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Abstract

In the Western world, over 350,000 deaths and $30 billion in medical costs are attributed annually to stroke. Head and spinal cord trauma
cause an estimated 250,000 deaths annually and result in medical costs of $15 billion. Although stroke and head/spinal cord trauma are leading
causes of disability and death in humans, no adequate neuroprotective treatment is available. Glutamate antagonists derived from the quinoxa-
linedione scaffold are as drug candidates for neuroprotection in stroke and trauma. Quinoxalinedione derivatives such as 2,3-dihydroxy-6-
nitro-7-sulfamoylbenzo(f)quinoxaline and 6-(1H-imidazol-1-yl)-7-nitro-2,3-(1H,4H)-quinoxalinedione failed clinical trials because of insolu-
bility and resulting nephrotoxicity. Introduction of a phosphonate group into the quinoxalinedione skeleton improves solubility and leaves
potency for the Oi-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptor unchanged. Phosphonate quinoxalinedione derivatives
ZK202000 and ZK200775 protected rodent brain against sequelae of permanent occlusion of the middle cerebral artery and head trauma. No
major deleterious effects on motor coordination, cardiovascular, or respiratory systems were detected in doses required for neuroprotection.
No psychotomimetic and no neurotoxic side effects, typical for N-methyl-D-aspartate antagonists, were observed following treatment with
phosphonate quinoxalinediones.
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1. Introduction 67]. Changes in the physiological function of glutamate are

believed to contribute to the pathogenesis of acute (stroke,

The amino acid L-glutamate acts in the mammalian brain
at ionotropic receptors which gate cation channels and can be
selectively activated by N-methyl-D-aspartate (NMDA),
kainate, or o-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onate (AMPA), and at the metabotropic receptors, activated
by trans-1-amino-cyclopentyl-1,3-dicarboxylate [35,50,61,
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traumatic brain/spinal cord injury) and chronic neurodegen-
erative disorders (amyotrophic lateral sclerosis, Huntington’s
disease, parkinsonism, olivopontocerebellar degeneration,
Alzheimer’s disease), and to the etiology of major psychiatric
and neurological disorders (anxiety, schizophrenia, drug de-
pendence, epilepsy, spasticity, pain disorders) [1,3,11,15,
23,27,40,60,62,64].

Rescuing the brain from stroke and head trauma, or slow
onset neurodegenerative disorders remains an unmet goal of
contemporary medicine despite the wealth of research ef-
forts towards the discovery of neuroprotective drugs [2,48].
NMDA antagonists, the first generation of glutamate antago-
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nists designed for the treatment of acute onset neurodegener-
ation, have reached the clinics but the anticipated success in
patients was limited due to unacceptable side effects [22].
The failures in clinical trials of NMDA antagonists raised
questions about the feasibility of neuroprotective measures
in stroke and trauma.

The lack of sufficiently selective and bioavailable non-
NMDA antagonists has hampered progress towards the de-
tection of AMPA receptor operated mechanisms for over
two decades [29]. The advent of quinoxalinediones allowed
the study of the mechanisms controlled by AMPA receptors
in the brain and revealed their potential in neuroprotection
[52]. Unfortunately, AMPA antagonists 2,3-dihydroxy-6-ni-
tro-7-sulfamoylbenzo(f)quinoxaline (NBQX) [52] and 6-
(1H-imidazol-1-yl)-7-nitro-2,3-(1H,4H)-quinoxalinedione
(YMO9OK) [54], failed clinical trials because of nephrotoxici-
ty due to their limited solubility in water [22].

Achieving water-solubility for quinoxalinediones without
loss of their selectivity and potency profiles has been a major
challenge for medicinal chemistry in the past decade. Here
we report the design of a novel class of water-soluble qui-
noxalinediones which retain high selectivity at the AMPA
receptor and are effective neuroprotective drugs in rodent
models of ischemia and head trauma.

2. Materials and methods

2.1. Invitro binding

The potency of quinoxalinediones in inhibiting the specif-
ic binding of *H-AMPA [26], *H-CNQX [24], *H-kainate
[25], *H-CPP [42,43], *H-TCP [57] and *H-dihydrochlo-
rokynurenate [12] was tested on rat cortical membranes.

2.2. Spreading depression

To assess the effect of quinoxalinediones on spreading
depression triggered by glutamate agonists, posterior cham-
bers of chicken eyes (3—6 day-old, Copenhagen Serum Insti-
tute, Copenhagen, Denmark; Laptec, Go6dollo, Hungary)
were placed in Oj-saturated saline containing AM-
PA/quisqualate, kainate, NMDA, or glycine alone or with
different concentrations of antagonists and the latency to ini-
tiation of spreading depression was measured [51].

2.3. Single-cell recordings in cultured hippocampal neurons

Electrophysiological studies were performed on primary
cultures of hippocampal neurons obtained from 1-3 day-old
Wistar rats (Schering AG, Berlin, Germany). Cells were cul-
tured in Neurobasal™ medium (Gibco; Life Technologies,
Karlsruhe, Germany) supplemented with 2 % B27 (Gibco),
5% FCS, 1% penicillin/streptomycin and 0.5 mM glut-
amine. Cytosine arabinoside (5 mM) was added after 4 days
in culture to stop proliferation of non-neuronal cells. For the
experiments, cells were used between days 7 and 16. Mem-
brane currents were recorded at —60 mV in the whole cell patch
clamp configuration [21]. For recording of kainate-induced
currents, patch electrodes were filled with a solution contain-
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ing (mM) CsCl 150, MgCl, 1, EGTA 10 and HEPES 10 (pH
7.4; resistance 2-5MQ). The bathing medium contained
(mM) NaCl 150, KC1 5, CaCl, 1.8, MgCl, 2 and HEPES 10
(pH7.4). For recording of NMDA-induced currents, Mngr was
omitted and 3 UM glycine added. Kainate, NMDA and qui-
noxalinediones were applied via a multichannel application
system with a common outlet. NBQX and [[1,2,3,4-tetra-
hydro-7-(phenylethyl)-2,3-dioxo-6-(trifluoromethyl)quinox-
alin-1-ylJmethyl]phosphonate (ZK 202000) were dissolved in
DMSO (0.3 %) and made up to the desired concentration with
the bathing medium. [[1,2,3,4-tetrahydro-7-(4-morpholinyl)-
2,3-diox0-6-(trifluoromethyl)quinoxalin- 1-ylJmethyl]phos-
phonate (ZK 200775) was dissolved in bathing medium. The
concentration-response curves and inhibition curves were fit-
ted to the equation: I =100/(1 + (K/[drug])™) with I: norma-
lised current response in %, K: ECs, or ICs(, n: slope. Con-
centration-dependence of quinoxalinediones (up to 5 different
concentrations applied to the same cell in ascending order) was
studied by coapplication of kainate or NMDA at 100 uM. The
effect of quinoxalinediones (100 wM) on the concentration-re-
sponse curve for kainate was investigated by applying differ-
ent concentrations of kainate to the cell.

