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Summary. The present study examines the possibility
that lesions induced by intrastriatal injections of en-
dothelin-1 (ET-1, 0.43 nmol/0.5 ul) are ischemic in na-
ture due to a vasoconstriction of the cerebral microves-
sels. In time course and dose-response experiments with
ET-1 and in comparisons with ET-3, the volume of the
lesions has been determined based mainly on the disap-
pearance of striatal nerve cells, using a computer assisted
morphometrical analysis. The blood flow in the neo-
striatum close to the site of injection of ET—1 was deter-
mined acutely by Laser-Doppler flowmetry. The acute
metabolic effects of ET-1 were also studied on striatal
superfusate levels of lactate, pyruvate, dopamine and its
metabolites DOPAC (3,4-dihydroxyphenylacetic acid)
and homovanilic acid (HVA) using an instrastriatal mi-
crodialysis probe. Dose related striatal lesions were ob-
served with ET—1 (0.043-0.43 nmol) with a peak lesion
volume after 24-48 h and the possible existence of a
penumbra area. ET-3 showed a reduced potency to
produce striatal lesions compared to ET-1. The lesions
induced by ET-1 were prevented by coinjection with
dihydralazine, a vasodilator drug. Acutely ET-1
(0.43 nmol/0.5 pl) produced a prolonged reduction of the
cerebral blood flow down to 40% of control values and
temporary increases of striatal lactate and DA efflux, the
latter change being very marked. Also a significant re-
duction of DOPAC and HVA was observed. These
neurochemical changes were all prevented by treatment
with dihydralazine. These results indicate that ET-1 in-
jected in the neostriatum may produce lesions by causing
local ischemia, related to its vasoconstrictor activity and
possibly also to an activation of ET-1 receptors in the
astroglial-endothelial complex. Based on the present re-
sults it seems possible that ET—1 may participate in the
multifactorial pathogenesis of cerebral ischemia.
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Introduction

Endothelin-1 (ET-1) is a recently isolated endothelin-
derived 21-amino acid residue which possesses a power-
ful and long-lasting vasoconstrictor action (Yanagisawa
et al. 1988). Besides ET-1 immunoreactivity (IR), ET--3
like IR has been demonstrated in porcine spinal cord and
brain (Inoue et al. 1989; Shinmi et al. 1989 ; Matsumoto
et al. 1989; Fuxe et al. 1991a). ET-3 is also a bicyclic 21
amino acid peptide having a 71% sequence homology
with ET-1 (Yanagisawa et al. 1988; Inoue et al. 1989).
Immunocytochemical evidence exists on both a glial and
neuronal location of ET-like IR, especially in activated
astroglia (Cintra et al. 1989; Fuxe et al. 1989b, 1991a;
MacCumber et al. 1990; Giaid et al. 1989; Yoshishawa
et al. 1990). Also ET-1 mRNA has been found to be
expressed in porcine and human brain (Nunez et al.
1990}. Recently, it has also been demonstrated tht ET-3-
like IR exists within somatostatin (SS) and choline ace-
tyltransferase (ChAT) IR nerve cells of the neostriatum
of the rat (Fuxe et al. 1991a), suggesting a neuronal role
of ET-3-like peptides in the CNS (see also Matsumoto
et al. 1989; Shinmi et al. 1989). Finally, evidence exists
for the presence of 2I-ET-1 and '?I-ET-3 binding .
sites within the CNS, the latter having a regional distri-
bution (Fuxe et al. 1989¢; Jones et al. 1989; MacCumber
et al. 1990; Koseki et al. 1989; Marsault et al. 1989;
Vigne et al. 1990). As shown by Marsault et al. (1989),
the ET receptor located on the astrocytes possesses also
a high affinity for ET-3, which is not true for the ET
receptor located on the brain capillary ET cells (Vigne et
al. 1990).

We have recently demonstrated that centrally ad-
ministrated ET-1 induces lesions in the brain of the male
rat by producing a disappearance of striatal nerve cells
(Fuxe et al. 1989a, 1991b). It was suggested that this may
represent a new model of local brain ischemia with a high
physiopathological relevance. In line with this view it has
been found that cerebral microvessel endothelial cells can
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produce ET (Yoshimoto et al. 1990) and ET-1 can
produce vasoconstriction of cerebral arteries from the
adventitial side (Shigeno et al. 1989). Also it has been
found that ET can trigger brain damage under hypogly-
cemia (Kataoka et al. 1989).

