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Abstract—Three diffusion parameters of brain tissue, extracellular space volume fraction (x), tortuosity
(4) and non-specific uptake (k) of tetramethylammonium were studied in the somatosensory neocortex
and subcortical] white matter of the rat during postnatal development (postnatal days 2-21) after
X-irradiation at postnatal days 0-1. The diffusion parameters were determined from extracellular
concentration-time profiles of tetramethylammonium. The tetramethylammonium concentration was
measured in vive with ion-selective microelectrodes positioned 130-200 gm from an iontophoretic source.
X-irradiation with a single dose of 40 Gy resulted in typical early morphological changes in the tissue,
namely cell death, DNA fragmentation, extensive neuronal loss, blood—brain barrier damage, activated
macrophages, astrogliosis, increase in extracellular fibronectin and concomitant changes in all three
diffusion parameters. The changes were observed as early as 48 h post-irradiation (at postnatal days 2-3)
and still persisted at postnatal day 21. On the other hand, X-irradiation with a single dose of 20 Gy resulted
in relatively light neuronal damage and loss, while blood-brain barrier damage, astrogliosis and changes
in diffusion parameters were not significantly different from those found with 40 Gy.

It is known that the volume fraction of the extracellular space in the non-irradiated cortex is large in
newborn rats and diminishes with age [Lehmenkihler A. er al. (1993) Neuroscience 55, 339-351].
X-irradiation with a single dose of 40 or 20 Gy blocked the normal pattern of volume fraction decrease
during postnatal development, and in fact brought about a significant increase. At postnatal days 4-5,
o increased to 0.49 £ 0.036 in layer IIL, 0.51 +0.042 in layer IV, 0.48 4 0.02 in layer V, 0.48 + 0.028 in
layer VI and 0.48 +0.025 in the white matter. The large increase in o persisted three weeks after
X-irradiation. Tortuosity and non-specific uptake decreased significantly at postnatal days 2-5; at days
8-9 they were not significantly different from those of control animals, while they increased significantly
at days 10-21. Less pronounced but significant changes in all three diffusion parameters were also found
in areas in the ipsilateral hemisphere adjacent to directly X-irradiated cortex. Compared to the control
animals [Lehmenkihler A. er al. (1993) Neuroscience 55, 339-351], a significant decrease of a, /. and &k’
was found in the contralateral hemisphere 48-72h after X-irradiation. Later, x values were not
significantly different from those in control animals. The decrease in 4 persisted at postnatal days 4-5.
A significant increase in A and &* was found at postnatal days 18-21.

We conclude that X-irradiation of the brain in the early postnatal period, even when it results in only
relatively light damage, still produces changes in all three diffusion parameters, particularly a large increase
in extracellular space volume fraction in all cortical layers, and in the subcortical white matter. Such
changes in extracellular volume fraction of the brain can contribute to impairment of signal transmission,
e.g. by diluting ions and neuroactive substances released from cells, and can play an important role in
functional deficits, as well as in the impairment of developmental processes. Moreover, the increase in
tortuosity (inferred from the decrease in apparent diffusion coefficient) in the X-irradiated cortex, as well
as in the contralateral hemisphere, suggests that, even when extracellular volume is large, the diffusion
of the substances is substantially hindered.
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(ECS) to target cells distant (micrometer to millimeter
range) from the release sites. The non-synaptic trans-
mission of substances by diffusion via the volume of
the extracellular fluid has recently been termed “vol-
ume transmission”."" This mode of communication
can function between neurons as well as glial cells and
may be a basis for mechanisms of information pro-
cessing in functions involving large masses of cells,
such as vigilance, sleep, chronic pain, hunger, de-
pression, long-term potentiation, plastic changes and
memory formation. Therefore, the ECS is an import-
ant communication pathway between cells, and the
diffusion parameters of the ECS affect the movement
and accumulation of substances within the ECS.

Diffusion in the ECS obeys Ficks’ law, subject to
two important modifications.** First, diffusion in
the ECS is constrained by the restricted volume of the
tissue available for diffusion particles, i.e. by the
extracellular volume fraction («). The concentration
of a released substance is therefore greater than it
would be in a free medium.? Second, the free diffu-
sion coefficient, D, is reduced by the square of the
tortuosity (4) to an apparent diffusion coefficient
D* = D/A* because a diffusing substance encounters
membrane obstructions, glycoproteins and macro-
molecules, and therefore traverses a longer path as it
diffuses between two points. Besides these two geo-
metrical constraints, for many substances the diffu-
sion between cells is affected by non-specific uptake,
k’, a factor describing the loss of material across cell
membranes.”>?* These three diffusion parameters of
the ECS and their dynamic changes can be studied
in vivo using a real-time iontophoretic method,”
which uses ion-selective microelectrodes to follow
the diffusion of an extracellular marker applied by
iontophoresis (e.g. tetramethylammonium, TMA).
Changes in ECS diffusion parameters (ECS volume
decrease and tortuosity increase) may result from
activity-related transmembrane ionic shifts and cell
swelling under physiological, as well as patho-
physiological, conditions.!®*%* Damage to the
blood-brain barrier (BBB), cell damage, inflam-
mation and edema formation—important factors
in the manifestation of CNS diseases—could also
result in an ECS volume increase and tortuosity
decrease.**

