytes. Zhou and Cohan [27] showed that actin filaments determine
structure and motility of neuronal growth cones. Microtubules support growth—
cone-mediated axon extension. Actin filaments project radially throughout the
growth cone into filopodia. Microtubules project from the axon shaft to the central
region of the growth cone in a bundled form. Apparently, both actin and micro-
tubules are necessary for growth-cone extension [27].

While connectivity between neurons obviously serves electrical signalling
between neurons, thus transmission of information, connections of astrocytes to
astrocytes or neurons fulfill other tasks. Astrocytes comprise about 50% of the
cells of the brain. They support neurons both physically as a cellular matrix and
physiologically by providing stable microenvironment and growth factors.
Astrocytes form multicellular syncytia in vivo that ensure neuronal homeostasis
by taking up excess neurotransmitters (e.g., glutamate) and buffering the ionic
content of the extracellular medium in the brain [28,29]. They enwrap dendritic
spines or whole synapses of neurons [30,31] and show a high motility of their
processes at active neuronal synapses [32]. Hirrlinger et al. [32] show motility of
astrocytes in situ, that is, in living brain slices. They show extension of membrane
tubes of <1 um in diameter and 2—6 um in length. Their extension process lasts
for 30-90s. The majority of these filopodia stayed transiently elongated for
3-6 min, while the minority stayed for longer than 15min. How this motility is
achieved has not been resolved yet. The physiological function of this intimate
contact is probably to position signalling molecules directly to the sites of
neurotransmission and to modulate neuronal communication [32]. Astroglial
membranes contain numerous neurotransmitter receptors and transporters, and
are thus equipped to sense and regulate formation, stability and efficacy of
synapses [33,34]. Astrocytes of the hippocampal formation show a surface
density of glutamate transporters on their membranes of about 10,800/um? [35].
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As mentioned earlier, one of the functions of astrocytes is to take up excess
glutamate. Nevertheless, Ventura and Harris [31] found that only 57% of the
synapses had astrocytes surrounding them. The authors assume that astrocytes
extend filopodia towards active glutamate-releasing synapses.

2.3. Artificial substrates

Tissue regeneration is one of the hypes and hopes of contemporary biomatenals
research. Efficient and undisturbed growth of cells on implants is a requirement
for bone regeneration [16,36] or artifical joints [37]. Other applications are, for
instance electrode arrays on which electrically active cells such as neurons, are
grown and their activity is observed (see later). Here, not only materials but also
their surface properties play an important role. It has been shown that smooth
muscle cells of bladder adhere best to nanostructured surfaces. This makes
sense as the extracellular matrix encountered by cells in vivo represents such a
nanostructured surface. An astroglial cell line has been grown on smooth silicon
and arrays of silicon pillars and wells [38]. These cells preferred the pillar sub-
strates to the smooth surface. While growing on pillars, cells did not sag down
onto the smooth-etched surface. The authors assume that the cytoskeleton or
other mechanical effects might be responsible for this phenomenon. Alternatively,
the greater availability of nutrients from the medium when cells stayed elevated
on pillar tops or an aversion of the smooth silicon floor might have played a role.

In this chapter, we demonstrate how primary murine astrocytes grow on sub-
micron metal-rod decorated surfaces, so-called “nanolawns”. Because of their
special abilities of connecting cells in the brain, astrocytes make up an ideal
model system for investigating the interaction of cells with nanostructured sur-
faces. Our main focus was on how the cells interact with the non-living material,
how they form membrane protrusions and how cellular material — making up
these protrusions and finally constituting a confluent cell layer — is transported. To
that end, we used histological staining combined with fluorescence microscopy
and scanning (SEM) as well as transmission electron microscopic imaging (TEM).

3. NANOTUBES IN CELLULAR AND PHOSPHOLIPID SYSTEMS IN
VITRO — DATA AND THEORIES FROM OUR LABORATORIES

3.1. Neuronal networks on chips

Multielectrode arrays can be used to detect electric activity in neuronal networks
(Fig. 1). For this, primary neuronal cell cultures, which are actually astrocyte-
neuron co-cultures, were prepared from neonatal mouse cortices and grown on
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Fig. 1. Astrocyte-neuron co-culture on neuro-cell chips. (A) Overview of cells on
a silicon chip with four signal pick up electrodes. (B) Neurons and astrocytes of a
neuronal network are highly interconnected.

the surface of silicon chips, that is, artificial substrates [39]. From their appear-
ance, astrocytes and neurons can hardly be distinguished.

