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The diffusion parameters in rat cortex were studied 3–35 days
following a cortical stab wound, using diffusion-weighted MR to
determine the apparent diffusion coefficient of water (ADCW) in
the tissue, and the real-time iontophoretic tetramethylammo-
nium (TMA) method to measure the extracellular space (ECS)
diffusion parameters: ECS volume fraction � and the ADC of
TMA� (ADCTMA). Severe astrogliosis was found close to the
wound, and mild astrogliosis was found in the ipsilateral but not
the contralateral cortex. Chondroitin sulfate proteoglycan
(CSPG) expression was increased throughout the ipsilateral
cortex. In the hemisphere contralateral to the wound, �,
ADCTMA, and ADCW were not significantly different from control
values. ECS volume fraction was increased only in the vicinity of
the wound, in the region of cell death and severe astrogliosis, at
3 and 7 days after injury. However, both ADCTMA and ADCW

were significantly decreased after lesion in the vicinity of the
wound as well as in the rest of the ipsilateral hemisphere distant
from the wound. Thus, both ADCW and ADCTMA decreased in
regions wherein � did not change but CSPG increased. An
increase in extracellular matrix expression may therefore im-
pose diffusion barriers for water as well as for TMA molecules.
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Reactive gliosis is a common phenomenon in the central
nervous system (CNS) following a loss of neurons during
different neurological disorders and after brain injury. As-
trogliosis is characterized by astrocyte proliferation; exten-
sive hypertrophy of nuclei, cell bodies, and processes; and
increased expression of glial fibrillary acidic protein
(GFAP). The hypertrophied reactive astrocytes, in most
cases, form a glial scar. A stab wound of the rodent brain is
the most common model of reactive gliosis (1). Our earlier
work demonstrated that astrogliosis around the stab
wound could impose additional diffusion barriers in the
CNS (2) due to the hypertrophy of astrocytic processes and
the increased production of extracellular matrix compo-

nents such as chondroitin-sulfate proteoglycan (CSPG).
The morphology and immunohistochemistry of neural tis-
sue around stab wounds have been extensively studied
(1,3–8). Increased CSPG expression was observed follow-
ing puncture lesions of the rat cerebellum (9) and transec-
tion of the rat brain postcommisural fornix (10). The dy-
namic properties of CSPG and perineuronal nets in the rat
brain were investigated by Brückner et al. (11).

In a previous study (2) the diffusion properties in the
close vicinity of a stab wound were investigated using the
real-time iontophoretic tetramethylammonium (TMA)
method. That study revealed that the increase in extracel-
lular space (ECS) volume fraction and tortuosity observed
following wounding is related to astrogliosis and an in-
crease in extracelluar CSPG. In the present study we em-
ployed two methods to compare their sensitivity to diffu-
sion changes in the rat cortex after injury, extending our
measurements to cortical areas distant from the wound
and to the contralateral hemisphere. We examined the
diffusion properties of the rat cortex after a cortical stab
wound using the real-time iontophoretic tetramethylam-
monium (TMA) method (12,13) and diffusion-weighted 1H
magnetic resonance imaging (DW-MRI). The TMA method
determines the apparent diffusion coefficient of TMA�

(ADCTMA) in the extracellular space. In addition, this
method also determines the ECS volume fraction � (� �
ECS volume/total tissue volume) and the nonspecific cel-
lular uptake of TMA (k�). The TMA method is based on
monitoring the diffusion of the small TMA� cation (mo-
lecular weight � 74) to which cell membranes are practi-
cally impermeable, i.e., TMA� applied extracellularly dif-
fuses predominantly in the ECS. The local concentration
of TMA� following its iontophoretic application can be
measured in vivo using ion-selective microelectrodes (for
review, see Refs. 14 and 15). The diffusion properties of
TMA� are comparable to those of many neurotransmitters
(e.g., acetylcholine, �-aminobutyric acid, and glutamate).
DW-MRI determines an ADC of water (ADCW) in the tis-
sue, which receives contributions from the diffusion char-
acteristics of both the extra- and intracellular space (16).
ADCW and ADCTMA were therefore studied 3–35 days
post-lesion and compared with the changes in �. Follow-
ing TMA and MR measurements, the changes in extracel-
lular matrix and astrogliosis were determined by immuno-
histochemical staining for CSPG and GFAP.

The aim of the study was to determine whether a de-
crease in ADCW is related to a decrease in ECS volume
fraction around the wound, or whether diffusion barriers
imposed upon TMA molecules diffusing extracellularly
can also decrease ADCW. In our stab-wound model, we can
study the diffusion parameters either in the vicinity of the
wound, where � is increased, or in the rest of the ipsilat-
eral hemisphere, where � is not changed but ADCTMA
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Medicine, AS CR, Vı́deňská 1083, 142 20 Prague, Czech Republic. E-mail:
sykova@biomed.cas.cz
Received 12 April 2002; revised 12 July 2002; accepted 12 August 2002.
DOI 10.1002/mrm.10305
Published online in Wiley InterScience (www.interscience.wiley.com).