Radiation therapy is an effective treatment for
some human cancers. However, this therapy is limited
by radiation injury. Clinical equivalents of early
occurring demyelinization and necrosis include som-
nolence syndromes, changes in intellect, radiation
myelopathies and leucoencepathies. The responses of
the normal tissue immediately surrounding tumor
and unavoidably irradiated areas, as well as mechan-
isms of radiation damage, are therefore of consider-
able interest. It is generally accepted'® that radiation
injury is caused by mitotic death and depletion of
the various cell populations. The main syndromes
of radiation injury in the CNS are very similar in
rodents and humans.
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The immature CNS is more sensitive to radiation
than the adult nervous system, apparently due to the
proliferative potential and increased radiation sensi-
tivity of glial and/or vascular endothelial cells in the
developing nervous system.'! DNA is the molecular
target for radiation-induced damage, especially in
tissue which is proliferating. Besides neurotoxic
effects, early postnatal X-irradiation in rats impairs
gliogenesis in the spinal cord,®* results in impair-
ment of ECS K* and pH homeostasis,* and produces
the breakdown of BBB, vasogenic edema and alter-
ations in cerebral blood flow.5”** We might there-
fore expect substantial changes in ECS diffusion
parameters in X-irradiated tissue.

Our recent studies revealed that in healthy animals
the ECS volume fraction in the cortex, the corpus
callosum and the spinal cord is large in newborn rats
and diminishes with age.”* Typical values of « found
in animals two to three days old (P2-P3) in cortical
layers III, IV, V and VI and in the corpus callosum
were 0.36-0.46, while from P20 to P120 « ranged
between 0.19 and 0.23. In the present study, diffusion
parameters of the ECS in rat sensorimotor cortex
and subcortical white matter were studied after X-
irradiation at PO-P1. The diffusion parameters were
studied during the first three postnatal weeks in the
directly X-irradiated area, in adjacent areas of the
same hemisphere and in the contralateral hemisphere.
TMA diffusion profiles were analysed in control
medium (agar), in individual cortical layers and in
subcortical white matter (corpus callosum). Using
morphological and immunohistochemical methods,
the time course of the changes in diffusion parameters
were compared with cell damage, BBB damage,
inflammatory reaction and astrogliosis—typical signs
of X-irradiation injury.

EXPERIMENTAL PROCEDURES

Preparations

Electrophysiological experiments were performed on rat
pups (Wistar) from P2 to P21 anesthetized with urethane
(1.6 g/kg, i.p.) and placed in a rat headholder. The body
temperature was maintained at 36-37°C by supporting the
rat on a heated, curved platform that enclosed the lower
part of the body. The animals spontaneously breathed air.
A hole, 2.5 mm in diameter, was made over the somatosen-
sory neocortex in the hindlimb area and the dura was
carefully removed. The exposed brain tissue was bathed in
warmed (36-37°C) artificial cerebrospinal fluid.?

X-irradiation

Rat pups (n = 63) at PO-P1, derived from different litters,
were X-irradiated. Animals were not anesthetized. While
undergoing irradiation, the pups were lightly taped to a soft
synthetic sponge in a box covered with a lead shield
containing an aperture. A single dose of about 20 or 40 Gy
was administered with an X-Ray Therapy Unit (Phillips RT
100) under the following parameters: 50 KPV, 10 mA, 10 cm
FSD, total dose 20.6 or 41.1 Gy, dose rate 7.733 Gy/min,
added filtration 0.3 mm aluminum, half-value layer 0.2 mm
aluminum.'>* Before irradiation, calibration was made in a
cylindrical ionization chamber. The irradiated area was
restricted to the right hemiphere, to an area of the so-
matosensory cortex demarcated by covering the animal with
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a protective lead shield 3.0 mm in thickness and containing
a circular opening 3.0 mm in diameter.

All efforts were made to minimize animal suffering and
to reduce the number of animals used. Experiments were
performed under the inspection of the Ethical Commis-
sion of the Institute of Experimental Medicine AS CR
and in accordance with the Law on Animal Protection
No. 167/1993.

Histological studies

Some rats at P2-P21 were killed after electrophysiological
measurements for histological and immunohistochemical
studies (n = 8); additional animals, were also used (n = 18).
Animals were divided into control and X-irradiated groups
and perfused transcardially with saline followed by 4%
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS;
PH7.5). Brains were dissected and after 4h of fixation
immersed in PBS and embedded in Histosec (Merck). Serial
sectioning was performed in the coronal plane. Sections
3 um thick were mounted on silane-coated glass slides,
de-paraffinized and stained. Layer II was difficult to delin-
eate as a separate lamina during the first three postnatal
days, because migration of neurons into these layers still
occurs during this period (for details see Lehmenkiihler
et al.®®). Measurements in this layer, therefore, could not be
performed at PO-P3.