2.4. Pharmacology

Anxiolytic activity was assessed in NMRI mice (Schering
AG), 23-28 g, placed in the center of a chamber (23 X 18 X
30 cm) with a floor divided into four plates [56]. To confirm
anxiolytic activity of quinoxalinediones, ZK200775 was test-
ed in an elevated plus-maze in mice [44]. For determination
of the threshold for clonic seizures, NMRI mice, 20-24 g, re-
ceived an intracerebroventricular infusion of AMPA, kainate
or NMDA until clonic seizures were triggered [58]. The motor
coordination of mice was estimated in the rota-rod test [63].
For the analysis of anticonvulsant action, the effect of phos-
phonate quinoxalinediones and NBQX on seizures induced by
pentylenetetrazol and maximal electroshock was examined in
mice. The effect of quinoxalinediones on maximal elec-
troshock seizures (tonic extension of the hindlimbs) was de-
termined by means of electrical stimulation using auricular
electrodes [28,65]. To explore the spectrum of anticonvulsant
activity, the effect of ZK200775 on seizures induced by the
chemoconvulsants bicuculline, picrotoxin, strychnine, 3-mer-
captopropionate (Sigma, St. Louis, MO, USA), and methyl-
4-ethyl-6,7-dimethoxy-9H-pyrido-(3,4-b)-indole-3-carboxy-
late (DMCM; Schering AG) was estimated in mice after i.p.
or s.c. administration. Exploratory activity in non-habituated
NMRI mice, 22-25 g, was estimated with a computerized
Digiscan-16 monitoring system (AccuScan, Columbus, OH,
USA). The distance in cm travelled by the mouse and detected
by interruptions of the horizontal sensors was taken as a mea-
sure of exploratory activity [46]. Exploratory activity was
monitored over 10 min beginning 30 min after i.v. adminis-
tration of quinoxalinediones. Spinal reflexes were recorded in
NMRI mice, 35-40 g, under a-chloralose (Merck, Darm-
stadt, Germany; 80 mg/kg i.p.)/urethane (Sigma; 400 mg/kg
i.p.) anesthesia. For EMG recording of muscle- (M-) wave and
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Hoffmann- (H-) reflex the tibial nerve was stimulated by
means of single square shocks with 0.2 ms duration until the
respective maximal response (M,,,x or H,,,,) was reached.
For the recording of flexor reflexes, the tibial nerve was stim-
ulated electrically (5 square shocks at 500 Hz, 0.2 ms dura-
tion) at 3.0 times the nerve threshold (T,,) [58]. For assessment
of antinociceptive activity, NMRI mice (Mgllegaard, Schon-
weide, Germany), 24—-30 g, were placed on a copper plate (15
x 9 cm) at 58 °C. The latency for the mouse to react to the heat
(either by licking its paws, lifting its paws, or by jumping) was
recorded. The maximum reaction time was limited to 15 s.
The body temperature in male NMRI mice, 25-30 g, or Wist-
ar rats (Charles River, Sulzfeld, Germany), 100—120 g, was
monitored by means of a rectal thermistor probe [66]. For the
monitoring of arterial blood pressure and blood gases Fischer
344 rats (Charles River), 230-250 g, had catheters placed in
the femoral and tail artery [4].

2.5. Focal ischemia in rodents

The permanent middle cerebral artery occlusion (MCAQ)
was established by means of microbipolar permanent coagu-
lation in NMRI mice (Schering AG), 35—-40 g, anaesthetized
with tribromoethanol (Aldrich, Gillingham, UK), 600 mg/kg
i.p., or in Fischer 344 rats (Charles River), 250-300 g, anes-
thetized with halothane [34,63]. ZK202000 was injected into
mice i.p. at —1, 0, 1 and 2 h after MCAO or was infused i.v.
at a dose of 3 mg/kg/h over 6 h beginning immediately after
MCAO. ZK200775 was infused i.v. at a dose of 3 mg/kg/h
for 6 h starting immediately after occlusion, while NBQX
was administered to mice at a dose of 30 mg/kg i.p. 60, 70,
and 85 min after MCAQO. ZK200775 was also infused at dos-
es of 0.1, 0.25, 0.75 and 1.5 mg/kg/h for 24 h in Fischer 344
rats, 250—-390 g, subjected to MCAO by permanent electro-
coagulation. ZK202000 was continuously infused i.v. in
such rats for 24 h at doses of 0.1, 0.25 and 0.75 mg/kg/h.
One day after MCAO the size of infarct in the brain was esti-
mated stereologically by means of image analysis.

2.6. Head trauma

Fischer 344 rats (Charles River), 300—340 g, anesthetized
with tribromoethanol, 260 mg/kg, i.p. were subjected to cor-
tex contusion by means of a falling weight (20 g) with a
force of 380 g-cm [4]. ZK202000 was continuously infused
i.v. at doses of 0.025, 0.1, and 0.25 mg/kg/h over 24 h begin-
ning 1 h after trauma. Three days after injury, neuronal loss
in the hippocampus was assessed using an unbiased stereo-
logical disector technique to estimate the mean numerical
density (N,) in the CA3 subfields [4]. The differences in N,
of pyramidal neurons in the CA3 subfield between the dam-
aged and the non-damaged side were analysed statistically
by means of analysis of variance.

2.7. Dependence on phosphonate quinoxalinediones

To provide a continuous administration of ZK200775,
4 mg/kg/h over 14 days, NMRI mice (Schering AG), 20—
24 g, were implanted i.p. with Alzet minipumps (Alza, Palo
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Alto, CA, USA). After 14 days, treatment with ZK200775
was abruptly terminated and withdrawal anxiety monitored
using the computerized Digiscan-16 tracking system
(AccuScan). Withdrawal seizures were monitored by elec-
troencephalogram (EEG), and changes in muscle tone regis-
tered in EMG [58]. For long-term EEG monitoring, mice
were stereotaxically implanted with bipolar twisted elec-
trodes positioned in the dorsal hippocampus (AP 2.5; L 2.0;
V 3.5) [38] under sodium pentobarbital (Ceva, Neuilly-sur-
Seine, France), 50 mg/kg i.p., anaesthesia. Surface record-
ings were led from screws positioned bilaterally over the oc-
cipital cortex [46]. Video- and EEG monitoring started on
the day following administration of ZK200775 and was con-
tinued for up to 21 days. Seizure recognition was performed
on-line using a computerized detection program (Monitor
5.0; Stellate, Montreal, Canada).

2.8. Vacuoles and degeneration of neurons in the retrosple-
nial/cingulate cortex

NMDA antagonists may induce degeneration of sensitive
neurons in the rat cingulate and retrosplenial cortex [41]. To
determine whether quinoxalinediones induced neurodegen-
eration, neuronal density in the retrosplenial/cingulate cortex
in Fischer 344 rats, 220—-340 g, subjected to i.v. infusion of
7ZX202000, 0.25 mg/kg/h over 24 h, was assessed using an
unbiased stereological disector technique [4].

2.9. Pharmacokinetics

Mice or rats were treated with ZK200775 i.v., either as a
bolus injection or as a continuous infusion. In plasma, un-
changed ZK200775 was analysed by means of normal-phase
HPLC with UV-detection. In urine and faeces, '*C-
ZK200775 was determined by liquid scintillation counting.
The AUC (area under the plasma concentration-time curve)
was calculated by the trapezoidal rule using the equation
AUC = AUCq_yp) + C/A, where C,) is the last value
above the limit of quantitation, t(n) the corresponding time
and A, the terminal elimination rate constant. The terminal
elimination half-life was determined as t;;, = In 2/A,. Total
clearance was calculated as CL =Dose/AUC or as
CL =Ry/Cy, where Ry is the rate of infusion and Cg the
plasma concentration at steady-state. The volume of distri-
bution was calculated as V,, = CL/A,.