To test the hypothesis that ET-1 induces a focal isch-
emia we have in the present paper analyzed the effects of
an intrastriatal injection of ET-1 in the absence or
presence of the potent vasodilator drug, dihydralazine,
on striatal blood flow, and extracellular striatal levels of
lactate, pyruvate, and dopamine (DA) and its meta-
bolites DOPAC (3,4-dihydroxyphenylacetic acid) and
homovanilic acid (HVA), in halothane anaesthetized
rats. For comparison the effects of intrastriatal injections
of ET-3 have been analysed which may not as effectively
stimulate the ET-1 receptors of the cerebral microves-
sels. Furthermore, a computer-assisted analysis of the
neostriatal lesion, in the absence or presence of dihy-
dralazine, has been carried out on suitable histological
preparations.

Material and methods

Male Sprague-Dawle rats (n=11) were anaesthetized with halo-
thane (1.0-1.3% in air). The anaesthetic concentration was controll-
ed by the use of a vaporizer. Respiration was maintained through
a trachea cannula connected to an artificial respirator. Pa CO,
levels was set at 30-40 mm Hg and pa O, levels at 100-120 mmHg
(normoxemia). Rectal temperature was maintained at 37.5° C£0.2°
C by means of thermoregulatory heating pad (CMA/150, Carnegie
Medicin, Sweden). Blood pressure was monitored continuously
from the left femoral artery and ranged in different rats between 90
and 110 mmHg.

The rat’s head was fixed in a stereotaxic frame (David Kopf),
and the animal was placed in a prone position. An approximately
rectangularshaped piece of skull bone 3—4 mm in length (antero-
caudal) and 4-5 mm in width (medial-lateral) was drilled out on one
side. A small needle (32 gauge) for injection of drugs was attached
to a coaxial microdialysis probe covered by a dialyzing membrane
of 3.0 mm in length and 0.5 mm in diameter (CMA/10, Carnegie
Medicin). The microdialysis probe was implanted into the caudate-
putamen to a depth of 6.2 mm (V-6.2 mm) from the cortical dura
surface at 0.9 mm anterior (A+0.9mm) and 3.5mm lateral
(L+3.5mm) to the Bregma, together with the injection needle
(A+09mm; L+3.0 mm; V4.7 mm), according to the rat brain
stereotaxic coordinates outlined in the atlas of Paxinos and Watson
(1982). The microdialysis probe was perfused at a rate of 2 ul/min
with Ringer through the inlet using a microinjection pump (CMA/
100, Carnegie Medicin). About 1 h after the insertion of the probe
into the caudate-putamen and the initiation of the perfusion, the
dialysates were collected every 20 min into a sample tube containing
5ul of 0.01 N HCI.

The microdialysis samples (40 ul) were divided into two ali-
quots, one (10 pl) was for analysis of lactate and pyruvate, the other
(30 pl) was for that of DA, DOPAC and HVA. The in vitro recovery
rates of lactate, pyruvate, DA, DOPAC and HVA by the micro-
dialysis method were 20-25%. Both aliquots were injected, without
any pretreatment, into high-performance liquid chromatography
(HPLC) systems. The two HPLC methods have been described
elsewhere (Hallstrdm et al. 1989; Hurd and Ungerstedt 1989).

Briefly, lactate and pyruvate were separated on a resin-based
column (precolumn polypore H (PPH-GU) 30 x 4.6 mm 1.D.) and
an analytical column 220 x 4.6 mm 10 pm polypore H (PPH-224,
Brownlee Laboratories, USA) using 2.5 mM sulphuric acid with a
flow rate of 0.3 ml/min. Lactate and pyruvate were detected by an
ultraviolet detector at 214 nm (UV-8, Bioanalytical Systems, USA).

DA and its metabolites (DOPAC and HVA) were separated on a
reversed phase column (5 um) (250 x 2.0 mm 1.D., Spherisorb ODS
I, Knauer, FRG) using 0.13 M NaH,PO, buffer (pH 4.35) contain-
ing 0.89 mM EDTA, 1.3 mM S-octylsulfate and 14% methanol,
with a flow rate of 0.3 ml/min. Electrical detection was performed
by means of a glassy carbon working electrode (LC—4A, Bioanalyti-
cal Systems, USA) set at +0.7 V. The minimum detection limits
{signal-to-noise ratio of 2) for DA was 0.01 pmol.