In situ tailing. In situ tailing was used to identify DNA
fragmentation as described by Gold et al.!*'s Brain sec-
tions were predigested by proteinase K in Tris-buffered
saline (TBS) for 15min at 37°C. After proteinase treat-
ment and washing in TBS, sections were dehydrated in a
series of alcohols, fixed in chloroform for 20s and then
rehydrated in the alcohol series to the TBS. For in situ
tailing, sections were incubated for 1h in a mixture of
digoxigenin-labeled nucleotides, CoCl, and terminal trans-
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ferase in TBS. Sections were then washed in TBS and
unspecific antibody binding was blocked by 10% fetal calf
serum (FCS) for 10 min. Sections were then incubated in
alkaline phosphatase-labeled anti-digoxigenin antibody
diluted in TBS with 10% FCS. The immune complex was
visualized by alkaline phosphatase substrate (levamisol,
dimethylformamide, naphthol-ASMX-phosphate, Tris,
pH 8.2) and Fast Blue salt (Sigma). Nuclear Fast Red
was used for counterstaining. Sections were covered with
an oil-gelatin mixture.

Immunohistochemistry. The BBB leakage, infiltration by
macrophages and T-lymphocytes, astrogliosis and the pres-
ence of fibronectin in extracellular space were identified
using specific antibodies: anti-rat albumin, anti-rat im-
munoglobulin, ED1, W3/13, anti-glial fibrillary acidic pro-
tein (GFAP) and anti-fibronectin. De-paraffinized sections
were transferred to PBS, incubated for 10 min in 10% FCS
and then incubated with primary antibodies. All primary
antibodies were diluted in 10% FCS and 3% rat serum
in PBS. Endogenous peroxidase was blocked with 0.2%
H,0, in methanol for 30 min. After washing in PBS, sec-
tions were incubated for 1 h with biotinylated secondary
antibodies diluted in 10% FCS and 3% rat serum in PBS,
then washed and incubated for 1 h in avidin peroxidase
(Sigma) diluted 1:70. The immune complex was visualized
using 3,3’-diaminobenzidine tetrachloride (Sigma) and
H,0,. Sections were counterstained with hematoxylin and
covered with acrylic mounting medium (Solacryl, Sanitas,
CR).

Measurements of extracellular space diffusion parameters

Ion-selective microelectrodes were used to measure TMA
diffusion parameters in the ECS. Ion-selective microelec-
trodes for TMA were made from double-barreled theta
glass tubing (Kuglstatter, Garching, Germany) as described
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Fig. 1. Experimental set-up and TMA diffusion curves. Left: schema of the experimental arrangement.
TMA selective double barreled ion-selective microelectrode (ISM) was glued to a bent iontophoresis
microelectrode. The separation between electrode tips was 130-200 pm. Right: typical records obtained
with this set-up in cortex of animal at P18. In this figure, as well as in Fig. 10, the concentration scale
is linear and the theoretical diffusion curve [equation (1)] is superimposed on each data curve. When the
electrode array was inserted into lamina V of the cortex and the iontophoretic main current applied,
the resulting increase in concentration was much smaller in the X-irradiated hemisphere than that in the
contralateral hemisphere, apparently due to larger volume fraction. The separation between the
ion-selective microelectrode and iontophoresis electrode tips was 186 um. The values of a, A and k’
are shown with each record. Both recordings were made in the same animal using the one-microelectrode
array. Electrode transport number n = 0.304.
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Table 1. Severity and time course of morphological and immunohistochemical changes in X-irradjated brain after a single
dose of 40 or 20 Gy administered at PO-P1

Hematoxylin—eosin
condensed at

pycnotic nuclei Immunoglobulin G EDI
In situ tailing or albumin activated
DNA leakage macrophages and GFAP
fragmentation Neuronal loss BBB damage microglia astrogliosis Fibronectin
Age — _ -
(days) 200Gy 40Gy 20Gy 40Gy 20Gy 40Gy 20Gy 40Gy 20Gy 40Gy 200Gy 40Gy
2-3 ++ 4+ ++ + + + 0 0 + + + + — +
4-5 + + + + + + + + + + + + + + — +
8-9 0 + + 4+ e+ H+H+ + e+ - + +
10-11 0 + + +++ ++ ++4+ 0 +4+ 4+ ++ +H++ — 4+
1821  — 0 — + + — + + — + —  +++  — + +

The changes followed in animals at P2-P21. + + +, maximal and severe changes; + +, mediu

changes; +, minimal

3

and mild changes; 0, no change with respect to control animals; —, not studied.

elsewhere.?” The ion exchanger was Corning 477317 and the
ion-sensing barrel was back-filled with 100 mM TMA chlor-
ide, while the reference barrel contained 150 mM NaCl.
Electrodes were calibrated using the fixed-interference
method before and after each experiment in a sequence of
solutions of 150 mM NaCl + 3 mM KCI with the addition
of the following concentrations of TMA chloride (mM):
0.0003, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0.
Calibration data were fitted to the Nikolsky equation to
determine electrode slope and interference.”’

