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ABSTRACT Stroke and head trauma are worldwide pub-
lic health problems and leading causes of death and disability
in humans, yet, no adequate neuroprotective treatment is
available for therapy. Glutamate antagonists are considered
major drug candidates for neuroprotection in stroke and
trauma. However, N-methyl-D-aspartate antagonists failed
clinical trials because of unacceptable side effects and short
therapeutic time window. a-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) antagonists derived from the
quinoxalinedione scaffold cannot be used in humans because
of their insolubility and resulting renal toxicity. Therefore,
achieving water solubility of quinoxalinediones without loss of
selectivity and potency profiles becomes a major challenge for
medicinal chemistry. One of the major tenets in the chemistry
of glutamate antagonists is that the incorporation of phos-
phonate into the glutamate framework results in preferential
N-methyl-D-aspartate antagonism. Therefore, synthesis of
phosphonate derivatives of quinoxalinediones was not pur-
sued because of a predicted loss of their selectivity toward
AMPA. Here, we report that introduction of a methylphos-
phonate group into the quinoxalinedione skeleton leaves
potency as AMPA antagonists and selectivity for the AMPA
receptor unchanged and dramatically improves solubility.
One such novel phosphonate quinoxalinedione derivative and
competitive AMPA antagonist ZK200775 exhibited a surpris-
ingly long therapeutic time window of >4 h after permanent
occlusion of the middle cerebral artery in rats and was devoid
of renal toxicity. Furthermore, delayed treatment with
ZK200775 commencing 2 h after onset of reperfusion in
transient middle cerebral artery occlusion resulted in a
dramatic reduction of the infarct size. ZK200775 alleviated
also both cortical and hippocampal damage induced by head
trauma in the rat. These observations suggest that phospho-
nate quinoxalinedione-based AMPA antagonists may offer
new prospects for treatment of stroke and trauma in humans.

Rescuing the brain from neuronal degeneration produced by
acute stroke or head trauma remains an unmet goal of
contemporary medicine despite the wealth of research efforts
directed toward the discovery of neuroprotective drugs. A long
track of failures in clinical trials of potential drug candidates
such as Ca21 channel or N-methyl-D-aspartate (NMDA) re-
ceptor antagonists raised serious questions about the feasibil-
ity of neuroprotective measures in stroke and trauma. Intro-
duction of thrombolytic therapy with rt-PA (recombinant
tissue plasminogen activator) offered the first successful step
toward effective treatment for some stroke victims (1, 2).

Since the beginning of the 1980s, excitatory amino acids
repeatedly have intrigued the scientific community through
discoveries of their role in physiology and pathology (3).
NMDA antagonists have been designed for the treatment of
acute onset neurodegeneration such as stroke and trauma and
recently reached the clinics. Unfortunately, the hopes for
success of NMDA antagonists in patients so far has been
limited by unacceptable side effects (4). The next generation
of glutamate antagonists, the AMPA antagonists (named after
the agonist AMPA), recently left the realm of drug research
and moved toward the clinic. The first generation of selective
AMPA antagonists such as 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo(f)quinoxaline (NBQX) (5) and 6-(1H-imidazol-1-yl)-7-
nitro-2,3-(1H, 4H)-quinoxalinedione (YM90K) (6) failed clin-
ical trials because of nephrotoxicity due to their limited
solubility in water (4). Achieving water solubility of quinoxa-
linediones without loss of their selectivity and potency as
AMPA antagonists has been a major challenge for medicinal
chemistry. Incorporation of a polar phosphonate group into
the L-glutamate framework was not pursued because of an
expected loss of selectivity toward AMPA (7, 8). Here, we
report the design of a class of quinoxalinediones that retain
high selectivity at the AMPA receptor, are water-soluble, and
are effective neuroprotective drugs in rodent models of isch-
emia and head trauma.

MATERIALS AND METHODS

In Vitro Binding. The potency of quinoxalinediones in
inhibiting the specific binding of 3H-AMPA (9), 3H-6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX) (10), 3H-kainate (11),
3H-3-(2-carboxypiperazin-4-yl)-propyl-1phosphonate (CPP)
(12), 3H-1-[1-(2-thienyl)cyclohexyl]piperidine (TCP) (13), 3H-
dihydrochlorokynurenate (DCKA) (14), and 3H-glycine (15)
was tested on rat cortical membranes.

Evoked Potentials in Cortical Slice Preparations and
Spreading Depression. To assess relative selectivity of qui-
noxalinediones in vitro, rat cingulate cortex slices trimmed to
form wedges were subjected to quisqualate, kainate, or NMDA
alone or with different concentrations of quinoxalinediones,
and the evoked potentials were recorded by using AgyAgCl
electrodes (16). To confirm selectivity profiles in vitro, the
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latency to initiate spreading depression in chicken retina by
quisqualate, kainate, NMDA, or glycine alone or with different
concentrations of quinoxalinediones was measured (17).