Magnetic Resonance in Medicine 48:994–1003 (2002)

© 2002 Wiley-Liss, Inc. 994



decreases due to additional diffusion barriers resulting
from astrogliosis or increased extracellular matrix expres-
sion (2).

METHODS

Experimental Animals

Experiments were performed on male rats (Wistar strain),
2.5–3 months old, with body weights of 260–340 g. A
unilateral sterile cut through the cortex was made as an
experimental model of traumatic injury (1). Part of the
skull was unilaterally removed with a dental drill, and a
fine microdissecting knife was used to make a stab wound
4 mm long and 2 mm deep, –1.5 mm caudal from the
bregma and 2 mm from the midline (17). Care was taken
not to cut the corpus callosum. The skin overlying the
cranium was sutured. The TMA and MR diffusion mea-
surements were performed in the cortex on days 3 and
7 post-wounding and once during the 21–35 days post-
wound.

Before the stab-wounding and TMA measurements, the
animals were anesthetized by an intraperitoneal injection
of sodium pentobarbital (60 mg/kg), and anesthesia was
maintained by injection of 15 mg/kg approximately every
60 min. The animals spontaneously breathed air. The head
of the animal was fixed in a stereotaxic apparatus. The
cranial bones and the dura mater were carefully removed
above the regions selected for TMA measurements. The
exposed brain tissue was bathed in warm (37°C) artificial
cerebrospinal fluid (18). Microelectrodes were introduced
into the brain cortex using a remote control micromanip-
ulator (Nanostepper, SPI, Germany). The stereotaxic coor-
dinates were bregma –3.4 mm and either 2.3–4.0 mm
lateral for measurements in the somatosensory cortex or
6 mm lateral for measurements in the auditory cortex (17).

During MR measurements, halothane was used as an
inhalation anesthesia at a maintenance concentration of
1–2%. The rats were intubated 5 min after premedication
consisting of a subcutaneous injection of 1.0 ml/kg Hyp-
norm® (10 mg/ml fluanisone � 0.315 mg/ml fentanyl ci-
trate) and 1.0 ml/kg Dormicum® (5 mg/ml midazolam)
(Jansen Animal Health, Belgium). The animals breathed a
mixture of oxygen (30%) and nitrous oxide (70%), sup-
ported by an animal ventilator. The breathing frequency
was maintained at 30 breaths/min with a 1:1 inspiration :
expiration ratio, and the CO2 level in the expired air was
monitored. Throughout the MR measurements, the ani-
mals were fixed in a nonmagnetic head-holder. The body
temperature of the rats was monitored by a rectal temper-
ature probe and maintained during the whole period of
TMA and MR measurements at 37°C by means of a heating
pad. When the directional dependence of the ADC in the
cortex of control animals was measured, a similar experi-
mental protocol was used with a few minor differences.
For inhalation anesthesia, isoflurane was used at a main-
tenance level of 1.5%, and the breathing frequency was
maintained at 50 breaths/min. Blood oxygenation was
monitored instead of CO2 concentration in the expired air.

The animal experiments performed in this study were
carried out in accordance with all institutional and na-
tional regulations, and the European Communities Coun-
cil Directive of 24 November 1986 (86/609/EEC).

TMA� Measurements of ECS Diffusion Parameters

Ion-selective microelectrodes (ISMs) for the measurement
of TMA� diffusion parameters in the ECS were prepared
as described previously (19); the ion-exchanger was Corn-
ing 477317, and the ion-sensing barrel was back-filled with
100 mM TMA chloride instead of 150 mM KCl. Electrodes
were calibrated using the fixed-interference method before
and after each experiment in a sequence of solutions of
150 mM NaCl � 3 mM KCl with the addition of the
following concentrations of TMA chloride: 0.0003, 0.001,
0.003, 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, and 10.0 mM.

For diffusion measurements, iontophoresis pipettes
were prepared from theta glass (Clark Electrochemical In-
struments, Pangbourne, UK). The shank was bent before it
was back-filled with 0.5 M TMA chloride so that it could
be aligned parallel to the ion-selective microlectrode. The
electrode arrays were prepared by gluing together an ion-
selective microelectrode and two iontophoresis pipettes
with a tip separation of 110–180 �m (Fig. 1). The tips of
the pipettes formed a 90° angle (see Fig. 1) in the horizon-
tal or vertical planes, which allowed for quasi-simulta-
neous measurements in perpendicular directions. Typical
iontophoresis parameters were �20 nA bias current (con-
tinuously applied to maintain a constant transport num-
ber), with a �80 nA current step of 60 s duration to
generate the diffusion curve. The reference electrode–Ag/
AgCl wire was placed in the muscle. Potentials recorded
on the reference barrel of the ISM were subtracted from the
ion-selective barrel voltage measurements by means of
buffer and subtraction amplifiers.

