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Abstract

 

Pathological states in the central nervous system lead to dramatic changes in the activity of neuroactive substances

in the extracellular space, to changes in ionic homeostasis and often to cell swelling. To quantify changes in cell

morphology over a certain period of time, we employed a new technique, three-dimensional confocal morphometry.

In our experiments, performed on enhanced green fluorescent protein/glial fibrillary acidic protein astrocytes in

brain slices 

 

in situ

 

 and thus preserving the extracellular microenvironment, confocal morphometry revealed

that the application of hypotonic solution evoked two types of volume change. In one population of astrocytes,

hypotonic stress evoked small cell volume changes followed by a regulatory volume decrease, while in the second

population volume changes were significantly larger without subsequent volume regulation. Three-dimensional

cell reconstruction revealed that even though the total astrocyte volume increased during hypotonic stress, the

morphological changes in various cell compartments and processes were more complex than have been previously

shown, including swelling, shrinking and structural rearrangement. Our data show that astrocytes in brain slices

 

in situ

 

 during hypotonic stress display complex behaviour. One population of astrocytes is highly capable of cell

volume regulation, while the second population is characterized by prominent cell swelling, accompanied by

plastic changes in morphology. It is possible to speculate that these two astrocyte populations play different roles

during physiological and pathological states.
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Introduction

 

Astrocytes are the major glial cell population in the

central nervous system (CNS) grey matter. It is believed

that they play an important role in various processes

during CNS development, the regulation of the extra-

cellular concentrations of neuroactive substances, the

maintenance of the extracellular space and during

synaptic transmission (Hatten & Mason, 1990; Vernadakis,

1996; Ullian et al. 2001; Hansson & Ronnback, 2003;

Kimelberg, 2004; Syková, 2005; Volterra & Meldolesi,

2005). The discovery of these many roles for glia in the

healthy brain prompted researchers to reconsider their

connection to diseases. It soon became evident that glial

cells may have key roles in CNS disorders ranging from

neuropathic pain and epilepsy to neurodegenerative

diseases such as Alzheimer’s and may even contribute

to schizophrenia, depression and other psychiatric

disorders (for reviews see Kimelberg et al. 1993; Miller,

2005). From the clinical point of view, any increase in
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glial cell volume may represent a serious clinical problem

because such an increase contributes to brain swelling

and therefore to a rise in intracranial pressure, which

often determines the fate of the patient (Kempski

et al. 1991). Recent findings also indicate that neuro-

active substances, ions and neurotransmitters released

during neuronal activity or during pathological states

into the extracellular space (ECS) interact with extra-

synaptic receptors. Most of these receptors are present

on glial cells, which respond to such stimulation by the

activation of ion channels, second messengers and

intracellular metabolic pathways. This in turn causes

changes in glial volume, including the swelling and

rearrangement of their processes, thus causing dynamic

changes in ECS volume (for reviews see Syková &

Chvátal 2000; Syková, 2005).

 

Studies of glial cell volume and glial 
morphometry

 

Currently, a number of techniques are employed to

study glial cell volume changes and glial morphometry.

Unfortunately, various methods to detect dynamic cell

volume changes in cell cultures, i.e. recording intra-

cellular changes in choline or tetramethylammonium

(Ballanyi et al. 1990), measuring intracellular fluores-

cence intensity (Eriksson et al. 1992; Crowe et al. 1995;

Aitken et al. 1998), imaging cells in transmitted light

(Tomita et al. 1994; Aitken et al. 1998), scanning ion

conductance (Korchev et al. 2000) or measuring pres-

sure gradients (Davis et al. 2004), predominantly detect

relative changes in cell volume and give little or no

information about cell morphology. Recently, new real-

time methods for evaluating cell volume changes in

three dimensions (3D) have been established (Allansson

et al. 1999; Boudreault & Grygorczyk, 2004). However,

these methods were designed predominantly for cell

cultures.

