
ejp 
ELSEVIER European Journal of Pharmacology 294 (1995) 469-473 

Flupirtine protects  neurons  against excitotoxic or ischemic damage  and 
inhibits the increase in cytosolic Ca 2 ÷ concentrat ion 
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Abstract 

We tested the effect of flupirtine against ischemic and excitotoxic neuronal damage as well as on the glutamate-induced rise 
in cytosolic calcium ion concentration (=  [Ca2+]i). For in vivo experiments we used a model of focal cerebral ischemia in mice. 
The middle cerebral artery was permanently occluded and 48 h afterwards brain tissue was stained with neutral red, 
perfusion-fixed and the infarct surface was determined planimetrically. Pretreatment with flupirtine significantly reduced the 
infarct area (controls: 24.3 + 4.8 mm z, 1 mg/kg flupirtine: 20.1 + 3.6 mm 2 and 10 mg/kg flupirtine: 19.5 ± 3.9 mm2; P < 0.05), 
whereas postischemic application of flupirtine failed to reduce the infarct area. For in vitro studies, primary neuronal cultures 
were prepared from the hippocampi of newborn rats and excitotoxic damage was induced by exposing the cells to 500 /xM 
L-glutamate for 30 min. We could demonstrate that flupirtine (1-10/zM) was capable of protecting neurons against glutamate- 
induced cytotoxicity. In order to elucidate the underlying mechanism of action, we tested the effect of flupirtine on the 
glutamate-induced rise in [Ca2+]i using the CaZ+-indicator fura-2. L-Glutamate added in a final concentration of 100 IzM to the 
cultured ceils for 16 s caused a rise in [Ca2+]i from about 100 nM to 900 nM. Flupirtine (0.1-10 izM) reduced the 
glutamate-induced rise in [Ca2+]i concentration dependently. 
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1. Introduction 

Flupirtine (ethyl-2-amino-6-(fluorobenzyl)-amino-3- 
pyridine carbamate)  is a non-opioid, centrally acting 
analgesic drug (Jakovlev et al., 1985). a2-Adrenocep- 
tors appear  to be involved in the analgesic effect since 
the a2-adrenoceptor  antagonist idazoxan at tenuates its 
antinociceptive activity (Nickel et al., 1988). In addi- 
tion, it has been  shown that flupirtine has muscle 
relaxant propert ies  at doses comparable  with those 
exerting antinociceptive effects (Nickel et al., 1990). 
There  is evidence that the N M D A  receptor  is involved 
in the muscle relaxant action of flupirtine. Recent  
studies have suggested a N M D A  receptor  antagonistic 
effect of  flupirtine (Schwarz et al., 1994; Osborne et 
al., 1994). From these pharmacological effects it may 
be assumed that flupirtine could protect  neurons 
against damage caused by ischemia or excitotoxicity. 
We therefore examined the neuroprotective activity of  
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this drug using a mouse model of focal cerebral is- 
chemia and primary cultures of hippocampal  neurons 
from newborn rats. In order  to elucidate the underly- 
ing mechanism of action, we tested the effect of  flupir- 
tine on the glutamate-induced rise in cytosolic Ca 2+ 
concentration (=[Ca2+]i )  in cultured hippocampal 
neurons. 

2. Materials and methods 

2.1. Drugs and drug administration 

Flupirtine maleate  was a gift from ASTA Medica 
(Frankfurt,  Germany).  Dizocilpine (MK-801) was ob- 
tained from RBI (Cologne, Germany).  Stock solutions 
of flupirtine and dizocilpine were freshly prepared  
before each experiment by dissolving the drugs in 
physiological saline. Flupirtine was injected intraperi- 
toneally 1 h before or 15 min after the induction of 
ischemia. Control animals received vehicle only. 
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2.2. Focal  cerebral ischemia in mice 

Permanent  middle cerebral artery occlusion was 
performed in male NMRI mice (Charles River, 
Sulzfeld, Germany) according to the method of Welsh 
et al. (1987). The animals were anesthetized with tri- 
bromoethanol  (600 m g / k g  i.p.), and the left middle 
cerebral artery was occluded by microbipolar electro- 
coagulation. During the surgical procedure, the body 
temperature  was maintained at 37 _+ I°C by means of 
an infrared heating lamp. To prevent a decrease in 
body temperature,  the animals were kept at an envi- 
ronmental temperature  of 30°C up to 2 h after middle 
cerebral artery occlusion. 