Concentration-vs.-time curves for TMA� diffusion were
first recorded in 0.3% agar gel (Special Noble Agar; Difco)
made up in a solution of 150 mM NaCl, 3 mM KCl, and
1 mM TMA in a Lucite cup placed just above the brain.
The array of electrodes was then slowly lowered into the
cortex to appropriate depths. The measurements were
done in 200-�m steps, in the vicinity of the wound (300–
1000 �m laterally from the wound), at a distance of 1500–
2000 �m from the wound, and in the auditory cortex (Au).
Diffusion curves were recorded at the wound site and also
at corresponding places in the contralateral hemisphere of
lesioned animals (see Fig. 1). The data were compared
with measurements performed simultaneously on intact
animals, as well as with previously published measure-
ments (20,21).

Diffusion curves obtained in agar gel were analyzed
using the program VOLTORO (C. Nicholson, unpub-
lished). They were fitted by a SIMPLEX algorithm accord-
ing to the diffusion equation (19) in order to determine the
transport number (n) of the iontophoretic micropipette.
After determining n in agar gel, measurements were made
in the brain to obtain �, ADCTMA, and k�. ADC is a tensor
and incorporates six independent components. With the
TMA method, we were able to determine its diagonal
components (ADCx, ADCy, and ADCz). The measurements,
of course, are extremely sensitive to the orientation of the
object in the measurement apparatus, and we therefore
positioned the animals in the stereotactic frame in exactly
the same way for every experiment. The diffusion param-
eters were calculated from the concentration-vs.-time pro-
files by fitting Eq. [1] and similar equations for the other
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axes with VOLTORO. The axes for ADCTMA measurement
(hereafter called the “laboratory coordinates”) were cho-
sen along the mediolateral direction (x), the rostrocaudal
direction (y), and the dorsoventral direction (z). The ex-
perimental arrangement and axes orientation are shown in
Fig. 1.

The expected extracellular TMA� concentration, C, gen-
erated by iontophoresis in a homogeneous and potentially
anisotropic medium was derived by Rice et al. (22) as
follows: When the iontophoretic pulse is applied for du-
ration d, then C � G(t) for the rising phase of the curve (t �
d), and C � G(t) – G(t-d) for the falling phase of the curve
(t � d). For measurements performed along the coordi-
nates (x, 0, 0) relative to the iontophoretic electrode at the
origin (0, 0, 0), the expression of function G(u) can be given
as:

Gx �u	 � QAx/8
x�exp�x�k�/ADCx	erfc�x/2�uADCx

� �k�u	 � exp(�x�k�/ADCx	erfc�x/2�uADCx � �k�u	]

[1]

where

1/Ax � �ADCzADCy . [2]

A similar expression can be written down for measure-
ments along the y- and z- axes. The source Q � In/zF (I is
the current applied to the iontophoretic electrode, n is the
transport number of this electrode, z is the number of
elementary charges on the ion, and F is Faraday’s electro-
chemical equivalent). Nonspecific concentration-depen-

FIG. 1. a: The experimental arrangement for diffusion measurements. A current pulse released TMA� ions into the tissue from an
iontophoretic micropipette. The resulting changes in TMA� concentration were recorded with an ion-selective microelectrode in the form
of diffusion curves. b: T2-weighted image showing the localization of the wound. c: Typical diffusion curves and the corresponding diffusion
parameters from the S1 region. The higher curve was recorded in the cortex of a control animal, while the smaller curve indicates the
restricted diffusion in the vicinity of the wound (S1a region) 7 days after injury. The horizontal bar below the curves represents the duration
of the iontophoretic pulse. d and e: Representative records from the auditory cortex (d) before and (e) after stab wound. To reveal possible
diffusion anisotropy, measurements were performed in the Au1 along three perpendicular axes: x, y, and z. The tips of two iotophoretic
micropipettes and the ion-selective microelectrode formed a 90° angle for simultaneous measurements along the x- and y-axes (also along
the x- and z-axes or the y- and z-axes). The theoretical data curve is superimposed on each diffusion curve. The shape and amplitude of
the diffusion curves reflect the different diffusion coefficients along each of the selected axes. The ADC units are  10–5 cm2s1.
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dent uptake is k� (12,23,24) and “erfc” is the complemen-
tary error function. The value of � could be calculated
using Eq. [2] with averaged experimental data from each
axis, and similar expressions for the other components.
The three estimates of � and k� obtained with this method
were averaged to yield the values that represent � and k� in
the homogeneous region in which the measurements were
performed. If the coordinate system is chosen properly
with respect to brain structure, diffusion anisotropy can be
fully characterized by the three components of ADCTMA,
here designated as ADCx, ADCy, and ADCz. If there was no
statistically significant difference among the parameters
ADCx, ADCy, and ADCz, the region was classified as iso-
tropic.