During the past decade, the 3D structure of astrocytes

has been studied using various methods that have

certain advantages and disadvantages. In studies utiliz-

ing electron microscopy, very fine morphological

structures of astrocytes were determined (Kosaka &

Hama, 1986; Grosche et al. 1999, 2002; Ogata & Kosaka,

2002; Hama et al. 2004). Unfortunately, using cell

morphometry in these preparations may produce

deviations from the real native shape and cell dimen-

sions, because the tissue and its individual cellular

elements are subjected to swelling during perfusion

and dye injection, as well as shrinkage caused by fixation

and embedding in the course of the procedure (Grosche

et al. 2002). Indeed, it was shown in experiments in

which unfixed, fixed and dehydrated myenteric neu-

rons in the guinea-pig ileum were compared that there

were only minor, insignificant changes in cell surface

and volume during tissue fixation (Hanani et al. 1998).

However, after dehydration and coversliping there

were significant reductions along the major and minor

axes of the cell body and significant decreases in the

surface area and volume of the cells of 26.8 and 20.3%,

respectively. The limitations of electron microscopy

were partially solved by the 3D fluorescence imaging

technique used to study the real-time effect of osmotic

stress on astrocytes in cell cultures (Allansson et al. 1999);

however, the disadvantages of this technique are its

relatively low resolution, the computationally complex

collection of the data and the possible phototoxic

effect of the fluorescent dye. Recently, a new method

was developed that allows the measurement of the cell

volume, the cell surface area and the height of substrate-

attached living cells, based on phase-contrast digital

video microscopy (Boudreault & Grygorczyk, 2004).

Even though this technique has good temporal resolu-

tion, with a typical time for single-image acquisition of

around 100 ms, it was designed to study substrate-

adherent cells only.

To overcome some of the limitations of the techniques

mentioned above, 3D confocal cell morphometry was

developed, which combines the high image resolution

offered by confocal microscopy with an analysis of the

time course of morphological changes of cells in living

spinal cord and brain slices (Chvátal et al. 2007;

Nepra

 

7

 

ová et al. 2007). This technique combines intrinsic

cell fluorescence in transgenic glial fibrillary acidic

protein (GFAP)/enhanced green fluorescent protein

(EGFP) mice together with confocal imaging, optical

sectioning, morphometry and surface rendering. In the

rest of the present overview, some advantages and

disadvantages of this technique are discussed.

 

Transgenic animals – a new approach to the 
study of dynamic changes in cell morphology

 

Recently, transgenic mice in which astrocytes are

labelled by EGFP under the control of the human GFAP

promoter have been generated (Nolte et al. 2001).

In experiments performed in the cortex, cerebellum,

striatum, corpus callosum, hippocampus, retina and
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spinal cord, co-labelling with antibodies against GFAP

revealed an overlap with EGFP in the majority of cells

and, in addition, EGFP-positive cells were negative for

oligodendrocyte (MAG) and neuronal markers (NeuN).

Two physiologically and morphologically distinct

populations of astrocytes were identified: cells with

numerous and highly branched processes (similar

to protoplasmic astrocytes) expressing passive, non-

inactivating potassium currents with a linear current–

voltage relationship, and more simply shaped cells that

are either bi- or tripolar, expressing predominantly

voltage-gated, outwardly rectifying K

 

+

 

 currents and

small Na

 

+

 

 inward currents, which are also characteristic

of immature glial cells (Nolte et al. 2001). The pro-

perties of GFAP/EGFP astrocytes were recently analysed

in a number of studies in the mouse brain 

 

in situ

 

(Huttmann et al. 2003; Matthias et al. 2003; Grass et al.

2004; Hirrlinger et al. 2004; Wallraff et al. 2004; Jabs

et al. 2005). In studies performed in acute hippocampal

slices, however, two further types of GFAP/EGFP

astrocytes were identified, distinguishable from each

other by the expression of glutamate transporters (GluT

cells) and ionotropic glutamate receptors (GluR cells)

(Matthias et al. 2003; Wallraff et al. 2004; Jabs et al.

2005). GluT cells are extensively coupled via gap junctions

and contact blood vessels, thus resembling classical

astrocytes, whereas GluR cells lack junctional coupling

and do not enwrap capillaries. In addition, GluR cells

co-express S100

 

β

 

, a common astrocyte marker, NG2 and

neuronal genes, and therefore are distinct from

neurons, astrocytes and oligodendrocytes and were

termed ‘astrons’ to indicate the intermediate status of

these cells between neurons and glia (Matthias et al.

