
ARTICLE

Changes induced by hyperosmotic mannitol in cerebral
endothelial cells: an atomic force microscopic study

Zoltán Bálint Æ István A. Krizbai Æ Imola Wilhelm Æ Attila E. Farkas Æ
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Abstract Understanding the reaction of living cells

in response to different extracellular stimuli, such as

hyperosmotic stress, is of primordial importance.

Mannitol, a cell-impermeable non-toxic alcohol, has

been used successfully for reversible opening of the

blood–brain barrier in hyperosmotic concentrations. In

this study we analyzed the effect of hyperosmotic

mannitol on the shape and surface structure of living

cerebral endothelial cells by atomic force microscope

imaging technique. Addition of clinically relevant

concentrations of mannitol to the culture medium of

the confluent cells induced a decrease of about 40% in

the observed height of the cells. This change was

consistent both at the nuclear and peripheral region of

the cells. After mannitol treatment even a close

examination of the contact surface between the cells

did not reveal gap between them. We could observe

the appearance of surface protrusions of about 100 nm.

By force measurements the elasticity of the cells were

estimated. While the Young’s modulus of the control

cells appeared to be 8.04 ± 0.12 kPa, for the mannitol-

treated cells it decreased to an estimated value of

0.93 ± 0.04 kPa which points to large structural chan-

ges inside the cell.

Keywords Blood–brain barrier � Cell imaging �
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Introduction

Since the invention of the atomic force microscope

(AFM) in 1986 (Binnig et al. 1986), it became a very

important tool in the field of biology (Butt et al. 1990;

Engel 1991). Besides the classical methods developed

for electron microscopy, such as cell fixation with glu-

taraldehyde or paraformaldehyde (Moloney et al.

2004), the study of the living cells became possible

(Pesen and Hoh 2005a, b; Dufrene 2003). The use of

AFM opened the possibility to study directly the effect

of extracellular stimuli and the action of different drugs

on living cells.

Besides investigations of the surface and submem-

branous structures of living cells, AFM proved to be a

useful tool in the study of spatial and temporal changes

of the mechanical properties of different cell types

(Hassan et al. 1998; Vinckier and Semenza 1998;

Mathur et al. 2001; Sato et al. 2004). Furthermore,

different aspects of cellular function such as cell growth

on different surfaces (Chung et al. 2003; Domke et al.

2000), volume changes induced by Ca2+ depletion

(Quist et al. 2000) or drug administration (Rotsch and

Radmacher 2000) have been studied as well. At a

higher resolution AFM is a unique imaging tool for

visualizing the cytoskeletal organization of the

cells (Le Grimellec et al. 1998; Mahaffy et al. 2004;

Berdyyeva et al. 2005; Pesen and Hoh 2005a, b; Sharma

et al. 2005).

Force measurements on the surface of the cells

have revealed the elastic properties of different cells

and cell structures (Vinckier and Semenza 1998; Sato

et al. 2004; Wojcikiewicz et al. 2004; Sharma et al.

2005). Force measurements on the surface of a

membrane-bound protein, with chemically coated
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cantilevers resulted new information about the

binding force between proteins (Ludwig et al. 1999;

Pfister et al. 2005). Atomic force microscopy made

possible even the measurement of forces involved in

membrane protein anchoring and folding (Oesterhelt

et al. 2000).

A broad range of different cell types were suc-

cessfully investigated by AFM including endothelial

cells (ECs) (Oberleithner et al. 2003; Kienberger

et al. 2003; Pesen and Hoh 2005a), platelets

(Radmacher et al. 1996), epithelial cells (Sharma

et al. 2005), osteoblasts (Domke et al. 2000). One of

the most intensively studied cell type with AFM is

the EC. The vast majority of the studies were per-

formed on human umbilical vein endothelial cells

(HUVECs): effect of drugs such as aldosterone

(Oberleithner et al. 2003; Oberleithner et al. 2004),

mechanical characteristics (Mathur et al. 2001; Sato

et al. 2004), single molecule-binding events (Pfister

et al. 2005), growth rate (Chung et al. 2003), cell–cell

interactions (Zhang et al. 2003) of these cells have

been studied. Pulmonary microvascular ECs were

also observed, focusing mainly on cytoskeletal ele-

ments (Pesen and Hoh 2005a, b). Cultured rat

hepatic sinusoidal ECs were studied by AFM after

drying the cells (Braet et al. 1997).