3. Results

3.1. Structure activity relationships and synthesis of phos-
phonate quinoxalinediones

Unsubstituted quinoxaline-2,3-dione displaced AMPA
from its binding sites in cortical membranes with an ICs of
204 uM (Fig. 1a). The introduction of a CF;5 group in position
6 (Fig. 1b) increased potency at the AMPA binding site 16-
fold giving an ICs value of 13 uM. The methyl substitution
of  6-trifluoromethyl-1,2,3,4-tetrahydroquinoxaline-2,3-di-
one at position 1 (Fig. 1¢) enhanced the affinity at the AMPA
binding site yielding an IC5q value of 9 uM and demonstrating
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Fig. 1. Substitution patterns of quinoxalinediones leading to increase in water solubility and the preservation of in vitro binding affinity to the AMPA receptor.
Lower panel shows in vitro binding affinity to AMPA receptors in rat cortical membranes.

a steric tolerance at this position. Surprisingly, further prolon-
gation of the chain length at position 1 by replacing the methyl
group with a methylphosphonate group (Fig. 1d), led to a 16-
fold increase of AMPA receptor affinity compared to the pre-
decessor compound (Fig. 1d) and a 250-fold increase in com-
parison with the unsubstituted parent quinoxaline-2,3-dione
(Fig. 1a). Incorporation of electron-donating moieties, such as
phenethyl or morpholino groups (Fig. le,f), in position 7 of
the quinoxalinedione framework further increased AMPA re-
ceptor affinity 2 to 7-fold, in comparison with the predecessor
compound, resulting in an ICsq of 0.46 uM for [[1,2,3,4-tetra-
hydro-7-(phenylethyl)-2,3-dioxo-6-(trifluoromethyl)quinox-
alin-1-ylJmethyl]phosphonate (ZK 202000) (Fig. le) and
0.12uM for [[1,2,3,4-tetrahydro-7-(4-morpholinyl)-2,3-
dioxo-6-(trifluoromethyl)quinoxalin-1-ylJmethyl]phospho-
nate (ZK 200775) (Fig. 1f). In addition to a potency increase,
the incorporation of a polar phosphonate group into the qui-
noxalinedione scaffold resulted in increased solubility in
aqueous solutions reaching > 1 mg/ml at pH 7.35 for
ZK?202000 and > 25 mg/ml for ZK 200775.

ZK202000 and ZK200775 were synthesized by means of a
stepwise regioselective nucleophilic displacement of the halo-
gen atoms in 4,6-dichloronitro-3-(trifluoromethyl)-benzene
(Fig. 2 and 3). Firstly, the chloride atom in the ortho position
to the nitro group was displaced by aminomethanephosphonic
acid leading to [[[5-chloro-2-nitro-4-(trifluoromethyl)phe-
nylJamino]methyl]phosphonic acid (Fig. 2 and 3). Second-
ly, in order to achieve ZK202000, esterification of the acid with
triethyl orthoformate under acid catalysis yielded diethyl
[[[5-chloro-2-nitro-4-(trifluoromethyl)phenyl]amino]methyl]
phosphonate (Fig. 2). Nucleophilic displacement of the second
chloride atom by a styryl moiety achieved through palladium
coupling yielded (E)-diethyl [[[2-nitro-4-(trifluoromethyl)-
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5-(phenylethenyl) phenyl]lamino]methyl]phosphonate (Fig. 2).
Simultaneous reduction of the nitro group and the styryl double
bond was accomplished by hydrogenation in ethanol using
Raney-nickel as catalyst leading to diethyl [[[2-amino-4-(trif-
luoromethyl)-5-(phenylethenyl)phenyl]Jamino]methyl] phos-
phonate. In case of ZK200775, nucleophilic displacement of
the second chloride atom by morpholine yielded [[[5-(4-mor-
pholinyl)-2-nitro-4-(trifluoromethyl) phenyl]Jamino]methy]l]
phosphonic acid, which was subsequently converted to the cor-
responding diethyl phosphonate with triethyl orthoformate un-
der acid catalysis (Fig. 3). Reduction of the nitro group was ac-
complished by heterogenous hydrogenation in ethanol using
palladium on charcoal as a catalyst (Fig. 3). For completion of
both syntheses, in a two step sequence the desired quinoxa-
linedione framework was built up by condensing the phe-
nylenediamine with ethyl oxalyl chloride and subsequent ring
closure by heating the crude product in ethanolic hydrochloric
acid (Fig. 2 and 3). Ester cleavage with concentrated aqueous
hydrochloric acid under heating resulted in [[1,2,3,4-tetrahy-
dro-7-(phenylethyl)-2,3-dioxo-6-(trifluoromethyl)quinox-
alin-1-ylJmethyl]phosphonic acid (ZK 202000) (Fig. 2) or
[[1,2,3,4-tetrahydro-7-(4-morpholinyl)-2,3-dioxo-6-(trifluoro-
methyl)quinoxalin-1-yl] methyl]phosphonic acid (ZK 200775)
(Fig. 3). The overall yield of the 6 step synthesis was above
27 % for ZK202000 and above 40 % for ZK200775.

3.2. Receptor binding profiles of quinoxalinediones
ZK202000 had high affinity to >H-AMPA (ICsq
0.46 uM) and 3H—CNQX (0.025 uM) binding sites. It was 7-
fold less potent at H-kainate (3.25 uM) and 3H-CPP
(3.37 UM) binding sites, and had no affinity at >H-TCP or
3H—dichlorokynurenate sites (Table I). The receptor binding
profile of ZK200775 showed high affinity to SH-AMPA
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Fig. 2. Synthesis of ZK202000. Reaction conditions — i: aminomethanephosphonic acid, Na,COs3, H,0, 120 °C; ii: HC(OEt)s, pTs, 1.5 h, 70 °C; iii: Pd(PPh;),,
styrylboronic acid, toluene, Na,CO5, H,0O, EtOH; iv: EtOH, Ra-Ni, Hy, rt, 6h; v: step 1: tetrahydrofurane, triethylamine, ethyl oxalyl chloride, rt; step 2: ethanol,
IN HCI, 100 °C; vi: concentrated HCI, 120 °C, 8.5 h. (1) 4,6-dichloronitro-3-(trifluoromethyl)benzene; (2) [[[5-chloro-2-nitro-4-(trifluoromethyl)phenyl]ami-
no]methyl]phosphonic acid; (3) diethyl [[[5-chloro-2-nitro-4-(trifluoromethyl)phenyl]amino]methyl]phosphonate; (4) (E)-diethyl [[[2-nitro-4-(trifluoromethyl)-
5-(phenylethenyl)phenyl]amino]methyl]phosphonate; (5) diethyl [[[2-amino-4-(trifluoromethyl)-5-(phenylethyl)phenylJamino]methyl]phosphonate; (6) diethyl
[[1,2,3,4-tetrahydro-7-(phenylethyl)-2,3-dioxo-6-(trifluoromethyl)quinoxalin-1-ylJmethyl]phosphonate; (7) [[1,2,3,4-tetrahydro-7-(phenylethyl)-2,3-dioxo-6-
(trifluoromethyl)quinoxalin-1-ylJmethyl]phosphonic acid (ZK 202000).
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Fig. 3. Synthesis of ZK200775. Reaction conditions — i: aminomethanephosphonic acid, Na,CO3, H,O, 120 °C; ii: morpholine, 120 °C; iii: HC(OEt)s, pTs, 4h,
150 °C; iv: EtOH, Pd/C 10 %, H,, rt, 3h; v: step 1: tetrahydrofurane, triethylamine, ethyl oxalyl chloride, rt; step 2: ethanol, 1N HCI, 100 °C; vi: concentrated
HCI, 120 °C, 2h. (1) 4,6-dichloronitro-3-(trifluoromethyl)benzene; (2) [[[5-chloro-2-nitro-4-(trifluoromethyl)phenylJamino]methyl]phosphonic acid; (3) [[[S-(4-
morpholinyl)-2-nitro-4-(trifluoromethyl)phenyl]Jamino]methyl]phosphonic acid; (4) diethyl [[[5-(4-morpholinyl)-2-nitro-4-(trifluoromethyl)phenyl]amino]me-
thyl]phosphonate; (5) diethyl [[[2-amino-5-(4-morpholinyl)-4-(trifluoromethyl)phenyl]amino]methyl]phosphonate; (6) diethyl [[1,2,3,4-tetrahydro-7-(4-mor-

pholinyl)-2,3-dioxo-6-(trifluoromethyl)quinoxalin- 1-ylJmethyl]phosphonate; (7) [[1,2,3,4-tetrahydro-7-(4-morpholinyl)-2,3-dioxo-6-(trifluoromethyl)quinoxa-
lin-1-ylJmethyl]phosphonic acid (ZK 200775).