For TMA diffusion measurements, iontophoresis pipettes
were prepared from theta glass. The shank was bent, before
back-filling with 1 M TMA chloride, so that it could be
aligned parallel to that of the jon-selective microelectrode.
Electrode arrays were made by gluing together an ion-
tophoresis pipette and a TMA ion-selective microelectrode
with a tip separation of 130-200 um (Fig. 1). Typical
iontophoresis parameters were +20nA bias current (con-
tinuously applied to maintain a constant transport number),
with + 100 nA current steps of 80 s duration to generate the
diffusion curve.

Potentials recorded on the reference barrel of the ion-
selective microelectrode were subtracted from the ion-
selective barrel voltage measurements by means of buffer
and subtraction amplifiers. TMA diffusion curves were
captured on a digital oscilloscope (Nicolet 3091) and then
transferred to a PC-compatible, 486 computer, where they
were analysed by fitting the data to a solution of the
diffusion equation (see below) using the program
VOLTORO (Nicholson C., unpublished).

TMA concentration—time curves were first recorded in
0.3% agar (Difco, Special Noble Agar) dissolved in 150 mM
NaCl, 3mM KCI and 0.3 mM TMA in a Lucite cup that
could be placed just above the brain. The array of electrodes
was then lowered into the cortex to depths coinciding with
the known distribution of the layers at the various ages
used.?

The diffusion curves obtained from the various layers of
the cortex were analysed to yield « and A and the non-
specific, concentration-dependent uptake term, &’ (s7!).
These three parameters were extracted by a non-linear curve
fitting simplex algorithm operating on the diffusion curve
described by equation (1), which represents the behavior of

TMA, assuming that it spreads out with spherical symmetry,
when the iontophoresis current is applied for duration S. In
this expression, C is the concentration of the ion at time ¢
and distance r. The equation governing the diffusion in brain
tissue is:

C =G(1) t < S for the rising phase of the curve
C =G(t)— G — S)t > Sfor the falling phase of the curve.

The function G(u) is evaluated by substituting f or t — S
for u in the following equation.?

G(u) = (QA%8nDar){explri(k’/D)"lerfe[rA /2(Du)'?
+ (k'u)"?] + exp[—rA(k /D) erfclrd /2(Du)'? — (k)"
0)]

The quantity of TMA delivered to the tissue per second
is Q = In/zF, where [ is the step increase in current applied
to the ionotophoresis electrode, # is the transport number,
z is the number of charges associated with substance ion-
tophoresed (+1 here) and F is Faraday’s electrochemical
equivalent. The function “erfc” is the complementary error
function. When the experimental medium is agar, by defi-
nition, « = 1 = Aand kK’ = 0, and the parameters » and D are
extracted by the curve fitting. Knowing » and D, the
parameters «, 4 and k’ can be obtained when the experiment
is repeated in the brain.

Statistical analysis

Results of the experiments were expressed as the
mean + S.E.M. Statistical analysis of the differences be-
tween groups was evaluated by one-way ANOVA. Values
of P < 0.05 were considered significant.

RESULTS

Morphological and immunohistochemical changes in
X-irradiated brain

Histological and immunohistochemical changes
were studied between P2 and P21 after X-irradiation
with a single dose of 40 Gy at PO-P1. Already at

Fig. 2. Coronal sections of the animals with X-irradiated right hemisphere. (a) A diagrammatic
representation of indicated areas. (b) In sifu tailing shows DNA fragmentation in apoptotic nuclei in
an animal at P3 (x 190). (¢) Coronal section of whole brain at P3 after in situ tailing (x 18). (d) BBB

damage revealed by immunoglobulin G leakage

in X-irradiated hemisphere in an animal at P7

(x 15). (e) Higher magnification of the X-irradiated regions showing immunoglobulin G in cytoplasm
of damaged cells ( x 140).
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P2-P3, hematoxylin—eosin staining showed many
damaged cells, both neurons and glia, with con-
densed, pycnotic nuclei, resembling the characteristic
features of apoptosis. At P2-P3, in situ tailing showed
DNA fragmentation within the apoptotic nuclei
(Table 1). Damage was most severe in the periventric-
ular matrix zone in both hemispheres (Fig. 2b, c).
Dying cells in the periventricular matrix zone formed
clusters between normal cells. In X-irradiated cortex,
the damage was more severe in laminae V and VI,
while there were fewer damaged cells in laminae
[1-1V.

Clearly, fewer damaged cells were found after
X-irradiation with 20 Gy (Table 1) and only a few
apoptotic cells were found in areas about 2 mm away
from the edge of the lesion, as during normal devel-
opment. While in later stages incomplete parenchy-
mal necrosis was found after X-irradiation with
40 Gy, rather mild loss of neurons was found with
20 Gy and almost no loss was observed in non-
irradiated parts of the cortex and in the contralateral
hemisphere.

