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Abstract
We used sub-micron metal rod decorated surfaces, ‘nano-lawn’ structures, as a substrate to study cell-to-cell and cell-to-
surface interactions of primary murine astrocytes. These cells form thin membranous tubes with diameters of less than 100
nm and a length of several microns, which make contact to neighboring cells and the substrate during differentiation. While
membrane protrusions grow on top of the nano-lawn pillars, nuclei sink to the bottom of the substrate. We observed
gondola-like structures along those tubes, suggestive of their function as transport vehicles. Elements of the cytoskeleton
such as actin fibers are commonly believed to be essential for triggering the onset and growth of tubular membrane
protrusions. A rope-pulling mechanism along actin fibers has recently been proposed to account for the transport or
exchange of cellular material between cells. We present evidence for a complementary mechanism that promotes growth and
stabilization of the observed tubular protrusions of cell membranes. This mechanism does not require active involvement of
actin fibers as the formation of membrane protrusions could not be prevented by suppressing polymerization of actin by
latrunculin B. Also theoretically, actin fibers are not essential for the growing and stability of nanotubes since curvature-
driven self-assembly of interacting anisotropic raft elements is sufficient for the spontaneous formation of thin nano-tubular
membrane protrusions.

Keywords: Nanostructures, primary cultures, tubules, gondolas, cytonemes, anisotropic membrane raft element

Introduction

Research on cellular protrusions in the nm range is a

rapidly expanding field. As cellular protrusions

originate from different cell types and may not

employ the same mechanisms, no common nomen-

clature has yet been established. Cellular protrusions

are referred to as filopodia (Gerhardt et al. 2003),

tunneling nanotubules (TNTs) (Rustom et al. 2004,

Zhu et al. 2005), cytonemes (Morata & Basler 1999,

Ramirez-Weber & Kornberg 1999), tethers (Cuve-

lier et al. 2005), or simply nanotubes (Önfelt et al.

2004). They appear to have a broad range of

functions. Filopodia in living cells were first de-

scribed by Gustafson and Wolpert (1961), who

assumed that filopodia were extended to gather

spatial information. Other functions ascribed to

nanotubes extending from cells are the exchange of

material or signalling molecules (Rustom et al. 2004,

Zhu & Scott 2004, Watkins & Salter 2005). Nano-

tubes are even suspected of carrying cell organelles

such as mitochondria (Spees et al. 2006). In addi-

tion, their formation is induced by intracellular

bacteria such as Listeria monocytogenes , which use

the tubes to travel from cell to cell (Merz & Higgs

2003, Robbins et al. 1999). It has been shown that

cells of the immune system such as dendritic cells, B

cells, T cells, NK cells, monocytes and neutrophils

form nanotubes (Galkina et al. 2001, Gupta &

DeFranco 2003, Önfelt et al. 2004, Watkins & Salter

2005). Nanotubes formed by B cells reach a length

of up to 80 mm and are 200�400 nm in thickness.

They often show a branched structure, with con-

centrated lipid raft-staining at the branching points.

Otherwise, lipid raft structures are punctately
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distributed along the nanotube shafts and are

especially to be found at the tip of the nanotube.

Actin has also been found, similarly distributed

along the shaft. However, the authors do not report

a colocalization or whether they also found actin at

the tips of the nanotubes (Gupta & DeFranco 2003).

Besides these findings in fully functional, differen-

tiated cells, nanotubes have also been observed in

erythrocytes (Singer & Nicolson 1972, Sackmann

1994, Iglič et al. 2003).

Plasma membrane protrusions exhibit a specific

protein and lipid composition differing from that of

the planar region of the membrane (Weigmann et al.

1997). For example, the membrane protein promi-

nin is preferentially localized in protrusions such as

microvilli rather than in planar regions of the

membrane, irrespective of the cell type (Weigmann

et al. 1997, Corbeil et al. 2001). Therefore it has

been suggested that accumulation of prominin

(which exhibits no direct interactions with the

actin-based cytoskeleton) in membrane protrusions

has an important role in the generation and stabili-

zation of the protrusions (Corbeil et al. 2001, Iglič

et al. 2006). The redistribution of prominin after

mild cholesterol depletion hints at the importance of

cholesterol (Roper et al. 2000). Lipids are believed

to play an important role as the interaction partners

of prominin (Corbeil et al. 2001). Consequently, the

state of the lipid phase is important in the formation

of small prominin-lipid complexes and their coales-

cence into larger rafts after their curvature-induced

accumulation in the membrane protrusions (Iglič

et al. 2006).

