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Abstract—Fetal neocortex or tectum transplanted to the midbrain or cortex of newborn rats develops
various degrees of gliosis, i.e. increased numbers of hypertrophied, glial fibrillary acidic protein-positive
astrocytes. In addition, there were patches or bundles of myelinated fibres positive for the oligodendrocyte
and central myelin marker Rip, and increased levels of extracellular matrix molecules. Three diffusion
parameters—extracellular space volume fractiona (a�extracellular volume/total tissue volume),
tortuosityl (l� ����������

D=ADC
p

, whereD is the free andADC is the apparent tetramethylammonium diffusion
coefficient) and non-specific uptakek0—were determinedin vivo from extracellular concentration–time
profiles of tetramethylammonium. Grafts were subsequently processed immunohistochemically to
compare diffusion measurements with graft morphology. Comparisons were made between the diffusion
parameters of host cortex and corpus callosum, fetal cortical or tectal tissue transplanted to host midbrain
(“C- and T-grafts”) and fetal cortical tissue transplanted to host cortex (“cortex-to-cortex” or C-C-grafts).
In host cortex,a ranged from 0.20̂ 0.01 (layer V) to 0.21̂ 0.01 (layers III, IV and VI) andl from
1.59^ 0.03 (layer VI) to 1.64̂ 0.02 (layer III) (mean̂ S.E.M.,n� 15). Much higher values were found
in “young” C-grafts (81–150 days post-transplantation), wherea� 0.34^0.01 andl� 1.78^ 0.03
(n�13), as well as in T-grafts, wherea�0.29^0.02 andl�1.85^0.04 (n� 7). Further analysis
revealed that diffusion in grafts was anisotropic and more hindered than in host cortex. The heterogeneity
of diffusion parameters correlated with the structural heterogeneity of the neuropil, with the highest values
of a in gray matter and the highest values ofl in white matter bundles. Compared to “young” C-grafts, in
“old” C -grafts (one year post-transplantation) botha andl were significantly lower, and there was a clear
decrease in glial fibrillary acidic protein immunoreactivity throughout the grafted tissue. In C-C-grafts,a
andl varied with the degree of graft incorporation into host tissue, but on average they were significantly
lower (a� 0.24^ 0.01 andl� 1.66^ 0.02, n� 8) than in young C- and T-grafts. Well-incorporated
grafts revealed less astrogliosis, anda andl values were not significantly higher than those in normal
host cortex.

The observed changes in extracellular space diffusion parameters could affect the movement and
accumulation of neuroactive substances and thus impact upon neuron–glia communication, synaptic
and extrasynaptic transmission in the grafts. The potential relevance of these observations to human
neuropathological conditions associated with acute or chronic astrogliosis is considered.q 1999 IBRO.
Published by Elsevier Science Ltd.
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The extracellular space (ECS) is the microenviron-
ment of neurons and glia. In the CNS, dynamic
changes in ECS volume, geometry and ionic compo-
sition (e.g., K1, pH, Ca21) accompany neuronal
activity, glial development and ageing (for review
see Ref. 62). An alteration in ECS volume and/or
geometry may affect the clearance of metabolites
and toxic products and will impact upon the

diffusion of neuroactive substances in the ECS,
which may in turn affect synaptic and extrasynaptic
transmission, neuron–glia communication and ionic
homeostasis.1,16,42,62

Glial cells are believed to play an important role
in the regulation of ECS ionic composition and
volume in the CNS.62,63 During normal postnatal
development, as glial cells mature, ECS diffusion
parameters gradually attain adult values.11,31,50,68

This normal pattern can be disrupted by neonatal
X-irradiation, which causes cell death, blood–brain
barrier damage and astrogliosis.65 ECS characteris-
tics also change in gliotic tissue surrounding an
acute penetrating CNS injury.52 These observations
raise the important question of how changes in glial
cell phenotype during ageing and in different
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pathological states affect ECS diffusion parameters,
particularly whether their proliferation and hyper-
trophy lead to diffusional barriers for neuroactive
substances and impaired clearance of metabolites.

To study this issue further, we have used a novel
experimental animal model of chronic astrogliosis in
CNS tissue. Embryonic cortical or tectal tissue trans-
planted on to the dorsal surface of the midbrain of
neonatal rats matures in the host and develops
characteristic cytoarchitectural features.25,32 In both
types of graft, astrocytes are hypertrophied, they
stain intensely for glial fibrillary acidic protein
(GFAP) and they remain in a reactive state for
many months post-transplantation.22,24 Others have
also documented reactive, hypertrophied astrocytes
in fetal neural grafts, particularly in grafts that are
not well integrated with host tissue.4,5,26,29,60,69

Oligodendrocytes, in contrast, mature in an appar-
ently normal manner in both tectal and cortical
transplants and attain relatively normal phenotypic
characteristics.22,24 In the heterotopic cortical grafts,
the increase in astrocytic GFAP immunoreactivity is
especially pronounced, and there is an associated
increase in chondroitin sulphate proteoglycan
expression in the graft neuropil.22

Given these findings we decided to study cortical
and tectal grafts at different times after transplanta-
tion, to investigate whether there are physiologically
measurable changes in ECS volume and geometry in
grafted tissue. This particular graft model lends
itself to such studies because, as the embryonic
tissue matures in the host, it grows in volume but
remains situated on the dorsal surface of the host
midbrain—either on caudal midbrain or on rostral
cerebellum.23,25 The grafts are identifiable as large,
discrete tissue masses which are mostly isolated
from underlying host tissue, and microelectrodes
can be visually guided into the grafted tissue to
record neural activity.21 The location of recording
sites can also be verified histologically.21

The method used for transplantation of fetal tissue
on to the host midbrain involves injection of the
tissue through a glass micropipette.32 This results
in a loss of laminar organization; cortical grafts in
particular become lobulated, with areas of gray
matter separated by irregularly distributed bands or
patches of white matter.22,25 In addition to the
influence of astrogliosis, this cytoarchitectural dis-
organization of the tissue might also affect ECS
volume and geometry. To test for this, ECS diffusion
parameters were measured in embryonic cortex
transplanted on to host cerebral cortex. These
homotopic grafts show a similar loss of laminar
order, but astrocytic reactivity and GFAP levels
are considerably less than in cortex-to-midbrain
transplants (Harvey, Kendall and Martins, unpub-
lished observations).