Single-Cell Recordings in Cultured Hippocampal Neurons.
AMPA- and kainate-induced membrane currents were re-
corded at 260 mV in the whole cell patch–clamp configuration
(18) from cultured neonatal rat hippocampal neurons. Patch
electrodes were filled with a solution containing (in mM): CsCl
150, MgCl2 1, EGTA 10, and Hepes 10 (pH 7.4). The bathing
medium contained (in mM): NaCl 150, KCl 5, CaCl2 1.8,
MgCl2 2, and Hepes 10 (pH 7.4). For recording NMDA-
induced currents, Mg21 was omitted and 3 mM glycine was
added. The concentration–response curves and inhibition
curves by quinoxalinediones were fitted to the equation: I 5
100y(1 1 (Ky[drug])n) where I 5 normalized current response
in %, K 5 EC50 or IC50, and n 5 slope.

Pharmacological in Vivo Profile. Anxiolytic activity of
ZK200775 was assessed in NMRI mice (Schering AG) weigh-
ing 23–28 g and placed in the center of a chamber (23 3 18 3
30 cm) with a floor divided into four plates (19). For deter-
mination of the effect of ZK200775 on the threshold for clonic
seizures, NMRI mice (20–24 g) received an intracerebroven-
tricular infusion of AMPA, kainate, or NMDA until clonic
seizures were triggered (20). The motor coordination of mice
subjected to ZK200775 was estimated in the rota-rod test (21).
To estimate muscle relaxant activity of ZK200775, spontane-
ous activity in the electromyogram was recorded from the
gastrocnemius muscle of genetically spastic rats spayspa (80–
120 g) (Harlan–Winkelmann, Borchen, Germany) by using
pairs of Teflon-insulated stainless steel wire electrodes (20).
Effect of ZK200775 on spontaneous exploratory activity in
nonhabituated NMRI mice (22–25 g) was estimated in a
computerized Digiscan-16 monitoring system (AccuScan, Co-
lumbus, OH). The distance in centimeters travelled by the
mouse and detected by interruptions of the horizontal sensors
was taken as a measure of exploratory activity (22). The effect
of ZK200775 on the body temperature was monitored by
means of a rectal thermistor probe in male NMRI mice (25–30
g) or Wistar rats (100–120 g) (Charles River, Salzfeld, Ger-
many) (23). For the monitoring of the effect of ZK200775 on
arterial blood pressure and blood gases, Fischer 344 rats
(230–250 g) (Charles River) had catheters placed in the
femoral and tail arteries (24).

Global Ischemia in Mongolian Gerbils and Focal Ischemia
in Rodents. Transient global ischemia was induced in halo-
thane-anesthetized Mongolian gerbils (60–70 g) (Møllegaard,
Lille, Skendsved, Denmark) by bilateral occlusion of the
common carotid arteries (CCAO) for 4 min (5). The perma-
nent middle cerebral artery occlusion (MCAO) was estab-
lished by means of microbipolar permanent coagulation in
NMRI mice (35–45 g) anesthetized with tribromoethanol, 600
mgykg i.p. (25), or in Fischer 344 rats (260–290 g) anesthetized
with halothane (26). For determination of the therapeutic time
window, ZK200775 was continuously infused i.v. at a dose of
3 mgykgyh over 6 h beginning 1, 2, 4, 5, 6, 7, 12, or 24 h after
MCAO. For the analysis of duration of neuroprotective action,
Fischer 344 rats (250–390 g) were subjected to permanent
MCAO by electrocoagulation and i.v. infusion of ZK200775, 1
and 3 mgykgyh over 6 h, beginning immediately after MCAO.
Seven days after MCAO, the size of infarct in the brain was
estimated stereologically by means of advanced image analysis.
For the assessment of neuroprotective action against focal
cerebral reperfusion ischemia, Wistar rats (250–300 g) anes-
thetized with halothane, were subjected to temporary occlu-
sion of the common carotid arteries and the right middle
cerebral artery (CCAyMCAO) for 90 min. CCAs were oc-
cluded by means of silastic threads placed around the vessels,
and MCA was occluded by means of a steel hook attached to
a micromanipulator; blood flow stop was verified by micro-
scopic examination of the MCA or laser doppler flowmetry.

ZK200775 was infused continuously i.v. (external jugular vein)
at doses of 0.01, 0.03, 0.1, 1, and 3 mgykgyh over 6 h starting
immediately after the beginning of reperfusion (dose–
response relationship) or 2 h after the onset of reperfusion
(time window). Seven days after CCAyMCAO, the size of
infarct in the brain was estimated stereologically by means of
image analysis.