Simultaneously, a probe (0.45 mm in diameter) belonging to a
laser Doppler flowmeter (PF3, Perimed, Sweden) was inserted into
the caudate putamen with a lateral inclination of 15° to a depth of
Smm from the cortical surface at 0.9 mm anterior and 1.3 mm
lateral to the Bregma, with its tip close to that of microdialysis
probe, as shown in Fig. 1. The flux signal from the Laser velocyme-
try (LDF) was averaged with a 5 s time constant and the signal was
recorded continuously on a pen recorder. The post-mortem signal
was considered as baseline (0%) and subtracted from the LDF
values. For details, see Skarphedinsson et al. (1988).

After taking three control microdialysis samples, i.e. after mea-
suring blood flow for about 120 min, ET-1 (0.43 nmol) (human,
porcine, Peninsula Lab., USA), ET-1 plus dihydralazine (53 nmol)
(Ciba-Geigy) or mock CSF were administered through a small
needle which had been implanted together with the microdialysis
probe. Dihydralazine produces a vasodilatation by a direct action
on the smooth muscle cells (Nickerson 1974). These drug solutions
(0.5 ul) were administered over a 20 min period at a rate of
25 nl/min. ET-1 was dissolved in a mock cerebrospinal fluid
(CSF) solution (ET-1 alone) or in dihydralazine solution (ET-1
plus dihydralazine). In control experiments dihydralazine (53 nmol)
alone was administered as described above.

The values of blood flow and blood pressure were measured
every 20 min after the onset of the drug administration and ex-
pressed as percentages of the respective value found 1 min before
the drug administration. The magnitudes of the responses of lactate,
pyruvate, DA, DOPAC and HVA to the administration of drugs
were expressed as percentages of the concentration in the pre-injec-
tion fraction. The statistical significance was evaluated by analysis
of variance and Duncan’s test.
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a: microdialysis probe
b: injection needie 2mm
c: laser Doppler probe

Fig. 1. Schematic illustration of the experimental procedure to
record simutaneously striatal blood flow using Laser Doppler flow-
metry and HPLC measurements of DA, DOPAC, HVA and lactate
extracellular levels via microdialysis after injection of ET-1 in the
halothane anaesthetized rat. CPus==nucleus caudatus-putamen;
Co=cortex cerebri; BST=bed nucleus of the striae terminalis;
MS =medial septal nucleus; Acb=nucleus accumbens; VDB and
HDB=vertical and horizontal limb of the diagonal band
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Histological analysis

In separate experiments the ET-1-induced neostriatal lesions were
taken to histological analysis involving transcardiac perfusion with
4% ice-cold paraformaldehyde in 0.1 M phosphate buffer under
sodium pentobarbital anaesthesia (40 mg/kg, i.p.) followed by
Nissl-staining (cresylviolet) and astroglia staining using GFAP
immunocytochemistry (Fuxe et al. 1989a). The volume of the lesion
was determined by means of a computer-assisted morphometrical
analysis using the IBAS image analysis system (sce Agnati et al.
1988; Zoli et al. 1990). Thus, serial cryostate sections (20 ym thick)
of the neostriatum were made and the lesion area determined every
100 um based on the disappearance of Nissl staining due to the
chromatolysis (3 h time interval) or mainly due to the disappearance
of nerve cells (later time intervals; Fig. 2) as previously demon-
strated (Fuxe et al. 1989a). In the outer zone of the lesion some large
striatal nerve cells were found, probably representing cholinergic
cells, which may be more resistent to the insult (Fuxe et al. 1991b).
In view of the fact that the lesion area is to a certain degree

dependent on the phenomenon of chromatolysis a possible reduc-
tion with time (see results) of the lesion may be related to the
recovery of the chromatolytic phenomenon in the medium sized
striatal neurons. Thus, a penumbra area exists with affected nerve
cells which are destined to survive or to undergo cell death. The
lesion area could also be determined by the disappearance of GFAP
IR in the affected area and strong GFAP IR was present in the
border zone of the lesion and largely surrounded the lesioned area
(Fig. 3) (Fuxe et al. 1989a; Fuxe ¢t al. 1991b). Previous work (Fuxe
et al. 1989%a, 1991b) has also demonstrated that the ET-1 induced
striatal lesions are associated with damage to the white fiber bundles
of the neostriatum with degenerative changes in the oligodendrog-
lia. Two types of experiments have been performed: a time-course
experiment involving an analysis of the lesion at 3, 24, 48 and 144 h
following the injection of 0.43 nmol (in 0.5 pl mock CSF) of ET-1
and a dose-response experiment evaluated at the 144 h time interval
with ET-1 and ET-3 (0.043, 0.129 and 0.43 nmol in 0.5 pl in mock
CSF). Finally, an experiment was performed in which it was evalu-
ated if the vasodilator drug dihydralazine (53 nmol) given together