Diffusion in the ECS obeys Fick’s laws, subject to
two important modifications.41 First, diffusion in the
ECS is constrained by the restricted volume of the

tissue available for diffusing particles—by the
extracellular volume fraction (a). Second, the free
diffusion coefficient,D, is reduced by the square of
tortuosity (l) to an apparent diffusion coefficient
ADC�D/l2, because diffusing substances encoun-
ter diffusion barriers. These might include cellular
membranes, neuronal and glial processes, glyco-
proteins and macromolecules of the extracellular
matrix. a, ADC, l and non-specific cellular uptake
(k0) were therefore studied in host cortex and in
cortical or tectal grafts, using the real-time ionto-
phoretic method which follows the diffusion of an
extracellular marker with ion-selective microelec-
trodes.41,62 Recording penetrations were identified
histologically andin vivo diffusion properties were
correlated with morphological features of grafted
tissue.

EXPERIMENTAL PROCEDURES

Cortical and tectal tissue grafts

Full details of the transplantation procedure have been
given elsewhere.22,25,32 In short, E15 or E16 embryos (day
after mating�E0) were removed from anaesthetized
(halothane or ether) time-mated mothers (inbred strain
PVG/c for transplantation to the host midbrain and Wistar
strain for transplantation to the host cortex; Institute of
Experimental Medicine AS CR, Prague). Tectal or cortical
tissue was then dissected out and placed in cold Ham’s F-10
medium (Gibco-BRL, Gaithersburg, MD, U.S.A.). After
removal of overlying membranes, the pieces of tissue
were trimmed and then transplanted to the dorsal surface
of the midbrain or to the cortex (1–2 mm anterior to
lambda) of ether-anaesthetized newborn rats. Transplanta-
tion was achieved by slowly injecting the tissue through a
glass pipette inserted obliquely under the host skull. After
recovery and warming, recipient animals were returned to
their mothers; host rats were weaned at 21 days. A total of
six host litters received grafts (three litters of cortical grafts,
three litters of tectal grafts). In the graft-to-midbrain experi-
ments, to ensure unequivocal identification of the type of
graft in host rats, fetal cortex and tectum were transplanted
into female and male hosts, respectively. The transplanta-
tion of fetal cortical tissue to host cortex was carried out on
five male and seven female host rats. All surgical procedures
were approved by the appropriate Institutional Ethics
Committee. All efforts were made to minimize animal
suffering and to reduce the number of animals used.

Electrophysiological studies

At 81–351 days after transplantation, 33 host rats were
used in electrophysiological experiments. The weight range
was 170–200 g in PVG/c females with fetal cortical tissue
transplanted to host midbrain (C-grafts;n� 18), 250–300 g
in PVG/c males with fetal tectal tissue transplanted to host
midbrain (T-grafts;n� 7), 300–350 g in Wistar females
(n� 7) and 500–550 g in Wistar males (n�5), both with
fetal cortical tissue transplanted to host cortex (C-C-grafts).
PVG/c rats with cortex-to-midbrain grafts were divided into
two groups according to the time after transplantation:
“young” grafts (81–150-day-old hosts,n� 13) and “old”
grafts (336–351-day-old hosts,n� 5). Control measure-
ments were done in the host cortex of the same animal as
graft measurements. The measurements in C-C-grafts were
done in 209–245-day-old hosts.

Rats were anaesthetized by injection of 60 mg/kg pento-
barbital (i.p.). A state of deep anaesthesia was maintained
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throughout each experiment with supplementary injections
of pentobarbital (25% of original dose) every 2–3 h. The
skin overlying the cranium was removed and the brain
surface exposed by cutting the cranial bones with a dental
burr and forceps. A craniotomy was performed above the
location of the graft, and a second opening was made above
the cortical surface of intact host brain. The dura mater was
removed above both openings and the head of the animal
was fixed in a stereotaxic apparatus. A heating pad was used
to maintain body temperature at 378C. The exposed brain
tissue was bathed in warm (37–388C) artificial cerebro-
spinal fluid.31 Electrodes were placed above the brain and
penetration was performed using a step-motor microdrive
(Nanostepper, SPI, Oppenheim, Germany). Two to five
microelectrode tracks were made in each animal, in host
cortex and in graft. Measurements were done inx- and y-
axes, thex-axis being perpendicular to the body axis and the
y-axis along the body axis. Diffusion curves were recorded
at 200mm steps between 500mm and 2300mm below the
transplant surface. Several control measurements in host
cerebral cortex were made before, between and/or after
the measurements in grafts. The location of the recording
sites in transplants was marked by placing a small crystal of
the dye DiI on to the surface at the position where the
electrodes penetrated the grafted tissue (Fig. 2A). Some
electrodes were left in place in the last recording site and
fixed in situduring the animal perfusion with paraformalde-
hyde to help to identify the position of the microlectrode
penetrations and to facilitate cutting the tissue in the appro-
priate coronal plane.

Diffusion measurements

Tetramethylammonium (TMA1)-selective microelec-
trodes were used to measure diffusion properties of grafts
and host cortex. The ion-selective microelectrodes (ISM) for
TMA 1 were made from double-barrel tubing as described
elsewhere.64,68The ion-exchanger was Corning 477317, and
the ion-sensing barrel was back-filled with 100 mM TMA
chloride while the reference barrel contained 150 mM NaCl.
Electrodes were calibrated in a solution of 150 mM
NaCl1 3 mM KCl with the addition of TMA1 at the
following concentrations (mM): 0.01, 0.03, 0.1, 0.3, 1, 3,
10. Calibration data were fitted to the Nikolsky equation to
determine electrode slope and interference. Iontophoresis
pipettes were prepared from theta glass. The shank was
bent before back-filling with 0.3 M TMA chloride so that
it could be aligned parallel to that of the ISM. Electrode
arrays were made by gluing together an iontophoresis
pipette and a TMA1-sensitive electrode with a tip separation
of 100–200mm.