Head Trauma. Fischer 344 rats (300–340 g) anesthetized
with tribromoethanol, 260 mgykg i.p., were subjected to cortex
contusion by means of a falling weight (20 g) with a force of
380 g 3 cm (24). ZK200775 was infused continuously i.v. in
doses of 0.1, 0.3, 1, and 3 mgykgyh over 6 h beginning 1 h after
trauma. Three days after injury, the volume of the damage in
cortex was determined by means of image analysis, and
neuronal loss was assessed by using an unbiased stereological
dissector technique to estimate the mean numerical density
(Nv) in the hippocampal CA3 subfields (24). The differences
in Nv of pyramidal neurons in the CA3 subfield between the
damaged and the nondamaged side were analyzed statistically
by means of ANOVA.

Vacuoles and Degeneration of Neurons in the Retrosple-
nialyCingulate Cortex. NMDA antagonists may induce vacu-
oles and eventually degeneration of sensitive neurons in rat
cingulate and retrosplenial cortex (27). To determine whether
ZK200775 produced vacuoles in the cingulateyretrosplenial
cortex, Wistar rats (230–250 g) were subjected to i.v. infusion
of ZK200775, 0.67, 2, or 6 mgykgyh over 6 h and killed 12 h
later. To determine whether ZK200775 induced neurodegen-
eration, neuronal density in the retrosplenialycingulate cortex
in Fischer 344 rats (220–340 g) subjected to i.v. infusion of
ZK200775, 3 mgykgyh over 6 h was assessed by using an
unbiased stereological dissector technique (24).

Kidney Morphology in Rats and Dogs. High doses of the
AMPA antagonist NBQX induce reversible nephrotoxicity in
the form of tubulointerstitial nephritis in rats and dogs because
of unfavorable physicochemical properties and precipitation of
crystals in the tubuli (28). Therefore, 24 rats were subjected to
continuous i.v. infusion of ZK200775 in doses of 0.67, 2, and
6 mgykgyh for 4 weeks whereas 9 Beagle dogs received
continuous i.v. infusion of ZK200775 in doses of 0.05, 0.1, and
0.2 mgykgyh for 4 weeks. Kidney morphology was evaluated by
a blinded observer by light microscopy.

RESULTS

Chemistry of Phosphonate Quinoxalinediones. Unsubstituted
quinoxaline-2,3-dione displaced AMPA from its binding sites in
cortical membranes with an IC50 of 204 mM (Fig. 1a). The
introduction of a CF3 group in position 6 (Fig. 1b) increased
potency at the AMPA binding site 16-fold giving an IC50 value of
13 mM. Incorporation of an additional electron-donating moiety,
such as a morpholino group (Fig. 1c), in position 7 of the
quinoxalinedione framework increased AMPA receptor affinity
51-fold, in comparison with the unsubstituted quinoxaline-2,3-
dione, resulting in an IC50 of 4 mM. The methyl substitution of
1,2,3,4-tetrahydro-7-morpholinyl-2,3-dioxo-6-(trif luorometh-
yl)quinoxaline at position 1 (Fig. 1d) did not result in a decrease
of affinity at the AMPA binding site, yielding a similar IC50 value
(4 mM) as the unsubstituted quinoxaline-2,3-dione and simulta-

FIG. 1. Substitution patterns of quinoxalinediones leading to in-
crease in water solubility and preservation of in vitro binding affinity
to the AMPA receptor. (Lower) In vitro binding affinity to AMPA
receptors in rat cortical membranes.
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neously demonstrating bulk tolerance at this position. It was
surprising that additional prolongation of the chain length at
position 1 by replacing the methyl group with a methylphospho-
nate group (Fig. 1e) led to a 34-fold increase of AMPA receptor
affinity compared with the predecessor compound (Fig. 1d) and
a 1,700-fold increase in comparison with the unsubstituted parent
quinoxaline-2,3-dione (Fig. 1a). Furthermore, incorporation of a
polar phosphonate group resulted in increased solubility in
aqueous solutions reaching 25 mgyml at pH 7.35 for [1,2,3,4-
tetrahydro-7-morpholinyl-2,3-dioxo-6-(trifluoromethyl)quinoxa-
lin-1-yl]methylphosphonate (ZK200775) (Fig. 1e).

Receptor Binding Profile. The receptor binding profile of
ZK200775 showed high affinity to 3H-AMPA (120 nM) and
3H-CNQX (32 nM) binding sites (Table 1). It was 21-fold less
potent at 3H-kainate (2.5 mM) and had weak affinity to the
binding sites within the NMDA receptor complex such as 3H-CPP
(2.8 mM), 3H-TCP (11 mM), 3H-dichlorokynurenate (2.8 mM),
and 3H-glycine (5.15 mM) sites (Table 1). No affinity to nonglu-
tamate receptor binding sites was detected up to concentrations
of 20–100 mM in rat cortical membrane preparations.

