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Effect of Naftidrofuryl on Metabolism and Survival of 
Cultured Neurons 
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The direct influence of Naftidrofuryl, a drug widely used for the treatment of cerebrovascular 
diseases, on the metabolism and survival of neurons was investigated in 8-day-old chick embryo 
forebrain cultures. Interaction of Naftidrofuryl with neurons resulted in the increase of the intra- 
cellular cyclic AMP levels. Naftidrofuryl stimulated deoxyglucose uptake and lactate production 
in a time- and dose-dependent fashion. These effects were observed after a few minutes following 
the beginning of the treatment with Naftidrofuryl. In parallel to the action on the metabolic activ- 
ities, Naftidrofuryl was able to increase the survival rate of a significant proportion of the neuronal 
population. These data support the notion that Naftidrofuryl may act as a neuroprotective agent. 
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lactate production. 

INTRODUCTION 

Nafitidrofuryl (figure 1) increases blood flow both 
in the peripheral and cerebral circulations of the intact 
animal (1-4). It is used for several years, both intrave- 
nously and per os, for the treatment of peripheral ath- 
erosclerotic disease, in particular intermittent claudication 
(5-10), and acute and chronic cerebrovascular disorders 
(11-12). 

It has been suggested that this latter beneficial effect 
of Naftidrofuryl could be attributed to its vasodilatator 
action on the cerebral vasculature. Indeed, Naftidrofuryl 
is thought to act at different levels in the blood vessels 
to cause release of endothelium-derived relaxing factors 
(13-14), inhibition of S2-serotoninergic receptors of the 
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Fig. 1. Chemical structure of Naftidrofuryl. 

vascular smooth muscle (15), inhibition of adrenergic 
neurotransmission (16) and inhibition of muscle con- 
traction by a non-selective process in vascular smooth 
muscle (17). 

It has been recently suggested that besides its action 
on the cerebral vasculature, Naftidrofuryl could interact 
directly with nerve cells. Particularly, Naftidrofuryl is 
able to influence several enzyme activities related to en- 
ergy transduction (such as cytochrome oxidase, malate 
dehydrogenase, succinate dehydrogenase) in synapto- 
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somes prepared from rats subjected to hypoxia (18-20). 
Furthermore,  Naft idrofuryl  has been shown to promote 

neurite outgrowth of dorsal root gangl ionic  neurons  cul- 
tured in vi tro,  increasing the number  as wel l  as the length 

of the outgrowing neurites (21). 

The aim of the present  s tudy was to demonstrate  

and to characterize the direct effect of Naft idrofuryl  on 

neurons .  For  this purpose,  cultures of  8-day-old chick 

embryo  forebrain have been used (22). This  culture sys- 
tem allows culture of neurons  in a wel l -def ined chemical  

env i ronment ,  in the absence of  any  other cell type, and 
is part icularly suited for the analysis  of  neuronal  growth- 
and survival -promot ing molecules .  It is reported here 
that Naft idrofuryl  is able to interact with a fraction of 

the neuronal  populat ion present  in the cultures,  increas- 
ing the cyclic A M P  levels,  glucose transport and gly- 
colysis rate, and thereby promot ing  neuronal  survival .  

E X P E R I M E N T A L  P R O C E D U R E .  

Culture of Neurons. Methods for culture of 8-day-old chick em- 
bryo forebrain were as previously described (22). Cultures were ini- 
tiated in Dulbecco's Modified Eagle medium / Ham F12 medium mixture 
(1/1, by vol) supplemented with 20% heat-inactivated fetal calf serum 
and kept for 3 days in this medium in a humidified atmosphere of 95% 
air / 5% CO2 at 37~ From the 4th day in vitro, the serum-containing 
medium was replaced by a hormonally-defined serum-free medium 
with transferrin, insulin, putrescine, progesterone and selenium as sup- 
plements, as described (23). Media were renewed at alternate days. 

Determination of Cell Survival. Neuronal survival was assessed 
by counting the cells present in the cultures, since it has been shown 
previously that 96% of the cells in this culture system meet the criteria 
of neurons (22). Cells were counted as healthy if they appeared as a 
phase-dark cell body with a surrounding phase-bright halo and branch- 
ing processes, and displayed no sign of either inclusion bodies, vac- 
uolization, membrane bebbling or swelling. Counts were performed 
on 15 different fields (0.9 mm 2) of 3 cultures from separate experi- 
ments. 

Cyclic AMP Assay. Seven-day-old cultures grown in 60 mm di- 
ameter dishes were preincubated for 20 rain in the absence of Naftid- 
rofuryl, followed by incubation with the drug. Incubations were carried 
out in 4 ml of Hepes-buffered Krebs-Ringer solution (KRH) containing 
1 mM isobutylmethylxanthine (IBMX) to inhibit phosphodiesterase 
(24). The incubation was terminated by the addition of 0.35 ml of ice- 
cold 1 M perchloric acid to the cell layer. After homogenization and 
centrifugation at 5,000xg for 15 min, the supernatants were brought 
to pH 7 with 3 M K2CO3 and cyclic AMP content was determined 
with the cyclic AMP RIA kit from New England Nuclear. 