Commonly, the cytoskeleton is considered to be

the main determinant of membrane protrusions

(Miyata et al. 1999 and references cited therein)

and most of the observed cellular nanotubes indeed

employ actin filaments. However, stable nanotubular

structures may also develop in cell-free systems in

the absence of actin (Mathivet et al. 1996, Karlsson

et al. 2001, Karlsson et al. 2002, Kralj-Iglič et al.

2002, Roux et al. 2002, Roux et al. 2005). Cellular

exocytosis has been modelled in protein-free lipo-

somes and has been shown to involve nanotube

formation by the membrane (Cans et al. 2003).

Experimental and theoretical studies indicate their

stabilization by accumulation and in-plane ordering

of anisotropic raft elements (AREs) and anisotropic

lipids (Kralj-Iglič et al. 2002, Kralj-Iglič et al. 2005).

Tubular protrusions of phospholipid and erythrocyte

membranes may also carry transport vesicles (gon-

dolas) (Singer & Nicolson 1972, Iglič et al. 2003).

In this study, we focus on astrocytes. These cells

comprise about 50% of the cells of the brain. They

support neurons, both physically as a cellular matrix,

and physiologically by providing a stable micro-

environment and growth factors. Astrocytes form

multicellular syncytia in vivo that ensure neuronal

homeostasis by taking up excess neurotransmitters

and buffering the ionic content of the extracellular

medium (Hansson & Ronnback 1995, Walz 2000).

They enwrap dendritic spines or whole synapses of

neurons (Grosche et al. 1999, Ventura & Harris

1999). The physiological function of this intimate

contact is probably to position signaling molecules

directly to the sites of neurotransmission and to

modulate neuronal communication (Hirrlinger et al.

2004). Astroglial membranes contain numerous

neurotransmitter receptors and transporters and

are thus equipped to sense and regulate formation,

stability and efficacy of synapses (Ridet et al. 1997,

Verkhratsky et al. 1998). Hirrlinger et al. (2004)

showed motility of astrocytes in situ , i.e., in living

brain slices. They showed extension of membrane

tubes of B/1 mm in diameter and 2�6 mm length.

Their extension process lasts for 30�90 s. The

majority of these filopodia stayed transiently elon-

gated for 3�6 min while the minority stayed for

longer than 15 min. Here, we demonstrate how

primary murine astrocytes grow on sub-micron

metal rod decorated surfaces, so-called ‘nano-

lawns’. Because of their special abilities of connect-

ing cells in the brain, astrocytes make up an ideal

model system for investigating the interaction of cells

with nano-structured surfaces. Our main focus was

on how the cells interact with the non-living mate-

rial, how they form membrane protrusions, how

cellular material is transported within these protru-

sions so that finally a confluent cell layer is formed.

To this end we have used histological staining and

scanning (SEM) as well as transmission electron

microscopic imaging (TEM).

Materials and methods

Production of metal nano-lawns

Thin metal foils (�/15 mm), decorated on one side

with sub-micron metal rods (‘nano-lawn’) have been

prepared according to the methods described by

Schönenberger et al. (1997) using commercially

available nucleopore-filters, i.e., chemically etched

polycarbonate ion-track membranes (Millipore,

0.6 mm pores, Schwalbach, Germany) as template.

Briefly, poly-carbonate filter membranes were

coated by gold sputtering on one side to obtain

a conductive metal layer. This layer was further

enhanced galvanically by gold or platinum of up

to approx. 10 mm thickness (Umicore Galvanotech-

nik, Germany). The polymer pores were filled

by cathodic deposition of up to 3 mm. The polymer

template was subsequently removed in boiling
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dichloromethane (Figure 1A). The resulting metal

foils were washed twice, then dried and cut. Sub-

strate pieces of 3�/2 mm2 were sterilized in 70%

aqueous ethanol prior to cell culture setup.

Properties of metal nano-lawn

Each metal pillar has a diameter of around 600 nm

(Figure 1B and C). The density of the pillars on a

typical template foil is approximately 3.5�/1011

m�2. Vertical pillars of platinum-nanolawn are

around 1.6 mm long, and planar at the top (Figure

1B). The gold pillars are longer (around 2.6 mm)

with tips of variously edged shapes, depending on

the crystal structure at the tip (Figure 1C). Based on

the technology of pore generation, the generated

metal pillars follow a Poisson distribution.