(0.12 uM) and 3H—CNQX (0.032 uM) binding sites (Table quinoxalinediones with high affinity to H-AMPA

I). It was 21-fold less potent at 3H-kainate (2.5 uM) and had
weak affinity to the binding sites within the NMDA receptor
complex such as 3H-CPP (2.80 uM), SH-TCP > 10 uM),
and 3H-dichlorokynulrenate (2.8 uM) sites (Table I). No
affinity to non-glutamate receptor binding sites was detected
up to concentrations of 20— 100 UM in rat cortical membrane
preparations for ZK202000 and ZK200775. The receptor
binding profile of NBQX was similar to that of phosphonate
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(0.15 uM) and *H-CNQX (0.016 uM). NBQX was 32-fold
less potent at 3H-kainate (4.8 UM) site and showed no affi-
nity to binding sites within NMDA receptor complex
(Table I).

3.3. Spreading depression
Functional in vitro assays using antagonism of AM-
PA/quisqualate-, kainate-, NMDA-, and glycine-induced
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TABLE 1: In vitro binding affinity of ZK202000, ZK200775 and NBQX to glutamate receptors in rat cortical membranes

Glutamate receptor ligands

1C,y (M) SH-AMPA 3H-CNOX SH-KA 3H-cPP SH-TCP 3H-DCKA
ZK202000 0.46 = 0.040 0.025 + 0.005 3.25+0.69 3.37 +0.07 >10 >10
ZK200775 0.12 0.090 0.032 + 0.008 2.50 +0.20 2.80+0.35 >10 2.80%0.5
NBQX 0.15+0.014 0.016 = 0.003 4.80 £ 0.47 > 10 > 10 > 10

Rat (Wistar; Schering AG, Berlin, Germany) frontoparietal cortex was homogenized in a buffer containing 30 mM Tris.HCI, 2.5 mM CaCl, (pH 7.1). The
homogenate was centrifuged at 40,000 g for 15 min, the pellet washed (3%X) and suspended in buffer. Incubations were performed in triplicates at 0 °C for 30 min
and bound radioactivity separated by filtration through Whatman GF/C glass fiber filters. Non-specific binding was defined by the addition of 680 uM L-
glutamate, except for TCP binding, where 3.5 uM phencyclidine was employed, and DCKA binding, where 1 mM glycine was employed. ZK202000,
7ZK200775 and NBQX were dissolved in ethanol and added in at least 4 concentrations. The IC,, values were calculated by non-linear regression analysis.
Shown are means = SEM of 3 determinations. AMPA, o-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione;
KA, kainate; CPP, 3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonate; TCP, 1-[1-(2-thienyl)cyclohexyl]-piperidine; DCKA, dichlorokynurenate.

TABLE 2: Effect of ZK202000, ZK200775 and NBQX on spreading de-
pression in chicken retina

Quisqualate/ Kainate NMDA Glycine
AMPA
7K202000 0.1 0.02 0.39
IC5 (M) (0.08-0.12) (0.018-0.022) (0.30-0.51)
ZK200775 0.2 0.076 13 18
IC5, (uM)  (0.05-0.90) (0.015-0.379) (7-23) (6.68-48.25)
NBQX 0.16 3.6

>30 > 10

IC5, (uM)  (0.14-0.18)  (2.9-5.1)

The posterior chamber of each chicken (3—6 day-old; Copenhagen Serum
Institute, Copenhagen, Denmark and Laptec, G6dollo, Hungary) eye was
placed in Oj-saturated saline containing quisqualate (5 uM), AMPA
(5 uM), kainate (5 uM), NMDA (100 uM), or glycine (100 uM) alone or
with different concentrations of ZK202000 ranging from 0.0125 to 10 uM,
ZK200775 ranging from 0.025 to 75 uM, and NBQX ranging from 0.01 to
30 uM. The occurrence of a white area (%2 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 concentra-
tion. IC, values were calculated by means of linear regression analysis.

spreading depression in chicken retina revealed that ZK202000
and ZK200775 were highly potent AMPA/kainate antagonists
(Table II). ZK202000 was 4-fold, whereas ZK200775 65-fold
less potent against NMDA-induced spreading depression (Ta-
ble II). NBQX showed similar selectivity and potency profile
to ZK200775 in the spreading depression assay and gave ICs
values 0f 0.16,3.6,> 10 and > 10 uM against quisqualate, kain-
ate, NMDA and glycine (Table II).

3.4. Electrophysiology

Electrophysiological studies using whole cell patch clamp
performed on primary cultures of rat hippocampal neurons
revealed a high potency for phosphonate quinoxalinediones
as competitive AMPA/kainate antagonists (Fig. 4 and 5).
Currents evoked by kainate (non-desensitizing AMPA ago-
nist at 100 uM) were inhibited by ZK202000 with an ICsg of
40 nM, by ZK200775 with an ICsq of 27 nM, and by NBQX
with an ICsg of 26 nM (Fig. 5). Currents evoked by NMDA
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(100 uM) in Mg2+—free solutions were inhibited by
7ZK202000 with an IC5q of 3 uM and by ZK200775 with an
IC50 of 40 uM, which are 75-fold or 1500-fold higher than
those required to block kainate-induced currents. Currents
evoked by NMDA were only slightly affected by NBQX in a
concentration of 100 uM (up to 10 % inhibition).