Iontophoresis parameters were1 20 nA bias current
(continuously applied to maintain constant electrode trans-
port number) and180 nA current step of 60 s duration to
produce TMA1 diffusion curves. Potentials recorded at the
reference barrel of the ISM were subtracted from ion-selec-
tive barrel measurements by means of buffer and subtraction
amplifiers. TMA1 diffusion curves were captured on a
digital oscilloscope (Nicolet 310), then transferred to a
PC-compatible, 486 computer and analysed by fitting the
data to a solution of the diffusion equation by the use of
the program VOLTORO (Nicholson, unpublished observa-
tions). TMA1 concentration-versus-time curves were first
recorded in 0.3% agar gel (Agar Noble, Difco, Detroit)
made up in 150 mM NaCl, 3 mM KCl and 1 mM TMA1.
The iontophoretic curves in agar were used to determine the
electrode transport number,n, and free TMA1 diffusion
coefficient, D (cm2/s). The diffusion curves were then
recorded in the brain and analysed to yield a value ofa,
TMA 1 apparent diffusion coefficient in tissueADC (cm2/s),
l (l� ����������

D=ADC
p

) and the non-specific TMA1 uptake,k0
(s21) as previously described.41,64,65These parameters were
extracted by a non-linear curve fitting simplex algorithm

operating on the diffusion curve described by equation (1),
which represents the behaviour of TMA1, assuming that it
spreads out with spherical symmetry, when the ionto-
phoresis current is applied for durationS.40,41In this expres-
sion,C is the concentration of TMA1 at timet and distance
r. The equation governing diffusion in brain tissue is:

C�G(t) t, S for the rising phase of the curve
C�G(t)2 G(t2 S) t. S for the falling phase of the
curve.

The functionG(u) is evaluated by substitutingt or t 2 S
for u in the following equation:

G�u� � �Ql2
=8pDar�{exp�rl�k 0=D�1=2�erfc�rl=2�Du�1=2

1 �k0u�1=2�1 exp�2rl�k0=d�1=2erfc�rl=2�Du�1=2

2 �k0u�1=2�} : �1�
The quantity of TMA1 delivered to the tissue per second is
Q� In/zF, whereI is the step increase in current applied to
the iontophoresis electrode,n is the transport number,z is
the number of charges associated with the substance ionto-
phoresed (11 here) andF is Faraday’s electrochemical
equivalent. The function “erfc” is the complementary error
function. When the experimental medium is agar, by defini-
tion, a�1�l andk0 � 0, and the parametersn andD are
extracted by curve fitting. Knowingn andD, the parameters
a, l andk0 can be obtained when the experiment is repeated
in the brain.

Diffusion in the cortex is isotropic along thex-, y- andz-
axes, while it is anisotropic in the corpus callosum, indi-
cating that diffusion is easier along the myelinated axons
(x-axis) than across the axons (y- andz-axes).11,67In the case
of anisotropic diffusion, we determineda from the relation
a� ((ly.lz)/lx

2)ax.51,67For this calculation we assume diffu-
sion in they- andz- axes to be equal as both axes are at right
angles to the direction of the axons.34

Immunohistochemistry

Immunohistochemical and morphological studies were
undertaken on 37 host rats (19 with C-grafts, 10 with T-
grafts, eight with C-C-grafts); about 65% of these animals
had previously been used in electrophysiological studies. In
all cases, anaesthetized host animals were perfused through
the heart with 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS; pH 7.5). Brains were postfixed for 4 h,
trimmed, immersed in PBS containing 30% sucrose and
then encapsulated in egg-yolk.32 In the rats which had
been subject to physiological analysis, the microelectrode
that had been left in the grafts at the end of the diffusion
measurements was removed prior to immersion in egg yolk.

Frozen coronal sections (40mm) were cut through the
graft and underlying host brain. Sections from grafts
containing electrode tracks were first viewed and photo-
graphed unstained, to determine the location of the DiI
crystals that had been placed on the graft surface at the
location of the recording sites. Selected sections were
immunostained or stained with Cresyl Violet (Nissl) and
Luxol Fast Blue (myelin). Astrocytes were identified using
monoclonal antibodies to GFAP (Boehringer-Mannheim,
Mannheim, Germany), while oligodendrocytes and myelin
were immunostained with Rip, a monoclonal antibody
specific for oligodendroglia and central myelin.15 GFAP
antibodies were diluted 1:20 in Dulbecco’s “A” PBS solu-
tion containing 1% bovine serum albumin (BSA, Sigma,
Prague, Czech Republic) and 0.2% Triton X-100; the
Rip supernatant (courtesy of Dr B. Friedman, University
of Iowa, U.S.A.) was used neat, with 1% BSA and 0.2%
Triton X-100 added. After overnight incubation in the
primary antibodies at 48C, the floating sections were washed
and processed using biotinylated anti-mouse secondary
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antibodies and the avidin–biotin peroxidase complex
method (Vectastain Elite, Vector Laboratories, Burlingame,
CA, U.S.A.). Immune complexes were visualized using
0.05% 3,30-diaminobenzidine tetrachloride (Sigma) in
0.05 M Tris buffer (pH 7.6) and 0.02% H2O2. Sections
were mounted on gelatin-coated glass slides, dehydrated
and coverslipped.

Statistical analysis

The statistical significance of data from grafted tissue and
host cortex was evaluated by one-way ANOVA. Signifi-
cance was accepted whenP, 0.05. All data are expressed
as mean̂ S.E.M.

RESULTS

Morphological characteristics of the grafts—
immunohistochemistry

The glial organization and myeloarchitecture of
C- and T-grafts were similar to that described
previously.22,24 Examples of Rip immunostaining
of a C-graft and a T-graft three to four months
post-transplantation are shown in Fig. 1A and B,
respectively. Both grafts were located on the host
midbrain, but the pattern of Rip immunoreactivity
in the two types of transplant was markedly differ-
ent. C-grafts were usually 2.0–2.5 mm thick, and
most of the grafts consisted of gray matter areas
containing loosely packed neurons separated into
lobules by irregularly organized white matter-like
patches or bundles (arrow in Fig. 1A; Fig. 2B, C).
T-grafts were generally smaller (1.0–1.5 mm thick)
and, in contrast to C-grafts, consisted mainly of
neurons intermixed with dense networks of
myelinated (Rip-positive) fibres (Fig. 1B). They
contained a small number of highly localized
regions that possessed little or no Rip immuno-
reactivity (arrows in Fig. 1B). The patterns of Rip
immunostaining in cortical and tectal transplants
reflected the origin of the two types of tissue. Note
in Fig. 1B that most of the host cerebral cortical
volume comprises gray matter, whereas in the host
superior colliculus (SC) only one of the seven tectal
laminae—the superficial layer (SGS, stratum
griseum superficiale)—is truly gray matter-like in
appearance.