3.2. Astrocytes on nanostructured surfaces

Sub-micron metal rod decorated metal foils (metal nanolawn) have been prepared
according to Schonenberger et al. [40] using commercially available nucleopore
filters, that is, chemically etched polycarbonate ion-track membranes (Millipore.
0.6 um pores, Schwalbach, Germany) as template. Briefly, poly-carbonate filter
membranes have been coated by gold sputtering at one side to obtain a con-
ductive metal layer. This layer has been further enhanced up to ~10 um thickness
in a fine gold- or platinum-plating bath (Auruna 591 and Platin K; Umicore
Galvanotechnik GmbH, Schwabisch-Gmiind, Germany). The polymer pores have
been galvanically filled by cathodic deposition of up to 3 ym. The polymer template
has subsequently been removed in boiling dichloromethane. The resulting metal
foils have been washed twice, dried and cut. Substrate pieces of 3 x 2mm? have
been sterilized in 70% aqueous ethanol prior to cell-culture setup.

Each metal pillar has a diameter of ~600 nm (Fig. 2). The density of the pillars
on the foil is 3.6 x 10" m 2. Vertical pillars of platinum nanolawn are around
1.6 um long and planar at the top. The gold pillars are longer (around 2.6 pm) with
tips of varying edgy shapes, depending on the crystal structure at the tip. About
37% of the pillars are vertically oriented. The others are tilted at different angles.

Primary cortical astrocytes were isolated from neonatal mice as described
before [41]. Briefly, the frontal cortex was isolated from the brain, pools prepared
and then mechanically dissociated through a nylon membrane. The cells were
seeded onto poly-t-lysine (10ug/ml in H,0; Sigma-Aldrich, Taufkirchen,
Germany)-coated plastic dishes. Astrocytes reached confluency after 10 days.
They were detached by Accutase (PAA, Célbe, Germany) treatment and seeded
onto poly-L-lysin-coated nanolawn structures.
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Fig. 2. Sub-micron metal rod decorated surfaces that is, nanolawn. (A) Produc-
tion of nanolawn on isoporous track-etched polymer template. Polymer mem-
branes are coated by gold sputtering. This layer is enhanced in a platinum or gold
plating bath. Polymer pores get filled by cathodic deposition. Polymer template
gets removed. Depending on metal-plating conditions, multicrystalline pillars with
different grain size can be produced. (B) Platinum nanolawn. (C) Gold nanolawn.
Scale bars of SEM images in B and C represent 1 um.

The cells accepted these unusual culture substrates equally without any prob-
lems, and their morphology was very similar on glass slides (Fig. 3A1) and
nanolawns (Fig. 3B1 and C1). We found very little dead cells after 72h as de-
tected by propidium iodide staining (Fig. 3A2, B2 and C2). This is in line with
previous observations of astrocyles growing on silicon pillar arrays [38].

QOur astrocytes formed contacts to the metal pillars within minutes (Fig. 4A).
Indeed, the formation of nanotubes could have been much more rapid than that,
because 10 min was the shortest time interval we examined. As described earlier,
the formation of astrocyte filopodia-like processes has been observed within
seconds [32]. Moreover, these filopodia retracted again within minutes, a process
which we could not observe because our cultures had been fixed before analysis.
In our cultures, astrocytes extended nanotubes of ~100 nm in diameter to neigh-
bouring metal pillars and from there to further pillars while maintaining contact to
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Fig. 3. Primary murine astrocytes after 72 h on poly-L-lysin-coated glass slides.
(A) Gold (B) Platinum (C) Nanolawns. Astrocytes were stained intracellularly with
CFSE (A1-C1) or propidium iodide (A2-C2) which revealed uncompromised
growth and negligible cell death on nanolawns. Scale bars = 100 ym (for color
version: see Color Section on page 423).

pillars that had been reached before (Fig. 4B). The tubes extend over several
micrometers at a roughly constant diameter (Fig. 4C) but may develop into very
long tubes (>100um) at a larger diameter (still <1um) (Fig. 4D). From our
observations it could be assumed that astrocytes aimed at growing to confluency
by making contact to cells further away (Fig. 4D).

