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SUMMARY INTRODUCTION

Fetal striatal cell suspensions were grafted
stereotaxically into the infarcted striatum of
rats, and c-cz.nstruction of striatcpallidal GABA
transmission and behavior ,;’re investigated.
Occlusion of the middle cerebral artery (MCA)
for one hour induced ischemic infarcts mainly in
the lateral striatum, as detected by magnetic
resonance imaging (MRI) and histology.
Ischemic rats had deficits in the performance of
a passive avoidance task, both acquisition and
retention, but no changes in general circadian
actograms. In these animals pallidal GABA,
detected by microdialysis, decreased to about
half of control levels. There were suggestions of
an improvement in passive avoidance
performance in the grafted animals. Pallidal
GABA concentrations recovered almost to
control levels, and were increased by infusions
of the GABA uptake blocker nipecotic acid.
These data indicate that neural transplantation
is a promising approach to improve the deficits
in chemical transmission and behavior following
ischemic infarcts in rat striatum.

KEY WORDS

In experimental animals, disturbed brain
function in various model diseases can be improved
by neural grafting. Among these, neural
transplantation in animal models of Parkinson’s
disease is one of the best examples/1,16/. Brain
ischemia and infarcts are very frequent events that
induce severe behavioral and cognitive
impairments and are sometimes fatal. There are,
however, only a few reports that deal with
functional recovery after grafting of neuronal cells
in ischemia models /8,9,15,17/. The aim of the
present study is to further investigate neural
grafting in the restoration of brain function
following ischemic brain injury.

Several ischemia models are currently in use.
Among these, a total ischemic model produced by
occlusion of four vessels/19/and a local ischemic
model produced by occlusion of a specific vessel
/7/are the most widely used. In the present study,
in rats, we first occluded the middle cerebral artery
for one hour to induce ischemic infarcts in the
lateral part of the striatum and adjacent cortex.
Deficits in behavior and GABAergic transmission
were then investigated following grafting of fetal
striatal cell suspensions into the infarcted striatum.

ischemia, middle cerebral artery,
transplantation, GABA, passive avoidance

striatum,

Animals

MATERIALS AND METHODS
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Wistar male rats weighing 250 to 300 g at the
start of the experiment were used. They were
divided into 3 groups: control (n--6), ischemie
(n=12) and ischemia-grafted (grafted, n=4), and
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housed in ordinary acrylic cages with food and
water provided ad libitum. The room temperature
was 25 +/- 1"C with a 12 h light-dark cycle (light
0500 to 1700, dark 1700 to 0500 h).

lschemia

Under 2% halothane anesthesia, the right
common carotid artery was ligated, then a 4.0
nylon surgical thread with a 24 G dental rubber
plug on the tip was inserted intraluminally, from
the right external carotid artery to the circle of
Willis via the internal carotid artery. The plug was
held on when resistance was felt during the
insertion, and was set at the origin of the right
MCA, about 12 to 13 mm from the carotid
bifurcation as previously described/7,10,22/(Figs.
1, 2A). Anesthesia was then terminated and the rats
were allowed to move about freely. After one hour
occlusion of the MCA, the animal was again
anesthetized by halothane, the plug was pulled out,
the ligation of the common carotid artery was
removed, and the circulation to the right MCA was
restored.

MRI

One and a half months after the ischemia the
location and the extent of the infarcts due to the
ischemia were detected noninvasively by MRI
(Hitachi) (Fig. 1). Under pentobarbital anesthesia
the head of the rat was fixed in a 5 cm coil which
was set at the center of the magnetic core (static
magnetic field, 2.1 tesla). Spin was raised for 15 to
17 min and the reflecting radio wave was detected.
The spatial resolution was 256 x 256 pixels, with
one pixel measuring 200 by 200 tm.

Circadian actogram

To investigate the variation in general activity
following ischemia, circadian actograms in 6
control and 6 ischemic rats were measured for 6
consecutive days using Animex activity monitors
during 2 to 3 months following ischemia (Fig. 1).