2003; Jabs et al. 2005). By contrast, the lack of the early

neuronal marker TUC-4 in NG2-expressing EGFP-

positive cells in acute brainstem slices suggests that

these cells do not belong to a neuronally differentiated

cell population, which in turn favours an astroglial relation-

ship for these cells (Grass et al. 2004). The intrinsic

fluorescence of GFAP/EGFP astrocytes is not toxic, and

cell morphology can be studied in living brain slices,

i.e. in a preserved extracellular microenvironment. It

was shown in the morphometric study of Hirrlinger

et al. (2004), using two-photon laser scanning micro-

scopy in acutely isolated brainstem slices from GFAP/

EGFP mice, that astroglial process endings displayed

a high degree of dynamic morphological changes,

suggesting their role in the direct modulation of synaptic

transmission.

 

3D confocal morphometry reveals structural 
changes in astrocytes 

 

in situ

 

The time-course of changes in the cell morphology of

astrocytes was studied using confocal 3D morphometry

in brain cortex or spinal cord slices from transgenic

GFAP/EGFP mice 

 

in situ

 

, thus preserving the extracellular

microenvironment (Chvátal et al. 2007; Nepra

 

7

 

ová

et al. 2007).

The image of a cell in an acute cerebral cortex slice

 

in situ

 

 was sectioned along the vertical axis into a

uniformly spaced set of 2D parallel images. Each pixel of

the 2D image from each optical section was registered

by a photomultiplier tube, digitized and recorded with

information about the 

 

xyz

 

 size. This procedure resulted

in a stack of consecutive 2D sectional images (Fig. 1A).

Image processing and morphometric measurements

were performed using the program CellAnalyst (Chvátal

et al. 2007), comprising the following steps: (1) filtering

of the images, including the removal of background

noise, (2) thresholding and (3) morphometric calcula-

tions. The original images were improved using digital

filtering techniques such as convolution and smoothing,

which are routinely used in 3D cell reconstruction and

morphometric procedures (for reviews see Blatter,

1999; Cox, 1999; Umesh Adiga & Chaudhuri, 2001). As a

last step in the image-processing procedure, the back-

ground noise of the camera’s CCD chip was removed

(Fig. 1B), which was usually in the range of 2–10 in a

0–255 greyscale of the image. A threshold in the 0–255

greyscale, which affects which part of the image will be

considered as a part of the cell, was determined by an

interactive method that allows for the selection of a

reasonable threshold under visual control. An area of

the image in which the pixels had a value above the

threshold and was therefore considered to be a part of

the cell was selected in all parallel sections in a stack.

Pixels at the border between above-threshold and

below-threshold values were found in every image

using an edge-detecting algorithm. Cell volumes were

calculated using the Cavalieri method (Prakash et al.

1994; Kubinová et al. 1999; Duerstock et al. 2003;

Mandarim-de-Lacerda, 2003). The cell surface was deter-

mined using the iso-contouring or iso-intensity con-

touring method (Kubinová et al. 1999; Duerstock et al.

2003). Three-dimensional surfaces of the cells were

constructed based on the pixel value of the threshold, i.e.

‘iso-values’ (Fig. 1C). Changes in the complexity of the

cell were determined by calculating the surface/volume
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Fig. 1 Confocal morphometry of GFAP/EGFP astrocytes in brain slices. (A) Image of an astrocyte scanned using confocal 
microscopy, and obtained by volume rendering, i.e. recordings from all layers were superimposed. Parallel confocal planes 
superimposed on the astrocyte image indicate how a stack of images from a single cell was obtained. An example of a single 
image from one confocal plane showing a 2D cut through the astrocyte is shown in the inset. The image has been digitally 
filtered, and an area (marked by the red colour) of the image representing cellular structures is displayed. (B) Effect of the 
application of the digital filters shown in A. The border between the background (black) and the area of the image representing 
cellular structures is indicated by the yellow colour. Length values obtained from pixels indicating this border were used for 
calculating the cell surface area. (C) Scheme showing unit areas surrounded by isovalue edges and the distance between sections 
used for morphometric calculations. (D) Graph of the differences in morphometric parameters measured in a stack of images with 
different distances (0.4, 0.8, 1.2, 1.6 and 2.0 µm) between confocal planes. Morphometric values obtained using the smallest 
interlayer distance (0.4 µm) are plotted as 100%. Data from five cells that were scanned with an interlayer distance of 0.4 µm are 
shown. Stacks with larger distances were created from the original stacks by selecting every second image (0.8 µm), every third 
image (1.2 µm), every fourth image (1.6 µm) or every fifth image (2.0 µm).
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(