3.5. Pharmacology of phosphonate quinoxalinediones

In a four-plate test, which measures anxiolytic activity,
ZK200775 in doses of 0.3—-3 mg/kg i.p. significantly en-
hanced punished locomotor activity in mice, leaving sponta-
neous locomotor activity in unpunished mice unchanged (Ta-
ble IIT). ZK202000, 0.3—-3 mg/kg i.p., did not affect punished
locomotor activity in mice and did not suppress spontaneous
locomotor activity in unpunished mice (Table IIT). NBQX
was inactive in the four-plate test in mice up to the dose of
3 mg/kg i.p. (Table III), slightly enhanced punished locomo-
tor activity in a dose of 10 mg/kg, and significantly supressed
both punished and unpunished locomotor activity in a dose of
30 mg/kg i.p. In the elevated plus-maze test in mice,
ZXK200775 increased the number of entries into open arms
(843 £1.39; n="7 vs. 5.50 £ 0.48; n = 10) and significantly
prolonged time spent by mice in open arms (97 + 10.66 s vs.
54.50 +4.16 s; P <0.05, Kruskal-Wallis test) 30 min after
i.p. administration, confirming its anxiolytic activity.
7ZX202000 elevated the threshold for AMPA- and kainate-in-
duced clonic seizures in mice with a THRD5( of 5.61 (3.76—
8.34) and 5.65 (1.69-8.77) mg/kg i.v., respectively, whereas
the threshold for NMDA induced seizures was elevated at
33.88 (19.03-60.28) mg/kg. ZK200775 showed a similar
profile of anticonvulsant activity but was 2—4 fold more po-
tent than ZK202000 (Table IV). NBQX was 3—6 fold less po-
tent than phosphonate quinoxalinediones (Table IV).
ZK200775 and NBQX disturbed motor coordination in the
rotating rod test with the respective EDs( values of 14.6
(12.1-17.6) and 6.63 (5.34—-8.24) mg/kgi.v. (Table IV). Mo-
tor coordination in the rotating rod test was not affected by
ZXK202000 up to the dose of 40 mg/kg (Table IV). ZK200775
was more potent against pentylenetetrazol and electroshock
seizures in mice than NBQX and ZK202000 (Table V).
ZXK200775 also displayed anticonvulsant activity in a variety
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Fig. 4. Concentration-response effect of ZK200775 on kainate-induced currents in neonatal rat hippocampal neurons. Current amplitudes were leak-subtracted,
normalized to control, and plotted against concentration of ZK200775. Data represent means + SEM from 5—13 determinations. Lower inset shows original cur-
rent traces demonstrating effect of ZK200775, 10 nM, 100 nM and 1 uM, on kainate-induced (100 uM) currents in a single cell. Vertical scale bar represents
10 pA, while horizontal scale bar represents 10 s. Upper inset shows Schild analysis of the antagonism by ZK200775 derived from concentration-response curves
for kainate in the presence of increasing concentrations of ZK200775 (0.03, 0.1, 0.3 and 1 uM). Current amplitudes were leak-subtracted and related to the max-

imal current obtained at 10 mM kainate in the absence of the antagonist.

TABLE 3: Anxiolytic activity of phosphonate quinoxalinediones and NBQX in the four-plate test in mice

Four-plate test,
mice

Number of crossings (means + SEM)

(n)
Vehicle 0.3 mg/kg 1 mglkg 3 mg/kg
Treatment
unpunished punished unpunished punished unpunished punished unpunished punished

ZK202000 14.1+0.7 6.6 £0.8 15.1+0.7 7.0+0.9 15.1+0.9 7.5+0.9 155+1.0 7.5+0.6

30 min (3) 8) ®) @) (®) ®) ®)
ZK200775 19.5+13 74+0.5 208+ 1.9 9.6 = 0.6* 220+1.8 11.1 = 1.4% 21.0+ 1.6 12.9 + 1.5%

30 min ®) ®) ®) (®) O] (®) ®)

For assessment of anxiolytic activity, NMRI mice (Schering AG) were placed in the center of a chamber with the 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 under unpunished or punished
conditions, 30 min after i.p. administration of ZK202000 or ZK200775, was taken as a measure of exploratory or anxiolytic activity. Analysis of variance
revealed that ZK200775 [F(3,30) = 4.8, P = 0.0083] increased punished locomotor activity in mice, while ZK202000 was ineffective up to a dose of 3 mg/kg. n,

number of mice. *P < 0.05 vs. crossings in vehicle-treated punished mice.

of chemical seizure models in mice (Table VI). It was prefer-
entially active against tonic seizures induced by 3-mercapto-
propionate, picrotoxin, bicuculline and strychnine and less so
against clonic seizures (Table VI). ZK200775 reduced mono-
synaptic reflexes in urethane/chloralose anaesthetized mice at
doses of 0.1 and 1 mg/kg i.v. between 5 and 30 min after ad-
ministration, while polysynaptic reflexes remained unaffect-
ed (Table VII). ZK202000 at a dose of 1 mg/kgi.v. only brief-
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ly decreased monosynaptic reflexes in mice and had no effect
on polysynaptic reflexes (Table VII). NBQX reduced both
monosynaptic and polysynaptic reflexes in mice at doses of
1-3 mg/kg i.v. [65]. ZK202000 and ZK200775 induced an-
algesia in a hot-plate test in mice (Table VIII A,B). The po-
tency for the analgesic effect of ZK200775 in the hot-plate
test in mice was comparable to that of morphine sulphate
(Table VIII D). NBQX did not induce analgesia in mice up to
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Fig. 5. Concentration response effects of ZK202000, ZK200775 and NBQX on kainate-induced currents in neonatal rat hippocampal neurons. Kainate was ap-
plied at a concentration of 100 pM. Current amplitudes were leak-subtracted, normalized to control, and plotted against antagonist concentration. Data represent
means = SEM from 5-13 determinations. IC values were 40, 27 and 25 nM for ZK202000, ZK200775 and NBQX, respectively.

TABLE 4. Effect of phosphonate quinoxalinediones and NBQX on threshold for clonic seizures induced by glutamate agonists in mice

AMPA Kainate NMDA RR
THRDs, (mg/kg) THRDs, (mg/kg) THRDs, (mg/kg) EDs (mg/kg)
2K202000 (3.765;681.34) (1.63'—62.77) (19.0333;86%.28) >40
ZK200775 (1.72'—94.6) (1.]3;62.0) (21.294;]26.5) (12??—.617.6)
NBQX (15.81 16 ;2136.66) (6.5152.85) (53.56 10 jsl& 19) (5.346;683.24)

For assessment of the threshold for clonic seizures, AMPA, kainate or NMDA, 1 nmol/5 pl, was infused continuously intracerebroventricularly into NMRI mice
(Schering AG) at a rate of 5 ul/min. ZK202000, ZK200775 and NBQX were administered i.v. 5 min before the seizure test. The time in s to a clonic seizure was
used as an endpoint determining susceptibility to convulsions. The THRDj, (threshold dose) was calculated in mg/kg by means of regression analysis. For
assessment of motor coordination, mice were placed on a rotating rod (RR; diameter, 3 cm; 6 revolutions/min; height, 15 cm) for 180 s or until they fell off the
rotating rod 3 times during the maximum of 3 trials. The ED5(, was calculated in mg/kg by means of regression analysis. Experimental groups consisted of 5—8

mice.

a dose of 20 mg/kg i.v. (Table VIII C). Exploratory activity
in non-habituated mice was reduced by ZK202000 with an
EDs( of 15.57 (11.75-20.64) mg/kg and by ZK200775 with
an EDs of 14.2 (7.8-25.9) mg/kg i.v. ZK202000 at doses of
1-30 mg/kg i.v. induced short-lasting (up to 10 min) hyper-
thermia (up to +0.5-1 °C) in rats. ZK200775 at a dose of
30 mg/kg i.v. induced initial short-lasting (up to 5 min) hyper-
thermia (up to +0.5 °C) and a late time-dependent (30—
180 min) hypothermia in rats (up to —2.8 °C). ZK200775,
3 and 10 mg/kg, had no effect on body temperature of rats. In
mice, only hypothermia was recorded after i.v. administration
of ZK202000 at a dose of 30 mg/kg (up to —1.7 °C) and
ZK200775 at a dose of 10 mg/kg (up to —2.7 °C). ZK202000,
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10 mg/kg, and ZK200775, 3 mg/kg, did not induce any
changes in body temperature in mice. In conscious rats, i.v.
infusion of ZK202000 and ZK200775 at a dose of 3 mg/kg/h
for 6 h, a treatment regimen required for neuroprotection in
rodent permanent cerebral ischemia, had no effect on blood
gases or haemodynamic status, inducing only moderate in-
creases (< 10 %) in arterial blood pressure.