Passive avoidance task

Rats were trained in a passive avoidance task
for 5 min every day for 6 consecutive days. They

were first placed on a small wooden escape
platform in an acrylic box (38 cm x 38 cm)
equipped with an electric grid floor. At 5 see after
the rats stepped down to the grid, an alternating
current (~ 1 mA) was passed for 25 see to give an
electric stimulation (ES)/6/. Rats could avoid the
ES by stepping up onto the platform. If they did not
step up onto the platform the ES was shut off after
25 sec, and the animals were placed again on the
platform. The total duration (time) of ES rats
received during the 5 min test was recorded and
used as a measure of performance. The first series
of passive avoidance tasks was initiated one month
after ischemia, the second after 2 months, the third
series 3 months after ischemia and one month after
transplantation, and the fourth series was initiated 6
months after ischemia and 4 months after
transplantation (Fig. 1).
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Fig. 1: Experimental design. Rats were first divided into
control and ischemic groups. Ischemia was induced
by intraluminal occlusion of the MCA. Control rats
were left intact. Passive avoidance was tested 4
times (6 sessions each), 1, 2, 3 and 6 months after
the ischemia. The extent of the isehemia was
monitored by MRI at one and a half months after
the ischemia. Circadian actograms were recorded
during 2 to 3 months. After the second series of
passive avoidance tests, neural transplantation was
introduced to one third of ischemic rats.

Neural transplantation

Four ischemic rats received transplants 2
months after ischemia (Fig. 1). Under pentobarbital
anesthesia fetuses were collected from pregnant
mothers (gestational days 15 to 16)of the same
strain. Brains were removed and pooled in cold
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0.6% glucose-saline. Striatal tissues were dissected
out and pooled in the same medium. Single cell
suspensions (approximately 2 x 107 cells/ml) were
made by gentle trituration of the tissue after
trypsinization (0.05%, Sigma type II) for 30 rnin at
37"C/13/. Under pentobarbital anesthesia 15 lxl of
the cell suspensions (approximately 300,000 cells)
were grafted into the striatum along a vertical tract,
with 5 tl placed in each of 3 different sites (A: 7.0
to 9.0 mm, L: 2.0 to 4.5 mm, V: 5.0, 4.5, 4.0 mm
from the surface), and another 6 lxl (approximately
120,000 cells) were grafted along an oblique track,
with 2 xl in each of 3 sites to make a bridge
between the striatum and pallidum (Fig. 2B).

A

cca

B

Control rats were left intact (totally naive) and
ischemic rats received the same stereotaxic
insertions but no graft of suspension vehicle or
cells.

Microdialysis

A rnicrodialysis probe was inserted into the
pallidum of ischemic rats during 2 to 4 months
after ischemia and of grafted rats at 4 months after
grafts, and dialysates were collected to assay the
extraeellular content of GABA, the transmitter in
the striatopallidal pathway/20/. Microdialysis was
also performed in intact control rats. Ringer’s
solution was perfused at a constant rate of 1 lxl/min
in the probe, the tip of which was covered by
cellulose acetate tubing (2 rnm long, 0.25 mm
diameter, tool. cut-off 5,000, recovery rate 20%)
/13/. After 3 hours of preperfusion dialysates were
collected every 30 rain for 3 hours. To examine the
dynamics of GABA turnover at the terminal,
GABA uptake blocker (nipecotic acid, 2 mM)/5/
was added to the Ringer’s solution. The samples
were pretreated with 10 tl of 4 mM O-
phtalaldehyde (OPA) for 2.5 min before the assay
/4/. GABA was assayed by high performance liquid
chromatography (HPLC, EICOM PAK, MA-50DS)
with electrochemical detection (EICOM, ECD-100)
by retention time of 20 to 22 min. The mobile
phase consisted of 0.05 M phosphate buffered
saline (55%) and 45% methanol, at pH 3.5.

Histology

Under deep anesthesia rats were perfused
transcardially with physiological saline and fixative
(4% paraformaldehyde in 0.1 M phosphate buffer),
and brains were removed. Frozen 40 xm sections
were stained with cresyl violet.