Forty-eight hours after middle cerebral artery occlu- 
sion, the mice were once again anesthetized and per- 
fused intraperitoneally with the dye neutral red (1%, 
0.5 ml). The brains were removed and stored for at 
least 24 h in phosphate-buffered saline (pH 7.4) con- 
taining 4% formalin. The unstained infarct area on the 
brain surface was determined planimetrically by means 
of an image analysis system (IBAS 2, Kontron, Eching, 
Germany) as described by Backhau8 et al. (1992). 

2.3. Cell culture 

Mixed neuronal /gl ia l  primary cultures were derived 
from the hippocampi of newborn (P1) Fischer 344 rats. 
The dissected tissue chunks were treated with papain 
(0.1% in Leibovitz L-15 medium, Gibco) for 15 min at 
37°C and mechanically triturated by repeated slow 
pipetting through a fire-polished glass pipette. A trypsin 
inhibitor solution (1% in minimal essential medium 
(MEM), Gibco, containing 1% bovine serum albumin) 
was layered under the cell suspension. The suspension 
was centrifuged at 600 rpm at 20°C for 10 min. Finally, 
the cells were resuspended in MEM containing 10% 
NU serum (Collaborative Research) and seeded into 
poly-L-lysine-coated 35 mm Petri dishes (Falcon) at a 
final density of 3 × 105 cells/dish. Cells for fluores- 
cence measurements were seeded into Petri dishes 
containing a glass cover slip. The cells were grown in 
MEM supplemented with 10% NU serum, 100 I U / m l  
penicillin and 100 izg /ml  streptomycin, and kept in a 
humidified atmosphere of 5% CO 2 and 95% air. After 
2 days in vitro, glial cell proliferation was inhibited by 
adding 1 IzM cytosine-/3-D-arabinofuranoside for 24 h 
to the culture medium. Cells were used 8 days after 
plating. 

2.4. Glu tamate  neurotoxicity 

Exposure to glutamate was performed by transfer- 
ring the cells from conditioned culture medium to 
serum- and glutamine-free MEM supplemented with 
500 /~M L-glutamate. After 30 min of incubation, the 

cells were returned to the L-glutamate-containing MEM 
conditioned culture medium removed previously. After 
18 h, cell viability was determined by means of the 
trypan blue exclusion method. The cultures were incu- 
bated for 5 min with 0.4% trypan blue, which stains 
non-viable cells. Flupirtine was added to the cultures 
30 min before and during glutamate incubation and 
remained in the cultures until the next day, when the 
neuronal damage was evaluated. 

2.5. Calcium measurements  

[Ca2+]i was assessed by measurement of the fluores- 
cence ratio of the Ca 2 +-indicator dye fura-2 at 340 and 
380 nm (Grynkiewicz et al., 1985). Cultures were loaded 
with a solution of 1.5 IzM fura-2-acetoxymethyl ester 
(fura-2-AM, Sigma) in Hepes-buffered Hanks' bal- 
anced salt solution (HHBSS, pH 7.45, containing 137 
mM NaC1, 5.4 mM KC1, 0.41 mM MgSO4, 0.49 mM 
MgCI2, 1.26 mM CaCI2, 0.44 mM KI-I2PO4, 0.64 mM 
NazHPO4, 3 mM NaHCO 3, 5.5 mM glucose, and 20 
mM Hepes) with 0.02% pluronic F127 detergent for 30 
min at 37°C. Afterwards the cells were washed twice in 
HHBSS and incubated for another 30 min at 37°C. 
This time period was found to be sufficient for loading 
the cells with fura-2-AM and for hydrolysis of the 
permanent  acetoxymethyl ester. 