3.6. Middle cerebral artery occlusion in rodents

In mice subjected to focal ischemia, i.v. infusion of
ZX202000 at a dose of 3 mg/kg/h for 6 h, starting immedi-
ately after permanent MCAO, reduced the infarct volume by
39 % (29.55 +2.69 mm>; n= 10 vs. 18.13 +2.58 mm>;n =9,
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TABLE 5. Effect of quinoxalinediones on pentylenetetrazol- and electroshock-induced convulsions in mice

Seizure models ZK202000 i
(dose) EDs, (mg/kg)

Clonic Tonic
Pentylenetetrazol (150 mg/kg) > 75 52.01 (33.13-81.82) 20
MES (50 mA, 50 Hz, 0.2 s) - 23.31(17.39-31.19) 35
Seizure models ZK200775 i
(dose) EDs (mg/kg)

Clonic Tonic
Pentylenetetrazol (150 mg/kg) 7.76 (3.53-13.40) 20.15 (10.99-28.77) 30
MES (50 mA, 50 Hz, 0.2 s) - 13.41 (11.89-15.21) 24
Seizure models NBQOX u
(dose) EDs (mg/kg)

Clonic Tonic
Pentylenetetrazol (150 mg/kg) 47.97 (40.02-57.53) 30.05 (23.29-38.84) 25
MES (50 mA, 50 Hz, 0.2 s) - 11.83 ( 8.63-16.23) 26

For analysis of anticonvulsant action, the effect of ZK202000, ZK200775 and NBQX on the CDy; (convulsant dose) of pentylenetetrazol and on maximal elec-
troshock-induced seizures (MES) was estimated in NMRI mice (Schering AG). Pentylenetetrazol was injected s.c. 30 min following s.c. administration of qui-
noxalinediones. MES was applied through auricular electrodes 5 min after i.v. administration of quinoxalinediones. The data are expressed as ED5, values (and
their 95 % confidence limits) estimated from probit-log dosage regression curves. n, number of mice.

TABLE 6. Effect of ZK200775 on chemically-induced convulsions in mice

Seizure models ZK200775 n
(dose) EDsy (mg/kg)
Clonic Tonic

3-Mercaptopropionate (40 mg/kg i.p.) 3.56 (0.74-7.81) 0.42 (0.06—1.53) 25
DMCM (15 mg/kg i.p.) 8.25 (2.31-56.77) - 20
Picrotoxin (10 mg/kg s.c.) >30 4.64 (3.19-6.74) 20
Bicuculline (5 mg/kg s.c.) > 30 12.24 (7.15-18.79) 20
Strychnine (1.5 mg/kg s.c.) > 30 14.35 (7.53-26.80) 20

For analysis of anticonvulsant action of ZK200775, the effect on the CDg5 (convulsant dose) of chemoconvulsants was estimated in NMRI mice (Schering AG).
The chemoconvulsants bicuculline, picrotoxin, strychnine nitrate, 3-mercaptopropionate, and methyl-4-ethyl-6,7-dimethoxy-9H-pyrido-(3,4-b)-indole-3-car-
boxylate (DMCM) were injected s.c. or i.p., 30 min following systemic (s.c.) administration of ZK200775. The data are expressed as ED5 values (and their
95 % confidence limits) estimated from probit-log dosage regression curves. n, number of mice.

P <0.01), while i.v. infusion of ZK200775 at a dose of
3 mg/kg/h over 6 h, reduced the infarct volume by 25 %
(2473+1.90mm> n=5 vs. 18.54=0.85mm’ n=6,
P < 0.05). ZK202000, 4 x 3 mg/kg i.p., reduced the infarct
volume in mice by 28 % (Table IX B), while NBQX, 3 X
30 mg/kg i.p., reduced the infarct volume by 21 %
(2323 1.72mm> n=9 vs. 1840127 mm’; n= 12,
P < 0.05). In rats subjected to permanent MCAQO, ZK202000
reduced the infarct volume by 23 % at 0.25 mg/kg/h when
infused i.v. over 24 h (Table IX A). Similarly, ZK200775 re-
duced the infarct volume by 23 % at 1.5 mg/kg/h when in-
fused over 24 h (Table IX A).

3.7. Traumatic brain injury

Rats subjected to percussion trauma of the cortex showed
damage in the hippocampal CA3 subfield. Morphometric
analysis demonstrated that hippocampal damage was
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mitigated by treatment with ZK202000. Delayed treatment
of rats with ZK202000 at a dose of 0.25 mg/kg/h over 24 h,
beginning 1h after trauma, increased the number of
remaining pyramidal neurons in the hippocampal CA3
subfield from 0.039 = 0.008 x 10%mm® (n=7), which
represents 25 % of the numerical density of pyramidal cells
on contralateral side, to 0.065 + 0.008 % 10%/mm3 (n=7,
P <0.05, Student’s t-test) (Table IXC). Similarly,
NBQX and ZK200775 protected hippocampal CA3 subfield
against delayed damage following the cortex trauma [4,63].

3.8. Dependence

Abrupt termination of long-term treatment with
4 mg/kg/h of ZK200775 over 14 days by means of i.p. im-
planted minipumps in mice did not result in development of
signs of dependence such as withdrawal anxiety, increase in
muscle tone, or seizures suggesting lack of abuse potential.
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TABLE 7: Effect of phosphonate quinoxalinediones on spinal reflexes in mice

L. Turski et al. / Restorative Neurology and Neuroscience 17 (2000)

A

Hoffmann reflexes Electromyogram

(monosynaptic) (% of pre-administration peak-to-peak amplitude; means = SEM)

ZK202000 (n)

IT: catment Vehicle 0.001 mg/kg 0.01 mg/kg 0.1 mg/kg 1 mg/kg
ZK202000 99.73 £ 6.68 82.43 £4.04 76.73 £ 8.91 68.44 + 9.27 53.38 + 9.38*
5 min ©) ©) © (©) (€
ZK202000 9821 = 4.63 83.40 £5.38 87.54 £9.11 73.54+ 9.38 7349+ 9.42
15 min ©) ©) © ) ©)]
ZK202000 100.28 = 10.31 95.83 £7.70 101.57 £9.39 85.29 £ 10.71 83.01 £ 10.01
30 min 9) 9) 9) (C)] 9

B

Hoffimann reflexes Electromyogram

(monosynaptic) (% of pre-administration peak-to-peak amplitude; means = SEM)

ZK200775 (n)

l.T:"“’me”’ Vehicle 0.001 mg/kg 0.01 mg/kg 0.1 mg/kg 1 mg/kg
ZK200775 99.94 + 12.38 107.83 = 12.80 87.43 £ 8.50 75.74 £7.50 63.67 £9.19*
5 min ® ) () ®) ®
ZK200775 104.57 £ 13.45 95.14+ 8.38 89.30 £ 4.88 68.53 +5.48* 51.40 + 8.78**
15 min 8) @) 9) (8) (8)
ZK200775 103.18 £ 17.01 8221+ 7.67 69.18 +3.39 58.74 +7.68* 55.39 + 6.64*
30 min (7 @) © ®) ®)

The spinal reflexes were recorded in NMRI mice (Schering AG) under a-chloralose/urethane anesthesia. For recording of H-reflexes (Hoffmann reflexes) the
tibial nerve was stimulated with single square shocks, 0.2 ms duration at 1.2—1.6 times the nerve threshold. Electromyogram (EMG) recordings were made with
a pair of skin clip surface electrodes from the plantar foot muscle. The magnitude of EMG was evaluated by measuring the peak-to-peak amplitude. For record-
ing of flexor reflexes, the tibial nerve was stimulated electrically (5 square shocks at 500 Hz, 0.2 ms duration) at 3.0 times the nerve threshold. EMG recordings
were made using a pair of wire electrodes inserted percutaneously into the ipsilateral tibial muscle (M. tibialis cranialis). The magnitude of flexor reflexes was
evaluated by measuring the area bounded by the averaged response and the baseline. Twenty consecutive EMG responses were averaged digitally before (pre-
administration value) and 5, 15 and 30 min after i.v. injection of ZK202000, ZK 200775 or vehicle. The EMG values measured after vehicle or drug application
were expressed as a percentage of the pre-administration values. A one-way multivariate analysis of variance was performed to test equality of (dose) group
mean profiles at times 5, 15 and 30 min after i.v. administration. Wilks’ Lamba (transformed to F-statistics) was used to assess the significance of the differences
in mean group profiles. MANOVA revealed that ZK200775 dose dependently suppressed Hoffmann-reflexes in mice, F(12,85) = 2.59; P < 0.01, while flexor
(polysynaptic) reflexes remained unaffected, F(12,90)=1.54, NS. ZK202000 did not affect Hoffmann- [F(12,95)=1.60, NS] or flexor reflexes
[F(12,98) = 1.72, NS] in mice in a dose-dependent manner. *P < 0.05; **P < 0.01 vs. vehicle-treated mice.