Much less is known about cerebral endothelial cells

(CECs). These cells form the basis of the blood–brain

barrier (BBB), which restricts the free movement of

the substances between blood and neural tissue. While

the BBB is indispensable for the normal function of the

brain, it can be an impediment for the chemical treat-

ment of diseases of the central nervous system. At-

tempts have been made to overcome the limited access

of drugs by linking the active compound to a carrier

(Pardridge 2002). An alternative possibility is the

reversible opening of the BBB. High concentration of

mannitol, a cell-impermeable non-toxic alcohol, has

been successfully used for this purpose both experi-

mentally and clinically, although the mechanism of

osmotic disruption is not well understood (Rappoport

et al. 2000; Neuwelt et al. 1991; Kroll and Neuwelt

1998; Doolitle et al. 2000). It has been shown that

mannitol induces a reversible phosphorylation of

b-catenin, a protein of the intercellular junctional

complex in CECs (Farkas et al. 2005), which might

contribute to the BBB opening. However, further

information is needed about the effect of mannitol on

CECs.

In the present study the effect of the hyperosmotic

mannitol on the cerebral vascular endothelial cells was

investigated by atomic force microscopy, to get a better

understanding of its mechanism of action.

Materials and methods

Cell culture

GP8 rat brain endothelial cells (Greenwood et al.

1996) were cultured in 3.5 cm diameter Petri dishes

(Falcon) coated with rat tail collagen in DMEM/F12

(Dulbecco’s Modified Eagles Medium with F12 salt,

from Sigma, a medium with physiological concentra-

tions of inorganic salts, amino acids, vitamins, D-Glu-

cose (3.15 g/l), HEPES, phenol red.) supplemented

with 12% plasma derived serum (PDS, First Link, UK)

at 37�C in 5% CO2. Cells were grown until confluency.

The experiments were conducted in serum-free

conditions within 4 h after removing the cells from the

culture environment, at a temperature about 31�C.

During this period the cells preserved their viability

(Quist et al. 2000; Pesen and Hoh 2005a, b). In the

course of the experiment the medium was exchanged

with the same solution, containing 0.55 M mannitol

(Sigma).

Instrumentation, imaging

AFM measurements were performed with an Asylum

MFP-3D head and Molecular Force Probe 3D con-

troller (Asylum Research, Santa Barbara, CA, USA).

The driver program MFP—3D Xop was written in

IGOR Pro software (version 5.03, Wavemetrics, Lake

Oswego, OR, USA). The gold coated, silicon nitride,

rectangular cantilevers had a typical spring constant of

0.03 N/m and V shape tip with a radius about 30 nm

(Bio-lever, BL-RC150 VB-C1, Olympus, Optical Co.

ltd., Tokyo, Japan). The cantilevers were silanized by a

standard procedure described elsewhere (Gergely et al.

2004). The silanized tips are strongly hydrophobic,

hindering the tip–cell interaction. The procedure con-

sists of vapor deposition of a mixture of 10 ml bicy-

clohexane, 1–4 drops of octaldecyltrichlorosilane and

4–8 drops of carbon tetrachloride. The tips were

incubated overnight in a closed chamber together with

the above mixture. The spring constant of the cantile-

ver was determined by thermal calibration. Typically

256 · 256 point scans were taken with a scan speed of

about 50 lm/s (scan rate 0.6 Hz), if not otherwise

mentioned. The measurements were carried out in

contact mode in fluid with an average loading force of

less than 1 nN. Both the trace and retrace images

were measured and compared. No difference could be

observed between them. The thickness of the cells was

estimated from the height profile calculated across the

image. Only the relative height of the cell could

be measured because between the confluent cells no
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cell-free surface could be observed. By using not con-