 

S

 

/

 

V

 

) ratio, as was used in recent studies (And

 

´

 

rová

et al. 2004; Hama et al. 2004). The calculated value of a

simple 

 

S

 

/

 

V

 

 ratio is, however, affected by the size of

the object, and therefore to exclude interfering cell

volume changes during osmotic stress, complexity (

 

C

 

)

was calculated using C = 

 

2

 

√

 

S

 

/

 

3

 

√

 

V

 

.

From images filtered using convolution kernels,

whole-cell 3D object reconstructions of high-response

astrocytes were constructed by rendering the cell sur-

face (Chvátal et al. 2007). The 3D reconstructions were

constructed based on images of intracellular fluores-

cence in GFAP/EGFP astrocytes that were filtered and

thresholded, and therefore some fine processes and

structures could not be visualized. However, all cell

reconstructions showed a complex astrocytic structure:

besides the cell soma, a number of cell domains

connected to the soma by a simple process could be

detected, the somatic membrane as well as cell domains

had invaginations and protrusions, and some astro-

cytes had close connections with blood vessels (Fig. 2).

 

Confocal morphometry and morphology of 
astrocytes during hypotonic stress

 

The morphometry of cells obtained by confocal imaging

may suffer from photobleaching. Our results show that

the number of confocal sections through a cell may be

adjusted to minimize the signal loss (Chvátal et al.

2007). An analysis of the morphological properties of

GFAP/EGFP astrocytes in cerebral cortex slices 

 

in situ

 

with an interlayer distance of 0.41 

 

µ

 

m revealed that

the average total cell volume of astrocytes was 14.68 ±

8.56 

 

×

 

 10

 

3

 

 

 

µ

 

m

 

3

 

, the average cell surface area was

38.98 ± 1.82 

 

×

 

 10

 

3

 

 

 

µ

 

m

 

2

 

 and the fraction represented

by the cell soma was 14.63 ± 1.79% of the total cell

volume (Table 1). The original sets of images were then

reduced, and only images that corresponded to larger

distances between sections were analysed. A distance

between sections of 2.00 

 

µ

 

m resulted in the number of

images in a set being reduced to 50–60 in comparison

with 200–250 when an interlayer distance of 0.41 

 

µ

 

m

was used (Fig. 1D). An analysis of the morphometric

data obtained from sets of images with either 0.41 or

2.00 

 

µ

 

m interlayer distances showed that the values for

the cell volume, cell surface area and related parameters

did not differ significantly. The morphometric data did

not differ also when cell scanning was done using an

interlayer distance of 1.51 

 

µ

 

m, as shown in Table 2. These

data show that the signal loss due to photobleaching

during repetitive scans of the same cell over time can

be reduced by increasing the interlayer distance.

Our analysis (Chvátal et al. 2007) revealed that a

20-min application of hypotonic solution (200 mmol kg

 

–1

 

)

evokes two types of reversible cell swelling (see also

Fig. 3). In one population of astrocytes (low-response

cells), hypotonic stress evokes a small increase in cell

volume to 106.11% of control values (normalized to

100%), followed by a regulatory volume decrease. In

the second population (high-response cells), the cell

volume increase is significantly larger, up to 127.74%,

without subsequent volume regulation. Low-response

cells show a small increase in process volume to 105.46%

of control values, while in high-response cells process

swelling is significantly greater (135.12%). The astro-

cyte soma volume, expressed as a fraction of the total

cell volume, increases during hypotonic stress in low-

response cells to 104.99% of the control fraction values,

while in high-response cells it decreases to 89.01%,

indicating that the majority of the cell swelling seen

during hypotonic stress in high-response astrocytes is

due to the swelling of their processes. In contrast to

low-response cells, the cell surface to volume ratio

increases during hypotonic stress in high-response

astrocytes to 104.05% of control values normalized to

100%, thus representing an increase in cell complexity.

Three-dimensional cell reconstruction before and

after the application of the hypotonic stress (Fig. 4)

revealed that even though the total astrocyte volume

increases during hypotonic stress, the morphological

changes in various cell compartments and processes are

more complex than have been shown and include

swelling, shrinkage and structural rearrangement

(Chvátal et al. 2007).