The nanotubes appear straight when directly connecting two attachment points
on metal pillars (Fig. 5B) while their correspondent structures grown on poly-
L-lysin-coated glass surfaces (Fig. 5A) displayed serpentine shapes. Apparently,
the material necessary to prolong them was transported along the nanotubes in
gondola-like structures (Fig. 5B, arrows). That gondolas are indeed transport
vehicles and not leftovers of broken connections to metal pillars is supported by
our observation of gondola-like structures as early as 10min of culture when
nanotubular extensions start the process of monolayer formation on nanolawns
from cells which are spherical and singularized at the moment of seeding (Fig.
6A). Gondolas can be found in varying frequency. Sometimes, many gondolas
are carried by one nanotube (Fig. 6B). Nanotubes may branch into two continuing
nanotubes (Fig. 6B). The angle between an attached nanotube and the contin-
uative tube is in the range of 90-180 degree.

Most nanotubes do not display any gondolas at the time of fixation. This might
be explained by rapid formation and transport of these structures. Gondolas
between two connected macrophages have been shown to form within seconds
and move for a period of 160s with a constant speed of 0.16 um/s [7]. While
Rustom et al [2] showed that nanotubes formed de novo by actin-driven
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Fig. 4. Astrocytes growing on nanolawns (SEM images). (A) Astrocytes make
contact to metal pillars via nanotubular membrane protrusions within 10 min.
They extend nanotubes of about 100 nm in diameter to distant metal pillars via
neighbouring pillars while maintaining contact to pillars that were reached before;
(B) Nanotubes may extend over several micrometers at this diameter; (C) But
may develop into very long tubes (> 100 um) at a higher diameter which is still
<1 um. (D) Astrocytes presumably aim at growing to confluency by making con-
tact to cells further away. Scale bars in A, B, C and D represent 2, 2, 8 and 20 um,
respectively.

membrane protrusions extending from one cell to another, Onfelt et al. [7] dem-
onstrated that nanotubes may also arise from cells that have been connected via
an immunological synapse and move apart. These nanotubes might be formed by
an alternative mechanism starting from membrane bridges. The latter authors
also showed that branched nanotubes may connect three cells to form a network.
They observed that when a branch to one cell broke, the remaining two cells
stayed connected and assumed that this effect required some contraction of the
tube. Onfelt et al. [7] hypothesized that the nanotubes are constructed with fluid
membrane that can flow easily between the nanotubes and the cell surface.
Transmission electron micrographs showed that cell bodies and nuclei sagged
between metal pillars (Fig. 7A) while nanotubular protrusions seem to be
restricted to the upper parts of the pillars (Fig. 7B). When observed from an
angle, it became clear that this also applied to the peripheral membrane surfaces
(Fig. 7B). Hirrlinger et al. [32] described that the astrocytic somata stayed
stationary. This corresponds to our finding that somata with nuclei are found in
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Fig. 5. (A,B). Nanotubes appear straightened in between two attachment points
on metal pillars (B) while their correspondent structures grown on poly-L-lysin
coated glass surfaces are randomly coiled (A). Arrows point at gondola-like
structures (B). Scale bars in A and B represent 8 ym.

Fig. 6. Apparently, the material necessary to prolong the nanotubes was trans-
ported along the nanotubes in gondola-like structures. (A) Gondola-like structures
appear within 10min after cell seeding. (B) Nanotubes may carry gondolas in
varying frequency. Scale bars in A and B represent 800nm and 5um, respec-
tively

between pillars where they could not easily move (Fig. 7A). The contact these
cells formed to the pillars were close, that is, in the nanometer range. This is of
great importance when this culture system is intended for use with multielectrode
arrays. The distance between conductive surface and cells is essentially influ-
encing the “quality” of the signals transmitted via the metal surface or taken up by
it in case of electricallv active cells such as neurons. Fromherz [42] reported a
distance of 109 nm for astrocytes attached to a silicon chip, 50 nm for fibroblasts
attached to the silicon chip by focal contacts and 1nm for pure phospholipids.
The large distance in between astrocyles and silicon chips is assumed to be
caused by macromolecules dangling from the glycocalyx of the cell. The very low
distance (<2 nm) we observed in TEM images (Fig. 8), suggests that the mem-
branes of nanotubes from astrocytes consist of pure phospholipids, at least on
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Fig. 7. (A,B). TEM images show that cell bodies and nuclei (marked by “N") were
found in between metal pillars while nanotubular protrusions as well as peripheral
membrane parts seem to be restricted to the upper parts of the pillars as revealed
by SEM images taken at an angle of 45 . Scale bars in A and B represent 2 and
1 um, respectively.