For fluorescence measurements, the glass cover slips 
were glued over holes in the bottom of 35 mm Petri 
dishes and placed on an inverted-stage Zeiss Axiovert 
100 microscope. The cells were alternately illuminated 
with light of wavelengths 340 and 380 nm by 
computer-controlled switching of narrow-band interfer- 
ence filters in front of a 75 W xenon lamp. An addi- 
tional 0.63 ND filter was used with the 340 nm filter. 
Light passed through a 425 nm dichroic mirror and a 
Zeiss LD Achroplan 40 X / 0 . 6  NA fluorescence objec- 
tive to reach the cells. Their  fluorescence emissions 
(500-530 nm) were monitored by a CCD camera, model 
C 2400-87 (Hamamatsu, Herrsching, Germany). Images 
were then digitized as 256 × 256 pixels by 8-bit arrays 
with a computerized imaging system (Argus-50, Hama- 
matsu, Herrsching, Germany). The fluorescence ratio 
340/380 nm was determined by dividing the image 
pairs. 

2.6. Preparation o f  the Ca 2 + calibration curve 

A Ca 2+ calibration curve was prepared according to 
the method of Grynkiewicz et al. (1985). Two stock 
solutions were prepared: one Ca2+-free E G T A  solu- 
tion (containing 100 mM KC1, 10 mM 3-(N-morpho- 
lino)propanesulfonic acid (MOPS), 10 mM E G T A  and 
1 /xM fura-2, pH = 7.2) and a second Ca2+-EGTA 
solution (containing additionally 10 mM CaCl2). Cali- 
bration buffers of different Ca 2+ concentrations were 
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then  p r e p a r e d  by mixing 0.3 x n ml C a Z + - E G T A  solu- 

t ion and 0.3 X (10 - n)  ml E G T A  solut ion (n = 0-10) .  

F luo re scence  images  at 340 nm and 380 nm were  

ob ta ined  for each  buf fe r  and the f luorescence  ratios of  

the  images  ( F 3 4 0 / 3 8 0  nm) were  ca lcu la ted  and plot-  

ted  as a ca l ibra t ion  curve. Ra t io  F 3 4 0 / 3 8 0  nm values  

o f  pixels were  then  automat ica l ly  t r ans fo rmed  to con- 

cen t ra t ion  values  by the  Argus-50  system. T h e  system 

was ca l ib ra ted  af ter  each  exper iment .  

2.7. Determination o f  drug effects on [Ca 2 +]i 

N e u r o n s  were  s t imula ted  first with 100 /zM gluta- 

m a t e  for  16 s to def ine  the cont ro l  increase  in [Ca2+] i. 

Five minu tes  la ter  the  same neurons  were  s t imula ted  

again in the  p re sence  of  de f ined  concen t ra t ions  o f  the 

drugs. To  dis t inguish neu rons  f rom glia in our  system, 

cells were  s t imula ted  with  50 m M  potass ium chlor ide  

(KCI) at the  end  of  the  exper iment .  Only  neu rona l  cells 

r e spond  to the  appl ica t ion  of  KC1 with a massive 

increase  in [Ca2+] i. T h e  drugs were  dissolved in H H B S S  

and were  appl ied  to the  cells by exchanging  the buf fe r  

in the Pet r i  dish. 

3. Results 

3.1. Focal cerebral ischemia 

Pre i schemic  admin is t ra t ion  o f  f lupi r t ine  r educed  sig- 

nif icantly the  infarct  a rea  in the  mouse  bra in  af ter  

midd le  ce rebra l  ar tery  occlusion (17% reduc t ion  by 1 
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Fig. 2. Postischemic administration of flupirtine failed to reduce the 
infarct area after middle cerebral artery occlusion in mice. Flupirtine 
1 mg/kg and 10 mg/kg was administered intraperitoneally immedi- 
ately after middle cerebral artery occlusion. The animals were per- 
fused with neutral red 48 h after middle cerebral artery occlusion. 
The unstained infarct area on the brain surface was calculated by 
means of an image analysis system. The values from two separate 
experiments are given as means+ S.D. (n = 12-17 animals). 

m g / k g  and 20% reduc t ion  by 10 m g / k g  f lupir t ine;  Fig. 