Primary astrocyte cultures

Primary cortical astrocytes were isolated from neo-

natal mice as described earlier (Gimsa et al. 2004).

Briefly, the frontal cortex was isolated from the

brain, pools prepared and then mechanically dis-

sociated through a nylon membrane. The cells were

seeded onto poly-L-lysine (10 mg/ml in H2O; Sigma-

Aldrich, Taufkirchen, Germany) coated plastic

dishes (2 brains per 6/24-well plate) and cultured

in medium consisting of DMEM (Gibco BRL,

Karlsruhe, Germany), plus 10% fetal bovine serum

(Gibco), 100 U/ml penicillin/100 mg/ml streptomy-

cin (Biochrom, Berlin, Germany), and 2.5 mM L-

glutamine (Gibco). Astrocytes reached confluency

after 10 days. They were detached by Accutase

(PAA, Cölbe, Germany) treatment and seeded

onto poly-L-lysin coated nanolawn structures. The

Figure 1. Sub-micron metal rod decorated surfaces; i.e., nanolawn. (A) Production of nano-lawn on isoporous track-etched polymer

template. Polymer membranes 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 nano-lawn. (C) Gold nano-lawn. Scale bars of SEM images in B and C represent 1 mm.
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cells were fixed for 1 h in 4% glutaraldehyde in PBS

for electron microscopical examination after 24 h or

72 h of culture on nano-lawns. Cells were fixed after

staining (see below) for 10 min in 2% formaldehyde

in PBS for histological examination following 72 h of

culture on nano-lawns.

Latrunculin B treatment

For latrunculin B treatment, cells were seeded as

before onto nano-lawns and incubated in medium

containing 5 mM or 10 mM latrunculin B (Calbio-

chem/Merck, Darmstadt, Germany). The cells were

fixed after 1 h or 24 h. In addition, the effect of actin

depolymerization was checked by exchanging con-

trol medium by medium containing latrunculin B,

following culturing periods of 1 h or 23 h. These

cultures were fixed 1 h later.

CFSE and propidium iodide staining

Cells on nano-lawns and microscopic slides were

labeled with CFSE (10 mM 5(6)-carboxyfluorescein

diacetate succinimidyl ester, mixed isomers; Mole-

cular Probes/MoBiTec, Göttingen, Germany) for 7

min and then washed. Propidium iodide staining

was performed on other cell samples by incubating

the cells for 5 min with 10 mM propidium iodide,

followed by washing.

SEM and TEM imaging

Samples for SEM were washed, fixed in 4% glutar-

aldehyde in PBS, washed again, postfixed in 1%

osmium tetroxide, dehydrated in acetone, and sub-

jected to critical-point drying (EMITECH K850,

Ashford, Kent, UK). The samples were sputtered

with colloidal gold using a Sputter Coater (BAL-

TEC SCD 004, Schalksmühle, Germany) before

examination in the SEM (DSM 960 A, Zeiss,

Oberkochen, Germany). Samples for TEM were

fixed in 4% glutaraldehyde in PBS, washed in PBS,

postfixed in 1% osmium tetroxide, dehydrated in a

graded series of ethanolic solutions, and embedded

in Araldite (Fluka, Buchs, Switzerland). Ultrathin

sections were prepared with a diamond knife using

an Ultracut ultramicrotome (Leica, Bensheim, Ger-

many), mounted on copper grids, stained with

uranylacetate and lead citrate, and examined with a

TEM (EM 902 A, Zeiss, Oberkochen, Germany).

Results and discussion

Cell status on nano-lawns

We used platinum or gold nano-lawns to grow

primary murine astrocytes. Indeed, these unusual

culture substrates were equally accepted without

adverse effects. Astrocyte morphology was very

similar on glass slides (Figure 2A) and nano-lawns

(Figure 2C, E). Cell death was negligible according

to propidium iodide staining after 72h of culture

(Figure 2B, D, F). This is in line with previous

observations of astrocytes growing on silicon pillar

arrays (Turner et al. 2000).

Our astrocytes formed contacts to the metal pillars

within minutes (Figure 3A and B). Indeed, the

formation of nanotubes could have been much

more rapid than that, as 10 min was the shortest

time interval we examined. Recently, the formation

of astrocyte filopodia-like processes has been ob-

served within seconds (Hirrlinger et al. 2004).