A

Fig. 8. TEM images show that astrocytes make very close contact to the pillars.
The distance is less than 2 nm (measured by TEM at higher magnification). Scale
bars in A and B represent 200 nm and 1 um, respectively.

their tips. This is in line with the already described findings of lipid rafts on the tip
of nanotubular protrusions from B cells [24].

One could speculate that the bulb-like contact, formed between astrocytic
nanotubes (Fig. 9) and nanolawn pillars, resembles those seen between
astrocytic processes and neurons [43]. TEM studies on brain tissue indeed
showed that astrocytes surround synapses partially, in order to take up excess
glutamate [31].

[2]. We examined whelher This mechanism applied to our system, too. To this
end. we treated the cells with ., which is known to prevent both
polymerization [2]. For latrunculin-B
treatment, cells were seeded as before onto nanolawns and incubated in medium
containing 5 or 10 uM latrunculin B (Calbiochem/Merck, Darmstadt, Germany).
The cells were fixed after 1 or 24 h. Surprisingly, the formation of nanotubes was
not affected by 5 (Fig. 10B) and 10uM (Fig. 10C) latrunculin B compared to
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Fig. 9. SEM image shows that nanotubes end on pillars in a bulb-like contact.
Scale bar = 2 um.

control cells 1 h after cell seeding (Fig. 10A). The same was true for cells cultured
for 24 h in the presence of latrunculin B (Figs. 10D-F).

In addition, the effect of actin depolymerization was checked by exchanging
control medium by medium containing latrunculin B after culturing periods of 1 or
23 h. These cultures were fixed an hour later. Here, the stability of nanotubes was
not compremised by treatment with 5 (Fig. 11B) and 10 uM (Fig. 11C) latrunculin
B compared to control cells 2 h after cell seeding (Fig. 11A). In the latter exper-
iments, latrunculin B was added for 1 h after the cells were allowed lo settle for 1h
(Fig. 11B, C). However, it was apparent that latrunculin B was active as we found
an overall diminished stability of the cells at 10 uM latrunculin B as even the
membranous parts of the cells seemed to sink in between the metal pillars (Fig.
11C). These findings suggest that actin fibers do not play a major role in nano-
tube formation or stability. This is in line with the already discussed hypothesis of
Onfelt et al. (7], that nanotubes are constructed from fluid membrane and findings
from Karlsson et al. [18,19] and our laboratories (see later), that nanotubes and
gondolas can be formed in pure phospholipid systems.

Interestingly, we found branched nanotubes forming nets of tubes expanding
between cells (Fig. 12A, B). These branched nanotube networks could indicate a
special growth pattern or a pattern of what cells leave behind when they retreat as
they do when they round up and die. Indeed, we never found them in very fresh
cultures (e.g., 2h) but in cultures =24 h in which we also found empty cell skel-
etons (Fig. 12C). Thus, we assume it more likely that the branched tubular net-
works are leftovers of highly interconnected cells which have undergone
apoptosis.

Because the nanotubes formed under the influence of latrunculin B did not
display regular net branching, as seen in Fig. 12, we assume them not to be
traces left behind by moving or dying cells. Another supporting argument for our
view that actin [44] or a permanent pulling force [45] are not essential for
the formation and stability of nanotubes comes from pure phospholipid systems
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Fig. 10. The formation and stability of nanotubes is not affected by latrunculin B.
Astrocytes were cultured in the absence or presence of latrunculin B for 1 h (A-C)
or 24 h (D-F). Control (A, D); 5uM Latrunculin B (B, E); 10 uM Latrunculin B (C,
F). Scale bars in A-F represent 5, 5, 10, 10, 5, and 10 um, respectively.

Fig. 11. (A) Control cultures of astrocytes after 2h on nanolawns. To test the
stability of nanotubes in the absence of actin, astrocytes were seeded onto nano-
lawns for 1 h before addition of (B) 5 and (C) 10 uM latrunculin B for another hour
Scale bars in A, B, C represent 5, 4, and 3 um, respectively.