Deoxyglucose Transport. Transport of 2-deoxy-D-glucose (2-DG) 
was assayed on cultures grown in 35 mm diameter dishes, which have 
been refed 48 hr earlier, as previously described (23). The dishes were 
washed twice in KRH and preincubated in 2 ml of KRH for 15 min. 
The KRH medium was then discarded and the incubation was initiated 
by adding 2 ml of KRH containing 1 mM [(3H)]2-DG (40 Ci/mmol; 
l~Ci/ml). At the end of the incubation, the radioactive medium was 
quickly removed and the cultures were washed three times with 0.15 
M NaC1. After drying at room temperature, the cells were solubilized 

in 1 ml of 0.1 M NaOH and aliquots were removed for scintillation 
counting in Rotiszint 22 scintillation fluid. The specificity of the 2- 
DG transport was established by incubating cultures with [(3H)]2-DG 
with or without an excess of non-radioactive D-glucose (100 mM). 
Specific transport of 2-DG represented total transport in the absence 
of glucose minus the transport in the presence of 100 mM glucose. At 
a concentration of 1 mM 2-DG, specific transport was about 95% of 
total transport. The kinetic parameters of 2-DG transport were calcu- 
lated by computer-fitting the data to a hyperbola (25). 

Lactate Production. Lactate production was measured by a radio- 
chemical method after incubation of the neurons with radioactive glu- 
cose. Cultures grown in 60 mm diameter dishes (4 ml of medium) 
were rinsed with culture medium and incubated in medium containing 
7.7 mM [U-14C]D-glucose (275 mCi/mmol; 1 r The production 
of [x4C]lactate was measured in samples (0.2 mI) of the incubation 
medium after various times of incubation by thin-layer chromatography 
on silica gel plates, with saturated diethylether: 80% formic acid (70:10, 
v/v) as developing solvant, as described (26). The lactate region was 
scraped, eluted with 2 ml water and radioactivity was determined by 
scintillation counting. This method completely separated lactate from 
glucose, the two major metabolites present in the medium at the end 
of the incubation. 

Protein Measurement. Determination of cellular proteins was per- 
formed by the BioRad Bradford method (27), with bovine serum al- 
bumin as standard. 

Mate~als. 2-Deoxy-D-[2,6-3H]glucose and D-[U-14C]glucose were 
purchased form the Radiochemical Centre, Amersham (Les Ulis, France). 
[125I]cyclic AMP RIA kits were from New England Nuclear (Dreieich, 
FRG). Rotiszint 22 scintillation fluid was from Roth (FRG). Ham's 
F12 and Dulbecco's Modified Eagle culture media were from Gibco 
(France). Fetal calf serum was obtained from Flow Laboratories (France). 

The supplements for the serum-free media were from Sigma (USA). 
All other chemicals were of analytical grade and were obtained com- 
mercially. 

R E S U L T S  

Effect of Naftidrofuryl on Cyclic A M P  Levels. When 
cultures were incubated with 10 n M  Naftidrofuryl  in the 
presence of the phosphodiesterase inhibitor IBMX, a rapid 
increase in the intracellular  level of  cyclic A M P  (cAMP) 
could be observed (Figure 2). The st imulat ion was half- 

maximal  after I rain of incubat ion  ( +  40%) and reached 
a peak after 5 rain ( +  80%). With  longer incubat ions,  
the response was decreased and the cAMP had a tend- 

ency to reach control values.  
The effect of various doses of Naftidrofuryl on cAMP 

accumulat ion in neurons  after 5 min  treatments is shown 
in Figure 3. The drug was found to be the most  potent 
at concentrat ions around 10-100 n M  (3-fold increase).  
The st imulat ion was less marked with higher (10 ~M)  
concentrat ions.  The values  of hal f -maximal  st imulat ion 
(ECso) were around 1-3 nM.  