Immunoglobulin G and albumin leakage as a
marker of BBB damage was studied from P2 to P21.
In control animals, only minor staining of the
meninges was found. In X-irradiated animals (40 or
20 Gy), no BBB leakage was found at P2-P3, and
discrete immunoglobulin G and albumin extravasa-
tion was found at P4-P5, while strong protein leakage
was present at P7-P8. The extensive leakage through
the whole X-irradiated hemisphere persisted at
P10-P11 (Fig. 2d), while it decreased slightly at
P17-P21 (Table 1). It is therefore evident that severe
BBB damage occurred at P7-P8 after X-irradiation
with both 40 and 20 Gy. Immunoglobulin G and
albumin were also sometimes found in the cytoplasm
of damaged cells (Fig. 2e).

Activated macrophages and microglial cells were
identified using EDI antibodies. At P3, only subcor-
tical layers were infiltrated with macrophages after
X-irradiation, while no infiltration was seen in the
cortex (Fig. 3a, b). A discrete infiltration occurred at
P4-P5; however, at P7-P8, cortical lesions were full
of EDl-stained cells (Fig. 3c,d). At P10-P11, the
number of EDI-positive cells decreased, and only a
few stained cells were found in the lesion at P17-P18
(Table 1). In less damaged cortex after X-irradiation
with 20 Gy, only slight infiltration by macrophages
was found, suggesting mild damage. In control ani-
mals, T-lymphocytes identified with W3/13 anti-
bodies were seldom found in the meninges and
ventricles. In X-irradiated animals, the number of
T-lymphocytes was not significantly increased at
P2-P21.

In control animals, GFAP staining in the cortex, as
well as in subcortical white matter, gradually in-
creased with postnatal development. At P18-P21, the
cortex and corpus callosum were diffusely stained
with GFAP, with many astrocytes attached to the
blood vessels. In animals X-irradiated with either 20
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or 40 Gy, GFAP staining revealed astrocyte prolifer-
ation and hypertrophy. Astrocytes had thick, densely
stained processes (Fig. 4d). GFAP staining had
already increased at P2-P3. Figure 4a and b shows
invasion of reactive astrocytes into the X-irradiated
hemisphere and, to a lesser degree, the contralateral
hemisphere. Astrogliosis was maximum at P8-Pl1
(Fig. 4d) and persisted at P18-P21 (Table 1),
suggesting the formation of a gliotic scar. At P8—P21,
an increase in GFAP staining was also found in the
contralateral and non-irradiated parts of the ipsilat-
eral hemisphere, but it was much less pronounced
than in X-irradiated regions (Fig. 4c, d).

Staining with antibodies against fibronectin in con-
trol animals showed only light diffuse staining from
P3 to P11; this staining disappeared in animals at
P18. In the X-irradiated hemisphere, an increase of
fibronectin expression was found in all lesioned corti-
cal layers at P8-P21 (Table 1, Fig. 5) and in the
subcortical white matter. There was no increase in
fibronectin staining in the contralateral hemisphere.

Diffusion parameters in gray and white matter

The extracellular space volume fraction, tortuosity
and non-specific uptake in the normally developing
rat cortex and subcortical white matter have been
studied in detail by Lehmenkiihler e al.?° The volume
fraction is large in newborn rats and diminishes with
age. A substantial decrease of the ECS volume frac-
tion in gray matter was observed at P8-P9. The
“adult”” (P90-P120) values of all three ECS diffusion
parameters were reached in gray matter at P10-P11
and in white matter at P20-P21, apparently due to
extensive gliogenesis and myelination.” In these ex-
periments, we studied the diffusion parameters «, 4
and &k’ in cortical layers III, IV, V and VI and in
subcortical white matter, including the corpus callo-
sum, of rats at P2-P3, P4-P5, P10-P11 and P18-P21,
which had received a single 20 or 40 Gy dose of
X-irradiation at PO-P1. The diffusion parameters in
both the X-irradiated (Table 2) and contralateral
hemisphere (Table 3) were compared with those of
non-irradiated, control animals which were taken
from the same litters (for the control values see
Table 1 in Lehmenkihler et al.?).

At P2-P3, i.e. 2448 h after X-irradiation, there
was no significant decrease in « in gray or white
matter in the X-irradiated hemisphere (Table 2).
However, 4 decreased significantly in laminae V and
VI and in the white matter, and k' decreased signifi-
cantly in laminae IV, V and VI (Table 2). Moreover,
the values of «, 4 and k£’ also decreased significantly
in the contralateral hemisphere, « and A in laminae V
and VI and the white matter, and &£’ in laminae 1V,
V and VI and the white matter (Table 3).