(see later) where stable nanotubes have been observed [46-48). Nevertheless,
that actin is not necessary for the formation of tubes does not exclude some
supportive role of fiber formation inside the tubes [49,50]. Glial fibrillary acidic
protein (GFAP) is a unique marker of astrocytes. We cannot exclude the pos-
sibility that astrocytes may utilize an actin-independent cytoskeleton formed by
GFAP. Indeed, astrocytes are coupled via thin processes in vivo and in vitro [51].
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Fig. 12. (A—B) Branched nanotubes forming nets of tubes expanding between
cells at different magnifications. (C) In the same culture, empty cell skeletons
were found suggesting that branched nanotubes might not occur when cells
colonize nanostructures but rather reflect leftovers of cells having retreated from
nanotubes to finally die. Scale bars in A, B and C represent 8, 2 and 5um,
respectively.

Apparently, these processes contain GFAP suggesting that GFAP could be a
structural component in process formation [51].

3.3. Thin tubular structures formed by erythrocyte membranes

The results of some recent studies indicated that thin tubular membraneous
structures are common also to other cell types, for example, erythrocytes and
neuroblasts [2,52]. Nevertheless, they have not been extensively explored in the
past because of the experimental difficulties in investigating these thin and fragile
structures.

Our observations revealed that tubular budding can be induced by adding
amphiphilic detergents (dodecylmaltoside) to erythrocyte suspensions (Fig. 13)
Chiral patterns of the intramembraneous particles (IMP) were found neither on
the cylindrical buds nor on the released tubular nanoexovesicles. We have shown
that the observed amphiphile-induced tubular budding can be theoretically
explained by in-plane orientational ordering [48,53] and accumulation of aniso-
tropic membrane inclusions in the budding region. In contrast to some previously
reported theories, no mechanical pulling force is needed to explain membrane
tubulation [54]. A bilayer-couple mechanism mediated by a conformational
shape change of the band 3 membrane protein has been proposed by us as an
extremely fast mechanism of shape transition and spike generation in red cells
[55]. This mechanism does not require the participation of cytoskeleton elements.
Experimental evidence comes from atomic force microscopy images of the spa-
tial need of the band 3 protein [56]

In line with our theoretical prediction it was recently shown that plasma mem-
brane protrusions (microvilli, filopodia, microspikes) exhibit a specific membrane
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Fig. 13. Micrograph of free nanotubes detached from the surface of the eryth-
rocyte membrane. The formation of membrane nanotubes was induced by adding
40 uM of dodecylmaltoside to the erythrocyte suspension (adapted from [53]).
The diameter of the nanotubes is around 40 nm.

protein and lipid composition and organization which differs from that of the pla-
nar region of the plasma membrane [57]. Based on the theoretical considera-
tions, it was suggested that the reported concentration of prominin rafts in thin
tubular membrane protrusions may be caused by a curvature-induced accumu-
lation of small prominin-lipid complexes (inclusions) in protrusions and their
coalescence into larger rafts.

In accordance with this suggestion, we observed persistence of long tubular
membrane protrusions devoid of internal rod-like microtubular structure in cells
[50]. We suggested that the stability of the tubular membrane protrusions without
the inner supporting rod-like cytoskeleton is a consequence of the accumulation
of anisotropic membrane inclusions (Fig. 14) in the bilayer membrane of these
protrusions.

The theoretically predicted anisotropy-induced lateral phase separation of
membrane inclusions may appear also without direct nearest-neighbour interac-
tions [50]. On the other hand, the nearest-neighbour interactions alone may
cause lateral phase separation if strong enough. Because a specific prominin raft
formation has been indicated only on highly curved tubular membrane protru-
sions, we assumed that the anisotropy of prominin inclusions is the primary cause
of their accumulation in thin tubular membrane protrusions while direct interac-
tions are a secondary effect.

3.4. Nanotube formation in phospholipid systems

Clustering of membrane components into larger domains in highly curved spher-
ical regions (invaginations) of cell membranes has been indicated in multicom-
ponent lipid bilayer systems [58]. Stable thin tubular membrane protrusions have
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Fig. 14. Schematical figure of a possible structure of a flexible anisotropic mem-
brane inclusion.