Influence of  Naflidrofuryl on the Survival of  Neu- 
rons. In the chick embryo neuronal  culture system used 
in this study, the number  of neurons  has been shown to 
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Fig. 2. Time-course of the increase of intracellular cyclic AMP levels 
by Naftidrofuryl. 
Seven-day-old cultures were incubated for various times in KRH, in 
the presence (e) or in the absence (o) of 10 nM Naftidrofuryl. All 
incubations were performed in the presence of I mM IBMX. Afer the 
indicated times, intracellular cyclic AMP was determined by RIA, as 
described in the Experimental Procedure section. Each point is the 
mean of 6-10 cultures, with SD less than 10%. 
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Fig. 3. Dose-response curve for the increase of cyclic AMP levels by 
Naftidrofuryl. 
Cultures were incubated with the indicated concentrations of Naftid- 
rofuryl in IBMX-containing KRH. The intracellular content of cyclic 
AMP was measured after 5 min incubation with Naftidrofuryl. Each 
point is the mean of 6 different cultures, with SD less than 10%. 

remain stable for 7 days in vitro (22). Figure 4 shows 
that after the 7th day of culture, there was a progressive 
decline of the number of neurons. At the l lth day of 
culture, only 23% of the neurons present at the 7th day 
were able to survive under standard culture conditions. 
When treated with 10 nM Naftidrofuryl, from the 4th 
day in vitro, the early decline in cell number was delayed 
: there was no measurable cell loss from the 7th to the 
9th day of culture. Thereafter, the number of neurons 
decreased in treated cultures, with a pace apparently sim- 
ilar to that observed in control cultures. At the 11th day 
of culture, the number of surviving neurons represented 
55% of the neurons that were present at the 7th day. As 
shown in Table I, the effect of Naftidrofuryl on neuronal 
survival at the 11th day was dose-dependent. Without 
Naftidrofuryl, only 23% of the cells present at the 7th 
day survived. Naftidrofu~d significantly increased the 
survival rate of neurons when added at 10 and 100 nM 
concentrations (55 and 43% of survival, respectively). 
At lower (1 nM) or higher (1 t~M) concentrations, this 
effect was no more visible. 

Representative fields of neurons at the 11th day in 
vitro are shown in Figure 5. In cultures maintained under 
standard conditions, most of the neurons degenerated at 

this time (Figure 5a). Figure 5b shows a field of a culture 
treated with 10 nM Naftidrofuryl from the 4th day, where 
healthy neurons can be seen. 

Effect of Nafiidrofuryl on Deoxyglucose ;transport. 
Cultures grown for 7 days were incubated with Naftid- 
rofuryl (10 or 100 nM) for various times over a 24 hr- 
period and tested for their competence for 2-DG trans- 
port. The level of 2-DG transport remained unchanged 
in control cultures over the 24 hours of the experiment 
(72 + 6 nmol/20 min/mg of protein) as earlier described 
(23). The time-course of stimulation of the 2-DG trans- 
port activity by Naftidrofuryl is shown in Figure 6. 
Treatment of the cultures with 10 or 100 nM Naftidro- 
furyl resulted in an increase of the 20 min-accumulation 
of 2-DG. The 2-DG transport increased after the first 
minutes of treatment and reached its maximal level (+  
30%) after 30-45 min. The 2-DG transport value did not 
further increase. This stimulation was seen until 24 hours 
after the beginning of the treatment and then slightly 
declined until 48 hr (not shown). The increase in 2-DG 
transport was dose-dependent, with maximal stimulation 
at - 5 0  nM and ECso of - 2  nM (Figure 7). At higher 
(> 100 nM) Naftidrofuryl concentrations, this effect was 
markedly decreased. 
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Fig. 4. Effect of Naftidrofuryl on survival of neurons in ll-day-old 
cultures. 
Chick embryo forebrain neurons were seeded at an initial concentration 
of 50 cells/mm 2 and grown in serum-free medium from the 4th day of 
culture, with (e) or without (o) 10 nM Naftidrifuryl. Neurons were 
counted at daily intervals in the cultures, examining 15 uniformely 
spaced fields of view at x200 with phase contrast optics. 

Table I. Effect of Various Concentrations of Naftidrofuryl on 
Neuronal Survival After 11 Days of Culture 

i i i i i  i i i i  i i i  

% of remaining 
Number of neurons/mm 2 cells # 

Control 7.1 • 3.5 23 
Naftidrofuryl, 1 nM 9.2 _ 4.6* 30 
Naftidrofuryl, 10 nM 16.7 • 5.1"* 55 
Naftidrofuryl, 100riM 13.1 -+ 4.3** 43 
Naftidrofuryl, 1 ~zM 8.8 -+ 3.9* 29 

i 

Neurons were treated and counted as described in the legend of Figure 
6. 
# Number of surviving neurons after 11 days of culture, compared to 
the number of neurons present at the 7th day of culture (identical in 
treated and untreated cultures). 
* non significantly different from control cultures, 
** significantly different from control cultures (P < 0.005, Student's 
t test). 

Analys is  of the kinetic parameters of the 2-DG 
transport in control and treated cultures showed that Naf- 
t idrofuryl did not  affect s ignif icant ly  the apparent " K t "  
of the transport system of 2 -DG,  but  increased its V m a x  
by 66% (Table II). 