MR Measurements of Water ADCs

The DW-MRI measurements of wounded and control ani-
mals were performed using an experimental MR spectrom-
eter (4.7 T; Varian, INOVA) (40-cm Oxford magnet),
equipped with a gradient system (220 mT/m, 300 �s rise
time) and a 10-cm resonator with a 2-cm inductively cou-
pled surface coil. Twenty-one T2-weighted coronal images
(TE � 60 ms, TR � 3 s, two acquisitions, field of view
(FOV) � 3  3 cm2, matrix size � 256  128, slice thick-
ness � 1 mm) were measured in order to localize a slice of
interest. Ten coronal DW images were measured using a
spin-echo sequence in each rat brain with the following
parameters: gradient pulse duration � � 6 ms, gradient
orientated along z axis (rostral–caudal direction), the time
between the rising edges of the diffusion-encoding gradi-
ents was kept at � � 19 ms; b-factors � 132, 598, and
1294 s/mm2; TE � 33 ms; TR � 3 s; FOV � 3  3 cm2;
matrix size � 256  128; slice thickness � 1 mm; and slice
separation � 0 mm.

To reveal presumed ADCW anisotropy in the cortex,
additional measurements were performed in normal, non-
lesioned rats. A BIOSPEC 4.7 T system (Bruker, Germany)
equipped with a 200 mT/m gradient system (190 �s rise
time) and a head surface coil was used to acquire
11 T2-weighted sagittal images (TE � 20 ms, TR � 1.5 s,
four acquisitions, FOV � 3.84  3.84 cm2, matrix size �
256  128, slice thickness � 1 mm) and six DW images per
slice in each one of the diffusion-encoding gradient direc-
tions (� � 30 ms; b-factors � 66, 251, 589, 943, 1382, and
1723 s/mm2; TE � 45 ms; TR � 1200 ms; FOV � 3.84 
3.84 cm2; matrix size � 256  128; four 1-mm-thick coro-
nal slices; slice separation � 0.5 mm). DW images were
measured using the stimulated echo sequence. The diffu-
sion gradient direction pointed along the x (phase direc-
tion), y (slice direction), and z (read direction) axes (Fig. 1)
and in mixed directions (read-slice, read-phase, phase-
slice, and read-phase-slice). The slices were acquired in-
terleaved. The cross-term factors were taken into account
for b-value enumeration. The comparability of ADC values
measured along different axes was verified by means of
five diffusion phantoms placed on the top of the rat’s head.
The phantoms were made from glass tubes (inner diame-
ter � 2.3 mm; glass type: KS80; Rückl Glass, Czech Repub-
lic) filled with pure (99%) substances with different diffu-
sion coefficients. The substances were 1-octanol, n-unde-
cane (Sigma Aldrich, Czech Republic), isopropyl alcohol,

n-butanol, and tert-butanol (Penta, Czech Republic). The
temperature of the phantoms was maintained at a constant
37°C. For all MR measurements we used the same coordi-
nate framework (laboratory coordinates) as for the TMA
measurements, which was different from that commonly
used in the MR field (y- and z-axes were transposed).

Immunohistochemistry

Following both MR and TMA diffusion measurements, the
anesthetized animals were perfused through the heart with
4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS, pH 7.5). Fixed brains were dissected out and im-
mersed in PBS with 30% sucrose. Frozen coronal sections
(40 �m) were cut through the areas of interest. Astrocytes
were identified using monoclonal antibodies to glial fibril-
lary acidic protein (GFAP) (Boehringer-Mannheim, Mann-
heim, Germany). Immunostaining for CSPG was done us-
ing monoclonal anti-chondroitin-sulfate CS-56 antibody
(Sigma Aldrich, Czech Republic).

We performed optical density (OD) analysis (25) of
CSPG- and GFAP-stained slices from six brains chosen at
random from among the wounded animals. All sections
were examined at a final magnification of 40 with an
Axioskop2 (Carl-Zeiss, Germany), and the images were
captured under equal light conditions with a 14-bit CCD
camera (AxioCam; Carl-Zeiss, Germany). The ODs were
measured in the regions of interest (ODROI) and in a refer-
ence area (ODREF). The relative ODs were calculated as
follows: relative OD � 1 – (ODROI/ODREF). The reference
area was selected in the caudate putamen, and its OD was
the same in the ipsilateral and contralateral hemispheres.

Statistical Analysis and Data Processing

The optical densitometry, TMA, and MR measurements
were performed in the primary (S1) and secondary (S2)
somatosensory cortices, in the primary auditory cortex
(Au1), and in both the dorsal (AuD) and ventral (AuV)
parts of the secondary auditory cortex. We divided the S1
area according to the distance from the injury site: the S1a
region lay at a distance of 300–1000 �m laterally from the
wound, and the S1b region at a distance of 1500–2000 �m
laterally from the wound. A schematic drawing with the
regions’ placements is shown in Fig. 1a. The evaluated
ROIs were positioned using a rat brain atlas (17) and T2-
weighted images (Fig. 1b). The size of the regions corre-
sponded to that in the atlas, except for the S1 region,
which was divided as described above.

The maps of the ADCs were calculated using the linear
least-squares method. The ADCW was assumed to be zero
in pixels where the acquired data did not fit well to theo-
retical dependence (correlation coefficient � 0.2). These
zero-values were ignored for statistical evaluations if they
occurred in the ROI. Thereafter, the ADCW maps were
analyzed using ImageJ software (W. Rasband, NIH).