At P4-P5, o increased significantly in all corti-
cal layers as well as in the white matter of the
X-irradiated hemisphere (Table 2), while in the con-
tralateral cortex and white matter, « was not sig-
nificantly different from the control values measured
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Fig. 3. Coronal section of the X-irradiated hemisphere stained with ED1 antibodies. Overview of the

X-irradiated cortex and subcortical regions in animal at P3 (a) and P8 (c). At P3 only subcortical layers

were infiltrated by macrophages, while at P8 the cortical lesion was full of ED1-stained cells. (b, d) Higher
magnification of the lesion at P3 (b) and P8 (d). (a) x70; (c) x45; (b,d) x 400.
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Fig. 5. (a) Coronal section of the X-irradiated hemisphere of the animal at P8 shows the cortical lesion
immunostained with anti-fibronectin ( x 40). (b) Higher magnification of the cortical lesion densely stained
with anti-fibronectin ( x 200).
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Fig. 4. Astrogliosis in X-irradiated cortex and subcortical white matter. (a, b) Coronal section of the left

and right (X-irradiated ) hemispheres in an animal at P3 immunostained with anti-GFAP. Note the greater

invasion of the X-irradiated hemisphere (b) by reactive astrocytes ( x 40). (c, d) Higher magnification of

the cortex at P11 reveals many fewer GFAP-positive cells in the contralateral hemisphere (c) than in the
X-irradiated hemisphere (d) (x400).
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Fig. 6. Representative records obtained in cortical layers III-VI and in subcortical white matter in
X-irradiated area, area adjacent to X-irradiation (2 mm rostrally from the edge of the directly X-irradiated
area) and in contralateral hemisphere. For the localization of microelectrode tips, see the inset. All
recordings are from the same animal at P9 and were recorded with the same microelectrode array. The
values of volume fraction () are shown with each curve. The values of A and k’ were, from lamina III
to white matter: 1.69, 1.65, 1.55, 1.60, 1.41 and 3.9 x 10~%/s, 54 x 10735, 1.9 x 107%/s, 6.4 x 107 %s,
2.5 x 107%/s in X-irradiated area, 1.45, 1.52, 1.48, 1.48, 1.32 and 1.1 x 10~3/s, 8.5 x 10~%s, 1.2 x 1073s,
2.3 x 10735, 5.5 x 107%/s in adjacent area and 1.41, 1.53, 1.63, 1.28, 1.64 and 2.0 x 10~ %/s, 1.4 x 107%/s,
6.8 x 107%s, 3.6 x 107%/s, 4.8 x 10~%/s in contralateral hemisphere. The array spacing was 172 um,
electrode transport number n = 0.483.

in non-irradiated animals of the same age. In both the
contralateral and X-irradiated hemisphere, 1 re-
mained significantly decreased in the gray matter as
well as in the white matter, while k* was decreased
only in lamina V of the X-irradiated hemisphere
(Table 2).

At P8-P21, « was significantly increased in all
cortical layers as well as in the white matter (Table 2).
At P18-P21, the o values in X-irradiated hemisphere
in layers III-V were more than twice those on the
contralateral side or in non-irradiated rats (see Figs 1
and 6). No difference was found between the animals
X-irradiated with 20 Gy (P8-P11) or 40 Gy. The
values were even significantly larger than those for
control animals at P2. Moreover, 1 in the gray matter
of the X-irradiated hemispheres was significantly
increased from P10 to P21 and k’ was increased at
P18-P21. This increase in 4 and k&~ was not observed
in the white matter.

At P8-P21, the a values in the contralateral hemi-
sphere were not significantly different from those in
control animals (Fig. 6). However, at P18-P21 a
significant increase in A was found in the contralateral
hemisphere in layers III, IV and V, and a significant
increase in k° was found in layers III and VI
(Table 3).

In addition to the dramatic changes in all three
diffusion parameters in the area of direct X-
irradiation and in the contralateral hemisphere, as
described above, significant changes in TMA diffu-
sion parameters were also found in areas adjacent
to X-irradiated cortex and white matter of the same
hemisphere. Figure 6 shows the typical TMA diffu-
sion curves recorded in one rat (P9) in cortical layers
III, IV, V and VI and in the white matter of the
X-irradiated and contralateral hemisphere. Figure 6
also shows diffusion curves recorded in the same
animal with the same microelectrode array in various
cortical layers and in the white matter in the area
adjacent to the X-irradiation (electrodes were posi-
tioned 2 mm frontally from the edge of the directly
X-irradiated area in the same hemisphere). It is
evident that the a values in the cortical gray matter
adjacent to the X-irradiated area were lower than
those in the middle of the lesion, but « was still
significantly larger than that recorded in the con-
tralateral hemisphere or in control rats.? No signifi-
cant difference was found in the white matter below
this “adjacent area” compared to the contralateral
hemisphere.

We have thus found that TMA diffusion par-
ameters for the X-irradiated cortex and corpus
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callosum are changed dramatically during the first
three weeks after early postnatal X-irradiation. Tt is
evident that the changes in severely damaged brains
(40 Gy) are as large as those found in relatively
less damaged cortex and white matter (20 Gy).
Moreover, the diffusion parameters are also changed
in areas with even milder damage, i.e. in regions
adjacent to X-irradiation or in the contralateral
hemisphere.

