tumorigenic phenotype. All other animals
have remained tumor-free. For animals
without tumors, histopathologic examina-
tion of the site of injection of the (+6)
microcell hybrids after 2 months shows only
occasional reactive fibroblasts with no evi-
dence of melanoma cells. In contrast, the
histology of the parental and revertant tu-
mors grown in nude mice are indistinguish-
able from the patient’s melanoma.

As a control for the introduction of chro-
mosome 6 into melanoma cell lines, we have
introduced, by electroporation, psv,neo into
the parental UACC-903 melanoma cell line
(Table 1). In contrast to the introduction of
chromosome 6, the addition of the selecta-
ble marker did not alter in vitro morphology
or effect tumorigenicity, suggesting it has no
role in the suppression of tumor formation.

Several studies have been reported on the
genetics of tumor suppression by somatic
cell fusion (8, 9). However, only recently has
intraspecies hybridization of a single human
chromosome been possible (10). On the
basis of our current observations, it is rea-
sonable to speculate that genetic informa-
tion present on chromosome 6 can suppress
the malignant phenotype of human melano-
ma cells. If [as suggested by Vogelstein (5)]
tumor suppressor genes have both a hierar-
chical and incremental effect on the regula-
tion of cell growth, it is possible that a gene,
or genes, on chromosome 6 may be acting
early in the pathway of tumor formation.
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2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline:
A Neuroprotectant for Cerebral Ischemia

MavrcorM J. SHEARDOWN,* ELSEBET (). NIELSEN, ANKER ]. HANSEN,

PouL JACOBSEN, TAGE HONORE

2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX) is an analog of the
quinoxalinedione antagonists to the non—N-methyl-p-aspartate (non-NMDA) gluta-
mate receptor. NBQX is a potent and selective inhibitor of binding to the quisqualate
subtype of the glutamate receptor, with no activity at the NMDA and glycine sites.
NBQX protects against global ischemia, even when administered 2 hours after an

ischemic challenge.

HE DISCOVERY OF THE QUINOXA-
linediones (1), a series of potent and
selective antagonists at non-NMDA
excitatory amino acid (EAA) receptors, has
greatly facilitated the study of the pharma-
cology of the quisqualate and kainate recep-
tor subtypes. Here we report a new non-

A/S Ferrosan, CNS Division, Sydmarken 5, DK-2860
Soeborg, Denmark.

*To whom correspondence should be addressed.

NMDA receptor antagonist 2,3-dihydroxy-
6- nitro- 7 - sulfamoyl - benzo (F) quinoxaline
(NBQX) (Fig. 1), which is more potent
than the previously described compounds
DNQX (6,7-dinitroquinoxaline-2,3-dione)
and CNQX (6-cyano-7-nitroquinoxaline-
2,3-dione) in displacing [PH]JAMPA (a-
amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid) binding and is less potent in
inhibiting [*H]kainate, [PH]CPP [3(2-car-
boxypiperazine - 4- yl)propyl - 1 - phosphonic
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Fig. 1. The structures of three quinoxalinedione
non-NMDA EAA antagonists.

acid], and [*H]glycine binding to rat brain
cortical membranes. NBQX is a selective
antagonist of quisqualate, AMPA, and kain-
ate electrophysiological responses in rat neo-
cortex slices and is a neuroprotective agent
against cerebral ischemia.

Binding experiments were performed at
4°C with rat brain cortical membranes that
had been extensively washed (2). Kainate
receptors were studied with [*H]kainate (5
nM) binding in 50 mM tris-citrate buffer
(3); quisqualate receptors were studied with
[*’H]AMPA (5 nM) binding in 30 mM tris-
HCI buffer with 2.5 mM CaCl, and 100
mM potassium thiocyanate (2); NMDA re-
ceptors were studied with [*’H]CPP binding
(5 nM) in 30 mM tris-HCI buffer with 2.5
mM CaCl, (4); and glycine receptors were
studied with [*H]glycine (20 nM) binding
in 30 mM tris-HCl buffer with 2.5 mM
CaCl,. Binding was selectively inhibited at
the quisqualate site by NBQX, the concen-
tration that inhibited 50% (ICsq) of
[P’HJAMPA binding was 150 nM, and the
Hill coefficient was close to one, indicating
no noncompetitive or cooperative interac-
tions.