 

Reliability of real-time confocal morphometry 

 

in situ

 

Besides the advantage of recording and analysing cell

morphology over a certain period of time, there are,

however, some limitations of confocal morphometry.

The calculations of the morphometric parameters are

based on intracellular fluorescence, and even though

the original pictures are digitally improved, fine cell

processes cannot be visualized. A recent study com-

paring 2D analysis of astrocytic processes performed

using light microscopy (LM) and high-voltage electron

microscopy (HVEM) revealed that the HVEM images

of astrocytic processes were over two times more
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Fig. 2 Surface rendering of GFAP/EGFP astrocytes in situ. An example of surface rendering of three GFAP/EGFP astrocytes in brain 
slices. For 3D reconstruction, the same images filtered using convolution filters were used as for morphometric measurements. 
The rotation of the cells to a specific angle is indicated in each image.
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complicated than the LM images (Hama et al. 2004).

Photobleaching, which is potentially one of the critical

sources of artefactual volume estimates (Blatter, 1999),

is the other limitation of confocal morphometry. In our

experiments (Chvátal et al. 2007; Nepra

 

7

 

ová et al.

2007), photobleaching was reduced to a minimum by

choosing the lowest excitation light intensity possible

while still maintaining a reasonable signal-to-noise

ratio in the acquired images, and by reducing the

number of images in a stack by increasing the inter-

layer distance. The difference between morphometric

data obtained in experiments with interlayer distances

of 0.41 and 2.00 

 

µ

 

m was less than 1.5%. Similar results

were obtained in a study of phrenic motoneurons

(Prakash et al. 1994), in which a sampling interval of

3.00 

 

µ

 

m was found sufficient for estimating the mean

phrenic motoneuron somal volume. Photobleaching

observed in our experiments was linear, and therefore

morphometric data obtained during extended measure-

ments can be corrected for the signal decrease. Cell

morphometric parameters such as surface area and

volume are determined by iso-intensity countoring and

Table 1 Morphometric parameters of GFAP/EGFP astrocytes calculated from a stack of images recorded with an interlayer 
distance of 0.4 µm

V 
(µm3 × 103)

 S 
(µm2 × 103) 2√S/3√V

Vs  
(µm3 × 103)

Vp 
(µm3 × 103) Vs % Vp %

Interlayer distance 0.4 µm
Mean 14.68 38.98 8.06 2.12 12.56 14.63 85.37
SEM 0.86 1.82 0.17 0.25 0.86 1.79 1.79

Interlayer distance 2.0 µm
Mean 14.86 39.37 8.07 2.14 12.72 14.59 85.41
SEM 0.91 1.89 0.16 0.25 0.91 1.80 1.80
n 5 5 5 5 5 5 5

Confocal scans of astrocytes were performed using an interlayer distance of 0.4 µm. For comparing morphometric calculations performed 
on image sets with different numbers of layers, data from the original image set were compared with a set in which the number of layers 
was reduced (interlayer distance 2.0 µm). Morphometric parameters were: V – total cell volume, S – cell surface area, surface to volume 
ratio expressed as 2√S/3√V, Vs – soma volume, Vp – volume of cell processes, Vs % – soma volume as a percentage of the total cell volume, 
Vp % – process volume as a percentage of the total cell volume.

Table 2 Morphometric parameters of GFAP/EGFP astrocytes calculated from a stack of images with an interlayer distance of 
1.5 µm

V 
(µm3 × 103)

S 
(µm2 × 103) 2√S/3√V 

Vs 
(µm3 × 103)

Vp 
(µm3 × 103) Vs % Vp %

All astrocytes
Mean 14.71 36.13 7.71 2.91 11.79 21.64 78.36
SEM 1.33 3.05 0.20 0.33 1.23 2.59 2.59
n 21 21 21 21 21 21 21

Low-response astrocytes
Mean 16.72 41.47 7.92 2.59 14.13 18.45 81.55
SEM 2.83 6.07 0.35 0.41 2.50 3.61 3.61
n 9 9 9 9 9 9 9

High-response astrocytes
Mean 13.20 32.13 7.56 3.16 10.04 24.03 75.97
SEM 0.88 2.48 0.23 0.49 0.87 3.62 3.62
n 12 12 12 12 12 12 12