All data are presented as mean � SEM; N represents the
number of animals. Statistical analysis of the differences
between groups was performed using the two-tailed Stu-
dent’s t-test (SigmaStat, SPSS Inc., Germany). The differ-
ence was considered significant with P-values � 0.05.
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RESULTS

MR Measurements of ADCW

T2-weighted images were used to localize the wound (Fig.
1b). These T2-weighted images also served to reveal poten-
tial undesirable postsurgical effects that could have af-
fected the diffusion parameters (in two cases lateral ven-
tricle enlargement was found, so these animals were elim-
inated from further data evaluation). Subsequently, DW
images were acquired, and ADCW maps were calculated.
For statistical processing, six regions (the same as for the
evaluation of TMA measurements) were selected in the
ipsilateral cortex, and six regions in the contralateral cor-
tex (Fig. 1a). The evaluations were made in two adjacent
slices, and their mean was used for further comparisons.
The ROIs were placed both in the vicinity of the wound (in
the S1a and S1b regions) and at a distance from the wound
in the auditory cortex (AuD, Au1, and AuV). Details about
the selection of ROIs are given in the Methods section.

We compared the mean values of ADCW in ROIs in the
ipsilateral cortex of wounded animals with the mean val-
ues from corresponding regions in the contralateral hemi-
sphere and in intact animals (controls). We did not find
significant changes in ADCW in the contralateral cortex of
wounded animals at 3, 7, or 21–35 days after injury when
compared to control animals (ADCW � 0.65 � 0.02 
10–5 cm2s–1 in the primary somatosensory cortex and
ADCW � 0.67 � 0.02  10–5 cm2s–1 in the auditory cortex;
N � 8). On the other hand, significant changes were ob-
served in the whole ipsilateral cortex of wounded rats (Fig.
2). We found a significantly lower diffusion coefficient of
water in the S1b, S2, AuD, Au1, and AuV regions of the
wounded hemisphere at 3, 7, and 21–35 days after injury
than in the contralateral hemisphere (ADCW ranged from
0.60 � 0.02  10–5 cm2s–1 in the S1b region to 0.56 �
0.02  10–5 cm2s–1 in the AuV region; N � 8). In the
vicinity of the wound (S1a region), the changes in ADCW

were not significant at 3 or 7 days post-wounding
(ADCW � 0.59–0.61  10–5 cm2s–1); however, there was a
significant difference 21–35 days after injury (ADCW �
0.58 � 0.02  10–5 cm2s–1; N � 8). The data measured
7 days post-wounding are summarized in Fig. 3. In order to
visualize the changes that occurred after the cortical stab
wound, ADCW maps were converted to pseudocolor im-
ages (Fig. 2). The bottom part of Fig. 2 shows the decreased
ADCW in the entire ipsilateral cortex of an injured rat brain
7 days post-wounding. Figure 2 further shows that the
ADCW decrease corresponded to an increase in CSPG ex-
pression.

We conclude that a lower ADCW was found in those
cortical regions that showed no changes in ECS volume
fraction but did show an increase in CSPG expression,
which presumably increased barriers not only for TMA�

diffusion but also for that of water. There was a good
correlation between the measurement of ADCTMA by the
TMA method and the measurement of ADCW using DW-
MRI.

In addition, we measured the directional dependence of
ADCW in the cortex of control rats. For evaluation, we
selected the S1, S2, and Au1 regions. Water diffusion in
these regions can be described by a tensor. Using the
tensors, which were related to the laboratory coordinates,

FIG. 2. The upper pictures show coronal rat brain sections stained
for GFAP and CSPG. The results show a higher level of GFAP
expression in the vicinity of the stab wound and a higher level of
CSPG expression in the whole cortex of the injured hemisphere
7 days after injury. Both the GFAP and CSPG sections are from the
same animal. The arrows indicate the site of the stab wound. ADCW

map: The picture shows a typical ADCW map of an injured rat brain
7 days post-wounding. The scale on the right of the ADCW map
shows the relation between the intervals of ADCW values and the
colors used for visualization. The ADCW at 7 days post-wounding is
significantly lower in the entire cortex of the wounded hemisphere,
except in the area close to the wound (S1a).
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we calculated the components of ADCW along the princi-
pal axes (corresponding to tensor matrix eigenvectors). At
least two of the principal axes were the directions with the
fastest and the slowest diffusion. We found that in the
cortical regions S1, S2, and Au1 there was preferential
diffusion in the direction of cortical columns. In the S1

and Au1 regions the principal axes coincided with the
laboratory coordinates. Table 1 shows that in the S1 re-
gion, ADCW was significantly higher (0.75 � 0.02 
10–5 cm2s–1; N � 6) along the z-axis than along the x- or
y-axes. Similarly, there was a difference between the x-axis
and the y-axis; however, the difference was less in this
case. In the Au1 region, ADCW was significantly higher
(0.72 � 0.02  10–5 cm2s–1; N � 6) along the x-axis when
compared to ADCW along the z- or y-axes. We did not find
any difference between the diffusion coefficients mea-
sured along the z- and y-axes (Table 1).