Evoked Potentials in Brain Slices and Spreading Depres-
sion. Functional in vitro pharmacology assays using antago-
nism of quisqualate-, kainate-, and NMDA-induced evoked
potentials in cingulate cortex slices or quisqualate-, kainate-,
NMDA- and glycine-induced spreading depression in the
chicken retina revealed that ZK200775 was a highly selective
AMPAykainate antagonist with little activity against NMDA.
In the cortical slice preparation assay, ZK200775 gave Ki values
of 3.2 nM, 100 nM, and 8.5 mM against quisqualate, kainate,
and NMDA, respectively (Table 2). In the spreading depres-
sion assay, it gave IC50 values of 200 nM, 76 nM, 13 mM, and
18 mM against quisqualate, kainate, NMDA, and glycine
(Table 2).

Electrophysiology. Currents evoked by kainate (nondesen-
sitizing AMPA agonist at 100 mM) were inhibited by
ZK200775 with an IC50 of 27 nM (Fig. 2). Currents evoked by
AMPA (100 mM) were inhibited by ZK200775 with IC50s of 21

and 90 nM, for peak and plateau currents, respectively. Cur-
rents evoked by NMDA (100 mM) in Mg21-free solutions were
not affected by ZK200775 up to a concentration of 1 mM (IC50
40 mM).

Pharmacology of ZK200775. Pharmacological studies in ro-
dents revealed anxiolytic, anticonvulsant, and muscle relaxant
activity of ZK200775 (Fig. 3). In a four-plate test, which measures
anxiolytic activity, ZK200775 in doses of 0.3–3 mgykg i.p. signif-
icantly enhanced punished locomotor activity in mice, leaving
spontaneous locomotor activity in unpunished mice unchanged
(Fig. 3A). ZK200775 elevated the threshold for AMPA- and
kainate-induced clonic seizures in mice with a THRD50 (thresh-
old dose) of 2.9 (1.7–4.6) and 1.6 (1.3–2.0) mgykg i.v., whereas the
threshold for NMDA-induced seizures was elevated only in doses,
THRD50 of 24.1 (21.9–26.5) mgykg i.v. (Fig. 3B), which affected
motor coordination in the rotating rod, ED50 14.6 (12.1–17.6)
mgykg. ZK200775 in doses of 10 and 30 mgykg i.v. reduced
muscle tone in genetically spastic rats (Fig. 3C). Exploratory
activity in nonhabituated mice was reduced by ZK200775 with an
ED50 of 14.2 (7.8–25.9) mgykg i.v. (Fig. 3D). ZK200775 in the
dose of 30 mgykg i.v. induced initial short-lasting (up to 5 min)
hyperthermia (up to 10.5°C) and a late time-dependent (30–180
min) hypothermia in rats (up to 22.8°C). ZK200775, 3 and 10
mgykg i.v., had no effect on body temperature of rats. In mice,
only hypothermia was recorded after i.v. administration of
ZK200775 in a dose of 10 mgykg (up to 22.7°C). ZK200775, 3
mgykg i.v., did not induce any changes in body temperature in
mice. In conscious rats, i.v. infusion of ZK200775 in a dose of 3
mgykgyh for 6 h, a treatment regimen required for neuroprotec-
tion in rat permanent cerebral ischemia, had no effect on blood
gases or hemodynamic status inducing only slight increases
(,10%) in arterial blood pressure.

Global Ischemia in Gerbils. Transient bilateral occlusion of
the CCA in Mongolian gerbils for 4 min induced damage of the
CA1 hippocampal subfield and produced an increase in loco-
motor activity after 3–4 days of reperfusion. Treatment of
gerbils with 10 mgykg ZK200775 i.p. 30, 90, 150, and 210 min

Table 1. In vitro binding affinity of ZK200775 to glutamate receptors in rat cortical membranes

Glutamate
receptor ligands 3H-AMPA 3H-CNQX 3H-KA 3H-CPP 3H-TCP 3H-DCKA 3H-glycine

IC50, mM 0.12 6 0.09 0.032 6 0.008 2.5 6 0.2 2.8 6 0.35 11 6 2.1 2.8 6 0.5 5.15 6 0.21

Rat (Wistar; Møllegaard, Lille Skendsved, Denmark) frontoparietal cortex was homogenized in buffer containing 30 mM TriszHCl, 2.5 mM CaCl2
(pH 7.1). The homogenate was centrifuged at 40,000 times g for 15 min, and the pellet was washed (33) and suspended in buffer. Incubations were
performed in triplicate at 0°C for 30 min and bound radioactivity separated by filtration through Whatman GF/C glass fiber filters. Nonspecific
binding was defined by the addition of 680 mM L-glutamate, except for TCP binding, for which 3.5 mM phencyclidine was used. For glycine binding,
the membranes were washed with buffer containing 5 mM HepesyTris and 2.5 mM MgCl2 (pH 7.1) supplemented with 0.08% Triton X-100.
Nonspecific binding was defined by 100 mM D-serine, and membrane-bound tracer was separated by centrifugation. ZK200775 was dissolved in
ethanol and added in at least four concentrations. The IC50 values were calculated by nonlinear regression analysis. Shown are means 6 SEM of
three determinations.