with ET-1 could counteract the ET-1-induced neostriatal lesion
(0.43 nmol) as evaluated at the 144 h time interval. ET-1 and ET-3
were always injected in a volume of 0.5 ul mock CSF using the same
coordinates as described above with an infusion period of 20 min
(see above). The statistical analysis was performed by means of the
Mann-Witney U test or the test treatment versus control (Hollander
and Wolfe 1973).

Results
Histological studies

Histological analysis of the ET-Il-induced neostriatal
lesion. The time-course of the ET-1 (0.43 nmol/0.5 ul)
induced neostriatal lesion was studied at the 3h, 24 h,
48 h and 168 h time interval. At the 24-48 h time interval
ET-1 produced the maximal lesion with a mean volume
in the order of 6 mm? (Fig. 4). The shape of the lesion
was somewhat assymetric with a larger extension in the
caudal direction (appr. 1.5 mm) as illustrated at the 168 h

Fig. 3. GFAP IR of the neostriatum is de-
monstrated (Fig. 2B) in coronal cryostate
(14 um) sections at Bregma level +1.2 mm
168 h after the ET-1 injection (0.43 nmol/
0.5 ul). The absence of nerve cells in the
injected area is outlined in A (cresylviolet).
The lesioned area is surrounded by a zone
of strong GFAP IR, which is also present
in the outer part of the lesioned area.

A rabbit anti-cow GFAP antiserum
(Dakopatts; 1:1000) was employed and
the detection of the GFAP IR was made
by the avidin-biotin-peroxidase technique
using 3,3’-diaminobenzidine as the
chromophore. cc=corpus callosum; ec=
external commissure

time interval (Fig. 5). At the earliest time interval (3 h)
nerve cells were still present in the injected area but they
were shrunk and exhibited chromatolysis. The affected
volume was similar to the volume of lesion based on
disappearance of nerve cells (Fig. 2) found at the 24 and
48 h time intervals. At the 168 h time interval the ET-1-
induced lesion had become reduced to a mean volume of
4.0 mm?® as defined above by Nissl staining (Fig. 3) in-
dicating that a penumbra area developed upon ET-1
injections in the neostriatum (see material section). In-
fusion of mock CSF alone produced only a small me-
chanical lesion, which amounted to a volume of 0.2 mm?3
at the 168 h time interval, which was approximately 5%
of the ET-1-induced lesion (Fig. 5).

Dose-response experiments. As seen in Fig. 6, ET-1 ap-
peared to be highly effective in producing a striatal lesion
already at a dose of 0.1 pg (0.043 nmol)/0.5 yl while
ET-3 was only weakly effective in a dose 0of 0.1 or 0.3 pg/
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Fig. 4. Morphometrical analysis of the time-
course of the development of the lesion volume
(in mm?3) after an ET-1 injection (0.43 nmol/
0.5 pl) into the neostriatum based on Nissl
stainings allowing the determination of the
lesion area at each rostrocaudal level. A chro-
matolysis of the nerve cells was evident already
at the 3 h time interval, but the nerve cells were
still visible at this time interval. Therefore, after
3 h the affected area mainly represents the chro-
matolytic area. The formula for the calculation
of the volume (in mm3) is: Z, [(A;+A;-):2]xd
A,=area of lesion; n=number of sections. The
interlevel distance along the rostrocaudal axis is
equal to d. Means+ SEM are shown out of 3-4
rats

Time (h)
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Fig. 6. Morphometric analysis of the ET-1 and ET-3 induced
neostriatal lesions using two doses, 0.01 ug and 0.3 pg (0.043 and
0.129 nmol/0.5 ut) at the 168 h time interval. The mean volume (in
mm?3) of the lesion is given as means + SEM out of 3-4 rats. For
details, see text to Fig. 3. Statistical analysis according to the test
treatment vs control (non-parametrical procedures). *=P<0.05;
**=pP<0.01

Fig. 5. Morphometrical analysis of the ET-1 in-
duced neostriatal lesion as evaluated at the

168 h time interval using the IBAS image analy-
sis system (Agnati et al. 1988). The mean values
of 4 rats are shown at each level analyzed. The
measurements of the lesion area was made by
outlining the area of nerve cell disappearance
and microglia infiltration as seen in Nissl stain-
ings. The hatched area represents the lesion
area produced by a mock CSF injection (0.5 pl).
The lesion extends preferentially in the caudal
direction probably due to the fact that the can-
nula opened in the caudal direction

0.5 ul. The lesion volume after ET-3 was in the order of
1 mm?.