TMA� Diffusion Measurements

The microelectrode tracks were located either in the
vicinity of the injury (either 300 –1000 �m (S1a) or
1500 –2000 �m (S1b) lateral from the wound) or in the
lateral part of the cortex (S2 and Au regions). In the
primary somatosensory cortex of the hemisphere con-
tralateral to the wound, the volume fraction, ADCTMA,
and nonspecific uptake were � � 0.21 � 0.01,
ADCTMA � 0.51 � 0.01  10–5 cm2s–1, and k� � 3.1 �
0.2  10–3s–1; N � 8. These values in wounded animals
did not significantly differ from those seen in intact
brains in our previous studies (18,19) (Fig. 1c). In the
region of the ipsilateral hemisphere with severe astro-
gliosis (�1000 �m distant from the wound, S1a region),
the mean values of � were significantly higher 3 and
7 days post-wounding (� � 0.25– 0.26), and the mean
values of ADCTMA were significantly lower 3, 7, and
21–35 days post-wounding (0.42– 0.47  10–5 cm2s–1)
than the values in the contralateral hemisphere (Figs. 1c
and 3). The volume fraction (�) was not significantly in-
creased in the rest of the ipsilateral cortex. In the region
with mild astrogliosis (1500–2000 �m from the wound,
S1b region) and in the auditory cortex (Au1, AuV), the
mean values of ADCTMA were significantly lower 7 days
post-wounding (0.47 � 0.01  10–5 cm2s–1 in the S1b
region and 0.37 � 0.02  10–5 cm2s–1 in the Au1 region;
N � 8) than those in control animals or in the hemisphere
contralateral to the wound (0.51 � 0.01  10–5 cm2s–1 in
the S1b region and 0.46 � 0.02  10–5 cm2s–1 in the Au1
region; N � 8; Fig. 3).

The above diffusion coefficients were measured along
the y-axis. Since there may be diffusion anisotropy in the
cortex, we measured ADCTMA in three directions in the
somatosensory cortex (S1, S2) and in the auditory cortex
(Au1, AuD, AuV) of control animals, and we found diffu-
sion anisotropy in the S1, Au1, and AuV regions. The
results from the S1 and Au1 regions are shown in Table
1. Preferential diffusion was found in the direction of
cortical columns, i.e., along the z-axis in the S1 region and
along the x-axis in the Au1 region. These values were
higher than those along the remaining two perpendicular
directions. Figure 4a shows the diffusion anisotropy at
different cortical depths. Anisotropy can be illustrated by
constructing surfaces that represent the probabilistic loca-
tions of molecules (ions) at a certain time � after diffusion
starts from a point source, as described by Nakada and
Matsuzawa (26). The surfaces in Fig. 4b and c represent the
locations 10 s after TMA� release from an iontophoretic
micropipette. In a homogeneous tissue with isotropic dif-

FIG. 3. The average values of the ECS volume fraction, ADCTMA,
and ADCW in the cortex obtained at different distances from the
wound 7 days post-lesion and in the hemisphere contralateral to the
wound. All measurements were done along the y-axis in the S1a
region (0.3–1.0 mm from the wound), the S1b region (1.5–2.0 mm
from the wound), the S2, Au1, AuD, and AuV. Significant differences
compared to controls are marked with asterisks (* � P � 0.05). All
data are expressed as mean � SEM; N � 8.
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fusion or in agar gel, the iso-concentration surface has the
shape of a sphere, while in anisotropic tissue it has the
shape of an ellipsoid (Au1). Diffusion anisotropy was still
present in the auditory cortex (regions Au1 and AuV)
7 days after stab wounding. In the primary auditory cortex,
the ADCTMA values along the x-axis decreased to 0.51 �
0.01  10–5 cm2s–1 (N � 20), and the values along the y-
and z- axes to 0.37 � 0.01 and 0.38 � 0.01  10–5 cm2s–1,
respectively (N � 8), at 7 days post-wounding.

Immunohistochemistry

After the MR and TMA diffusion measurements were per-
formed, the animals were used for immunohistochemistry.
Our immunohistochemical findings in the injured rat
brain were in agreement with those of previous studies

(1,2). We found an increase in GFAP expression around
the wound, and an increase in CSPG expression in the
whole cortex ipsilateral to the wound. Both GFAP and
CSPG changes persisted during the entire observation pe-
riod (3–35 days post-lesion).