Table 2. Effect of ZK200775 on evoked potentials in rat cortical slice preparations and spreading
depression in chicken retina

Quisqualate Kainate NMDA Glycine

Evoked potentials (EP)
Ki, mM 0.0032 0.1 8.5 -

Spreading depression (SD) 0.2 0.076 13 18
IC50, mM (0.05–0.90) (0.015–0.379) (7–23) (6.68–48.25)

EP: Agonists were applied to rat (Wistar; Møllegaard) cingulate cortex slices in concentrations of 3–100
mM for quisqualate, 0.5–5 mM for kainate, and 5–40 mM for NMDA for 2 min, and the evoked potentials
were recorded. Ki values represent concentrations of ZK200775, which produced a two-fold shift to the
right of the agonist concentration–response curves and were calculated using linear regression analysis.
SD: The posterior chamber of each chicken (3 to 6-day-old, Copenhagen Serum Institute, Denmark) eye
was placed in O2 saturated saline containing quisqualate (5 mM), kainate (5 mM), NMDA (100 mM), or
glycine (100 mM) alone or with different concentrations of ZK200775 ranging from 0.25 to 75 mM. The
occurrence of a white area (0.5 mm in diameter) was taken as the onset of spreading depression, and the
latency to it was measured. Cut-off time was set at 60 s. An increase in the latency by 30 s was considered
to represent maximal inhibition of spreading depression. The drug effects were expressed as the
percentage of maximum inhibition at a given concentration. IC50 values were calculated by means of linear
regression analysis.
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after occlusion significantly reduced the damage in the hip-
pocampus and prevented the increase in locomotor activity
(Table 3).

Middle Cerebral Artery Occlusion in Rodents. In mice
subjected to focal ischemia, i.v. infusion of ZK200775 at a dose
of 10 mgykgyh over 6 h, starting immediately after permanent
MCAO, reduced the infarct volume by 34% (Table 4A). In rats
subjected to the permanent MCAO, ZK200775 reduced the
infarct volume by 24% at 3 and by 29% at 10 mgykgyh when
infused i.v. over 6 h (Table 4A). Neuroprotection in focal
ischemia offered by treatment with ZK200775 was permanent;
the reduction in infarct volume, after treatment of rats with 3
mgykgyh over 6 h starting immediately after MCAO, was still
seen after 7 days and amounted to 45% (Table 4A). It was
surprising that delayed treatment of rats with ZK200775 at a
dose of 3 mgykgyh for 6 h, beginning 1, 2, 4, or 5 h after
permanent MCAO, reduced the infarct volume by 20–30%

(Table 4B), suggesting a long therapeutic time window of .4
h. When treatment was initiated 6 h after permanent occlu-
sion, infarct volume was reduced by only 6%. Little protection
(up to 8%) was seen when therapy with ZK200775 was initiated
between 7 and 24 h after occlusion (Table 4B). Neuroprotec-
tive action of ZK200775 was confirmed in the rat focal cerebral
ischemia with reperfusion based on temporary occlusion of the
CCAyMCA for 90 min. The infarct size was reduced at a dose
of 0.1 mgykgyh by 45% (Table 4C) when i.v. infusion was
initiated at the onset of reperfusion. Treatment with
ZK200775, 1 and 3 mgykgyh for 6 h, beginning at the onset of
reperfusion, reduced the infarct volume by 19% (93.30 6 7.58
mm3; n 5 11) and 35% (74.83 6 7.49 mm3; n 5 13, P , 0.05),
respectively. When infusion of ZK200775 in the dose of 0.1
mgykgyh was initiated 2 h after onset of reperfusion, mor-
phometric assessment performed 7 days later revealed that the
infarct volume was reduced by 44% (117.08 6 12.36 mm3; n 5
12 vs. 62.29 6 9.63 mm3; n 5 16, P , 0.05).

Traumatic Brain Injury. Rats subjected to percussion trauma
of the cortex showed primary damage in the cortex and secondary

FIG. 2. Concentration–response effect of ZK200775 on kainate-
induced currents in neonatal rat hippocampal neurons. Current am-
plitudes were leak-subtracted, normalized to control, and plotted
against antagonist concentration. Data represent means 6 SEM from
5–13 determinations. (Lower Inset) Original current traces demon-
strating effect of ZK200775, 0.01, 0.1, and 1 mM on kainate (100 mM)
induced currents in a single cell. (Vertical scale bar 5 100 pA;
horizontal scale bar 5 10 s.) (Upper Inset) Schild analysis of the
antagonism by ZK200775 derived from partial concentration–
response curves for kainate in the presence of increasing concentra-
tions of ZK200775 (0.03, 0.1, 0.3, and 1 mM). Current amplitudes were
leak-subtracted and related to the maximal current obtained at 10 mM
kainate in the absence of the antagonist.