The affinity of NBQX for the kainate recep-
tor was about 30 times less than its affinity for
quisqualate receptors, the ICsq being 4.8 pM.
NBQX has no or very low affinity for the CPP
or glycine binding sites. The values compared
to those for CNQX, DNQX, and some stan-
dard compounds are shown in Table 1. The
compound is also inactive (ICsq > 100 M)
at the following binding sites: [*H]spiperone
in the presence of the dopamine agonist
(%)-2-amino-5,6-dihydroxy-1,2,3,4-tetrahy-
dronaphthalene (ADTN) (5-HT receptors),
[PH]WB 4101 (a-noradrenergic receptors),
[*H]3-quinuclidinol benzilate (muscarinic re-
ceptors), [*H]spiperone, and [*H]SCH
23390 (dopamine D1 and D2 receptors),
[*H]naloxone (opiate receptors), [*H]fluni-
trazepam  (benzodiazepine  receptors),
[PH]GABA (y-amino-butyric acid receptors),
and [*H]strychnine (inhibitory glycine recep-
tor). NBQX was inactive (ICsq > 30 nM)
at phencyclidine sites on the NMDA-cou-
pled ionophore as measured by [*H]N-[1-
(2-thienyl)cyclohexyl]piperidine ~ (TCP)
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Fig. 2. The effect of NBQX on responses of rat neocortical slices to (A) AMPA, (B) quisqualate, (C)
kainate, and (D) NMDA. In all the graphs the x axis is the log concentration of agonist and the y axis is
the percentage maximum response (depolarization). (A) Open circles, control AMPA dose-response
curve; closed circles, AMPA plus NBQX (0.1 wM); open triangles, AMPA plus NBQX (0.3 pM); and
closed triangles, AMPA plus NBQX (1 pM). (B) Open circles, control quisqualate dose-response curve;
closed circles, quisqualate plus NBQX (0.3 pM); open triangles, quisqualate plus NBQX (1 wM); and
closed triangles, quisqualate plus NBQX (3 wM). (C) Open circles, control kainate dose response curve;
closed circles, kainate plus NBQX (0.3 wM); open triangles, kainate plus NBQX (1 wM); and closed
triangles, kainate plus NBQX (3 wM). (D) Open circles, control NMDA dose-response curve; and
closed circles, NMDA plus NBQX (30 .M). Points represent means + SEM (where error bar is greater
than the symbol); n = 7 to 10 responses for each point. The maximum concentrations of the agonists
used in the dose-response curves were 30 uM AMPA, 100 pM quisqualate, 5 wM kainate, and 80 p.M
NMDA. Higher concentrations produced neurotoxic effects, making it difficult to obtain reproducible
control responses to the agonists.

Fig. 3. The protective effect 20 A B
of NBQX against hippo- @

campal CAl neuronal cell g 15

loss evoked by 5-min global 5 ,,

ischemia in Mongolian ger-

bils. The x axis neuronal cell € 5

loss score [0, no cell loss; 1, 2

25% to 50% cell loss; 2,
50% to 75% cell loss; and 3,
almost total cell loss
(>90%)]. The y axis repre-
sents the number of individ-
ual hippocampi with a particular score (number of cases). (A) NBQX (30 mg/kg) administered
intraperitoneally 15 and 5 min before ischemia and 10 min after (solid bars). (B) Doses of 10 (solid
bars) and 3 mg/kg (hatched bars) administered as in (A). Empty bars, control.

0
00 05 1.0 15 20 25 3.0 0.0 05 1.0 1.5 20 25 3.0
Neuronal cell loss score
(hippocampal CA1)

binding.

To show the pharmacological effects of
NBQX, we studied the electrophysiological
responses of rat neocortex slices to excitato-
ry amino acids by grease-gap techniques (5).
This simple method is suitable for studying
slow steady-state effects of agonists and an-
tagonist selectivity, but does not measure
very fast quisqualate currents (6). NBQX
produced large shifts of the dose-response
curves to quisqualate and AMPA at concen-
trations of 0.1 to 1.0 wM and kainate at 0.3
to 3.0 pM, while having no effect on
NMDA responses at a concentration of 30
M (Fig. 2). This result shows that NBQX
is a highly selective antagonist of non-

NMDA EAA receptor—evoked responses in
the central nervous system.