Morphometric parameters were: V – total cell volume, S – cell surface area, surface to volume ratio expressed as 2√S/3√V, Vs – soma volume, 
Vp – volume of cell processes, Vs % – soma volume as a percentage of the total cell volume, Vp % – process volume as a percentage of the 
total cell volume.
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by the Cavalieri method, respectively. Some comparative

studies (Kubinová et al. 1999; Duerstock et al. 2003)

found no significant differences in comparison with

other methods for surface area and volume estimation;

however, the question of whether the calculated

data are an accurate representation of the actual cell

surface area and volume remains unanswered.

Morphological properties of GFAP/EGFP 
astrocytes

A 3D reconstruction of GFAP/EGFP astrocytes using

surface rendering of filtered images shows a complex

structure. Often a number of cell domains attached to

the soma by a process can be observed, while some

Fig. 3 Effect of hypotonic solution on 
the morphology and morphometric 
parameters of GFAP/EGFP astrocytes 
in situ. An example of morphological 
changes evoked by a 10-min application 
of hypotonic solution (200 mmol kg–1) 
on a surface-rendered GFAP/EGFP 
astrocyte. Surface rendering of the 
astrocyte before the application of 
hypotonic solution (left) shows a 
complex cell morphology. Hypotonic 
solution (right) evoked an increase in 
total cell volume (swelling). Similarly, 
the volume of some cell compartments 
increased, while other cell 
compartments did not change and yet 
others decreased in volume or were 
rearranged. The graph shows the effect 
of a 20-min application of hypotonic 
solution (200 mmol kg–1) on total cell 
volume, process volume, soma volume, 
soma volume expressed as a percentage 
of the total cell volume, cell surface 
area and the surface to volume ratio 
expressed as 2√S/3√V of the cell shown 
above. The time of application of the 
hypotonic solution is indicated by the 
grey rectangle. Graph was constructed 
using real-time relationships.
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astrocytes are attached to blood vessels. A complex cell

structure was also observed in a study of the 3D

structure of Bergmann glia using serial thin-section

reconstructions (Grosche et al. 1999, 2002), in which glial

appendages consisted of repetitive structural units

termed ‘microdomains’. It was shown that Bergmann

glial cells may consist of hundreds of independent

microdomains capable of limiting the spread of glial

calcium elevations in response to underlying neuronal

activity and therefore of autonomic interactions with

groups of synapses that they contact. The 3D structure

of GFAP/EGFP astrocytes in our experiments was con-

structed based on filtered and thresholded images of

intrinsic intracellular fluorescence, and therefore some

fine processes and structures could not be visualized

and the cell complexity is probably underestimated. In

addition, the cell membrane and cellular domains were

not smooth, but had invaginations and protrusions,

similar to the observations in morphological studies of

unfixed myenteric neurons (Hanani et al. 1998).

As there are no previous direct measurements of the

volume or surface area of living astrocytes in brain

slices in situ, comparisons with published results are not

possible. Nonetheless, some factors may affect the data

obtained. For example, our measurements were

performed at room temperature; however, we cannot

exclude an effect of temperature, given that moderate

hypothermia from 37 to 27 °C has been reported to

cause rapid cell swelling with a maximum volume equal

to 113% of the control volume being reached after

Fig. 4 Effect of hypotonic solution on the volume of GFAP/EGFP astrocyte compartments. The volume of the cell soma and various 
cell compartments during and after the application of hypotonic solution (200 mmol kg–1). The following cell compartments were 
analysed: soma, cell domain attached to the cell soma by one process (ROI1), cell process directly attached to the soma (ROI4) and 
two distant cell processes (ROI2, ROI3). The time of application of the hypotonic solution is indicated by the grey rectangle. Data 
were normalized and corrected for the decrease in the signal produced by photobleaching. Graphs were constructed using real-
time relationships.
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50 min (Plesnila et al. 2000). In fact, in comparison with

studies in which the cell volume was determined in

fixed tissue using electron microscopy, data obtained

by confocal morphometry show a smaller cell volume.