FIG. 3. Anxiolytic (A), anticonvulsant (B), muscle relaxant (C), and sedative (D) activity of ZK200775 in rodents. For assessment of anxiolytic
activity (A) of ZK200775, 0.3, 1.0, and 3.0 mgykg i.p. (30 min), mice were placed in the center of a chamber with a floor divided into four plates
and, after 20 s of exploration, received a shock (1 mA, 60 ms) each time crossing from one plate to another. The number of crossings within 1 min
were taken as a measure of exploratory activity. Experimental groups consisted of eight mice. ANOVA showed significant main effect [F(3, 30)
5 4.8; P , 0.01] revealing that ZK200775 increased punished locomotor activity in mice. For assessment of the threshold for clonic seizures (B),
AMPA, kainate or NMDA (1 nmoly5 ml) were infused continuously intracerebroventricularly to mice with a speed of 5 mlymin. ZK200775 was
administered i.v. 5 min before the seizure test. The time in seconds to a clonic seizure was used as an endpoint determining susceptibility to
convulsions. The THRD50 (threshold dose) was calculated in nanomols by means of regression analysis. Experimental groups consisted of five to
eight mice. *P , 0.05; **P , 0.01; ***P , 0.001 vs. vehicle-treated mice. Muscle relaxant (C) effect of ZK200775 was measured in electromyogram
(EMG) recorded from gastrocnemius muscle of genetically spastic rats after i.v. administration of ZK200775 (open circles), 1 (dotted), 3
(dash-dotted), 10 (dashed), and 30 (solid) mgykg or vehicle (filled circles). The electrical signals were amplified, band-pass filtered (5–10 kHz),
full wave rectified, and normalized. The electromyogram was recorded continuously, and the average integrated activity was determined in 5-min
intervals over 2 h. Experimental groups consisted of 5–12 rats. ANOVA revealed that ZK200775 decreased muscle tone in genetically spastic rats
in a dose- [Fdose(4, 36) 5 15.88; P , 0.0001] and time-dependent [Ftime(4, 144) 5 7.41, P , 0.0001] manner. Exploratory activity (D) in NMRI
mice was monitored over 5 min beginning immediately after i.v. administration of ZK200775. Experimental groups consisted of eight mice. ED50
was calculated by means of regression analysis. *P , 0.05; ***P , 0.001 vs. vehicle-treated mice.

Table 3. Effect of ZK200775 on neuronal loss in the hippocampal
CA1 subfield and locomotor activity in gerbils subjected to bilateral
occlusion of common carotid arteries (CCAO) for 4 min

Surgery Vehicle ZK200775

Neuronal loss score in hippocampal CA1 subfield
CCAO 5.97 (17) 4.89* (13)

Exploratory activity (counts)
CCAO 12804 6 1307 7296 6 1200**
Sham 7382 6 1274 (10) 5679 6 603 (10)

Mongolian gerbils (Møllegaard) were subjected to i.p. administra-
tion of ZK200775 in the dose of 10 mgykg 30, 90, 150, and 210 min after
CCAO. Body temperature was maintained at 37.5 6 0.5°C. Locomotor
activity was measured 3 days after CCAO for 30 min. The extent of
degeneration in the hippocampus was assessed 24 h later in cresyl
violet and hematoxilinyeosin-stained coronal sections of the entire
brain and blindly scored on each site from 0 (no cell loss) to 3 (total
cell loss). The maximal damage score for both hippocampal CA1
subfields was 6.0
*P , 0.05 (Mann–Whitney U test); **P , 0.01 (Student’s t test) vs

vehicle-treated gerbils.

Pharmacology: Turski et al. Proc. Natl. Acad. Sci. USA 95 (1998) 10963



damage in the hippocampus. Morphometric analysis demon-
strated that both cortical and hippocampal damage was mitigated
by treatment with ZK200775. Delayed treatment of rats with
ZK200775 at a dose of 0.3 mgykgyh over 6 h, beginning 1 h after
cortex trauma, reduced the volume of cortical damage by 41%

(16.03 6 0.96 mm3; n 5 10 vs. 9.52 6 1.67 mm3; n 5 6, F(3, 25)
5 5.70, P , 0.005), whereas the dose of 3 mgykgyh reduced loss
of pyramidal neurons in the hippocampal CA3 subfield by 37%
[0.067 6 0.004; n 5 18 vs. 0.108 6 0.009; n 5 8, F(4, 40) 5 8.06,
P , 0.0001, ANOVA] (Table 4D).