Transient complete forebrain ischemia
was produced in female Mongolian gerbils
(60 to 70 g) anesthetized with a mixture of
2% halothane, 70% nitrous oxide, and 30%
oxygen. Cerebral ischemia was induced by
occlusion of the carotid arteries for 5 min.
After 4 days, the animals were killed, the
brain was removed, and frozen coronal sec-
tions of 20 wM were taken of the hippocam-
pal area and stained with cresyl violet and
hematoxylin-eosin. The CA1 subfield of the
hippocampus was assessed for neuronal cell
death on a scale ranging from 0 for a normal
hippocampus to 3 for an almost total loss of
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respectively, with the randomized Wilcoxon rank-sum test. Empty bars, control.

Table 1. Inhibitory activity of selected glutamate antagonists and agonists. Rat cortical membranes
were prepared as in (2). The final pellet was homogenized in buffer (50 volumes per gram of original
tissue) and used for binding assays. Portions (0.5 ml) in triplicate were incubated for 1 hour at 0°C with
[*H]kainic acid (Du Pont, Biotechnology Systems; 60.0 Ci/mmol], 30 min at 0°C with [*H]JAMPA
(Du Pont, Biotechnology Systems; 27.6 Ci/mmol), and 30 min at 0°C with [*H]CPP (Tocris; 20 Ci/
mmol) in the absence or presence of 0.6 mM vL-glutamate for determination of specific binding. For
[*H]glycine binding the final pellet was homogenized in 75 volumes of buffer per gram of original
tissue. Portions (1 ml) were incubated for 10 min at 0°C with [*H]glycine (Du Pont, Biotechnology
Systems; 49 Ci/mmol) in the absence or presence of p-serine (100 p.M) for determination of specific
binding. Free and bound radioactivity were separated by filtration through Whatman GF/C glass fiber
filters followed by three washes with 5 ml of ice-cold buffer. The ICs, values were obtained with at least
four different concentrations of the inhibitor and the software EBDA from Elsevier Biosoft. Results
shown are means = SEM of three determinations; otherwise results are means of two determinations.

ICso (kM)
Compound [*H]JAMPA [*H]Kainate [*H]CPP [H]Glycine
(=SEM) (xSEM) (=SEM)
NBQX 0.15 4.8 >90 >100
(£0.014) (£0.47)
CNQX 0.30 1.5 25 14
(£0.15) (x0.30)
DNQX 0.5 2.0 40 9.5
(x£0.10) (£0.10)
CPP 450 0.050
(£0.25)
Glycine 0.16
AMPA 0.045 45 >100
(£0.005)
Kainate 20 0.0045 >100
(£0.001)
Quisqualate 0.025 0.2 40
(+0.005) (£0.01)
MK-801 >1000 >1000 >100
Pentobarbitone >1000 >1000 >1000

neuronal cells (>90%). NBQX was admin-
istered intraperitoneally at doses of -3, 10,
and 30 mg per kilogram of body weight at
15 and 5 min before and 10 min after the
onset of occlusion, or at 30 mg/kg 60, 70,
and 85 min or 120, 130, and 145 min after
occlusion. In each experiment matched con-
trols received the vehicle only at the same
time intervals.

When administered before and after oc-
clusion (Fig. 3), NBQX produced a dose-
dependent protection against delayed neu-
ronal cell death of CAl neurons; 30 mg/kg
totally protected, whereas' 3 mg/kg showed
no protection. When administered at 60,
70, and 85 or 120, 130, and 145 min after
the onset of cerebral ischemia, NBQX (30
mg/kg) showed a clear neuroprotective ef-
fect (Fig. 4). In order to control for the
effects of anesthesia, animals were reanesthe-
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tized with pentobarbitone (50 mg/kg) 30
min after the onset of ischemia. Pentobarbi-
tone showed no neuroprotective effect. In
order to check for a possible drop in brain
temperature induced by the drug, a group of
five animals were given 30 mg/kg NBQX 15
and 5 min before the onset of ischemia and
temporal muscle temperature, which is lin-
early related to brain temperature (7), was
monitored. The fall in temporal muscle tem-
perature after NBQX was 2.5° = 1.2°C
compared with 2.0° + 0.7°C in animals
treated with saline (P = >1.0, ¢ test). No
drop in core temperature was seen in gerbils
after three doses of NBQX (30 mg/kg)
administered over a 25-min period.