Effects of dihydralazine on the ET-1-induced neostriatal
lesion. As seen in Fig. 7 dihydralazine (53 nmol/0.5 ub)
was able to significantly reduce the ET-1-induced neo-
striatal lesion at the site of ET-1 injection, where the
maximal lesion was observed, as evaluated in Nissl stain-
ings and in studies on GFAP IR at the 168 h time inter-
val. ET-1 and dihydralazine were injected together in the
same 0.5 ul solution. The maximal lesion area produced
by mock CSF alone was in the order of 10% of the
respective striatal area.

Functional and neurochemical studies

Effects of intraneostriatal injections of ET-1 on striatal
blood flow. As evaluated by laser-Doppler flowmetry
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STRIATAL BLOOD FLOW AFTER ET-1 LOCAL ADMINISTRATION
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B ET1 + Dihydralazine 53nmol

0 ET10.43nmol
ET1 + Dihydralazine 53nmol

Fig. 7. Effects of dihydralazine and on the
ET-1 induced lesion in the neostriatum
seen after local injection of ET-1. The
lesion was evaluated at the level where the
lesion was maximal as revealed by Nissl
staining and GFAP IR. Dihydralazine was
infused together with ET-1. **=P<0.01,
Mann-Whitney U-test

B ET-1 (043 nmol / 0.5 pl )
A T4 Dihydralazine

Fig. 8. Effects of a neostriatal injection of ET-1 in
the absence or presence of the vasodilator dihy-
dralazine (53 nmol/0.5 ul) on striatal blood flow us-
ing Laser Doppler flowmetry in the halothane
anaesthetized rat. Means +SEM (100% =147 +29

2 LDF units) are shown out of 34 rats in the ET-}]
3 5o alone group. A similar variability was found in the
z other two groups. The striatal blood flow is given
§ in arbitrary units. The hatched area gives the
o overall s.e.m. of the CSF alone group during the
5 3 h period. Duncan’s test after one way analysis of
g variance. The ET-1 alone group is significantly
e {P<0.01) different from the other two experimental
3 0 groups at all time intervals studied
0 60 120 180 min atter ET-1 admin.
STRIATAL LACTATE OUTFLOW AFTER ET-1 LOCAL ADMINISTRATION
250 ——a— ET-1 {0.43 nmol/0.5¢4 )
——8— ET-1 + Dihydralazine { 53nmoi/0.5¢4 )
%
2004 ///A i Fig. 9. Effects of a neostriatal injection of ET-1
in the absence or presence of dihydralazine
(53 nmol/0.5 pl) on striatal lactate outflow in
150 the halothane anaesthetized rats. Means+SEM
” / (100% =232 +24 uM) out of 3-4 rats. The
@ 7 9 hatched area gives the overall s.e.m. in the CSF
% 100 //% //J//// //'1/4{ alone group over the 3 h period. Duncan’s test
-; after one way analysis of variance. The ET-1
§ group is significantly different from the other
%5 509 two groups from the 20 to the 100 min time in-
£ terval. At the 20 and 100 min time interval the
g significance is P <0.05; at the 40, 60 and 80 min
a od, Y r . time intervals it is P<0.01
¢ 30 60 120 180 min after ET admin.

ET-1 in a dose of 0.43 nmol produced about a 60%
reduction in striatal blood flow which was observed with-
in 20 min and largely maintained throughout the 3 h
observation period with only a small gradual return (40%
reduction at the end of the 3 h period) (Fig. 8). The mock
CSF alone did not alter striatal blood flow. Furthermore,

dihydralazine given as described above counteracted the
ET-1-induced reduction of striatal blood flow (Duncan’s
test).