Effect of ZK200775 on Morphology of Retrosplenialy
Cingulate Cortex in Rats. Neuronal vacuolization was not
observed in rats killed 12 h after i.v. infusion of ZK200775 in
doses of 0.67, 2, and 6 mgykgyh for 6 h. Treatment of rats with
ZK200775 at a dose of 3 mgykgyh for 6 h also did not affect
density of neurons in both the cingulate and retrosplenial
cortex after 72 h (Table 5).

Effect of ZK200775 on Renal Morphology. Continuous
infusion of ZK200775 in doses of up to 6 mgykgyh over 4 weeks
in rats and up to 0.2 mgykgyh over 4 weeks in dogs did not
produce signs of kidney toxicity.

DISCUSSION

The successful incorporation of the methylphosphonate group
into the quinoxalinedione framework represents a break-
through in the design of competitive glutamate antagonists
because the resulting derivative ZK200775 is a preferential
AMPAykainate antagonist with little or no affinity to NMDA

Table 4. Dose–response relationship and time window of ZK200775 in rodent models of ischemia and head trauma

A
MCAO Infarct volume (mm3; means 6 SEM), n

Treatment Vehicle 1 mgykgyh 3 mgykgyh 10 mgykgyh

Mouse, 1 d 26.05 6 1.55 (10) – 28.80 6 3.01 (8) 17.18 6 1.44** (9)
Rat, 1 d 160.79 6 10.56 (25) 142.07 6 6.88 (9) 122.92 6 9.97* (16) 113.64 6 13.7* (12)
Rat, 7 d 84.39 6 9.95 (27) 82.51 6 9.70 (22) 46.23 6 7.45** (17) –

B
Time

window, rat
MCAO

Treatment
delay 1 h 2 h 4 h 5 h 6 h 7 h 12 h 24 h

Vehicle 206.20 6 16.36 194.57 6 19.28 213.42 6 15.66 236.59 6 11.90 218.22 6 16.91 210.06 6 20.06 194.01 6 18.57 216.42 6 12.28
(12) (9) (8) (19) (14) (14) (15) (15)

3 mgykgyh 146.82 6 16.43** 144.32 6 14.15* 168.57 6 8.80* 190.65 6 14.13* 204.64 6 13.92 208.66 6 14.38 179.58 6 15.08 199.27 6 19.37
(12) (13) (8) (18) (15) (18) (16) (18)

% protection 28.80 25.83 21.01 19.42 6.22 0.67 7.44 7.92

C
Common carotidymiddle
cerebral artery occlusion

(CCAyMCAO)

Treatment Vehicle 0.01 mgykgyh 0.03 mgykgyh 0.1 mgykgyh

Rat CCAyMCAO transient, 7 d 115.10 6 17.41 (12) 114.92 6 16.61 (13) 112.14 6 9.99 (11) 63.33 6 9.78** (13)
% protection – 0.16 2.57 44.98

D

Rat traumatic brain injury, 3 d
Numerical density of pyramidal cells in the hippocampal CA3 subfield

(NV; means 3 106ymm3 6 SEM), n

Treatment Vehicle 0.03 mgykgyh 0.3 mgykgyh 1 mgykgyh 3 mgykgyh

Ipsilateral side 0.067 6 0.004 (18) 0.067 6 0.010 (5) 0.049 6 0.013 (7) 0.063 6 0.010 (7) 0.108 6 0.009*** (8)

Body temperature of NMRI mice (Schering AG), Fischer 344, or Wistar rats (Charles River, Sulzfeld, GermanyyIffa Credo, Arbresle, France)
was kept at 37.5 6 0.5°C; 24 h or 7 days after ischemia, the brains were stained with triphenyltetrazolium chloride or with vanadium acidic fuchsin,
and the infarct size was determined stereologically by using image analysis. ZK200775 was administered i.v. over 6 h beginning immediately after
MCAO or CCAyMCAO. For determination of therapeutic time window, ZK200775 was infused continuously i.v. in the dose of 3 mgykgyh over
6 h beginning 1-24 h after MCAO. In trauma experiments, ZK200775 was infused i.v. over 6 h beginning 1 h after the head injury. Three days after
traumatic brain injury, volume of damage in the cortex was determined by means of volumetry, and neuronal loss in the hippocampal subfield CA3
was assessed by using an unbiased stereological dissector technique (24). On the side contralateral to traumatic injury, numerical density (NV) of
pyramidal cells in the CA3 subfield varied from 0.171 to 0.184 3 106ymm3. The differences in NV of pyramidal cells in the CA3 subfield between
the damaged and nondamaged side were analyzed statistically by means of ANOVA.
*P , 0.05; **P , 0.01; ***P , 0.001 vs. vehicle-treated animals.