Our results show that NBQX protected
hippocampal neurons from ischemic dam-
age after complete forebrain ischemia, not
only when given before ischemia but also

when given up to 2 hours after ischemia.
Since NBQX is a highly selective non-
NMDA EAA antagonist, the results suggest
that delayed neuronal cell death after a peri-
od of global ischemia is mediated not only
by NMDA receptors as previously suggest-
ed (8), but also by a mechanism involving
quisqualate or kainate receptors. In support
of this conclusion, it has been shown that
quisqualate-evoked dark cell degeneration in
rat hippocampal slices can be prevented by
the non-NMDA glutamate receptor antago-
nist CNQX when the compound is adminis-
tered after the quisqualate challenge (9).
Furthermore, quisqualate receptors can
evoke a biphasic increase in intracellular
Ca®* (10), the second (plateau) phase being
sensitive to CNQX and Ca®* antagonists.
On the basis of these findings, we hypothe-
size that glutamate released during ischemia
(11) may trigger a post-ischemic release of
glutamate or another endogenous sub-
stance, which acts at quisqualate receptors.
This would evoke neuronal cell loss in a
manner sensitive to NBQX administered up
to 2 hours after ischemia. Another possible
mechanism for the protective effect of
NBQX is that non-NMDA receptor block-
ade may reduce NMDA receptor—evoked
depolarization during the post-ischemic pe-
riod. As the results presented show NBQX
to be highly selective for non-NMDA excit-
atory amino acid receptors, a protective
mechanism not involving non-NMDA ex-
citatory amino acid receptors seems unlikely,
but cannot be ruled out. However, the lack
of effect of pentobarbitone when given post-
ischemically to gerbils and the lack of effect
of NBQX on temporal muscle temperature
suggest that the neuroprotective effect of
NBQX is not exerted via a nonspecific seda-
tive or hypothermic action.

Our data also support previous sugges-
tions that kainate-evoked depolarizations are
mediated by the low-affinity kainate sites,
which are identical to quisqualate receptors
(2, 12). In the binding studies, NBQX
showed a 30-fold higher affinity for the
[*H]JAMPA binding sites as compared to
the high-affinity Ca**-sensitive [*H]kainate
binding site. However, NBQX shows little
selectivity between quisqualate- and kainate-
evoked depolarization in rat neocortex
slices.

In conclusion, NBQX is a highly sensitive
non-NMDA EAA receptor antagonist that
can act as neuroprotectant in global isch-
emia.
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Grafts of Fetal Dopamine Neurons Survive and
Improve Motor Function in Parkinson’s Disease

OLLE LINDVALL,* PATRIK BRUNDIN, HAKAN WIDNER, STIG REHNCRONA,
ByORN Gustavil, RICHARD FRACKOWIAK, KLAUS L. LEENDERS, GUY SAWLE,
JouN C. ROTHWELL, C. DAVID MARSDEN, ANDERS BJORKLUND

Neural transplantation can restore striatal dopaminergic neurotransmission in animal
models of Parkinson’s disease. It has now been shown that mesencephalic dopamine
neurons, obtained from human fetuses of 8 to 9 weeks gestational age, can survive in
the human brain and produce marked and sustained symptomatic relief in a patient
severely affected with idiopathic Parkinson’s disease. The grafts, which were implanted
unilaterally into the putamen by stereotactic surgery, restored dopamine synthesis and
storage in the grafted arca, as assessed by positron emission tomography with 6-L-
[*®F]fluorodopa. This neurochemical change was accompanied by a therapeutically
significant reduction in the patient’s severe rigidity and bradykinesia and a marked
diminuation of the fluctuations in the patient’s condition during optimum medication
(the “on-off phenomenon). The clinical improvement was most marked on the side

contralateral to the transplant.

HEN GRAFTS OF FETAL DOPA-
mine (DA)-rich mesencephalic
tissue are implanted into the DA-

depleted caudate-putamen of rodents and
nonhuman primates with neurotoxin-in-
duced parkinsonism, they can improve many
of the motor impairments (1). In rats, such
graft-induced amelioration of motor deficits
is critically dependent on the ability of the
grafted neurons to restore dopaminergic
neurotransmission in the deafferented area

O. Lindvall, Department of Neurology, University Hos-
pital, $-221 85 Lund, and Department of Medical Cell
Research, Biskopsgatan 5, $-223 62 Lund, Sweden.

P. Brundin and A. Bjérklund, Department of Medical
Cell Research, Biskopsgatan 5, $-223 62 Lund, Sweden.
H. Widner, Department of Neurology, University Hos-
pital, $-221 85 Lund, and Department of Clinical Immu-
nology, Karolinska Institute at Huddinge Hospital, S-
141 86 Huddinge, Sweden.