C- and T-grafts typically revealed increased
GFAP immunoreactivity compared with host
neocortex and host SC, respectively (cf. Refs 20,
22 and 24). The level of staining in young C-grafts
was particularly high, there being increased GFAP
immunoreactivity throughout much of the graft
neuropil (Figs 1C, 2E). Astrocytes were hyper-
trophied (Fig. 1D) compared with astrocytes in
host cortex (Fig. 1E). A consistent finding in these
grafts was a decrease in the density of astrocytes in
the localized white matter-like regions (arrow in
Fig. 1C; Fig. 2E, F). Compared with young grafts,
in old C-grafts there was a clear decrease in GFAP
immunoreactivity throughout the grafted tissue (Fig.
1F, G). However, astrocytes were still hypertrophied
compared with cells in similarly aged host cortex
(compare Fig. 1G with Fig. 1H). Rip-positive
bands of white matter were also evident (data not
shown) and, as in young grafts, there were fewer
astrocytes in these regions (arrow in Fig. 1F).

Some of the C-C-grafts (1.5–2.0 mm thick) were
well integrated within the host cortex, compared
with grafts transplanted to the midbrain, and
consisted mostly of gray matter areas (Fig. 3A).
Others were not incorporated into the cortex, were
separated by a densely stained GFAP border from
the host cortex (Fig. 3C) and contained gray matter
as well as irregularly organized bundles of white
matter. The C-C-grafts also possessed increased
GFAP immunoreactivity. In well-integrated C-C-
grafts the astrocytic reactivity was less prominent
than in C- and T-grafts (Fig. 3A). In those cases in
which the C-C-grafts were not well incorporated
within the host cortex, they exhibited more intense
staining for GFAP (Fig. 3C).

Diffusion parameters in host cortex and corpus
callosum

In all experiments the extracellular space diffu-
sion parameters—the extracellular space volume
fraction a, tortuosity l and non-specific TMA1-
uptakek0—were studied in all cortical layers and
in the corpus callosum (CC) of host brain. In addi-
tion, measurements were performed in nine control
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Fig. 1. Immunohistochemistry and morphology of a cortex-to-midbrain and tectum-to-midbrain graft. (A) A
coronal section of host brain with a cortical graft (T) immunostained for Rip (three months post-transplantation).
Note the localized white matter-like band of myelinated axons (arrows) in the middle of the graft. (B) A coronal
section of host brain with a tectal graft (T) immunostained for Rip (four months post-transplantation). The bulk of
the graft contained a dense network of myelinated axons; note the occasional localized area containing little or no
Rip immunoreactivity (arrows). (C–E) Cortical graft and host cortex examined in an animal three months post-
transplantation—GFAP immunohistochemistry. (C) Low-power view of cortical graft, showing the intense
GFAP immunostaining typical of most parts of the graft. Localized white matter-like regions contained fewer
astrocytes (arrow). The area outlined by the box is shown at higher power in D. In D, note the hypertrophied
appearance of the astrocytes and the dense network of GFAP1 processes. (E) GFAP1 astrocytes in the gray matter
of host cortex. (F–H) Cortical graft and host cortex examined in an animal 10 months post-transplantation—
GFAP immunohistochemistry. (F) Low-power view of graft. A white matter-like region is arrowed. This old graft
contains less GFAP immunoreactivity than is seen in younger transplants. The boxed area in F is shown at higher
power in G. (H) GFAP1 astrocytes in the gray matter of host cortex. Cx, host cortex; sgs, stratum griseum
superficiale of host superior colliculus; bv, blood vessel. Scale bars: (A, B)�1 mm; (C, F)�200mm; (D, E, G,

H)�40mm.
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animals from the same litters which had no grafted
tissue. No significant differences were found
between the cortex and CC of control animals (i.e.
without grafts) and graft recipients. In cortical layers
III–VI, the meana ranged from 0.20 to 0.21 andl
from 1.59 to 1.64 (see Table 1, Fig. 4). As we

reported previously,34,67 the diffusion in cortical
gray matter was isotropic; that is, the values ofl
were not found to be significantly different between
the x-, y- andz- axes. The value ofa found in CC
white matter was about the same as that found in
gray matter; however, the diffusion was anisotropic
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Fig. 2. Colour photomicrographs showing histological identification of two electrode tracks in a young cortex-to-
midbrain graft (T) (three months post-transplantation). (A) Unstained section showing DiI crystal (arrow) at the
site of electrode penetration. (B) Coronal section immunostained for Rip showing two electrode tracks (large
white arrows; track 1 to the left, track 2 to the right). Both tracks passed through a band of Rip1 white matter
(asterisks). (C, D) Section stained with Luxol Fast Blue and Cresyl Violet. (C) Track 2 (large arrow) is visible
passing through the white matter-like band (asterisks). (D) Higher power view of electrode track. (E, F) Section
adjacent to that shown in B, immunostained for GFAP. Note tracks 1 and 2. (E) Track 2 (large arrow) passed
through a band containing a low density of astrocytes (asterisks) which corresponded to the Rip1 band shown in
B. (F) Higher power view of track 2. Arrows delineate the band containing fewer GFAP1 astrocytes. For
orientation, a blood vessel common to all sections is denoted by the small arrow in B, C and E. IC, host inferior

colliculus. Scale bars: (A, B, C, E)�1 mm; (D, F)�200mm.



with mean values oflx�1.41^0.02 along the
axons,ly�1.74^ 0.03 andlz�1.75^0.04 across
the axons (Table 1). The quantile plots in Fig. 5
simply place all data in order of ascending value
and then plot the value against the rank order
(expressed as a number between 0 and 1). In the
case of the anisotropic diffusion in host CC, thelx

values were smaller than thely andlz values, i.e. the
values fell into two groups, lower values being
found along the axons and higher ones across the
axons.