Fig. 2: Ischemia (A) and neural transplantation 03).
A. Under halothane anesthesia a plug with nylon
surgical thread was inserted from the right external
carotid artery (eca) to the circle of Willis and set at
the origin of the right MCA for one hour. eca,
common carotid artery. B. 2 months after the
ischemia, fetal striatal cells were grafted into the
infarcted striatum in 6 different sites: 3 using
vertical and the other 3 using oblique coordinates.

RESULTS

General behavior and actograms

When the halothane anesthesia was cut off, rats
showed left hemiparesis and turned to the left
during the occlusion of the right MCA. However,
hemiparesis disappeared in a few days and
thereafter no apparent disturbances were observed
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in freely moving animals. Some ischemic rats

showed slightly increased motor activity at night,
and some showed decreased activity, but overall
there were no significant variations in the circadian
actograrns (Fig. 3).
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Fig. 3: Circadian actograms of control (#1 to 4) and

ischemic (#5 to 8) rats. Actograms were made by
accumulating the count of activity every hour for 6

consecutive days. L, 0500-1700; D, 1700-0500. Rat
#5 showed a slightly increased activity at night, but

the majority showed no significant variations in

circadian actograms after the ischemia. Rats #4 and

8 showed no apparent circadian rhythm.

Estimation of the infarcts by MRI

The location and the size of the infarcts were
detected noninvasively by MRI before

transplantation. Fig. 4 shows examples of MRI
pictures. Infarcts were located mainly in the lateral
half of the striatum and lateral cortex, but their

location and size were somewhat variable.

Fig. 4: MRI pictures of the frontal section of the brain in 5

ischemic rats. Spin echo T images were made
under 2.1 tesla magnetic field. Resolution, 256 x

256 pixels with 200 by 200 Ixm. Infarcts were

located mainly in the lateral striatum and adjacent
cortex.

Passive avoidance task

On the first day of the first training session, rats
often stepped down to the floor grid and received
much ES; thus, the total time of ES was to 60 to 80
sec in the first 5 min test (Fig. 5A). The total time
of ES decreased with training (One factor ANOVA
for repeated measures, Fisher PLSD 13.108,
p<0.05: day I vs day 2 to 6, day 2 vs. day 3 to 6).
In control rats, the duration of ES remained at only
5 to 10 sec after 6 days of training. Although there
was no significant difference in the time course of
acquisition between control and ischemic rats (2-
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Fig. $: Performance on four testing series of the passive
avoidance task. Rats were trained in the task for 5
min each day over 6 consecutive days for each
series. Ordinate: total time of ES received.
Abscissa: days. O, control rats; O, ischemic rats; A,
grafted rats. A. The first series of tests one month
after ischemia. Total time of ES decreased sharply
in control (n=6) but slowly in ischemic (n=12). *,
p<0.05. B. The second series 2 months after
ischemia. Total time of ES remained low in the
control rats (n=5), but increased again and did not
decrease much in ischemic rats (n=12). *, p<0.05.
C. The third series 3 months after the ischemia and
1 month after the graft. Total time of ES was low
and stable in control (n=5) and grafted rats (n=4),
but unstable in ischemic rats (n=4). *, p<0.OS. D.
The fourth series 6 months after the ischemia and 4
months after the graft. Total time of ES was low
and stable in all groups (n=4).

factor ANOVA for one repeated measure, main
effects), the decrease in total time of ES was slower
in the early half of the session in ischernic rats (one

factor ANOVA treatment, Fisher PLSD 39.02,
p<0.05 for day 3) (Fig. 5A). On the first day of the
second series of training (2 months after the
ischemia with one month inter-test interval) the
total time of ES was still low in the control rats,
while in ischemic rats it was higher and again did
not decrease rapidly with repeated training (Fig.
5B).