DISCUSSION

Morphological and immunohistochemical changes

Experimental studies on radiation injury of the
rat CNS show that relatively low doses of ir-
radiation produce, within a few days, radiation ne-
crosis characterized by a decrease in the number of
mitotic cells’ and a disappearance of glial precursor
cells.'”® Some responses which occur within hours
and days involve the release of various vasogenic and
growth factors, while others may be based on capil-
lary obliteration and deprivation of nutrients. It has
been argued that the lesions are typically the result of
infarction and edema,* which points to the import-
ance of vasculature as the pathological basis. Glial
cells play an important role in pathological processes,
since the earliest and most predominant changes were
reported in blood vessels in close association with
astrocyte enlargements. BBB damage observed in
monkeys 6h to 12 days after irradiation included
significant edema, along with evidence of inflam-
mation, perivascular exudates, demyelination, glio-
sis and a diminished number of oligodendroglial
cells.!®

Our present study shows that direct irradiation of
immature neurons and glia induces apoptosis. Our
data show that a single 40 Gy dose of X-irradiation
at PO-P1 resulted in typical radiation necrosis, while
a single 20 Gy dose resulted in relatively mild dam-
age. While apoptotic cells, massive nuclear fragmen-
tation and astrogliosis were found as early as P2-P3,
there was no change in ECS volume fraction. The cell
death and astrogliosis were accompanied, however,
by a decrease in tortuosity and non-specific TMA
uptake. BBB damage at P4-P5, which peaked at
P8-P11 (after a dose of 20 and 40 Gy), and its
presence at P21 correspond well with the observed
increase in ECS volume fraction at P4-P21. Even
mild neuronal loss and discrete inflammatory reac-
tion after a single dose of 20 Gy were accompanied by
a significant increase in a. It is therefore apparent that
the increase in « persisted in gliotic scars. The BBB
damage might therefore be more important than cell
loss for the increase in «. These findings correlate with
the recent data obtained in our laboratory in rats with
acute experimental autoimmune encephalomyelitis,
characterized by demyelination, BBB damage,
inflammation and astrogliosis, and also resulting in
an increase in ECS volume fraction in the spinal
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cord.* Recently, ECS volume changes have been
studied with the TMA method during acute cerebral
inflammation following intracerebral inoculation
with a weakly pathogenic strain of Staphylococcus
aureus, but significant changes in ECS volume were
not found.?' It is also interesting that the X-ir-
radiation-induced increase in ECS volume is “com-
pensated” for by an increase in A (Table 2). The
massive increase of staining for fibronectin, which
was found in the extracellular matrix of the X-
irradiated hemisphere at P8-P21, corresponds with
the observed increase in tortuosity in animals at
P10-P21. The decrease in o and A observed in the
contralateral hemisphere might also be related to
gliosis. The fact that gliotic reaction spreads through
the necrotic lesions into the ipsilateral as well as the
contralateral cortex suggests that it is induced by
diffusible factors (see also Norton et al.*").

Diffusion parameters in X-irradiated cortex and
subcortical white matter

To study the diffusion parameters of the X-
irradiated tissue, we used the real-time iontophoretic
method developed by Nicholson and Phillips.”® The
three diffusion parameters o, A and k&’ were deter-
mined from concentration-time profiles of TMA, a
relatively small ion with a molecular mass of 74. Its
diffusion in the brain can be compared with those of
biologically important ions and some neurotransmit-
ters (c.g. acetylcholine, GABA and glutamate). The
diffusion parameters of substances with greater mol-
ecular masses could be altered even more. Changes in
ECS diffusion parameters can profoundly influence
intercellular signal transmission and the susceptibility
of the nervous tissue to damage, and could be an
important factor under physiological conditions as
well as in the manifestation of CNS diseases. "%
Indeed, the diffusion parameters, o, 1 and k’ were
altered significantly during pathological states. Rela-
tive shrinkage of the ECS and increase in tortuosity
as a result of cell swelling have been described for the
CNS during anoxia, epileptic activity and spreading
depression.'*%% Recently, significantly altered diffu-
sion parameters were found in the developing brain
and spinal cord, « being almost doubled in the first
postnatal week and A typically having low values near
1.520'39

The diffusion properties of the injured nervous
tissue during development have not yet been studied.
In the present study, we show that diffusion proper-
ties of the ECS are changed significantly after early
postnatal X-irradiation. While ECS volume fraction
increases first at P4-P5, the tortuosity increases later
at P10-P11. As mentioned above, the change in ECS
geometry (J is a geometrical factor) might be caused
by extensive astrogliosis compensating for neuronal
loss, as well as by excessive accumulation of sub-
stances in the ECS (e.g. fibronectin). During develop-
ment, the diffusion parameters in different cortical
layers are homogeneous, but those found in the white
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matter are different.” By homogeneity, we mean that
diffusion properties do not vary within a region. In
adult animals inhomogeneity has been found in
different cortical layers and in the white matter.?” The
observed differences in diffusion parameters in X-
irradiated cortex therefore probably reflect different
susceptibilities and/or degrees of maturation of the
distinct cells in these layers. In this study we have not
studied tissue anisotropy. Rice et al*> described an-
isotropic diffusion in the turtle cerebellum, showing
that there is more than one distinct value of A when
measurements are made using different geometrical
axes (x-, y- and z-axes) of the tissue. Our measure-
ments with cortex during development (P4-P12) re-
vealed that the diffusion in all cortical layers, as
well as in the white matter, is isotropic (Sykova,
Skobisova and Vargova, unpublished observation).