Diffusion parameters in young cortex-to-midbrain
and tectum-to-midbrain grafts

Following control diffusion measurements made
in host cortex and CC, measurements were
performed in the respective grafts. Figure 4 shows

typical diffusion curves recorded in host cortex and
in the C-graft of the same animal. The values ofa
andl were substantially higher in both young corti-
cal (Fig. 6) and tectal grafts than in host cortex. In
young C-grafts [postnatal day (P) 81–P135] the
mean value ofa was 0.34 and ofl 1.78 (Table 1).
In young T-grafts (P105–P150) the mean value ofa
was 0.29 and ofl 1.85. Thus, both parameters were
significantly higher than those in host cortex at any
location in the graft neuropil. The mean non-specific
cellular uptakek0 in young cortical and tectal grafts
was significantly higher than that in host cortex or
CC (Table 1). Thel values were generally larger in
T-grafts, which contained more white matter, than in
C-grafts containing more gray matter. This corre-
sponds to the higher values ofl seen in CC than
in host cortex when measured across the axons.

About 50% of the microelectrode penetrations
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Fig. 3. Photomicrographs showing two cases of the integration of fetal cortical tissue within the host cortex
(GFAP staining). (A) Well-integrated transplant (209 days post-grafting) and (C) poorly integrated transplant
(231 days post-grafting) with identified electrode tracks (arrows). Note the more intense GFAP immunoreactivity
in the transplant in C. The representative curves (B and D) recorded in this experiment and the respectivea andl
values demonstrate the differences in diffusion properties of well-integrated (B) and poorly integrated (D)

transplants.



through grafted tissue were identified in histological
sections, and comparisons were made between
diffusion parameters and morphological data. An
example of such an analysis is presented in Figs 2
and 6, which show coronal sections of the cortex-to-
midbrain graft and the values of diffusion param-
eters measured in host cortex and grafted tissue
from the same animal. Two identified tracks were
recorded by the same microelectrode array. Figure 2
shows that the first penetration of the microelectrode
(track 1) crossed a gray matter area, passed through a
white matter bundle and finished at a depth of about
1700mm in gray matter. Track 2 can be seen passing
again through gray matter, then reaching a region of
white matter at a depth of about 900mm and finish-
ing at a depth of 1500mm inside gray matter (Fig.
2). The extracellular space diffusion parameters
measured in any grafted tissue were heterogeneous,
in contrast to the typical homogeneity found in host
cortex, and the highest values ofl were found in
white matter bundles, in track 1 at 1100mm and in
track 2 at 900mm and 1100mm (Fig. 6).

Diffusion heterogeneity of grafted tissue

A comparison of the two-dimensional pattern of
diffusion away from a point source in a graft is
shown in Fig. 7. Figure 7 shows the diffusion curves
recorded in three microelectrode tracks in the same
C-graft separated by 500mm in the y-axis and
aligned in parallel in thex-axis. The diffusion curves
were measured at various depths from the graft
surface. The values ofa, l andk0 from these curves
were used to construct isoconcentration circles in the
x–yplane (note that only a single value ofl has been
obtained at each measurement site). The circles
show the concentration of TMA1 (0.1–1.0 mM),
calculated after 60 s of iontophoretic application in
the graft. The plots show the diffusion pattern in
various regions of the graft and illustrate the

differing ability of particles to diffuse in different
regions of the grafted tissue.

Diffusion anisotropy of grafted tissue

Figure 5 shows the distribution of all measured
values ofa andl as described by quantile plots of
the data.10,51These plots demonstrate that higher and
more distinct values ofa and l were found in
grafted tissue than in host cortex and CC, suggesting
anisotropy in grafted tissue. Figure 7 shows that
there is a great heterogeneity in grafted tissue,
even between areas not more than 200mm apart.
To test for anisotropy, we made two or three tracks
in the same area and depth of grafted tissue; in one
track the alignment of the iontophoretic and ion-
selective electrodes was perpendicular to the body
axis (x-axis), whereas in the second track they were
aligned along the body axis (y-axis). In these experi-
ments the values oflx and ly in a graft always
differed regardless of depth, suggesting that the
diffusion in grafts is largely anisotropic (Fig. 8).
The same values ofa, l and k0 as given in Fig. 8
were used to construct isoconcentration plots in the
x–y plane representing diffusion in host cortex and
in the graft. When the tortuosity is increased along
one of the axes, e.g., across the fibres, the iso-
concentration plot is represented by an ellipse. The
ellipse in Fig. 8 illustrates the concentration of
TMA 1 (0.1–1.0 mM), calculated after 60 s of ionto-
phoretic application in the graft. In addition, the
ellipse for the graft is much smaller than the circle
for host cortex, owing to the larger ECS volume
fraction.

Diffusion parameters in old cortex-to-midbrain
grafts

In old C-grafts (P336–P351) the meana value
was 0.27 and the meanl value 1.57. Although the

E. Sykováet al.790

Table 1. Extracellular space diffusion parameters in host cortex, host corpus callosum, fetal cortical tissue transplanted to host
midbrain (81–135-day-old “young” C-grafts and 336–351-day-old “old” C-grafts), fetal tectal tissue transplanted to host midbrain

(105–150-day-old T-grafts) and fetal cortical tissue transplanted to host cortex (209–245-day-old C-C-grafts)

n N a l k0 (1023/s)

Host cortex layer III 15 13 0.21̂ 0.01 1.64̂ 0.02 3.54̂ 0.69
layer IV 18 0.21̂ 0.01 1.62̂ 0.02 3.28̂ 0.66
layer V 37 0.20̂ 0.01 1.60̂ 0.02 3.49̂ 0.44
layer VI 19 0.21̂ 0.01 1.59̂ 0.01 3.41̂ 0.27