Fig. 15. Movement of a small phospholipid prolate carrier vesicle (white arrow)
along a thin phospholipid tube (black arrow) attached to a giant phospholipid
vesicle (adapted from [52]). Scale bar = 10 um.

been observed in one-component giant lipid vesicles (Fig. 15). A simple mech-
anism, which considers that phospholipid molecules are intrinsically anisotropic,
was proposed in order to explain the stability of these protrusions [48]. While the
collective effect on almost flat lipid bilayer regions yields the state of a laterally
isotropic two-dimensional liquid, the anisotropic properties of lipid molecules ex-
press if the lipid bilayer for some reason develops regions of highly different
principal curvatures. This mechanism may explain the stability of the phospho-
lipid micro- and nanotubes attached to giant phospholipid vesicles [48] and
phospholipid-vesicle shapes that involve narrow necks connecting two spherical
vesicles [59].

Based on the earlier described experimental and theoretical results, we sug-
gest that membrane-skeleton detached, laterally mobile membrane components
and inclusions may self-assemble into highly curved tubular or spherical mem-
brane protrusions depending on their intrinsic shape and/or direct interactions
between them [50,53,60).
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3.5. Theoretical discussion

Here we suggest a possible mechanism that may explain the observed self-
assembly of tubular membrane protrusions (nanotubes) of astrocytes where the
actin fibers are not necessary for the formation of these structures. The comple-
mentary mechanism we propose accounts for the formation and stabilization of
the observed long tubular membrane protrusions [48,53]. It is based on the
energetically favorable orientational ordering [48] and accumulation of membrane
inclusions (Fig. 14) on tubular protrusions [50,53] and their self-assembly because
of direct interactions and curvature-induced lateral phase separation [50,53].
The membrane inclusion (also called nanoraft) is defined as a very small mem-
brane domain composed of different membrane components [50,53]). The
size of the membrane inclusion may correspond to a small number of molecules
(Fig. 14).

In the theory, the membrane shape is described as a two-dimensional surface
characterized by two invariants of the matrix representing the curvature tensor of
the membrane surface: the mean curvature H = (C, | Cy)/2 and the curvature
deviator D = |Cy — C3|/2, where C, and C; are the principal membrane curva-
tures. To calculate the membrane free energy, the membrane is described as a
continuum with embedded laterally and rotationally mobile inclusions. Similarly,
as the intrinsic shape of single membrane components [60] also, the intrinsic
shape of membrane inclusions are characterized by their mean curvature H,, and
intrinsic curvature deviator D, [50,53]. H,, and D,,, represent the membrane cur-
vatures that correspond to the minimal possible energy of the membrane inclu-
sion. Inclusions with D,, equal to zero are isotropic while inclusions for D,
differing from zero are anisotropic with respect to the normal axis perpendicular to
the membrane (Fig. 16). Nevertheless, not all inclusions in the membrane can
attain the minimal energy state. The mismatch between the inclusion shape and
the local curvature field reflects the energy of each single inclusion.

For anisotropic inclusions, different orientations with respect to the local prin-
cipal axes of the membrane yield different single-inclusion energies [48,53].
Therefore, it must be expected that on average an inclusion spends more time in
energetically more favorable orientational states. It follows that anisotropic inclu-
sions undergo weak orientational ordering with a stronger effect for larger cur-
vature deviators of the membrane and the inclusion [50]. Upon statistical
averaging over all possible orientations of the inclusion, the free energy of the
single inclusion can be written in the form [48,50]:

_s 2.6 <DnD
f—ilH—Hm]' +‘2—(02+Dr2n)_k-r IH(IU( kT ))' (h

where ¢ is the constant, /; the modified Bessel function, k the Boltzmann constant
and T the absolute temperature.
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Fig. 16. Schematic figure of the most favorable shapes of flexible membrane
inclusions having different values of the intrinsic (spontaneous) mean curvature
H,, and intrinsic (spontaneous) curvature deviator D,,: the favorable shape of the
membrane inclusion may be characterized by H,,, = D, >0 (A). H,, = D,,, = 0 (B)
and H,, = 0 and D,,#0 (C).