Moreover, these filopodia retract again within min-

utes, a process which we could not observe since our

cultures had been fixed before analysis. In our

cultures, astrocytes extended nanotubes to neighbor-

ing metal pillars and from there to further pillars

while maintaining contact to pillars that had been

reached before (Figure 3C). The angle between an

attached nanotube and the continuative tube is in

the 90�1808 range. Nanotubes may branch into 2

continuing nanotubes (Figure 3C). Similar to a

culture on glass slides (Figure 2A), astrocytes display

various cell shapes (Figure 3F). However, when

observed in detail, the nanotubes appeared straigh-

tened between two attachment points on metal

pillars while their correspondent structures, grown

on poly-L-lysin coated glass surfaces, (Figure 3D)

displayed serpentine shapes. Such a straightened

appearance has been described by Önfelt et al.

(2004). They found a branched nanotube connect-

ing three B cells. When one connection broke, the

remaining nanotube contracted, so connecting two

cells but still keeping a straightened appearance.

They hypothesized that this contraction was possible

due to the nanotube composition of fluid membrane

that can flow easily between the nanotubes and the

cell surface. The nanotubes extended over several

mm at a diameter below 100 nm (Figure 3E) but

sometimes developed into very long tubes (�/100

mm) at a higher diameter (still B/1 mm) (Figure 3F).

We assumed from our observations that astrocytes

aimed at growing to confluency by making contact to

cells further away (Figure 3G). Apparently, they first

extended nanotubular protrusions to bridge the gap

in between cells before closing it by cellular material

traveling along the nanotubes (Figure 3H). The

alternative explanation, namely that the cells in

Figure 3H disengaged from each other while leaving

behind nanotubular connections, is unlikely as we

observed a strong decrease of these gaps of the cells

with time. Depending on the number of cells seeded

in, confluency could be reached within 24 h.
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Apparently, the material necessary to prolong the

tubes was transported along the nanotubes in

gondola-like structures (Figure 3H�J). This notion

is supported by our observation of gondola-like

structures as early as 10 min of culture when

nanotubular extensions start the process of mono-

layer formation on nanolawns from cells which are

spherical and singularized at the moment of seeding

(Figure 3B). Membrane nanotubes connecting

macrophages have been reported to carry ‘bulges’

travelling along the nanotubes (Önfelt et al. 2004).

The nanotubes indeed transported cellular material

as the authors showed that lipids from two cells

mixed. Thus, they assumed that the nanotubes also

provide a mechanism for the intercellular transfer of

cell surface proteins (Önfelt et al. 2004). In addition

to nanotube formation from actin-driven protrusions

described by Rustom et al. (2004), they found

nanotube formation between cells that were pre-

viously connected via an immunological synapse as

cells separated (Önfelt et al. 2004).

Cell bodies and nuclei were found sagged in

between metal pillars (Figure 4A) while nanotubular

protrusions seem to be restricted to the upper parts

of the pillars (Figure 4B). When observed from an

angle, it became clear that this also applied to the

peripheral membrane surfaces (Figure 4B and C).

The backside of the cell monolayer showed clear

imprints of the nanotubes (Figure 4C). The contact

these cells formed to the pillars were close, i.e., in the

nm range (Figure 5) resembling those seen between

astrocytic processes and neurons (Duan et al. 2004).

Hirrlinger et al. (2004) described that the astrocytic

somata stayed stationary. This corresponds to our

finding that somata with nuclei are found in between

pillars where they could not easily move (Figure 4A).

Actin involvement � common knowledge on nanotubes

and our findings

Actin fibers have been suggested to be responsible

for nanotubular transport (Rustom et al. 2004). We

examined whether this mechanism applied to our

Figure 2. Primary murine astrocytes after 72 h on poly-L-lysin coated glass slides (A, B), platinum (C, D) or gold (E, F) nanolawns.

Astrocytes were stained intracellularly with CFSE (A, C and E) or propidium iodide (B, D and F) revealing uncompromised growth and

negligible cell death on nano-lawns. Scale bars in A, C and E represent 50 mm; scale bars in B, D and F represent 100 mm. This Figure is

reproduced in color in Molecular Membrane Biology online.
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system, too. To this end, we treated the cells with

latrunculin B which is known to both prevent

polymerization of actin and to depolymerize actin

filaments (Rustom et al. 2004). Surprisingly, the

formation of nanotubes was not affected by 5

(Figure 6A) and 10 mM (Figure 6B) latrunculin B

1 h after cell seeding. The same was true for cells

cultured for 24 h in the presence of latrunculin B

Figure 3. Astrocytes growing on nano-lawns (SEM images). Astrocytes make contact to metal pillars via nanotubular membrane