Host corpus callosum x-axis 9 20 1.41̂ 0.02
y-axis 8 0.21̂ 0.01 1.74̂ 0.03 2.75̂ 0.36
z-axis 9 1.75̂ 0.04

Young C-grafts 13 115 0.34̂ 0.01b 1.78^0.03b 4.35^0.22a

Old C-grafts 5 85 0.27̂ 0.01b 1.57^0.01 2.96̂ 0.28
Young T-grafts 7 15 0.29̂ 0.02b 1.85^0.04b 7.23^0.71b

C-C-grafts 8 66 0.24̂ 0.01a 1.66^0.02a 4.16^0.21a

a, ECS volume fraction;l, ECS tortuosity;k0, non-specific uptake;n, number of animals;N, number of measurements. Data are
expressed as mean̂S.E.M.
a: significant difference (P, 0.05) between host cortex (layers V and VI) and respective group. b: significant difference
(P, 0.0005) between host cortex (layers V and VI) and respective group.



meana was still significantly higher than in host
cortex, it was significantly lower than in young
grafts. No significant difference was found between
the meanl values in old grafts and host cortex
lamina V and VI (Table 1). It is worth reiterating
here that there was substantially decreased GFAP

staining in these older grafts compared with young
grafts (Fig. 1). In addition, in old cortical grafts the
uptake was not significantly higher than that in host
cortex or CC, suggesting that hypertrophied and
proliferative astrocytes could be responsible fork0

increase.
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Fig. 4. Experimental arrangement and TMA1 diffusion curves obtained from host cortex, cortex-to-midbrain
graft (135 days post-transplantation) and cortex-to-cortex graft (231 days post-transplantation). The concentra-
tion scale is linear, and the theoretical diffusion curve is superimposed on each data curve. Recordings in host
cortex and young cortex-to-midbrain graft were made in the same animal using the same microelectrode array.
The measurements in host cortex and in graft were performed at the same depth of 700mm; the separation
between the ion-selective microelectrode and iontophoresis electrode tips was 119mm; the iontophoretic elec-
trode transport numbern�0.303. The measurements in cortex-to-cortex graft were performed at a depth of

900mm; the electrode tip separation was 156mm; the iontophoretic electrode transport numbern�0.430.



Diffusion parameters in cortex-to-cortex grafts

In cortical tissue grafted to host cortex the mean
values ofa andl (0.24 and 1.66, respectively) were
still significantly higher than those in host cortex

(Table 1). However, these values were significantly
lower than those in young C-grafts. Similar to young
cortical grafts,k0 was significantly higher than in
host cortex. In some cases in which the fetal cortical
tissue was not well incorporated within the host
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Fig. 5. Quantile plots ofa andl values in host cortex, young and old cortex-to-midbrain grafts (young and old C-
grafts), cortex-to-cortex grafts (C-C-grafts) and host corpus callosum (host CC). All data for each group were
plotted in order of ascending value and then each value was plotted against its rank as a fraction of the number of
observations in the appropriate group. In host CC,l values were recorded from thex-, y- andz-planes. Note the
similarity of median values ofa in host cortex, host corpus callosum and C-C-grafts. Median values ofl were
similar in old C-grafts, host cortex and C-C-grafts. Also similar were the median values ofl in young C-grafts and
host corpus callosum (alongy-, z-axis). Sample size varied among groups (see Table 1 forn and for calculated

mean̂ S.E.M.).



brain tissue, the values of volume fraction and tortu-
osity were consistently higher than the mean values
in these grafts. Figure 3 shows integrated (A) and
poorly integrated (C) C-C transplants with identified
electrode tracks. In poorly integrated grafts, GFAP
expression was more prominent anda andl values
were significantly higher (Fig. 3C, D) than in inte-
grated grafts (Fig. 3A, B).

DISCUSSION

Our data represent the first characterization of the
diffusion properties and ECS characteristics of fetal
brain transplants.In vivo measurements in mature
cortical and tectal grafts to the midbrain (C- and

T-grafts) as well as in non-incorporated cortex-to-
cortex (C-C) grafts showed significantly larger
values ofa (ECS volume fraction) andl (tortuosity)
compared with host brain. While diffusion in the
host cortex was largely homogeneous and isotropic,
in grafts diffusion was anisotropic and heteroge-
neous. Different values ofa andl correlated with
morphological heterogeneity in the graft neuropil.
All grafts lacked the laminar organization typical
of normal neocortex and SC; however, C-C-grafts
that were well incorporated into the host cortex had
a andl values close to those found in host cortex
(see Figs 3A, B, 4).

The values ofa in C- and T-grafts in particular
were as high as in the cortex of two to five-day-old
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Fig. 6. Diffusion parameters recorded at various depths in host cortex and in two microelectrode tracks in a young
cortical graft. The graphs show the values of volume fraction (a) and tortuosity (l) obtained in one animal with a
cortical graft (three-month-old). For immunohistochemistry and location of the tracks see Fig. 2, in which both
tracks are localized in the same animal. The same microelectrode array was used to record diffusion curves in host
cortex (host, filled triangles) and in two tracks in cortical graft (graft, dots and circles). The circles represent data

from identified white matter bundles (WM).



rats,31,68 suggesting that these transplants may have
retained some of the diffusion characteristics of
immature brain. Based on a number of immuno-
cytochemical studies, Rosenstein53,54 has also
suggested that cortical grafts may possess an imma-
ture structure and metabolism (cf. Ref. 18). Elec-
tron-microscopic studies have revealed that
developing nervous tissue has a larger ECS6,49 and
greater abundance of extracellular glycosamino-
glycans and hyaluronate than adult tissue.33 In
previous diffusion studies we found the ECS to be
twice as large in immature tissue as in adult brain,
but the values ofl tended to be significantly lower
(l< 1.5).31,68 This suggests that the observed
increase in tortuosity in fetal cortex and tectal grafts
is due to factors different from those normally
present in the developing brain.

Anisotropy has not been found in the gray matter

of either host cerebral cortex or developing
cortex.34,67 In corpus callosum white matter, signifi-
cant anisotropy exists only after myelination.48,67

Our present experiments show thatl in grafted
tissue is increased in gliotic gray matter and is
even higher in white matter-like regions, suggesting
that diffusion of neuroactive substances in white
matter bundles is less efficient than in gray matter.
This is apparently because diffusion is more
hindered across the fibres than along the fibres.3,67

Myelinated bundles are present in many regions of
the graft with no preferential orientation towards any
one axis.