The level of GFAP expression in the injured hemisphere
increased as early as 3 days post-lesion; it was most prom-
inent at 7 days and thereafter slowly declined. GFAP ex-
pression was observed mainly at the injury site and was
more intense in the immediate vicinity of the wound (Fig.
2). Severe astrogliosis was found in the cortical region at a
distance of 300–1000 �m from the wound (S1a), while
mild astrogliosis was found at a distance of 1500–2000 �m
(S1b) from the wound (Fig. 5). In these regions, the relative
OD of GFAP-stained slices was significantly higher than in

Table 1
Diffusion Anisotropy in the Rat Cortex

Cortex region x-Axis y-Axis z-Axis N

S1
ADCTMA 0.51 � 0.01 0.49 � 0.01 0.53 � 0.01b 20
ADCW 0.59 � 0.02 0.64 � 0.01a 0.75 � 0.02a,b 6

Au1
ADCTMA 0.57 � 0.03 0.47 � 0.05 0.39 � 0.01a 8
ADCW 0.72 � 0.02 0.64 � 0.02a 0.61 � 0.01a 6

ADCW (ADCW  105 cm2s�1) and ADCTMA (ADCTMA  105 cm2s�1) were measured in intact animals along the x, y and z axes, (see Fig. 1),
in the primary somatosensory cortex (S1) and in the primary auditory cortex (Au1). Significant differences (P � 0.05) between the TMA
diffusion coefficients along different axes are marked (acompared to ADCx,

bcompared to ADCy). N represents the number of animals. The
data are expressed as mean � SEM.

FIG. 4. Diffusion anisotropy in the auditory cortex. ADCTMA was measured in the S2 region and in the AuD, Au1, and AuV of intact rats (N �
8). a: The graph depicts the mean values of ADCTMA measured along the track in different axes. The diffusion anisotropy found in the
auditory cortex of control rats persisted after injury. b and c: Diffusion spheres were calculated from measurements made in the Au1 of both
(b) intact rats and (c) rats 7 days post-wounding; N � 8 in both groups. The probabilistic location of molecules diffusing from a certain point
at time � is an ellipsoidal surface. The surfaces show the probabilistic locations of TMA� 10 s after their release from an iontophoretic
micropipette. The ellipsoidal surface illustrates anisotropic diffusion, and the smaller ellipsoid size reflects more hindered diffusion in the
ipsilateral cortex of wounded animals.
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corresponding regions of the contralateral hemisphere
(Fig. 6). In more distant areas of the ipsilateral cortex, we
found only occasional hypertrophied astrocytes, and no
change in the OD (Figs. 5 and 6) relative to the contralat-
eral hemisphere.

The intensity of CSPG staining reached a peak as early as
day 3 post-wounding and remained elevated thereafter. In
contrast to GFAP, the area of elevated CSPG expression
involved the whole ipsilateral cortex (Figs. 2 and 5), and
the relative OD of CSPG staining was significantly in-
creased in all selected ipsilateral cortical regions (S1a,
S1b, S2, AuD, Au1, and AuD; Fig. 6) compared to the
contralateral hemisphere. In the contralateral cortex, there
was neither astrogliosis nor increased CSPG expression.

GFAP-stained sections were also used to identify the
location of the electrodes after the TMA diffusion experi-
ments.

DISCUSSION

A traumatic stab wound injury alters the ECS volume
fraction in the vicinity of the wound. A significant increase

in � was found 3 and 7 days after lesion in the region with
severe astrogliosis (S1a). Increased ECS volume has been
described during various pathological states leading to cell
death (27,28). Roitbak and Syková (2) proposed that in the
first week after a stab wound, the volume fraction may be
modified due to neuronal death, inflammation, the phago-
cytic activity of microglia, and the hypertrophy of astro-
cytes. The subsequent return of � to control values at
21–35 days post-wounding can be explained by the pro-
liferation of astrocytes and the filling-up of the increased
ECS volume resulting from the loss of myelin and neurons.
In more distant parts of the ipsilateral cortex and in the
contralateral cortex, we did not find any significant
changes in ECS volume.

The ADC may also depend on the quantity and nature of
diffusion barriers, which can affect the movement of dif-
fusing particles. Such barriers in the brain are cell bodies
and processes (in general, the cell membranes) and the
molecules of the extracellular matrix (e.g., CSPG). In
wounded animals, the ADC of TMA� was significantly
decreased both in the vicinity of the wound (S1 region)
and in the auditory cortex (Au1 and AuV). The decrease of
ADCTMA in the S1 region may be due to hypertrophied
glial processes (see Fig. 5) or various macromolecules pro-
duced by glial cells and macrophages in the injured brain.
The decrease in the auditory cortex, however, was related
only to an increased density of extracellular matrix mole-
cules (CSPG).

FIG. 5. Photomicrographs showing the differences in GFAP or
CSPG expression between the wounded and contralateral hemi-
spheres close to the wound (S1a) and at a distance from the wound
(S2 and Au1) 7 days after injury. Note the astrogliosis in the S1a
region and the prominent difference in CSPG expression between
the hemispheres.