protrusions within 10 min (A, B). They extend nanotubes to distant metal pillars via neighboring pillars while maintaining contact to pillars

that were reached before (C). Nanotubes appear straightened in between two attachment points on metal pillars while their correspondent

structures grown on poly-L-lysin coated glass surfaces are randomly coiled (D). Nanotubes may extend over several mm at a diameter of

about 100 nm (E) but may develop into very long tubes (�/100 mm) at a higher diameter which is still B/1 mm (F). Astrocytes grow to

confluency by making contact to cells further away (G). It can be assumed that astrocytes first bridge the gaps between cells by nanotubular

protrusions before closing them with more cellular material (H). Apparently, the material necessary to prolong these nanotubes was

transported along the nanotubes in gondola-like structures (H�J) which have been observed as early as 10 min after start of culture (B).

Scale bars in A, B, C, D, E, F, G, H and I represent 2, 0.8, 10 (insert: 1), 200, 8, 20, 20, 2, 1 and 1 mm, respectively. Nanostructures were

gold (A, B, C, E) or platinum (F, G, H, I, J).
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(Figure 6C, D). Furthermore, the stability of

nanotubes was not compromised by treatment with

5 (Figure 6E) and 10 mM (Figure 6F) latrunculin B

compared to control cells 2 h after cell seeding. In

the latter experiments, latrunculin B was added for

1 h after the cells had been allowed to settle for 1 h

(Figure 6E and F). However, it was apparent that

latrunculin B was active, as we found an overall

diminished stability of the cells at 10 mM latrunculin

B as even the membranous parts of the cells seemed

to sink in between the metal pillars (Figure 6F).

These findings suggest that actin fibers do not play a

major role in nanotube formation or stability. This

corresponds to a hypothesis of Önfelt et al. (2004)

that nanotubes are constructed from fluid mem-

brane. It is also in line with findings from Karlsson

et al. (2001, 2002) and our laboratories (Kralj-Iglič

et al. 2002) that nanotubes and gondolas can be

formed in pure phospholipid systems.

Nanotubes branching into nets

Interestingly, we found branched nanotubes forming

nets of tubes expanding between cells (Figure 7A

and 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., 2 h) but in cultures �/24

h in which we also found rounded, most likely

apoptotic cells ‘spun’ in nets (Figure 7C). Thus,

we assume it more likely that the branched tubular

networks are leftovers of highly interconnected cells

which have undergone apoptosis.

Since the nanotubes formed under the influence

of latrunculin B did not display regular net branch-

ing as seen in Figure 7, we assume they are not

traces left behind by moving or dying cells. Another

supporting argument for our view that actin (Miyata

et al. 1999) or a permanent pulling force (Sun

et al. 2005) are not essential for the formation

and stability of nanotubes comes from pure phos-

pholipid systems where stable nanotubes have

been observed (Iglič et al. 2003, Kralj-Iglič et al.

2002, Mathivet et al. 1996). Nevertheless, the fact

that actin is not necessary for the formation of

nanotubes does not preclude it having some suppor-

tive role in fiber formation inside the tubes (Corbeil

et al. 2001, Iglič et al. 2006). Astrocytes may utilize

an actin-independent cytoskeleton formed by glial

fibrillary acidic protein (GFAP), which is a unique

marker of these cells. Astrocytes are coupled via thin

processes. Apparently, these processes contain

Figure 4. TEM images show that cell bodies and nuclei (marked by ‘N’) were found in between metal pillars (A) 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 458 (B) or 608 (C). The flipped-over cell monolayer in C revealed that it rested on tips of pillars (note imprints of pillars). Scale

bars in A, B and C represent 2, 10 and 2 mm, respectively. Nanostructures were gold.

Figure 5. TEM images show that astrocytes make very close contact to the pillars with a distance in the nm range (A and B). SEM image

(insert in B) shows that nanotubes end on pillars in a bulb-like contact. Scale bars in A and B represent 200 nm and 1 mm (insert: 2 mm),

respectively. Nanostructures were gold.
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GFAP, suggesting that GFAP could be a structural

component in process formation (Duval et al. 2002).

Possible mechanism of growing and stability of nanotubes

and thin membrane protrusions

It is generally accepted (Derenyi et al. 2002,

Kralj-Iglič et al. 2005, Miao et al. 1991, Tsafrir

et al. 2003) that the standard theory of isotropic

membrane elasticity (Deuling & Helfrich 1976,

Sackmann 1994) cannot explain growing and stabi-

lity of nanotubular membrane protrusions. There-

fore, we suggest a new mechanism that may

theoretically explain the observed formation of

nanotubes by astrocytes in the absence of actin

fibers. The proposed mechanism is based on the

energetically favorable self-assembly of interacting

AREs into larger raft domains (Hägerstrand et al.