To completely analyse the behaviour of small
molecules, TMA1 diffusion measurements must be
carried out in two or three dimensions. In the present
experiments, measurements were made in the same
animal and in the same area of the graft in two
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Fig. 7. Diffusion in grafted tissue. (Left) Diffusion curves obtained at different depths in three different tracks in a
young cortex-to-midbrain graft (127-day-old). The respectivea and l values are only shown with the three
representative curves from a depth of 700mm. Distance between the three tracks was about 500mm. All diffusion
curves were recorded with the same microelectrode array: electrode spacingr�122mm, electrode transport
numbern�0.354. (Right) Two-dimensional isoconcentration plots of TMA1 concentration in different graft
regions after 60 s of iontophoretic application of TMA1. Gray densities represent different concentrations of
TMA 1 from 0.1 to 1.0 mM. Isoconcentration plots were calculated using diffusion parameters obtained from the
corresponding diffusion curves on the left. The iontophoretic pipette served as a point source of TMA1. The

larger the circle, the more restricted the diffusion of TMA1 in that region of the graft.



dimensions, along and across the body axis. Thel
values associated with the two microelectrode orien-
tations were indeed different, showing anisotropic
diffusion (see Figs 5, 8). Because of different values
of l, the calculation ofa values from a set of
measurements made exclusively in one axis will
be subject to systematic error.51 However, because
there is no preferential organization of fibre tracts in
any one direction in grafted tissue, the meanl anda
values given in Table 1 represent average values in
all three directions. Clearly, thea values measured
in any direction and place in grafted tissue were
significantly higher than those in host cerebral cortex.

Recently, a large ECS volume fraction was
described in the spinal cord of rats with experi-
mental autoimmune encephalomyelitis (EAE).57

Vasogenic edema, inflammatory reaction and
blood–brain barrier (BBB) damage in EAE rats
result in a dramatic increase in ECS volume fraction,
which is, however, accompanied by a decrease in
tortuosity. Since we have observed an increase in

microglial cell reactivity in C- and T-grafts,20,22 we
cannot exclude the presence of a low-level inflam-
matory reaction and some abnormalities in the BBB
in tissue transplanted to the neonatal midbrain.
Although there is evidence for an intact BBB in
fetal cortical tissue grafted to cortex,61 it has also
been reported that angiogenesis in cortical grafts
varies depending on the site of transplantation.13

Astrocytes are involved in BBB formation,27 and
the reactive astrocytes seen in cortical grafts22 and
around blood vessels in grafts30 might have some
impact on the status of the BBB. Indeed, it has
been suggested that fetal cortical grafts may be
subject to a sublethal form of ischemic injury.54

Low-level inflammation and changes in the BBB
could contribute to extracellular accumulation of
fluid and an increase ina; however, they cannot
explain the observed increase in tortuosity which is
the cause of lower diffusibility in grafted tissue.

In “old” C-grafts (336–351-day-old hosts),
the volume fractiona was lower than in “young”
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Fig. 8. Representative diffusion curves recorded in a host cortex and in a young C-graft (82 days post-trans-
plantation) in thex-axis (perpendicular to the body axis) and in they-axis (along the body axis) with the same
microelectrode array. Recordings inx- andy-axis are from the same animal, region and depth in host cortex
(900mm) and in the graft (700mm). Note the different time-course of the diffusion curves in the graft due to the
different values ofl, showing the substantial anisotropy of the grafted tissue. Two-dimensional isoconcentration
plots of TMA1 concentration in different graft regions after 60 s of iontophoretic application of TMA1. Gray
densities represent different concentrations of TMA1 from 0.1 to 1.0 mM. Isoconcentration plots were calculated
using diffusion parameters obtained from the corresponding diffusion curves shown in this figure. The ionto-
phoretic pipette served as a point source of TMA1. Note that the diffusion in host cortex is represented by a circle

(diffusion is isotropic), while that in the graft is represented by an ellipse due to diffusion anisotropy.



C-grafts (81–135-day-old hosts) but still higher than
in host cortex. The average tortuosity in old grafts
decreased to the range of host tissue; however,
higherl values were observed in small patches of
grafted tissue and diffusion remained heterogeneous
and anisotropic. Importantly, along with a decrease
in l, there was a marked decrease in GFAP immuno-
reactivity. This suggests that astrogliosis may be an
important cause of the observed high tortuosity
values and decreased diffusibility in transplanted
tissue. Consistent with this, C-C-grafts that were
well integrated with host cortex possessed only
minimal astrocyte reactivity and hadl anda values
similar to the host; non-incorporated C-C-grafts had
higher levels of GFAP immunoreactivity and higher
l anda values.

There are two possible explanations for the
observed increase in tortuosity in gliotic grafts.
First, reactive astrogliosis is characterized by an
increase in the thickness, length and presumably
also number of glial processes,5,22,26 and these can
form diffusion barriers between cells. Second, reac-
tive astrocytes produce a variety of extracellular
matrix molecules such as sulphated proteoglycans,
tenascin and vitronectin.14,35,36,43,59Increased expres-
sion of different types of extracellular matrix may
hinder the diffusion of other particles in grafts47,66

and may also push cells apart, hence increasing
values of a. In this regard, increased levels of
chondroitin-6-sulphate proteoglycan immuno-
reactivity have been found in C-grafts,22 and we
recently reported increasedl values in spinal cord
superfused with dextran and hyaluronate.47

Together, these observations suggest that much of
the observed increase in tortuosity in grafts may be
due to an increased content of macromolecules in
the ECS (e.g., extracellular matrix molecules).