Functional implications

The ECS constitutes the microenvironment of
brain cells. Its diffusion parameters, ionic compo-
sition and the distribution of neurotransmitters,
neuromodulatory compounds and metabolic sub-
strates undergo changes during development. More-
over, the ECS is under the dynamic influence of
neuronal activity. These factors can substantially
affect the transmission of information in nervous
tissue. The ECS is therefore an important communi-
cation channel between neurons and between neurons
and glial cells, and diffusion in the ECS is an import-
ant factor in neurotransmission,>!!-#2837.38

Diffusion can be hindered under many pathologi-
cal conditions, such as during anoxia® and chronic
pain,’ since o decreases and 4 increases. On the other
hand, if the volume fraction is larger and tortuosity
is not substantially increased, as is the case in X-
irradiated tissue in the first week after X-irradiation,
substances diffusing through the ECS to target struc-
tures may not reach effective concentrations to act
at particular receptors. However, in the second and
third weeks the increase in tortuosity, inferred from
the decrease in the apparent diffusion coefficient in
the X-irradiated cortex as well as in the contralateral
hemisphere, suggests that even when the extracellular
volume is large, the diffusion of the substances is
substantially hindered. The tortuosity increase ob-
served in the contralateral hemisphere was not ac-
companied by changes in volume fraction. This
suggests that changes in the geometry of the ECS and
in the apparent diffusion coefficient may, under
pathological conditions, occur independently of z.
Important events affected by altered diffusion par-
ameters involve the extrasynaptic movement of
classical transmitters such as dopamine, adenosine,
serotonin, noradrenaline, acetylcholine and gluta-
mate."®!'* In addition, ECS traffic includes atypical
neuromodulators such as nitric oxide, which pro-
duces its effect by diffusion,!? although it penetrates
cells as well, and other important diffusible factors
like nerve growth factor. It should be kept in mind
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that all receptors located extrasynaptically (outside
of the synaptic cleft) must be reached by the diffu-
sion of substances through the ECS. Furthermore,
externally applied drugs reach target receptors and
cells only by diffusion. It is therefore of considerable
interest whether large molecules, e.g. from families of
neurotrophic factors, can restore function in various
neurological diseases. For example, nerve growth
factor prevents cell death during normal development
and also preserves cells from dying in pathological
conditions.”

Constrictions in the ECS hinder the diffusion of
molecules above a critical size that lies in the range
of many neurotrophic compounds. Increasing values
of A for molecules with increasing molecular weight
have been recently found in rat cortical slices, indi-
cating hindrance of the diffusion of molecules with
molecular weights of 40,000 to 70,000.” Under
pathological conditions, 4 may be increased to the
point of preventing movement of even smaller sub-
stances through the ECS. The situation in X-
irradiated tissue two to five days post-irradiation,
where o is more than double the value in normal
tissue and /. is decreased, may allow the movement of
larger molecules than in healthy tissue. This situation,
together with the increase in BBB permeability, can
be advantageous during the therapeutic application
of substances. However, at about two weeks after
X-irradiation (P10-P21). When 4 becomes signifi-
cantly increased, even the diffusion of TMA is more
hindered. The diffusion properties of TMA as a
relatively small ion with an apparent molecular mass
of 74 can be compared with those of biologically
important ions and some neurotransmitters, such as
acetylcholine, GABA and glutamate. The movement
of substances with greater molecular masses, such as
glucose (180), ATP (500), neurohormones and neu-
ropeptides such as dynorphin, substance P and
galanin (1000-3000), and nerve growth factor (about
40,000) could therefore be more hindered than is
TMA.

Radiation therapy used to retard the growth of
residual brain tumors and radiation of the skull in
children with leukemia frequently result in neurologi-
cal and psychological complications, which range
from acute, but reversible, cognitive decline to mem-
ory deficit, attention deficits, a variety of sensory,
language, visuospatial, awareness and intellectual
deficits and, in some cases, progressive dementia.>*>*
Doses of 18-35Gy are typically administered to
children, but doses above 50 Gy are also administered
to patients with malignant gliomas.'"® Although in
clinical practice the conventional daily fractionation
is used, the total doses are comparable to those used
in our experiments.

CONCLUSIONS

In our study, brain areas which received a single
dose of X-irradiation (20 Gy) too low to produce
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severe neuronal loss, as well as remote brain regions
which either received very low doses or were
indirectly affected (adjacent areas), all exhibited
substantial changes in diffusion properties. The
substantial alterations of the ECS volume and
geometry found in our experiments therefore
suggest changes in non-synaptic transmission (“vol-
ume transmission’’) and may contribute to the
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changes in brain behavior induced by radiation
therapy.
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