In the third series of tests at 3 months after
ischemia, the total time of ES in ischemic rats was
still unstable. ES durations were low during the
first 2 days, but increased during days 3 and 4 and
decreased subsequently (one factor ANOVA
treatment, p<0.05 at day 3 between ischemic and
control/grafted, Fisher PLSD 17.299, 18.235
respectively, and at day 4 between ischemic and
grafted, Fisher PLSD 16.298). In grafted rats the
total time of ES remained low. Control rats
maintained their performance levels and received
few ES. In the fourth series of training (6 months
after the ischemia and 4 months after the graft), the
total time of ES was low in all 3 groups.

Extracellular GABA level

Microdialysis was performed at 2 to 4 months
after the ischemia or graft. The content of GABA
in the dialysate of control rats (basal level) was 2.1
+/- 1.2 pmol/30 lxl. GABA concentrations were
significantly lower (1.0 __. 0.5 pmol/30 txl) in
ischemic rats at 2 to 4 months after the ischemia
(13<0.05, Mann-Whitney U-test) (Fig. 6). However,
the content of GABA became comparable to

controls (1.8 +/- 1.0 pmol/30 lxl) at 4 months after
grafting. Consequently, the difference in GABA
levels between ischemic and grafted rats became
significant (13<0.05, Mann-Whitney U-test). The
response of GABA to addition of nipecotic acid (a
GABA uptake blocker) in the perfusion was also
investigated. In control rats GABA level increased
to 11.7 +/- 4.1 pmol/30 tl, 5 to 6 times the basal
level. The GABA level increased also in ischemic
rats (4.1 +/- 1.5 prnol/30 Ixl) but the increase was less
than 50% of the increase in the controls (p<0.01,
Mann-Whitney U-test). In grafted rats, however,
the level of GABA increased moderately, to 8.1 __.
3.6 prnol/30 lxl, which represented about a 4-fold
increase above basal levels. The absolute amount
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of increase in grafted rats was significantly greater
than that seen in the ischemic rats (p<0.05, Mann-
Whitney U-test) (Fig. 6).

in the majority of the animals, the infarcts were
localized in the lateral striatum and adjacent cortex
(Fig. 7A). The hippocampus remained intact. In all
rats the grafts survived but their sizes and locations
were variable. In most cases grafts survived in the
lateral striatum and adjacent cortex (Fig. 7B).
Although the graft tissue appeared to be attached to
the host brain, the patchy organization (cell

# compartments and myelinated fiber bundles) that is
typical in the normal striatum was not evident

C) inside the grafts.
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FiB, 6: Pallidal GABA levels and response to nipecotic
o,

measured by HPLC after treatment with OPA and
expressed in pmol/30 gl. Basal level of GABA was
2.1 +/- 1.2 pmol/30 1, 1.0 0.5 pmol/30 1 and 1.8 ...,--

1.0 pmol in control (O), ischemic () and grafted

"" ;’";" ."" 7"rats (&), respectively (n=4 in all groups). *, p<0.05
between ischemic and control/grafted groups ’* ,,. .... .&o ."
(Mann-Whitney U-test). After treatment with

upnipecotic acid, GABA increased to 11.7 +/- 4.1
pmol/30 lxl, 4.1 +/- 1.5 pmol/30 l.tl and 8.1 +/- 3.6
pmol/30 lxl, respectively. **, p<0.01 between
control and ischemic groups; *, p<0.05 between
grafted and ischemic groups (Mann-Whitney U-
test). Fig. 7: Photographs of cresyl violet stained sections from

an ischemic (A) and a grafted (B) animal.

Histology

The size and the extent of the ischemic infarcts
were variable. The largest extended over the whole
striatum, pallidum and adjacent cortex. However,
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DISCUSSION

In the present study, we first made a transient
occlusion in the MCA to induce infarcts in the
striatum. Behavioral and biochemical deficits were
assessed, and the possibility of reconstruction by
neural grafting was investigated.

By one hour after intraluminal occlusion of the
MCA, ischemic infarcts were induced /7,10/.
Although the procedure was controlled as carefully
as possible, there was considerable variation in the
size and location of the infarcts. In the majority of
animals the infarcts were located in the lateral part
of the striatum and the adjacent cortex, and the
hippocampus remained intact. The difference in the
size and location of the infarcts may be due to the
differences in the fit of the plug to the vessel, the
extent of vascular collaterals, the sensitivity to
ischemia, or other factors.