FIG. 6. Relative OD of GFAP and CSPG immunoreactivity in se-
lected regions (see Fig. 1) of the injured and contralateral hemi-
spheres. Significant differences between corresponding contralat-
eral and ipsilateral regions are marked with asterisks (* � P � 0.05).
All data are expressed as mean � SEM; N � 6.
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MR measurements revealed a significant ADCW decrease
in the entire ipsilateral part of the wounded cortex except
for the region with an increased volume fraction (the S1a
region at 3 and 7 days post-wounding). In this region there
was no change in ADCW, although ADCTMA decreased.
This apparent divergence between the results of the TMA
and MR methods could be related to the fact that ADCTMA

and ADCW are comprised of many components (15,29,30).
In contrast to the TMA method, which measures ADCTMA

predominantly in the extracellular space, the MR method
measures an effective ADCW with contributions from the
diffusion properties of multiple subcompartments, e.g.,
the extra- and intracellular spaces. If the volume ratio
among the subcompartments in the tissue changes, the
resulting ADCW is also affected. In the regions without
significant changes in ECS volume fraction (S1b, S2, and
Au), there was a good correlation between DW-MRI and
TMA diffusion measurements. In addition, changes in cell
membrane permeability may influence ADCW values (31).
Conspicuous astrogliosis was not found in the ipsilateral
auditory cortex (Au1 and AuV); however, there was a
substantial increase in extracellular matrix molecules
(CSPG), and the values of ADCTMA and ADCW were de-
creased. It is therefore evident that molecules of the extra-
cellular matrix may significantly alter the ECS diffusion of
TMA� as well as of water, without affecting the ECS vol-
ume fraction.

It is evident that in this study we measured the diffusion
parameters in an injury model that results in substantial
structural and diffusion changes over the course of several
days. In stroke models, however, the situation is different
since measurements are often done within minutes or
hours after the onset of stroke, when cell swelling and
edema formation are the most dramatic changes. In such
acute pathologies a good correlation between changes in
ADCTMA, ADCW, and ECS volume has been found (32).

Both the TMA and MR measurements in control animals
revealed anisotropy in the primary somatosensory and
auditory cortices (see Table 1 and Fig. 4). This has not been
reported previously in studies using the TMA method
(18,19). We found preferential diffusion in the direction of
cortical columns. The structure of the tissue and the extent
of myelination are the important factors that contribute to
diffusion anisotropy (21,22). Prominent diffusion anisot-
ropy was found after myelination and brain maturation
(21). The decrease in the diffusion coefficients (ADCTMA

and ADCW) observed in the auditory cortex after cortical
stab wound was not accompanied by a loss of, or a change
in anisotropy. This finding supports our opinion that dif-
fusion in the Au region of wounded rats is hindered by the
extracellular matrix rather than by other structural
changes. The directional dependence of diffusion (ADCW)
has been previously reported in the rat cortex by other
authors (33), correlating with our results. We measured the
ADC of TMA� along three perpendicular axes, but this is
not sufficient to completely characterize diffusion. The
tensor of the diffusion coefficient consists of six indepen-
dent components, so it would be necessary to measure
diffusion in at least six noncolinear directions to describe
the tensor nature of diffusion. However, in certain cases,
when we select the “diffusion” directions according to the
geometry of the tissue, we can directly measure the main

components (eigenvalues) of the tensor and ignore its non-
diagonal components. For our measurements, we have
chosen three such directions (laboratory coordinates) to
comply with that condition in the cortical regions S1,
AuD, Au1, and AuV. The apparent absence of anisotropy
in ADCTMA in the S2 region was probably caused by mea-
surements in directions that did not correspond to tissue
orientation (the laboratory coordinates were different from
the principal axes). This fault may be corrected by simul-
taneous measurements made in more independent direc-
tions (�6), but in practice this is not feasible using the
TMA method. Nevertheless, we also found diffusion an-
isotropy in the S2 region employing the MR method. We
did not find changes in ADCW anisotropy in cortical re-
gions S1, S2, or Au1. However, ADCTMA anisotropy was
weak in the S1 area when compared to the auditory cortex
(see Table 1). This divergence in the results of the two
methods is probably caused by the different diffusion be-
havior of TMA� and water in brain tissue. In some cases
different results have been found when the TMA� and MR
methods were used for measuring diffusion anisotropy. In
several studies, the authors reported diffusion anisotropy
of water in unmyelinated tissue (34) or preceding myeli-
nation (35). Conversely, TMA� measurements demon-
strated that the development of ADCTMA diffusion anisot-
ropy in the corpus callosum is associated with myelina-
tion (21).

The calculations of the ADCW tensor were corrected for
the effect of cross-terms (36). To verify the quality of our
measurements, we evaluated ADCW in phantoms placed
on top of the rat’s head, where the diffusion should be
isotropic. We did not find significant differences along
different directions. The maximal difference in ADCW

along two directions in the same phantom was �5%.
These findings show that our measurements of ADCW

along different directions were not affected by any system-
atic error.

We conclude that traumatic injury is accompanied by
changes in ADCW in the whole ipsilateral cortex. The
values of the ADCs measured by both the MR and TMA
methods are closely correlated in regions in which the ECS
volume fraction is not altered. We found that not only do
cell swelling and changes in cell number or structure affect
ADCW, but also modifications in extracellular matrix com-
position can lead to changes in both ADCW and ADCTMA.
Changes in diffusion barriers can occur in areas rather
remote from the injury site, but where they may still affect
synaptic as well as extrasynaptic “volume” transmission
(14,15,37–40) and brain functions not directly related to
the damaged areas.
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