2006) in the form of nanotubes (Corbeil et al. 2001).

These AREs are defined as very small flexible

membrane domains composed of a number of

membrane components (Hägerstrand et al. 2006

and references therein).

Thin biological membranes can be described

as two-dimensional surfaces characterized by

two principal curvatures C1 and C2. Single raft

elements are generally anisotropic with respect to

the curvature of their normal cuts and can be

considered as thin flexible shells with various equili-

brium shapes. These elements are neither flat nor

Figure 6. The formation and stability of nanotubes is not affected by latrunculin B. Astrocytes were cultured in the presence of latrunculin

B for 1 h (A, B) or 24 h (C, D): 5 mM (A, C); 10 mM (B, D). To test the stability of nanotubes in the absence of actin, astrocytes were seeded

onto nano-lawns for 1 h before addition of 5 (E) and 10 mM (F) latrunculin B for another hour. Scale bars in A�F represent 5, 10, 5, 10, 4,

and 3 mm, respectively. Nanostructures were gold.
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spherical (Figure 8). The shape of a single ARE can

be characterized by two intrinsic, spontaneous

principal curvatures C1m and C2m with C1m"/C2m

(Figure 8) and by its orientation in the principal

systems of the actual local membrane curvature

tensor (Figure 9).

For C1m�/C2m, the raft element would be iso-

tropic. Anisotropy and flexibility allow the raft

elements to adapt their shapes and orientations to

the actual membrane curvature which in turn is

influenced by the AREs. Different orientations with

respect to the local principal axes of the membrane

(described by the angle v) yield different energies of

the ARE (Iglič et al. 2005):

E(v)�
j

2
(H�Hm)2�

j

2

� (D2�2DDmcos(2v)�D2
m); (1)

with H�/(C1�/C2)/2 being the mean curvature, D�/

jC1�/C2j/2 the curvature deviator, Dm�/jC1m�/

C2mj/2 the intrinsic curvature deviator, Hm�/

(C1m�/C2m) /2 the intrinsic mean curvature and j
a constant. It can be expected that an ARE spends

more time in energetically favorable orientational

states.

The partition function (see also Hill 1986) of a

single ARE can be written in the form:

Q�
1

v0
g
2p

0

exp

�
�

E(v)

kT

�
dv; (2)

Figure 7. Branched nanotubes forming nets of tubes expanding

between cells at different magnifications (A and B). In the same

culture, globular, contracted cell bodies covered with a net-like

structure (B) were found suggesting that branched nanotubes

might not occur when cells colonize nanostructures but rather

reflect leftovers of cells having retreated from nanostructures

before undergoing apoptosis. Scale bars in A, B and C represent

10, 1 and 2 mm, respectively. Nanostructures were gold.

Figure 8. Schematic figure of the favorable shapes of flexible

membrane raft elements with different intrinsic (spontaneous)

principal curvatures C1m and C2m. (A) isotropic shape for C1m�/

C2m�/ 0; (B) anisotropic shape for C1m�/0 and C2m�/0; and (C)

anisotropic shape for C1m�/0 and C2mB/0.

Figure 9. Schematic figure of different orientation of an aniso-

tropic raft element (ARE) with intrinsic principal curvatures

C1m�/0 and C2m�/0 in a barrel-section shaped membrane section

with principal curvatures C1�/0 and C2�/0. Left: energetically

favorable orientation. Right: a flexible ARE will be bent in the

curvature field of the membrane � unfavorable orientation.
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where v0, k , and T stand for an arbitrary angle

quantum, the Boltzmann constant, and the absolute

temperature, respectively. The free energy of a single

ARE �/�/kT ln Q is:

f �
j

2
(H�Hm)2�

j

2
(D2�D2

m)

�kT ln

�
I0

�
jDmD

kT

��
; (3)

where I0 is the modified Bessel function.

An ARE may interact with neighboring raft

elements forming aggregates. We denote the corre-

sponding interaction energy per monomeric ARE in

an aggregate composed of i raft elements as x(i) and

assume that x(i) depends on the size of the aggregate.