The volume of fluorescent-dye-labelled astrocytes in

the stratum radiatum of the CA1 region in the dorsal

hippocampus was estimated as 85.3 × 103 µm3 (Ogata

& Kosaka, 2002), and in measurements based on 3D

segmented volumes the average astrocyte occupied a

neuropilar volume of 65.9 × 103 µm3 (Bushong et al.

2002), while in our experiments the average volume of

GFAP/EGFP astrocytes in a living slice was 14.7 × 103 µm3.

Similarly, differences are also present when surface

to volume ratios, indicating cell complexity, obtained

using different techniques are compared. The average

surface to volume ratio of astrocytic processes obtained

using electron microscopy has been given as 13.0 µm–1

(Grosche et al. 1999, 2002) and 26.2 µm–1 (Hama et al.

2004), while in our experiments the surface to volume

ratio of the whole cell was 2.64 µm–1. Such differences

may be due to cell swelling during the fixation pro-

cedure in electron microscopy measurements as well as

to the differences in image processing and resolution

between confocal and electron microscopy. Further

detailed analysis is therefore necessary to validate the

values of astrocyte volume and surface area in living

brain tissue.

Morphological and volume changes in GFAP/
EGFP astrocytes during osmotic stress

Morphological observations have shown that astrocytic

swelling is the most pronounced cellular swelling in the

grey matter in a number of pathological states (for

reviews see Kimelberg, 2000, 2005). In our experiments

we induced astrocytic swelling in brain slices via hypo-

tonic stress. A similar approach has been used for many

years to study processes associated with volume

regulation in a wide variety of animals (Kimelberg

et al. 1990). Also, increased extracellular K+ has been

used to induce astrocytic swelling in astrocyte cultures

and brain slices, as extracellular K+ is known to increase

to levels of up to 80 mM during ischaemia (for review

see Syková, 1983). However, increasing K+ will intro-

duce other effects, such as membrane depolarization,

that could affect purely swelling-related phenomena.

In experiments performed in primary astrocyte

cultures, exposure of cells to a hypotonic media leads

to rapid cell swelling followed by the restoration of the

cell volume towards normal values in the continued

presence of hypotonic media, a process termed regula-

tory volume decrease or RVD (Kimelberg et al. 1990,

1993). In our experiments performed on astrocytes in

brain slices in situ, hypotonic solution evoked two types

of responses. In one population of cells it evoked little

cell swelling, accompanied by RVD, while in the second,

the volume increase was significantly greater and no

RVD was observed. A similar diversity in the cellular

response to hypotonic stress was also observed in

freshly isolated rat hippocampal neurons (Aitken et al.

1998), where three types of cells were distinguished

according to their responses: ‘yielding cells’ whose volume

began to increase immediately, ‘delayed response cells’

that swelled after a latent period of 2 min or more and

‘resistant cells’ whose volume did not change during

exposure to hypotonic solution. The soma and process

compartments of the two types of astrocytes in our

experiments also showed different behaviours. The

volume of the astrocytic soma, expressed as a fraction

of the total cell volume, increased during hypotonic

stress in low-response cells, while in high-response

cells it decreased, indicating that the majority of the

cell swelling observed during hypotonic stress in high-

response astrocytes is due to an increase in their process

volume. Analogous compartmentalization has been

found in fresh hippocampal slices, where neuronal cell

body regions are resistant to osmotic swelling com-

pared with their adjacent dendritic regions (Andrew

et al. 1997).

Confocal morphometry data during hypotonic stress

show that astrocytes are capable of dynamic and plastic

changes in cell morphology. Three-dimensional cell

reconstruction revealed that even though the total

astrocyte volume increases, the morphology of different

cell compartments changes in a complex manner, includ-

ing swelling, shrinking and structural rearrangement. It

is clear that findings showing that hypotonic solution

produces a more rounded cell shape in experiments

with cell cultures (Del Bigio et al. 1992; Tomita et al.

1994) should be re-evaluated. In the study of Del Bigio

et al. (1992) performed on astroglia in suspension, during

the initial period of severe swelling in hypotonic

solution a decrease in the quantity and size of microvilli

on the astroglial surfaces was observed. By contrast, we

observed in our experiments an increase in cell com-

plexity characterized by an increase in the surface to

volume ratio in high-response cells. Similarly, different

volume changes in various cell compartments were
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observed in the study of Allansson et al. (1999), in

which the volume of astroglial cells did not change

uniformly throughout the cells, which also seemed to

exhibit a varying capacity for regulating their volume.