fluent cell cultures, where cell-free surface of the Petri

dish could be observed, the real height of the cells was

estimated to be about 2.5 lm, while the observed

height of the confluent cell culture was only about

2 lm. This fact does not influence the observation, how

the cell height changed, only the value of the relative

change. During the whole measurement the cantilever

position and the set point of the instrument was kept

constant within 5%. This assures a constant reference

zero level, which does not coincide with the cell-free

surface of the Petri dish. Even so, the relative changes

were recorded correctly. A relative thickness of the cell

was calculated by averaging the height at around the

highest point of the cell on a 5 · 5 lm2 area (men-

tioned as over the nucleus) and midway between this

point and the boundary of the cell, also on a 5 · 5 lm2

area (mentioned as out of nucleus).

One complete experiment was as follows. The Petri

dish with the cells placed in the AFM was let to

equilibrate for 30 min. Several images (2–5 images) of

the confluent cells were recorded. Without moving the

sample and the AFM head, the medium in the Petri

dish was carefully exchanged with a medium contain-

ing 0.55 M mannitol. After 1 h waiting period, to

achieve a total equilibration of the cells, usually the

new scan was shifted less than the size of one image;

typically 5–10 lm. Therefore, the previously observed

cells could be scanned and identified. All experiments

were repeated minimum three times.

Transmission electron microscopy

Confluent cultures of CECs were fixed in 1% formal-

dehyde and 1% glutaraldehyde in 0.1 M phosphate

buffer and postfixed in 0.1% osmium tetroxide in

0.1 M phosphate buffer. The fixed cells were dehy-

drated and embedded in Spurr resin. Thin sections

were cut using a Leica ultramicrotome, contrasted with

uranyl acetate and lead citrate and examined using a

Zeiss 902 electron microscope (EM).

The evaluation of the Young’s modulus

The force measurements were carried out with the

same cantilever in triggered mode with the z piezo

working in a closed loop. Force curves were recorded

with a constant speed of 0.5 lm/s on the nuclear region

of the ECs, both in normal and in mannitol-containing

medium. At this region the force are at least effectu-

ated by the hard surface of the Petri dish (Dimitriadis

et al. 2002; Pesen and Hoh 2005a). Calibration force

curves on flat, clear regions of the Petri dish were also

measured. The measurements were effectuated with a

20 nm trigger, which meant a maximum loading force

of about 0.6 nN; 5–10 force measurements on the same

point were averaged and the error estimated. To cal-

culate the Young’s modulus of the cell the approaching

part of the force curve was used to avoid the effect of

the adhesive force between the tip and the membrane

(Vinckier and Semenza 1998). The indentation, the

difference between the deflections of the cantilever,

detected on hard surface and on the cell, was calcu-

lated according to Vinckier and Semenza (1998).

To obtain the Young’s modulus the theory based on

the work of Hertz (1881) and Sneddon (1965) was used

and further developed for different tip forms, used in

the AFM technique (Dimitriadis et al. 2002; Mathur

et al. 2001; Vinckier and Semenza 1998). The force as a

function of indentation Dz, for a conical tip with

opening angle a is described by the equation:

FðDzÞ ¼ 2E�

pðtgðaÞÞDz2 ð1Þ

where E* is the relative Young’s modulus:

1

E�
� 1� l2

m

Em
ð2Þ

Em is the Young’s modulus and lm is the Poisson ratio

of the cell (Vinckier and Semenza 1998).

Results and discussion

Endothelial cells have a good resistance to external

mechanical impacts, to withstand in vivo exposure to

the blood flow, collision with blood cells. They are

resistant to the imaging force of the AFM as well

(Pesen and Hoh 2005a, b; Ohashi and Sato 2005).

To characterize the surface on which the cells were

grown, we scanned the rat tail collagen coated Petri

dish (not shown). The maximum surface roughness was

less than 20 nm about 1% the height of the observed

ECs. The surface shows a continuous coverage with

several nanometer high fibrous structures, without any

characteristic, large feature. These structures facilitate

the attachment of the cells to the Petri dish surface.