1). However ,  pos t i schemic  adminis t ra t ion  of  f lupir t ine  

fai led to r educe  the  infarct  a rea  (Fig. 2). 

3.2. Glutamate neurotoxicity 

Exposure  of  the neu rona l  cul tures  to 500 ~ M  gluta- 

ma te  for 30 min  resu l ted  in an increased  n u m b e r  of  

t rypan b lue-s ta ined  neurons .  Whi le  control  cul tures  

con ta ined  only 30 + 9.7% d a m a g e d  neurons,  gluta- 
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Fig. 1. Preischemic administration of flupirtine significantly reduced 
the infarct area after middle cerebral artery occlusion in mice. 
Flupirtine was administered intraperitoneally 1 h before middle 
cerebral artery occlusion. The animals were perfused with neutral 
red 48 h after middle cerebral artery occlusion. The unstained infarct 
area on the brain surface was calculated by means of an image 
analysis system. The values are given as means + S.D. from n = 11-15 
animals. Different from corresponding controls: *P < 0.05 (ANOVA 
followed by Duncan test). 
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Fig. 3. Pretreatment with flupirtine significantly increased the per- 
centage of viable cells after glutamate-induced excitotoxicity in pri- 
mary cultures of neurons from rat hippocampi. Eight-day-old neu- 
ronal cultures from rat hippocampi were damaged by 500 /zM 
L-glutamate for 30 min. Eighteen hours later cell viability was deter- 
mined by trypan blue exclusion. Flupirtine was added to the cultures 
30 min before and during glutamate incubation of the cultures until 
the next day, when cell viability was evaluated. The values are given 
as means + S.D. from five experiments. Different from corresponding 
controls: * *P < 0.01; * * *P < 0.001 (ANOVA followed by Duncan 
test). 
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Table 1 
Flupirtine reduces the glutamate-induced increase in [Ca2+] i in 
hippocampal neurons 

1st Stimulus Drug 2nd Stimulus 
[ C a 2  + ]i m a x  (nM) [Ca 2 ÷ ]i max (nM) 

860 _+ 250 - 840 _+ 229 
914+ 110 0.1/tM flupirtine 808 + 97 a 

1004 + 150 1 ~M flupirtine 716 + 178 a 
1001 + 137 10/zM flupirtine 630-t- 95 a 

1134+ 124 1/zM dizocilpine 757 + 182 a 

Neurons were stimulated first with 100 ~M glutamate to define the 
control increase in [Ca 2+ ]i (lst Stimulus) and 5 min later the same 
neurons were stimulated again with 100/zM glutamate in the pres- 
ence of defined concentrations of flupirtine or dizocilpine (2nd 
Stimulus). Data are given as means+ S.D. from 18-37 cells. Differ- 
ent from corresponding controls: a p < 0.001 (paired t-test). 
[ Ca2+ ]i max  = maximal increase in [Ca 2+ ]i after stimulation. 

mate - t rea ted  cultures showed a marked  increase in 
injured neurons  (72.2 + 6.7%). Flupir t ine (1 -10  /zM) 
added  30 min before  and up to 18 h after g lu tamate  
incubat ion caused a concen t ra t ion -dependen t  increase 
in cell viability (Fig. 3). 

3.3. Calcium measurements 

Double  st imulat ion with 100 /zM glutamate  of  hip- 
pocampa l  neurons  was completely  reversible. Flupir- 
t ine significantly a t t enua ted  the g lu tamate- induced  in- 
crease in [Ca2+] i at a concent ra t ion  of  0.1 /zM (Table 
1). Both  1 /zM flupirt ine (Fig. 3) as well as 1 /zM 
dizocilpine p roduced  a similiar reduct ion of  the gluta- 
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Fig. 4. Time course of [Ca 2÷ ]i changes in seven cultured hippocam- 
pal neurons. Cells were stimulated by 100 /zM glutamate to define 
the control increase in [Ca 2+ ]i. Five minutes later the same cells 
were stimulated again with 100/zM glutamate in the presence of 10 
/zM flupirtine. To distinguish neurons from glia, cells were stimu- 
lated with 50 mM KCI at the end of each experiment. The bars 
indicate the period of drug application (about 16 s). 

mate- induced  rise in [Ca2+] i (32% reduct ion of  the 1st 
st imulation with flupirtine and 37% with dizocilpine). 