A possible explanation for the plastic changes in

processes and cell domains during hypotonic stress

observed in our experiments as well as in the study

of Hirrlinger et al. (2004) could be the involvement of

the cell cytoskeleton. In addition, the process endings of

GFAP/EGFP astrocytes at synaptic regions express a high

degree of dynamic morphological changes (Hirrlinger

et al. 2004), where two types of spontaneous motility

can be distinguished, the gliding of thin lamellipodia-

like membrane protrusions along neuronal surfaces

and the transient extension of filopodia-like processes

into the neuronal environment. In a study performed

by Moran et al. (1996) on cultured astrocytes, swelling

in response to hypotonic stress resulted in profound

changes in the organization of the actin cytoskeleton. It

was also observed in the same study that the organized

network of microfilaments present under iso-osmotic

conditions disappears with swelling and slowly recovers

as volume regulation proceeds. Some experiments

support the idea that astrocytes can undergo dramatic

changes in their morphology, requiring the subcellular

redistribution of most cytoskeletal proteins but with-

out quantitative modifications in the amount of the

respective proteins (Safavi-Abbasi et al. 2001). It was

also suggested that receptor-mediated shape change in

astroglial cells, observed in cultured astrocytes, occurs

by a Ca2+-independent mechanism that results in the

active movement of the cytoplasm to the perinuclear

region (Shain et al. 1992). This process is dependent on

microtubule reassembly, suggesting that shape change

may occur by the active movement of material along

microtubules or by microtubule redistribution. On the

other hand, the resistance to cell swelling observed in

our experiments could protect the integrity of the

membrane and its supporting structure and could also

be explained by mechanical resilience, due in part or in

whole to the support lent to the plasma membrane by

the cytoskeleton (Aitken et al. 1998).

Changes in astrocyte morphology and 
diffusion in the extracellular space

The changes in glial morphology, especially in astrocytic

processes, observed in our experiments in brain slices may

be involved in changes of the extracellular diffusion

parameters. The ECS is characterized by two parameters:

the volume fraction, which represents the proportion

of total tissue volume occupied by the ECS, and the

tortuosity, which quantifies the hindrances imposed

on the diffusion process by the tissue relative to an

obstacle-free medium, i.e. it represents the barriers to

the diffusion of neuroactive substances (for reviews see

Nicholson & Syková, 1998; Nicholson, 2001; Hrab´tová

& Nicholson, 2004; Syková, 2005). There is experimental

evidence that these two parameters are independent

(Kume-Kick et al. 2002). It was also suggested by

Syková et al. (1999) that swelling or thickening of fine

cell processes, e.g. during astrogliosis, may decrease

the overall volume of the ECS, but that additional

diffusion barriers can still be formed. An example of

the functional role of astrocytic processes in changes of

diffusion barriers under physiological conditions has

been shown in the supraoptic nucleus (SON) of the

hypothalamus, where lactation triggered a withdrawal

of astrocytic processes from the somatodendritic zone

of the SON, which was interpreted by the authors as a

removal of diffusion barriers leading to enhanced

neuronal excitation and hormonal release (Piet et al.

2004). Similarly, Cashion et al. (2003) observed highly

plastic astrocytes in young rats that exhibited time-of-day

and oestrous cycle-related morphometric changes that

may be involved in the preovulatory luteinizing hormone

surge. It has been shown in a number of studies that

tortuosity increases after astrogliosis induced in the rat

spinal cord (Roitbak & Syková, 1999; Syková et al. 1999;

Vargová et al. 2001) and in anaplastic astrocytomas in

humans (Vargová et al. 2003). Due to intrinsic morpho-

logical properties, glial cells may also contribute to

the formation of dead-space microdomains in the ECS

under physiological and pathological conditions (Chen

& Nicholson, 2000; Hrab´tová & Nicholson, 2004). It has

been proposed that diffusion in the CNS might be

hindered not only by the size of the pores between the

cells, but also by the cellular structure, including the fine

swelling and movement of glial processes towards

active synapses (Syková, 2005). Therefore, glial cells, in

addition to their role in the maintenance of extracellular

ionic homeostasis, may influence extracellular pathways

for the diffusion of neuroactive substances in the brain.
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