Studies on the effects of neostriatal injections of ET-1 on
striatal lactate outflow. By means of microdialysis it was
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Fig. 10. Effects of a neostriatal injection of ET-1 in
the absence or presence of dihydralazine (53 nmol/
0.5 ul) on striatal dopamine outflow in the halo-
thane anaesthetized rat. Means +SEM

(100% =4.2+ 1.3 nM) are shown out of 3-4 rats.
The hatched area represents the overall s.e.m. in
the CSF group over the 3 h period. Duncan’s test
after one way analysis of variance. The ET-1 alone
group is significantly different (#<0.01) from the
other two groups from the 20 to the 60 min time
interval

min after ET-1 admin,

shown that ET-1 (0.43 nmol/0.5 ul) significantly in-
creased lactate levels in striatal superfusates with a peak
increase of about 230% at the 40 min time interval (Fig.
9). From the 40 min time interval the increase in striatal
lactate outflow gradually declined and control levels were
restored at the 160 min time interval. The dihydralazine
treatment, as described above, was found to completely
counteract the increase in striatal lactate outflow (Fig. 9).

Effects of neostriatal injection of ET-1 on striatal pyruvate
outflow. ET-1 (0.43 nmol/0.5 ul) did not significantly
(P=0.1) alter the striatal pyruvate outflow but a trend
for a small reduction was observed throughout the 3h
observation period [peak action = 754 25% of basal val-
ue (8.8+1.2 uM)]. This trend for a reduction of striatal
pyruvate outflow was no longer observed following com-
bined treatment with ET-1 and dihydralazine.

Effects of neostriatal ET injection on striatal DA outflow.
As seen in Fig. 10, ET-1 (0.43 nmol/0.5 pi) produced a
huge (larger than 6000%) increase in striatal DA outflow
which was maximal already at the 20 min time interval
after which it declined rapidly and reached control levels
at the 2h time interval. This increase of striatal DA
outflow was completely counteracted by the simul-
taneous infusion of dihydralazine. During the period of
increased striatal DA there was a significant reduction in
the order of 30-40% of the superfusate levels of DOPAC
[peak action = 61% % 15% of basal value (437 £ 94 aM);
P<0.001] and HVA [peak action = 70 7% of basal
value (304487 nM); P<0.01]. Also the effects on the
outflow of DA metabolites were counteracted by the
simultaneous treatment with dihydralazine.

Discussion

In the present paper indications have been obtained that
ET-1-induced local striatal lesions may be produced via
a local ischemia. Firstly, the morphological evidence

indicates that the powerful vasodilator dihydralazine can
significantly counteract the lesion induced in the neo-
striatum by local injection of ET-1. Secondly, evidence
is presented by means of laser Doppler flowmetry that
ET-1 locally injected in the neostriatum can produce a
prolonged and marked reduction of striatal blood flow,
an action of ET-1 which also is counteracted by simul-
taneous treatment with dihydralazine. As previously ob-
served in animal models of transient forebrain ischemia
(see Zini et al. 1990) striatal lactate and DA outflow were
also substantially increased upon injection with ET-1
into the neostriatum and these actions were counteracted
by dihydralazine. Based on this experimental evidence
the following hypothesis is given as to the mechanism
underlying the ET—1-induced lesion of the neostriatum
following a local infusion.