The AFM imaging experiments were conducted

after the cells were checked by phase contrast

microscopy for confluency. Placing the Petri dish in the

instrument, half an hour was allowed for thermal sta-

bilization, before the measurements were started. This

assured the stability and repeatability of the measure-

ments by diminishing to almost zero the thermal shift
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of the consecutive images. The AFM scan of

40 · 40 lm2 generally shows 2–3 cells (Fig. 1a). The

nuclear region and the boundary of the cells are well

resolved. The observed maximum cell height was about

2 lm (Fig. 1b). The scan was done with an average

constant loading force kept bellow 1 nN. This force

was suitable not to damage the cell surface but to

visualize the cytoskeletal structures right below the

membrane, more visible on the deflection image

(Fig. 1c). By analyzing the height profile of the image

at different places, an average of 50–100 nm thickness

resulted for the cytoskeletal structure. These structures

showed linear and branched fibers as described earlier

(Han et al. 2004).

After changing the medium to that of mannitol

containing one, the previously imaged area could be

located, as it can be seen by comparing Fig. 1a, d. The

mannitol treated sample exhibited characteristic chan-

ges. On the 40 · 40 lm2 scan the height profile (Fig. 1e)

showed a marked decrease and the distance between

the positions of the maximum height of the two cells

increased with several micrometers (Fig. 1d, e). Beside

the filamentous structure, observed on the earlier

images, small protrusions covering the body of the cells

appeared. Although the filamentous structure of the

cytoskeleton seemed preserved, its configuration was

changed as was observed by others (Pesen and Hoh

2005b) and the surface was covered with the protru-

sions. The size of the bumps was around 100 nm.

It had to be excluded the effect of other external

conditions, which eventually could change (pH, tem-

perature, etc.) and alter the results. To assure that the

observed effects were real, not an artifact, the same

experiment was repeated with the only change that

from the second solution mannitol was missing (Fig. 2).

The experiment was done exactly with the same timing

and scanning parameters, and no change in the shape

and size of the cells could be detected over several

hours (compare Fig. 2a–c to Fig. 2d–f, respectively).

This assured that the observed effects were induced

solely by the mannitol addition.

The EM images (Fig. 3) give some additional

information about the structural features of the protru-

sions. The higher electron density image, representing

Fig. 1 The effect of the
mannitol. AFM image of the
endothelial cells with a scan
size of 40 · 40 lm2 height
image of two cells in contact
(a, d); height profile measured
at the two corresponding lines
on image (b, e); the deflection
image showing the details of
the cell surface (c, f). The
images were taken before
(a–c) and after mannitol
treatment (d–f)
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the cell membrane, covers the bumps proving that the

protrusions are part of the cell interior (See the inset of

the Fig. 3b), with no specific structure observed at this

resolution.

To prove the reversibility of the mannitol effect, it

would have been good to continue the experiment by

changing back the mannitol containing medium to that

without it and observe the reversal of the changes, but

even the sturdy ECs of the BBB were not stable for

more than 4 h and so many AFM scanning, which

would be needed for two solution changes. To over-

come this difficulty a reversed experiment was per-

formed. After the cells were grown to confluency, the

original medium was exchanged to that containing

mannitol. The cells in the Petri dish were scanned after

half an hour equilibration in the AFM. They exhibited

the characteristics of the mannitol treatment, reduced

cell height and protrusions on the surface of the cell.

By changing back the medium to its original compo-

sition, the cells showed an increase in height and the

protrusions disappeared (not shown). These observa-

tions prove that the mannitol-induced changes are

reversible.