Please note that i is the aggregation number through-

out the manuscript. Hence, the mean energy per

ARE in a cylindrical aggregate of i raft elements can

be written as mi�/fc�/x(i), where fc�/f(H�/D) and

x(i)�/0. Since AREs in flat regions exhibit a high

mean energy of mi
�� fp; with fp �/f(H�/D�/0), we

assume that their concentration is always below the

critical aggregation concentration (CAC) (for defini-

tion see Israelachvili 1997) in the planar regions of

the membrane (with H�/D�/0). Therefore, AREs

will not form two-dimensional aggregates in the flat

membrane regions. The mole-fraction concentration

of the AREs in the flat membrane regions is x1
��

N1

�
=M; with N1

�
being the number of monomeric

AREs in flat regions and M the number of (lattice)

sites in the whole system. The size distribution of

cylindrical aggregates on the concentration scale is

xi �/iNi /M , where Ni denotes the number of cylind-

rical aggregates with aggregation number i, i.e., the

number of tubular membrane protrusions (Ni). The

concentrations x�
1

and xi should fulfill the conserva-

tion conditions for the total number of AREs in the

membrane: x1
��a

�

i�1
xi �N=M: The free energy of all

AREs in the membrane is composed of the energies

of the raft elements and all aggregates as well as the

mixing entropy of the raft elements and all aggre-

gates. Raft aggregates of the same size are treated as

equal and indistinguishable. Using the Lagrange

method, minimization of the function:

f �M x
�

1 m1

�
�kT x1

�
(ln x1

�
�1)

� �
�M

�
X�
i�1

ximi�kT
xi

i

�
ln

xi

i
�1

�" #

�mM

�
x
�
�

X�
i�1

xi

�
; (4)

with respect to x�1 and xi , leads to the equilibrium

distributions:

x1

�
�exp

�
�

fp � m

kT

�
; (5)

xi � iexp

�
�

i

kT
[fc�x�m]

�
; (6)

where m is the Lagrange parameter. For simplicity,

we assumed x(i) to be constant. The quantity m can

be derived from Equation (5) and inserted in

Equation (6) to get:

xi � i

�
x1

�
:exp

�
fp � x� fc

kT

��i

: (7)

Since xi can not exceed unity, from Equation (7)

follows that x1

�
can not exceed exp((fc �/fp �/x)/kT).

The maximal concentration of AREs in the flat

membrane parts x1

�
therefore is:

xc

�
:exp

�Df � x

kT

�
; (8)

where Df�/fc �/fp is the difference between the

energies of a single ARE in a cylindrical protrusion

and in the flat membrane region. The concentration

xc

�
is the CAC. In the case of cylindrical aggregates

where H�/D�/ 1/2r from Equation (3) follows:

Df �jH(H�Hm)�kT ln[I0(jDmD=kT )] (9)

For 1/2r B/Hm the value of Df is always negative. For

x1

�
above xc

�
; the self-assembly of very long cylindrical

aggregates is promoted (Figure 10).

AREs undergo orientational ordering on the

tubular aggregates, thereby forming regions of

higher order within the membrane. These aggregates

Figure 10. Schematic figure for the energetically favorable self-

assembly of cylindrical aggregates by interacting anisotropic raft

elements (AREs with C1m�/0 and C2m�/0).
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are consistently related to the stable tubular shape

with a particular equilibrium radius (Figure 10).

However, the concentration of monomeric AREs in

the tubular part is higher than in the flat parts

already when the monomer concentration in the flat

parts is below the critical concentration (x1�/�//x1

�

also for x1

�
B//xc

�
) indicating that AREs may play an

important role in generation and stabilization of

nanotubes even below the CAC. Equations (8) and

(9) show that the longitudinal growth of nanotubes

is promoted by the energy difference Df as well as by

the strength of the direct interactions between the

AREs x . The critical concentration /xc

�
strongly

decreases with increasing Dm .

In the above model, no actin fibers generating a

pulling or pushing force are necessary to explain the

growth and stability of nanotubes. Such a force is

required within the classical theory of isotropic

membrane elasticity (Derenyi et al. 2002, Kralj-Iglič

et al. 2005, Miao et al. 1991, Tsafrir et al. 2003).

However, in systems where tubes are indeed formed

by a pulling or pushing force (e.g., in systems that

involve motor proteins on cytoskeletal filaments),

the proposed mechanism can contribute to the

stabilization of nanotubular membrane protrusions.

Within the above theory, the critical membrane

concentration of AREs required for the spontaneous

formation of nanotubes strongly decreases with an

increasing intrinsic curvature deviator Dm�/

½(C1m�C2m)½/2 of the AREs. This suggests that the

growth of nanotubular membrane protrusions is

favored by a high concentration of AREs.