S. Rehncrona, Department of Neurosurgery, University
Hospital, $-221 85 Lund, Sweden.

B. Gustavii, Department of Gynecology, University
Hospital, $-221 85 Lund, Sweden.

R. Frackowiak and G. Sawle, MRC Cyclotron Unit,
Hammersmith Hospital, Ducane Road, London W12
OHS, United Kingdom.

K. L. Leenders, Paul Scherrer Institute, 5232 Villigen
PSI, Switzerland.

J. C. Rothwell and C. D. Marsden, MRC Human
Movement and Balance Unit and University Department
of Clinical Neurology, Institute of Neurology, The Na-
tional Hospital, Queen Square, London WCIN 3BG,
United Kingdom.

¥To whom correspondence should be addressed.

574

surrounding the transplant, and sustained
graft effects require survival and continuous
function of the implanted dopaminergic
neurons (2, 3).

Clinical trials with transplanted fetal mes-
encephalic tissue have been initiated in pa-
tients with Parkinson’s disease in the last 2
years. In the few cases reported (4, 5), some
symptomatic improvement has been ob-
served, but it remains unclear if any of these
changes can be attributed to graft-induced
restoration of dopaminergic transmission in
the striatum, or if they have been caused by
nonspecific aspects of the surgical interven-
tion (6). For the further development of this
therapeutic approach, it is critical to estab-
lish (i) whether fetal nigral allografts can
survive in the environment of the diseased
parkinsonian brain; (ii) whether such grafts
are able to restore DA functions in the
affected striatum; and (iii) whether the sur-
vival of DA-synthesizing neurons can be
correlated to a therapeutically valuable re-
covery of affected motor function. This
study was designed to address these ques-
tions.

A severely affected patient with dramatic
diurnal fluctuations in disability, despite op-
timum medical therapy, was selected after
having given his consent. The patient is a

49-year-old man with Parkinson’s disease,
which began with unilateral tremor and
rigidity in the right arm in 1977. Initial
treatment with L-dopa was successful, but in
1984 he developed progressively worsening
“on-oft” phenomena, with rapid, often un-
predictable, fluctuations in motor perform-
ance from a mobile, or on, state to an off, or
rigid state, with manifest symptoms of Par-
kinson’s disease. At the beginning of the
study (April 1988) he was rated stage III on
the scale of Hoehn and Yahr (7). During off
periods he had severe rigidity, hypokinetic
movements, and a moderate tremor in the
right arm; less marked symptoms were evi

dent in the left arm and legs. During on
periods he displayed only very minor symp-
toms. The patient was taking daily doses of
700 mg of L-dopa (combined with bensera-
zide), 10 mg of bromocriptine, and 6 mg of
benzhexol chloride; these doses remained
unchanged during the period of the study
both before transplantation and in the 5
months thereafter. For 11 months before
the operation the patient was assessed clini-
cally and kept a daily log of his disability,
scoring motor symptoms every 30 min (Fig.
1A). The duration and frequency of off
periods were relatively stable preoperatively.
On the average he had four to five daily off
periods and spent 40 to 50% of the time in a
severe off state. A preoperative 6-L-
["®F]fluorodopa positron emission tomo-
graphic (PET) scan showed the left putamen
to be markedly deficient in DA-synthesizing
capacity (Table 1); the right putamen was
also affected, but to a lesser extent.

Immunosuppression was begun 2 days
before transplantation (8). Dissociated ven-
tral mesencephalic tissue from four fetuses
(aged 8 to 9 weeks) was implanted stereo-
tactically in the anterior, middle, and poste-
rior part of the left putamen (9), the side
contralateral to the most affected limbs.
There were no complications. The implanta-
tion procedure was similar to one we have
used previously (5) with three potentially
important changes: the implantation cannu-
la was considerably thinner (1.0-mm versus
2.5-mm outer diameter); the medium used
for storage and dissociation of the tissue was
a balanced, pH-stable salt solution rather
than saline; and the technique of loading the
cannula was improved so that virtually all
the tissue could be used. In addition, the
time of storage before transplantation was
shorter for this patient.

During the second month after transplan-
tation there was a marked reduction of both
the time spent in off periods and the number
of daily off periods (Fig. 1A). The patient
noted a progressive reduction of rigidity,
particularly in his right arm, and improve-
ment of mobility during the night and in the
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