Table 5. Numerical density of neurons in cingulate and
retrosplenial cortex in rats subjected to i.v. infusion of
ZK200775, 3 mgykgyh, or vehicle for 6 h

Numerical density
(NV; means 3 106ymm3 6 SEM), n

Vehicle ZK200775 %

Cingulate cortex 0.158 6 0.004 (17) 0.168 6 0.004 (8) 6
Retrosplenial cortex 0.310 6 0.004 (19) 0.320 6 0.005 (11) 3

To quantitatively assess possible neuronal loss in the retrosplenial
and posterior cingulate cortex 3 days after beginning of the i.v. infusion
of ZK200775 or vehicle in Fischer 344 rats (Charles River), an
unbiased stereological dissector technique (24) was used to estimate
the mean numerical density (NV). An unbiased counting frame (0.05 3
0.05 mm; dissector height 0.01 mm) and a high aperture (1003)
oil-immersion objective were used for the sampling. The NV for each
field was determined with 5-9 dissectors. ANOVA revealed no sig-
nificant difference between vehicle- and ZK200775-treated rats: Fc-

ing(1,24) 5 1.99, NS; Fretro(1,29) 5 1.96, NS.
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channel-associated binding sites such as those labeled by
3H-CPP, 3H-TCP, 3H-DCKA, or 3H-glycine. The effects of
ZK200775 on amino acids induced evoked potentials, spread-
ing depression, or currents in rat hippocampal neurons con-
firm its preferential AMPAykainate selectivity profile.

Another new feature is the excellent solubility of ZK200775
in water at physiological pH, promising a lack of renal toxicity.
In fact, no kidney toxicity was observed during long term
infusions of high doses of ZK200775 in rats and dogs.

An additional advantage of ZK200775 over other quinoxa-
linediones such as NBQX or YM90K and NMDA antagonists
is the favorable safety profile allowing for effective protection
against ischemic and traumatic brain injury with only minimal
systemic side effects. No major deleterious effects on motor
behavior, cardiovascular status, or respiratory system were
detected in doses up to 10 mgykgyh i.v. over 6 h. Body
temperature was affected by ZK200775 only in doses higher
than those required for neuroprotection in ischemia and
trauma models. Sedation and muscle relaxation were observed
in doses higher than those required for neuroprotection.
Psychotomimetic effects such as hyperactivity, jumping, head
weaving, or stereotypy, which may be induced in rodents by
NMDA antagonists (29), were not observed during treatment
with ZK200775 (30). Induction of vacuoles in retrosplenialy
cingulate cortex or degeneration of neurons, typical neurotoxic
side effect of NMDA antagonists in the rodent brain (27), were
not observed after treatment with ZK200775.

The therapeutic time window is a key to the clinical use of
neuroprotective drugs (31). ZK200775 protected rat brain
from the damage induced by permanent focal ischemia when
delayed up to 5 h after the occlusion, suggesting a superb
opportunity for therapeutic intervention in stroke patients. It
was surprising that delayed treatment with ZK200775 com-
mencing 2 h after the onset of reperfusion protected rat brain
from the damage induced by transient focal ischemia. The
maximum efficacy of ZK200775 in transient focal ischemia
required 0.1 mgykgyh over 6 h only, the dose being 30–100
times lower than that necessary for protection in the rat or
mouse permanent focal ischemia. Such an efficacy profile has
not been reported previously for any other glutamate antag-
onist. Furthermore, no other glutamate antagonist has been
shown to be active in transient focal ischemia when treatment
was delayed by 2 h after the onset of reperfusion.

The elevated glutamate concentration in the brain of rodents
subjected to focal ischemia or head trauma is transient, lasting for
up to 2 h only (32). However, a sustained elevation of glutamate
concentration can be observed in stroke and trauma patients for
up to 1–4 days after the insult (33, 34), suggesting that the
therapeutic time window for glutamate antagonists in humans
may be longer than that in rodent models. The extent of protec-
tion offered by ZK200775 in permanent focal ischemia in rats was
similar over the initial 5 h after the MCAO predicting an unusual
efficacy profile in stroke patients. Furthermore, in permanent
and transient focal ischemia, ZK200775 appears to provide
permanent protection because it is still detectable after 7 days; the
protective effect of NMDA antagonists often decreases or dis-
appears with time (35). It was surprising that the extent of
protection produced by ZK200775 increased with time and was
more pronounced after 7 days than after 24 h.

Broad spectrum of neuroprotective activity of ZK200775
was confirmed in global ischemia in gerbils and in the rat head
trauma model. In the gerbil model of global ischemia,
ZK200775 offered morphological and functional improvement

decreasing hyperactivity triggered by hippocampal damage. In
the contusion brain trauma model, ZK200775 efficiently mit-
igated primary damage in the cortex and secondary damage in
the hippocampus on treatment delayed by 1 h.

In summary, the favorable efficacy profile of ZK200775 in
ischemia and trauma models and its physicochemical proper-
ties justify its clinical development and offer new prospects for
the future treatment of stroke and trauma victims.
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