Gondolas

To the best of our knowledge, no consistent theore-

tical explanation exists for the formation of gondo-

las. Nevertheless, we believe that the initiation of

gondola formation must be based on similar physical

mechanisms like membrane budding (Iglič & Hä-

gerstrand 1999; Hägerstrand et al. 2006). In con-

trast to the latter process, in gondolas, the

connection to the parent membrane from where

they originate is not disrupted. Once the gondola is

formed, its movement along the nanotube requires

no additional bending energy. Nevertheless, an

energy delivering process is required in order for

the gondola to travel along the nanotube. Theoreti-

cally, gondola movement may be driven by the

difference in chemical potential between the two

compartments connected by the nanotube (Karlsson

et al. 2001), i.e., the transport of the molecules

packed inside the gondola degrades the potential

difference. The final event may be the fusion with a

target membrane (Iglič et al. 2003, Jahn et al. 2003).

In this process, those molecules of the gondola’s

membrane which originate from the parental, nearly

flat membrane distribute again in the almost flat

(target) membrane. This may be energetically favor-

able and therefore a part of a driving mechanism to

facilitate the fusion of the gondola with the target

membrane. Also note that prior to the fusion of the

gondola with the target membrane, no neck forma-

tion is needed when a gondola arrives at its ‘final

destination’ (contrary to the case of a free transport

vesicle (Jahn et al. 2003)) since the neck is already a

part of the nanotube connected to the membrane of

the destination cell. Therefore, gondola transport

may be energetically better than free vesicle trans-

port. Recent studies indicate that vesicular transport

between cell organelles over longer distances is not

random and takes place between specific surface

regions of cell organelles (Sprong et al. 2001; Iglič et

al. 2004). Such organized transport has been de-

scribed for material in vesicles (Rustom et al. 2004)

and as the exchange of membrane constituents via

nanotubes (Watkins & Salter 2005).

Alternatively to the fusion with a membrane of

small curvature, gondola material might be used for

elongation of nanotubes to facilitate bridging of long

distances to pillars of the nano-lawn or between

cells. The energetic balance of this process will

depend on the curvature of the terminal tip. It might

be bulb-shaped, as described for the outgoing/

afferent protrusions from the nose sensory cells of

pikes (Buchner et al. 1987). Very similar shapes can

be seen when nanotubes make contact to pillars

(insert into Figure 5B).

Conclusions and outlook

A number of recent studies indicate that nanotubes

are common and important in cell structure and

function (Robbins et al. 1999, Galkina et al. 2001,

Gupta & DeFranco 2003, Merz & Higgs 2003,

Önfelt et al. 2004, Rustom et al. 2004, Zhu & Scott

2004, Watkins & Salter 2005, Spees et al. 2006).

Nanotubes may transport cellular compounds be-

tween cells or cell organelles either directly or direct

the transport of carrier vesicles, such as gondolas

(Karlsson et al. 2001, Iglič et al. 2003, Rustom et al.

2004).

The predictions of our new theory on nanotube

formation are in line with the experimental findings.

Our description upgrades the fluid mosaic model of

cellular membranes by the introduction of AREs

(Singer & Nicolson 1972). Even though a theoretical

description of gondola formation and traveling is not

yet available, our experimental evidence suggests

that nanotube-directed transport of carrier vesicles is
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not restricted to interactions between cells but also

occurs in cells grown on non-cellular substrates. For

this growth, the surface geometry is at least as

important as surface chemistry as a determinant

for the quality of cell-surface interaction in nano-

structured systems. This is suggested by the similar-

ity of cell behavior on platinum and gold structures.

Cell-matrix interactions in systems with nano-pillars

made of silicon (Turner et al. 2000) very much

resemble those on our gold and platinum nano-

lawns.

The extremely close contact of astrocytes (and

perhaps other cells) to nanostructures as growth

substrates offers chances for (i) applications for

contacting cells electrically; (ii) forming model

tissues; (iii) contact formation in microsystems

technology. The ability of astrocytes to grow on

nano-lawn might be of particular relevance for

scaffolding technologies in new neurosurgical ther-

apeutic approaches, directing the growth pattern of

astrocytes on artificial substrates to pave the way for

neuronal sprouting (Bakshi et al. 2004, Ellis-Behnke

et al. 2006).
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Iglič A, Hägerstrand H, Veranic P, Plemenitas A, Kralj-Iglič V.
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