To better characterize the osmotic effect of the

mannitol, the change of the height of the cells was

averaged over all the experiments conducted. Two

separate places were chosen for the analyses, one over

the nuclear area, which represents the highest point of

the cell and one out of nuclear region, at halfway be-

tween the height maximum and the cell boundary. In

both places the change of the height due to mannitol

treatment showed an approximately 40% decrease

(Fig. 4). Based on the EM images (Fig. 3), it can be

considered that over the nucleus the larger part of the

cell height is occupied by the nuclear material. Our

result suggests that not only the cytoplasm of the cell

suffers osmotic shrinkage, but also the interior of the

nucleus is affected. The mannitol does not penetrate

the cell, but osmotically drives the water out from the

cell, decreasing the pressure in the cytoplasm. The

excess pressure of the nucleus is equilibrated by water

exclusion as well.

Fig. 2 The control
experiment. AFM image of
the endothelial cells with a
scan size of 40 · 40 lm2

height image of two cells in
contact (a, d); height profile
measured at the two
corresponding lines on image
(b, e); the deflection image
showing the details of the cell
surface (c, f). The images
were taken before (a–c) and
after changing the solution,
but without mannitol (d–f).
No significant change could
be observed
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Although after mannitol treatment the maximum

height position of the two cells, presented on the figures,

moved with about 2–3 lm, the close examination of the

boundary of the cells in Fig. 1c, f does not reveal any

rupture of the contact between them. CECs do not

overlap, even when they are confluent (Mathur et al.

2001; Han et al. 2004). Any 2–3 lm discontinuity in the

contact would make visible the collagen structure,

which is not the case. The normal size cells are bound

through four different junctions: tight junctions, adher-

ence junctions, gap junctions and syndesmos (Dejana

et al. 1995). The membranes by their surface tension

close any path between the cells. After mannitol treat-

ment the cells suffer an osmotic shock and lose from

their volume, becoming slack. The loose membrane

contact between the cells does not block the penetration

of the molecules between the cell membranes.

To characterize the changes in the cell mechanical

properties the Young’s modulus was determined by

force measurements over the nucleus of the cell, for the

control and mannitol-treated cultures (Fig. 5a, curves C

and M, respectively). As reference the hard surface of

the Petri dish was measured (Fig. 5a, curve S). From

these data the indentation of the cell membrane was

calculated for both the control and mannitol-treated

cells (Fig. 5b, curves C and M, respectively). As the

figure shows, the indentation of the mannitol-treated

membrane is much larger, compared to the control.

Apparently the mannitol-treated membrane is much

softer, which can be explained by the fact that the

mannitol treatment removes a large part of the cell

volume, but the surface remains constant.

The calculated Young’s modulus, based on the the-

ory mentioned in the Materials and methods, was

8.04 ± 0.12 kPa for the control and 0.93 ± 0.04 kPa for

the mannitol-treated cells, if the tip angle was taken to

be a = 45� and the Poisson ratio l = 0.4 (Mathur et al.

2001). The ratio between the two moduli is larger than

8, which means that the hyperosmotic stressed cells

become much softer than the control ones. The value

of the Young’s modulus for the control cells is in good

agreement with that calculated by others (Mathur et al.

2001). Although the exact value of the Young’s mod-

ulus is model dependent, the dramatic change of its

value after mannitol treatment points to important

changes occurring deep inside the cell. These changes

were not observed by the AFM study, which observes

only structural changes close to the membrane surface

of the cell.

Fig. 3 Electron microscopic image of the section of a cell
without mannitol treatment (a) and another one after mannitol
treatment (b). The scale-bar represents 1 lm. The inset shows
the enlarged image of a protrusion

Fig. 4 The average observed thickness of the cells measured
over the nucleus and at the peripherical region of the cell, in
normal conditions and after mannitol treatment
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The changes observed by AFM might contribute to

understand the effect of opening the BBB by mannitol.

We have previously shown that mannitol treatment

induces changes in the junctional complex at molecular

level: Src kinase-mediated phosphorylation of beta-

catenin and the disruption of the catenin–cadherin

complex (Farkas et al. 2005). Osmotic stress-induced

volume changes, observed in the above experiments,

might also contribute to the permeability increase,

especially as the molecules of the junctional complex

are connected to the actin cytoskeleton. These obser-

vations predict that the opening of the BBB happens

by the transient increase of the intercellular space

between the ECs.
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