Many of the macromolecules produced by acti-
vated astrocytes can influence neuronal maturation
and axonal growth. Changes in astrocytic phenotype
may also affect the formation and stability of
synapses,37,38,45and it is of interest that in fetal corti-
cal tissue grafted to the striatum, there is continuous
up-regulation of the synaptosomal-associated
protein SNAP-25,55 believed to play a role in neural
plasticity.7 Given the chronic gliosis in C-, T-
and some C-C-grafts and the accompanying
changes in ECS diffusion parameters described in
the present study, changes might also be expected
in the glial control of ionic homeostasis28,62 and in
synaptic and extrasynaptic transmission in the graft
neuropil.1,16,42,62

There have been numerous studies examining the
electrophysiological characteristics of fetal grafts
and the extent to which host synapses are effective

in activating neurons in fetal tissue.2,8,9,17,19,21,39,56

Most of these authors have highlighted the simi-
larities between neuronal activity in grafts and
normal host tissue; however, there have been occa-
sional reports describing abnormal electrophysio-
logical activity in grafts. For example, Siviyet al.58

reported high-amplitude, long-duration depolarizing
synaptic potentials in neostriatal grafts, suggesting
that neurons became hyperexcitable to gluta-
minergic synaptic input. Isolated cortical graftsin
oculo, which develop a substantial gliosis,4 also
possess a number of abnormal electrophysiological
characteristics.44 Of particular relevance to the
present work is a study in which fetal tectal tissue
was transplanted on to the midbrain of neonatal rats
and single units were recorded in transplants in
mature hosts.21 Action potentials recorded from
transplant units were relatively small in amplitude
and, compared with underlying host tissue, less
readily isolated from the background activity.
These differences in electrical characteristics were
hypothesized to be related to changes in the
resistivity of grafted tissue.21

CONCLUSIONS

Fetal cortical grafts are a useful model in which to
study how chronic, global glial cell reactivity can
affect the physiological properties of CNS tissue.
In addition, we believe it is of value to determine
whether the apparent association between astrocyte
reactivity and changes in ECS diffusion parameters
described here in grafted neural tissue also holds for
other neuropathological conditions associated with
gliosis. It is known, for example, that extracellular
matrix molecules are produced and released by
astrocytes and are a feature of the glial reaction
accompanying traumatic injury,14,35 epilepsy43

and human neurodegenerative disorders such as
Alzheimer’s disease.12,14,46Importantly, an increase
in l has indeed been observed in gliotic tissue after
experimental irradiation injury65 or after cortical
stab wounds.52 Such changes in ECS tortuosity
and/or volume may constrain or affect the diffusion
of a variety of neuroactive substances, including
ions, neurotransmitters, cytokines, enzymes and
neurotrophic factors. This, in turn, may impact upon
neuronal viability, function and synaptic and extrasy-
naptic transmission in the affected CNS tissue.
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17. Galik J., Macias-Gonzalez R., Valousˇková V. and Buresˇ J. (1991) Integration of neocortical embryonic grafts with the
neocortex of host rats examined by Leao’s spreading cortical depression.Expl Neurol.112,321–327.

18. Gates M. A., Laywell E. D., Fillmore H. and Steindler D. A. (1996) Astrocytes and extracellular matrix following intracerebral
transplantation of embryonic mesencephalon or lateral ganglionic eminence.Neuroscience74, 579–597.

19. Girman S. V. and Golovina I. L. (1990) Electrophysiological properties of embryonic neocortex transplants replacing the
primary visual cortex of adult rats.Brain Res.523,78–86.

20. Harvey A. R. (1994) Expression of low affinity NGF receptors in rat superior colliculus: studiesin vivo, in vitro, and in fetal
tectal grafts.Expl Neurol.130,237–249.

21. Harvey A. R., Golden G. T. and Lund R. D. (1982) Transplantation of tectal tissue in rats. III. Functional innervation of
transplants by host afferents.Expl Brain Res.47, 437–445.

22. Harvey A. R., Kendall C. L. and Sykova´ E. (1997) The status and organization of astrocytes, oligodendroglia and microglia in
grafts of fetal rat cerebral cortex.Neurosci. Lett.227,58–62.

23. Harvey A. R. and Lund R. D. (1984) Transplantation of tectal tissue in rats. IV. Maturation of transplants and development of
host retinal projection.Brain Res.314,27–37.

24. Harvey A. R., Plant G. W. and Kent A. P. (1993) The distribution of astrocytes, oligodendroglia and myelin in normal and
transplanted rat superior colliculus: an immunohistochemical study.J. neural Transplant. Plast.4, 1–14.

25. Jaeger C. B. and Lund R. D. (1981) Transplantation of embryonic occipital cortex to the tectal region of newborn rats: a light
microscopic study of organization and connectivity of the transplants.J. comp. Neurol.194,571–597.

26. Jaeger C. B. and Lund R. D. (1982) Influence of grafted glia cells and host mossy fibres on anomalously migrated host granule
cells surviving in cortical transplants.Neuroscience7, 3069–3076.

27. Janzer R. C. and Raff M. C. (1987) Astrocytes induce blood–brain barrier properties in endothelial cells.Nature325,253–257.
28. Jendelova´ P. and Sykova´ E. (1991) Role of glia in K1 and pH homeostasis in the neonatal rat spinal cord.Glia 4, 56–63.
29. Kruger S., Sievers J., Hansen C., Sadler M. and Berry M. (1986) Three morphologically distinct types of interface develop

between adult host and fetal brain transplants: implications for scar formation in the adult central nervous system.J. comp.
Neurol.249,103–116.

30. Krum J. M. and Rosenstein J. M. (1989) The fine structure of vascular–astroglial relations in transplanted fetal neocortex.Expl
Neurol.103,203–212.
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48. Prokopova´ Š., VargováL. and Sykova´ E. (1997) Heterogeneous and anisotropic diffusion in the developing rat spinal cord.

NeuroReport8, 3527–3532.
49. Pysh J. J. (1969) The development of the extracellular space in neonatal rat inferior colliculus an electron microscopic study.

Am. J. Anat.124,411–430.
50. Ransom B. R., Carlini W. G. and Connors B. W. (1985) Brain extracellular space: developmental studies in rat optical nerve.

Ann. N.Y. Acad. Sci.481,87–105.
51. Rice M. E., Okada Y. C. and Nicholson C. (1993) Anisotropic and heterogeneous diffusion in the turtle cerebellum: implica-

tions for volume transmission.J. Neurophysiol.70, 2035–2044.
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