3.9. Effect of ZK202000 on morphology of retrosplenial/cin-
gulate cortex in rats

Treatment of rats with ZK202000 at a dose of
0.25 mg/kg/h for 24 h did not affect the density of neurons in
both the cingulate and retrosplenial cortex after 72 h
(Table X).

3.10. Pharmacokinetics in rodents

Pharmacokinetic studies in mice after i.v. bolus adminis-
tration of ZK200775 at a dose of 10 mg/kg revealed a total
clearance (CL) of 0.44 1/h/kg, a volume of distribution (V)
of 0.5 /kg and a half-life (t;;;) of 0.8 h. Pharmacokinetic
studies in rats after continuous infusion of 2 mg/kg/h over 4
weeks showed a steady-state plasma concentration (Cgg) of
13.2 uM (5.4 mg/l), a total clearance (CL) of 0.37 I/h/kg, a
volume of distribution (V,) of 0.38 I/kg and a terminal half-
life (t;;,) of 0.72h. After a 30 min i.v. infusion of '*C-
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ZK200775 at a dose of 2 mg/kg/h, 45 % of the dose was ex-
creted in the urine and 50 % in the feces. The in vitro plasma
protein binding in rats amounted to 85 %.

4. Discussion

These studies clearly demonstrate that phosphonate qui-
noxalinediones are water-soluble, competitive and preferen-
tial AMPA/kainate antagonists. Potency and selectivity of
ZK200775 in vitro are very similar to those of NBQX,
whereas ZK202000 is slightly less selective. ZK200775 dis-
played anxiolytic, analgesic, anticonvulsant, muscle relaxant
and sedative properties in vivo. Phosphonate quinoxalinedi-
ones and NBQX showed similar profiles of in vivo activity,
but differed regarding the extent of sedative and muscle re-
laxant activity, e.g. ZK200775 and NBQX were more seda-
tive and depressed spinal reflexes, while ZK202000 induced
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TABLE 8. Effect of quinoxalinediones and morphine on latency to react in the mouse hot-plate test
A
Hot-plate test, Latency to react (s; means + SEM)
ZK202000 (n)
Treatment Vehicle 1 mg/kg 5 mg/kg 10 mg/kg 20 mg/lkg 30 mg/kg
ZK202000 29+0.1 3.1+£0.3 3.0+0.2 3.0+0.2 3.7+0.3* 4.2 £ 0.3%%*
i.v., 5 min (8) (8) (10) (10) (10) (10)
ZK202000 3.0+0.2 32+03 34+0.2 4.0 £0.2% 4.1 £0.2%%* 3.9 +£0.3%*
s.C., 30 min (10) (10) (10) (10) (10) (10)
B Latency t °t (5 s + SEM)
Hot-plate test, atency to reac ( A), means +
ZK200775 "
Treatment Vehicle 1 mg/kg 3 mg/kg 5 mglkg 10 mg/kg 20 mg/kg
ZK200775 2.7+0.1 39+0.2 4.6 £0.4* 4.7 £0.2%* 6.6 £ 0.8%** 8.5 £ 0.6%**
i.v., 5 min (10) (10) (10) (10) 9) (6)
ZK200775 29+0.2 36+0.2 46+14 6.1 £ 0.7%%* 9.5 £ 0.9%** 14.4 + 0.5%%%*
s.C., 30 min (10) (10) (10) (10) (10) (5)
C
Hot-plate test, Latency to react (s, means = SEM)
NBQX (n)
Treatment Vehicle 1 mgrkg 3 mg/kg 10 mg/kg 20 mg/kg 30 mg/kg
NBQX 27+0.2 33+0.1 26+0.2 2.6+0.2 39+04 3
i.v., 5 min 8) (8) 3) (8) (6)
NBQX 3.1+£02 B 3.7+0.3 35+03 36+0.2 3.6+0.3
s.C., 30 min 8) 8) (8) (8) 8)
D
Hot-plate test, Latency to react (s; means + SEM)
morphine (n)
Treatment Vehicle 1 mg/kg 3 mg/kg 5 mglkg 10 mg/kg 20 mg/kg
Morphine 29+0.1 37+0.2 7.1 £0.4%%* 9.5 £ 0.6%** 11.8+ 0.9%%#* 12.6 £ 1.3%%*
i.v., 5 min ®) 8) 8) ®) ®) (3)
Morphine 32+02 3.8+0.2 5.9 +£0.5%* 6.2 + (0.8%%* 8.3 £ 0.7%** 10.1£ 0.9%**
s.c., 30 min (8) 8) ) ) [C)] 9

NMRI mice (Mgllegaard, Schonweide, Germany), were placed on a copper plate (15 x 9 cm) kept at 58 °C, 5 min after i.v. administration of vehicle or drugs.
Each mouse was tested once only. The latency to react to the heat either by licking or lifting paws, or by jumping was recorded. The maximum observation time

was limited to 15 s. *P < 0.05; **P < 0.01; ***P < 0.001 vs. latency to react in vehicle-treated mice, Student’s t-test.

little sedation and hardly affected muscle tone or motor co-
ordination.

Pharmacological observations in rodent models of
ischemia and trauma suggest that AMPA antagonists may be
beneficial in the clinic for the treatment of global ischemia
(cardiac arrest), ischemic stroke, and trauma. The AMPA
antagonists NBQX, YMI0K, 1,4,7,8,9,10-hexahydro-9-me-
thyl-6-nitropyrido[3,4-f]quinoxaline-2,3-dione (PNQX), and
6,7-dichloro-2-(1H)-oxoquinoline-3-phosphonate (S17625-2),
(3RS,4aRS,6RS,8aRS)-6-(2-(1H-tetrazole-5-yl)ethyl)-deca-
hydroisoquinoline-3-carboxylate (LY293558), and 1-(4-ami-
nophenyl)-4-methyl-7,8-methylene-dioxy-5H-2,3-benzodiaz-
epine (GYKI52466) are highly potent neuroprotectants in
rodent models of global forebrain ischemia [8,16,17,30,
32,39,52,69]. The therapeutic time-window for AMPA an-
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tagonists in global ischemia models is approximately 24 h
[33,53]. Neuroprotection in rodent and feline models of fo-
cal ischemia has been reported when therapy with AMPA
antagonists was introduced up to 2—4 h after the middle ce-
rebral artery occlusion [9,10,20,55,63]. In focal ischemia,
AMPA antagonists were preferentially active against corti-
cal and less so against striatal damage [7,10,19,20,31,49,54,
55,68].