During ischemia all rats exhibited contralateral
hemiparesis and rotation, but these disappeared
within a period of days after recirculation. If the
MCA is occluded permanently, severe motor
disturbances appear and never spontaneously
recover. In a preliminary study, the survival of rats
after permanent ischemia was poor.

Although the gross motor disturbances
disappeared, deficits in passive avoidance tests
were relatively long-lasting. This is reasonable
since the striatum receives afferent inputs from
various cortical areas, and integrates and regulates
these input signals. Thus, sensory/motor integration
and learning are important functions of the striatum
/14/. A passive avoidance task requires
sensory/motor integration as well as memory
function. By testing the performance of the task
several times with a long inter-test interval, the
retention as well as acquisition in the learning
process could be investigated. In the present study
the effects of ischemic infarct were evaluated in
terms of performance in a passive avoidance test
and by extracellular GABA content.

Control rats learned the passive avoidance task
well. The total time of ES decreased day by day
with consecutive training sessions and finally
reached a low level. It remained low in all later
trials. This indicates that retention as well as
acquisition was excellent in control rats. Ischemic
rats showed deficits both in acquisition and

retention in the first three series of the test. In
grafted rats, the deficits tended to be improved. At
the fourth test (6 months after ischemia and 4
months after the graft), all groups of rats avoided
the ES well. These data suggest that fetal striatal
cell grafts in infarcted striatum may facilitate the
improvement of deficits in a passive avoidance
task. In the present study, however, the control and
ischemic rats did not receive tissue transplantation,
and thus it remains a possibility that a non-specific
lesion or inflammatory reaction in the grafted
animals could have contributed to the effects.

Striatal lesions following an excitotoxic amino
acid injection have been reported to induce
hyperactivity /2,3/. In the present study some
ischemic animals were slightly hyperactive and
stepped down from the platform frequently.
Nonetheless, in most cases we did not find
significant differences in the general activity and
circadian actograms between ischemic and control
groups. This finding may be due to relatively
smaller lesions that were localized to the lateral
part of the striatum unilaterally. The hyperactive
rats had a tendency to have more trouble in
learning than the ischemic non-hyperactive rats.
However, a final conclusion should be postponed
as the number in the sample was small.

When the lateral half of the striatum is lesioned,
the inputs from the cortex as well as the outputs to
the pallidum and other structures are disturbed/12/.
When the lateral cortex adjacent to the striatum is
further damaged by the ischemic infarct, some
portions of the corticostriatal pathway could be
destroyed. This may be the basis of the poor
performance in the passive avoidance task
observed in the present study.

The size of the graft mass grown in the striatum
was also variable. To obtain data for better
matching the size of the graft (the number of cells
transplanted) with the degree of striatal damage in
future experiments, the extent and location of the
infarct were determined noninvasively by MRI
before grafting.

After the ischemic infarct, the pallidal GABA
level decreased to about half that of controls/11/.
GABA recovered to nearly control levels following
transplantation, and was further increased by
treatment with nipecotic acid, a GABA uptake
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blocker /5/, in the perfusion medium. The basal
level of GABA and the level after treatment with
nipecotic acid were significantly greater in grafted
rats than in ischernic rats. It is possible that
functional GABAergic transmission was partially
restored, since the release and uptake of GABA
could be manipulated by a pharmacological
challenge.

The striatal histological image, patchy
organization of cells and bundles, was not found in
the grafts, suggesting that the interconnection
between the host and the graft was not complete
/6/. Further analyses using other tracing methods
are necessary to better understand their connection
/18,21/.

In summary, fetal striatal cell grafts into the
infarcted striaturn of the rat partially improved
pallidal GABA release and may have facilitated the
improvement of deficits in a passive avoidance
task. Neural grafting might be a useful approach in
the treatment of ischemic infarcts.
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