Reduction of the cerebral blood flow observed in the
neostriatum upon local ET-1 infusion (into the neostriat-
um) is probably caused by the powerful vasoconstrictor
activity of ET-1 (Shigeno et al. 1989). It has also been
demonstrated by Shigeno et al. (1989) that the vasocon-
striction produced by ET-1 of cerebral arteries involves
an action from the adventitial side. Although a prolong-
ed vasoconstriction was observed during the 3 hour ob-
servation period it must be emphasized that there was a
gradual increase of striatal blood flow from 40 to 60% of
control value from the 20 min to the 180 min time inter-
val. It seems possible that this increase in striatal blood
flow, although relatively small, is sufficient to explain the
normalization of striatal lactate and DA outflow at the
end of the 3 h observation period. It is possible that a
small increase of blood flow may in fact increase survival
of nerve cells by bringing the blood flow over a certain
threshold level necessary for survival. In spite of the
restoration of striatal metabolism during the 3 h time
period following ET-1 perfusion the prolonged vasocon-
striction appears to be of importance for the develop-
ment of the ET—-1-induced lesion, since dihydralazine can
markedly counteract the development of the lesion,
which is probably related to its ability to counteract the
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reduction of striatal blood flow induced by ET-1. Also
at the end of the 3 h period the nerve cells in the injected
area are shrunk and show chromatolysis. Thus, it seems
possible that the final development of the ET-1 striatal
lesion is related to a post-ischemic hypoperfusion of the
neostriatum, at least in part triggered by the ET-1 in-
duced vasoconstriction. Direct effects of injected ET-1
on the endothelial cells may also contribute (see last part
of discussion). The above hypothesis may, however, be
questioned, since a fall of cerebral blood flow down to
15% of the normal has generally been considered neces-
sary to produce cerebral ischemia in the middle cerebral
artery occlusion (Bolander et al. 1989) and only a reduc-
tion down to 40% of control was observed using Laser-
Doppler flowmetry in the present experiments. Such a
model of regional and permanent cerebral ischemia may
be the most suitable to compare with the methodology
used in this study. However, it must be considered that
the Laser Doppler probe was located some distance away
from the cannula used to inject ET-1 and thus, other
striatal areas closer to the lesion may well have reached
a value of reduction of cerebral blood flow leading to
ischemia. This possibility, which is supported by the
reversal obtained with dihydralazine, will be evaluated in
future work using quantitative iodoantipyrine autoradio-
graphy. It should, however, be considered that ET-1
induced release of striatal DA could have contributed to
the development of the striatal lesion, since it was partly
counteracted by a D1 receptor antagonist (Fuxe et al.
1991b). Nevertheless, lesions induced by locally injected
ET-1 develop also in other brain areas, containing only
few DA nerve terminals such as the hippocampal forma-
tion (Fuxe et al. 1991b). Finally, calcium antagonists of
the dihydropyridine family also partly antagonized the
development of the ET~1 lesion in the neostriatum (Fuxe
et al. 1991b), which may be related not only to their
neuroprotective activity (see review by Siesjo and Bengts-
son, 1988), but also probably to a reduction of the ET-1
induced vasoconstriction, which may involve Ca*+ ions
as a second messenger (Symon 1989).

We now propose that the post-ischemic hypoper-
fusion may be related to the activation of ET mechanisms
within the astroglia (see Cintra et al. 1989; Fuxe et al.
1989; MacCumber et al. 1989, 1990) and within the
cerebral microvessel endothelial cells (Yoshimoto et al.
1990). Thus, not only can astrocytes and cerebral capil-
lary endothelial cells produce ET upon activation by e.g.
ischemia but they also possess ET-1 receptors (Cintra et
al. 1989; Marsault et al. 1990; Lin et al. 1990) leading to
mitogenesis and increases of free calcium (Supattapone
et al. 1989). Furthermore, only ET-1 receptors are locat-
ed on the endothelial cells (Marsault et al. 1990) and it
is of interest to note that ET-3 was subtantially less
potent than ET-! in producing lesions in neostriatum
upon local infusion. It has been demonstrated that ET-1
can activate phosphatidyl inositol hydrolysis and in-
crease DNA synthesis in cerebral capillary endothelial
cells (Lin et al. 1990). These events probably also lead to
a mobilization of intracellular calcium due to formation
of inositoltriphosphate, which may lead to an activation
of the contractile proteins within the endothelial cells,

contributing to the reduction of blood flow. Evidence in
fact exists that ET-like peptides are formed within as-
troglia surrounding cerebral microvessels in ischemic
areas {Fuxe et al. 1991b). ET peptides released from
astrogha surrounding capillary vessels as well as injected
ET-1 may thus cause activation of the ET-1 receptors
located on the endothelial cells leading to a marked
reduction of local cerebral blood flow (see above). It
should be pointed out that the mitogenic response also
can contribute to the mantained reduction. In agreement,
ET-3 locally injected into the neostriatum is much less
powerful than ET-1 in producing neostriatal lesions.
Thus, the present and previous work (Fuxe et al. 1989a,
b, 1991b; Cintra et al. 1989) may implicate local ET-1
mechanisms in the astroglial-endothelial complex as one
of the mechanisms underlying the development of post-
ischemic hypoperfusion and transient ischemic attacks in
man.

In conclusion, the present paper gives morphological
and neurochemical evidence that the ET-1-induced neo-
striatal lesions in the rat triggered by a prolonged initial
vasoconstrictor action of ET-1, are produced via a local
ischemia. It scems possible that such a lesions may repre-
sent a new in vivo model for local ischemia.
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