In rodent models for traumatic brain injury, blockade of
AMPA-mediated excitation by the antagonist NBQX pro-
tects against cortical damage when therapy is introduced be-
fore the impact and against delayed damage in the hippoc-
ampus when therapy is introduced up to 7 h after the insult
[4]. Our current studies demonstrate that the extent of neuro-
protective action achieved with phosphonate quinoxalinedi-
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TABLE 9. Effect of phosphonate quinoxalinediones on brain injury in rodent models of ischemia and head trauma

A

Middle cerebral artery Infarct volume (mm’; means + SEM)

occlusion (n)

(MCAO)

iT:eatment Vehicle 0.1 mg/kg/h 0.25 mg/kg/h 0.75 mg/kg/h 1.5 mg/kg/h
ZK202000 257.04 = 10.08 224.35 £26.45 196.83 + 12.09%%*%* 22492 £ 13.95

Rat, 24 h (30 (6) (18) (13)

ZK200775 267.28 +13.81 249.95 = 12.70 246.58 £ 17.28 262.84 £25.18 206.39 + 21.14%*
Rat, 24 h (23) 21 (15) (6) )

B

Middle cerebral artery Infarct volume (mm’; means + SEM)

occlusion (n)

(MCAO)

l_Tce“””e”’ Vehicle 0.3 mg/kg/h 1 mg/kg/h 3 mg/ke/h 10 mg/kg/h
ZK202000 42.81 +3.51 32.01 £2.87 3421 £3.03 30.92 £ 3.37* 34.64 £2.71
Mouse,-1,0,1,2 h (10) 5) (6) 9 (12)

% protection - 25.23 21.10 27.80 19.16

C Numerical density of pyramidal cells in the hippocampal CA3 subfield

Rat traumatic brain injury, (N,; means x 10°/mm’ + SEM)

3d (n)

IT: catment Vehicle 0.025 mg/kg/h 0.1 mg/ke/h 0.25 mg/kg/h

ZK202000 0.039 + 0.008 0.057 = 0.008 0.063 £0.014 0.065 = 0.008*

Rat, 24 h (7 @ (5) @)

Body temperature of NMRI mice (Schering AG) or Fischer 344 rats (Charles River, Sulzfeld, Germany) was kept at 37.5 + 0.5 °C. 24 h after ischemia the brains
were stained with triphenyltetrazolium chloride and the infarct size was determined stereologically using image analysis. In rats, ZK202000 and ZK200775
were administered i.v. over 24 h beginning immediately after MCAO. In mice, ZK202000 was administered i.p. —1, 0, 1 and 2 h after MCAO. In trauma exper-
iments, ZK202000 was infused i.v. over 24 h beginning 1 h after the head injury. Three days after traumatic brain injury, neuronal loss in the hippocampal sub-
field CA3 was assessed using an unbiased stereological disector technique (24). On the side contralateral to traumatic injury numerical density (N ) of
pyramidal cells in the CA3 subfield varied from 0.161 to 0.168 x 10%mm?®. The differences in N, of pyramidal cells in the CA3 subfield between the damaged
and non-damaged side were analysed statistically by means of analysis of variance. *P < 0.05; **P < 0.01; ***P < 0.001 vs. vehicle-treated animals, Student’s
t-test.

TABLE 10. Numerical density of neurons in cingulate and retrosplenial cortex in rats subjected to i.v. infusion of ZK202000, 0.25 mg/kg/h, or vehicle for 24 h

Numerical density of cells in the cingulate/retrosplenial cortex

ZK202000 (N,; means X 10%mm’ + SEM)

(n)
Treatment Vehicle 0.025 mg/kg/h 0.1 mg/kg/h 0.25 mg/kg/h
Cingulate 0.190 = 0.004 0.183 +0.003 0.192 +0.003 0.190 + 0.004
cortex (10) ) ) (10)
Retrosplenial 0.324 + 0.006 0.324 + 0.006 0.331 £0.010 0.329 £ 0.008
cortex (10) 8) ) 8)

To quantitatively assess neuronal loss in the retrosplenial and posterior cingulate cortex 3 days after the beginning of i.v. infusion of ZK202000 or vehicle in Fis-
cher 344 rats (Charles River), an unbiased stereological disector technique [4] was used to estimate the mean numerical density (N,). An unbiased counting
frame (0.05 x 0.05 mm; disector height 0.01 mm) and a high-aperture (100x) objective were used for the sampling. The N, for each field was determined with
9-12 disectors. Analysis of variance revealed no significant difference between vehicle- and ZK202000-treated rats: F (1,18) = 0.01, NS; F_,(1,16) = 0.93,

NS.

cing’ retro
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ones in ischemia and trauma models is very similar to that of
NBQX.

An important drawback of possible therapy with AMPA
antagonists may be depression of respiratory and
cardiovascular functions [13,45]. Combination of NMDA
and AMPA antagonists, which may be required for
treatment of several neurological disorders [6,7,34,47] is
deleterious to respiration [18,37]. Furthermore, NBQX
inhibits spontaneously occuring sympathetic nerve activity
and reduces arterial blood pressure [13]. Possible
interactions of AMPA antagonists with anesthetic and other
sedative drugs potentially affecting respiratory functions
should also be carefully considered [14,36]. A remarkable
advantage of phosphonate quinoxalinediones over NBQX or
YMOOK and also 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 side effects on motor
behavior, cardiovascular status or the respiratory system
were detected in doses up to 3 mg/kg/h i.v. over 6 h and in
doses up to 0.75-1.5 mg/kg/h iv. over 24 h. Body
temperature was affected by ZK202000 and ZK200775 only
in doses higher than those required for neuroprotection in
ischemia and trauma models.

Anxiolytic, analgesic and anticonvulsant effects, but no
disturbances of motor coordination, were detected with
phosphonate quinoxalinediones in doses necessary for neu-
roprotection. Furthermore, like other AMPA antagonists,
phosphonate quinoxalinediones seem to be more suitable
than NMDA antagonists for chronic use because of absence
of psychotomimetic and psychostimulant properties [59]. In
our studies, long-term use of phosphonate quinoxalinediones
(up to 14 days) did not lead to development of dependence
on ZK200775, and no withdrawal signs such as anxiety, sei-
zures, or increase in muscle tone were seen in mice after
abrupt termination of treatment with ZK200775.

Neuropathological changes (intracytoplasmic vacuoles)
in the cingulate/retrosplenial cortex, a feature common
among NMDA antagonists [41], are less likely to occur fol-
lowing treatment with AMPA antagonists [5]. Neurodegen-
eration in the retrosplenial/cingulate cortex was not observed
in the rodent brain after treatment with ZK202000 and
ZK200775.

In summary, structure-activity relationships for quinoxa-
linediones demonstrate that introduction of a phosphonate
group into the quinoxalinedione scaffold increases the solu-
bility in water and does not lead to loss of selectivity and po-
tency at AMPA receptors. ZK202000 dissolves in water at
> 1 mg/ml and ZK200775 at >25 mg/ml at a pH of 7.35,
while NBQX is insoluble. The pharmacokinetic properties
of phosphonate quinoxalinediones, exemplified by
ZK200775, are favorable and suggest that they can be safely
given in a parenteral preparation. Phosphonate quinoxa-
linediones are neuroprotective in ischemia and trauma mod-
els in rodents and, in addition, show various other actions
such as strong antinociceptive or anticonvulsant activity,

12 RNNO59 -- in RNN 17-1.fm

which deserve further exploration. The side-effect profile of
phosphonate quinoxalinediones suggests that nephrotoxici-
ty, neurotoxicity, psychoses, respiratory depression, hy-
potension or hypothermia are not likely to occur during or
after therapy with doses required for neuroprotection.
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