4. Discussion 

In  the present  study we demons t ra te  that  fiupirtine 
pro tec ted  brain tissue against ischemic damage.  Aug-  
men ted  and prolonged activation of  neuronal  gluta- 
mate  receptors  is suggested to play a pivotal role in the 
development  of  ischemic neuronal  damage  (Choi, 1988). 
The  overactivation of  g lutamate  receptors  causes an 
increased influx of  Ca 2÷ and sodium ions (Na ÷) via 
N M D A  and n o n - N M D A  recep tor -opera ted  channels.  
The  neuronal  membrane  depolarizes and, in addit ion 
to the influx th rough  the N M D A  receptor -opera ted  
channels,  Ca 2+ enters the cell th rough  the voltage-op- 
era ted Ca 2÷ channels.  The  resulting intracellular Ca 2÷ 
accumulat ion is assumed to cause neuronal  death 
(Siesj6, 1991). Since there is evidence that  flupirtine 
may act on the N M D A  receptor  channel  complex 
(Schwarz et al., 1994; Osborne  et al., 1994), we tested 
its effect on g lu tamate- induced neuronal  degenera t ion  
in cul tured h ippocampal  neurons.  P re t rea tment  with 1 
or 10 /zM flupirtine pro tec ted  neurons  against gluta- 
mate- induced  excitotoxicity. Fur thermore ,  we demon-  
s t rated that  flupirtine reduced the g lu tamate- induced 
rise in [Ca2+] i (Fig. 4). In line with the calcium hypoth-  
esis, it has been  found that  neuroprotect ive  agents such 
as N M D A  receptor  antagonists  can reduce  the gluta- 
mate - induced  increase in [Ca2+] i (Hart ley et al., 1993; 
R o t h m a n  and Olney, 1987). Our  results demons t ra te  
that  fiupirt ine is able to inhibit the rise in [Ca2+]  i and 
based on this effect, fiupirtine could exert a neuropro-  
tective action in vivo and in vitro. The  mechanism 
responsible for the reduct ion of  the g lutamate- induced 
rise in [Ca2+]i is still not  completely unders tood.  
Flupirt ine could reduce  the Ca 2+ influx through 
N M D A  recep tor -opera ted  Ca 2÷ channels.  Fur ther-  
more,  flupirtine could possibly interact  with a2-adreno-  
ceptors  (Nickel et al., 1988), which are located in the 
h ippocampus  (U 'Pr ichard  et al., 1979). A n d r a d e  and 
Aghajan ian  (1985) could demons t ra te  that  activation of  
a2-adrenoceptors  induced hyperpolar izat ion of  the 
neurona l  m e m b r a n e  in locus ceruleus neurons.  Patch- 
clamp studies in our  laboratory also showed that  flupir- 
tine induced hyperpolar izat ion of  the membrane  in 
cul tured h ippocampal  neurons  (Jakob and Krieglstein, 
1995). This hyperpolar izat ion of  the neuronal  mem-  
brane  may hamper  the g lu tamate- induced depolariza- 
t ion and subsequently the Ca 2÷ influx th rough  N M D A -  
and vol tage-opera ted  Ca 2+ channels  could be dimin- 
ished. A reduct ion in high voltage activated Ca 2÷ in- 
flux by fiupirt ine has already been  shown (Jakob and 
Krieglstein, 1995). 

In  summary,  flupirtine reduced  the infarct area after 
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middle cerebral artery occlusion in mice and protected 
neurons against excitotoxic damage. These effects could 
be due to the reduction of the increase in [Ca2+]i . 
Further investigations concerning the receptor systems 
involved in the reduction of the intracellular Ca z+ 
accumulation by flupirtine are necessary. 
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