Inclusions in aggregates interact with neighbouring inclusions. We denote the
corresponding interaction energy per inclusion (monomer) in the aggregate com-
posed of / inclusions %(/) and assume that %() depends on the size of the
aggregate /. Hence, the mean energy per inclusion in the cylindrical aggregate
composed of i inclusions can be written as y, = f. — 4(i), where f, = fiH = D) and
#(1) > 0. We further assume that in the planar regions of the membrane (having
H = D = 0), the concentration of inclusions is always below the critical aggre-
gation concentration (CAC) [for definition of CAC see: Ref. 61]. Therefore, the
inclusion cannot form two-dimensional flat aggregates and the mean energy per
inclusion in the flat membrane regions is ji, = f,, where f, = fiH =D = 0).

The concentration (mole fraction) of the inclusions in the flat membrane regions
is Xy - N1 (/ M, where N, is the number of monomer-inclusions in flat regions and
M is the number of (lattice) sites in the whole system. The size distribution of
cylindrical aggregates on the concentrations scale is x, = iN,/M, where N, de-
notes the number of cylindrical aggregates with aggregation number /, that is, the
number of tubular membrane protrusions (N,) each consisting of / inclusions. The
concentrations x; and x; should fulfill the copservation conditions for the total
number of inclusions in the membrane: x; + Y x; = N/M. The free energy of all
inclusions in the membrane is composed of thé energies of the monomer inclu-
sions, the energies of all inclusion aggregates, the mixing entropy of the mon-
omer inclusions and the mixing entropy of all inclusion aggregates. Aggregates of
the same size are treated as equal and indistinguishable. Using the Lagrange
method, the minimization of the function:

S . N " s X; X 1
f=MX ity + kTRi(In%; — 1)) + MZ‘X,;JJ Ik (|n7’ - 1)!

=1
' o
;:M(h . Lx,) (2)
=1
with respect to x; and x;, leads to equilibrium distributions:

X1 :exp(-—:—) (3)
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x,:fexp(—ﬁ_[fc—/—ﬂ]) (4)

where u is the Lagrange parameter. For simplicity, we assumed %(/) to be con-
stant. The quantity u can be derived from equation (3) and inserted in equation (4)
to get:

Xi=i

fo+r—1"
i,--exp(—”—i%_ ‘)] (5)

Since x; cannot exceed unity, from equation (5) follows that when x;approaches
expl((f. — f, — z) /kT), it cannot be increased further. The maximal possible value
of concentration of monomeric inclusions in flat parts of the membrane x; is
therefore:

: Af - ;
X = exp( kT/)' (6)

where Af = f. — f, is the difference between the energy of the single inclusion on
the cylindrical protrusion and its energy of the inclusion in the flat membrane
region. The concentration x. is the CAC [61,62]. In the case of cylindrical ag-
gregates, where H = D = 1/2r from equation (1) follows:

Af = CH(H — Hp) — kTIn[f{;l;j'DmD-'le'. (7)

For 1/2r< Hy,, the value of Afis always negative. If X, is above X., the formation
of very long cylindrical protrusions with assembled anisotropic inclusions is
promoted. This effect is additionally enhanced if the concentration of the mon-
omers in the flat part is above critical. The minimization of the membrane free
energy also yields the equilibrium radius of the tubular protrusion which depends
on the intrinsic curvatures of the inclusions and their concentration in the mem-
brane.

Within tubular parts, anisotropic inclusions undergo orientational ordering and
therefore represent regions of higher order within the membrane. This can be
interpreted as rafts formed on the tubular parts that are consistently related to the
stable tubular shape with a particular equilibrium radius. However, concentration
of monomers in the tubular part is higher than in the flat parts already when the
monomer concentrations in flat parts are below the critical concentration (xq  x;
also for Xy <x.), indicating that anisotropic membrane inclusions may play an
important role in generation and stabilization of thin tubular membrane protru-
sions even below the CAC. Equations (6—7) show that the longitudinal growth of
cylindrical membrane protrusions is promoted by the energy difference Af as well
as by the strength of the direct interactions between the inclusions . The critical
concentration X. strongly decreases with increasing D,,,.
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4. CONCLUSIONS

Nanotubular structures can not only be found in many cell types but also in pure
phospholipid systems, that is, liposomes. They are involved in cellular commu-
nication, material transport and signal transduction. While actin has been found in
nanotubes extended by cells, it may not always be necessary for the formation of
nanctubes. Our experimental data show that actin is not required for formation
and stability of nanotubes. This view is supported by experimental evidence. Our
theoretical considerations suggest a new model of nanotube formation without
actin involved.
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