Effect of Nafiidrofuryl on Lactate Production. The 
product ion of [~4C]lactate was  determined in the culture 

Fig. 5. Survival of neurons after 11 days in vitro in control and Naf- 
tidrofuryl-treated cultures. 
Chick embryo forebrain neurons were grown in serum-free culture 
medium without (a) or with (b) 10 nM Naftidrofuryl from the 4th day 
in vitro and observed after 1t days of culture. (a) shows that most of 
the cells in control cultures degenerated after 11 days. (b) is an example 
of a field in Naftidrofuryl-treated cultures where healthy neurons can 
be seen after 11 days of culture. 

med ium of control and treated cultures incubated in the 
presence of [U-14C]-D-glucose. As shown in Figure 8, 

lactate product ion increased when  the neurons  were in- 
cubated with 10 n M  Naftidrofuryl .  This  s t imulat ion was 
detectable after on ly  10 rain of t reatment ( +  40%) and 

reached its m a x i m u m  after 4 hours ( +  90%).  

The dose-response curve for the effect of  Naftid- 
rofuryl on the product ion of lactate is shown in Figure 
9. The measurements  of lactate levels were performed 
over a period of 2 hours in cultures that have been treated 
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Fig. 6. Time-course of 2-dcoxyglucose transport stimulation by Naf- 
tidrofuryl. 
Seven-day-old cultures were treated with 10 nM (e) or 100 nM (o) 
Naftidrofuryl. At the indicated times after initiation of the treatment, 
the cultures were incubated for 20 rain with [SH]2-deoxy-D-glucose 
and specific transport was determined as described in the Experimental 
Procedure section. 
Transport of DG did not change in control cultures (T) over the 24 
hours of the experiment. Values are means of 4-6 cultures with S.D. 
less than 10%. 

I I 

=1 80 

e ~  

'~ 70 

i 
60 

i I , J i i 

9 8 7 6 5 

-log [Naftidrofuryl] , M 

Fig. 7. Dose-response curve for the effect of Naftidrofuryl on 2-deox- 
yglucose transport. 
Specific 2-DG transport was determined on cultures treated with var- 
ious concentrations of Naftidrofuryl. All points are means of 5-6 dif- 
ferent cultures (S.D. less than 10%). 

Table II. Effect of NaftidrofuryI on the Kinetic Parameters of 
[SH]2-Deoxygtucose Transport in Cultured Neurons 

"Kt"  (mM) 

Y m a x  

(nmol/20 min/mg 
protein) 

Control 1.33 • 0.13 14.2 • 1.8 
Naftidrofuryl, 50 nM 1.46 • 0.19 23.6 _+ 1.7 

8-day-old cultures were incubated for 3 hours in the absence or pres- 
ence of 10 nM Naftidrofuryl. Cultures were then incubated at 37~ 
for 5 min in 2 ml of KRH containing 1 ~Ci/ml of [SH]-2-DG and non 
radioactive 2-DG over the concentration range of 0.1 - 10 mM. 
Specific 2-DG transport was determined using 4 dishes for each con- 
centration, as described in the Experimental Procedure section, and 
the kinetic parameters of 2-DG transport were obtained by computer- 
fitting the data to a hyperbola (25). 
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Fig. 8. Time-course of lactate production in control cultures (o) and 
in cultures treated with 10 nM Naftidrofuryl (e). 
Seven-day-old cultures were incubated in culture medium containing 
[U-14C]D-gtucose, without or with 10 nM Naftidrofuryl, Aliquots of 
the culture medium were taken after various times during 4 hours for 
[14C-]lactate determination. Values are means of 3 cultures with SD 
less than 5%. 

concentra t ion was  > 100 nM.  Ha l f -max ima l  effect  was  

achieved at - 5  nM.  

for the 4 preceeding  hours wi th  var ious  concentra t ions  
of  Naft idrofuryl  (in order to per form max ima l  stim- 

ulation).  The  s t imulat ion by Naft idrofuryl  was  max ima l  

at concentrat ions  around 50 n M  and decl ined w h e n  the 

D I S C U S S I O N  

The exper iments  descr ibed above show that Naftid-  

rofuryl ,  one o f  the most  c o m m o n l y  used drug in periph- 

eral and cerebral  i schemic  accidents ,  exerts protect ive 
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Fig. 9. Dose-response curve for the effect of Naftidrofuryl on lactate 
production. 
Cultures were incubated without or with various concentrations of 
Naftidrofuryl. After this period of treatment, cultures were incubated 
in medium containing [t4C-]D-glucose and the [14C]Iactate released 
into the medium was determined after 2 hours. Values are means of 
3 different cultures, with S.D. less than 5%. 

effects on cultured neurons from 8-day-old chick embryo 
forebrain. These results provide support for the hypoth- 
esis that, besides of its reported actions on the cerebral 
macro- and micro-circulations (see the Introductory Sec- 
tion), Naftidrofuryl is also able to directly act at the level 
of the neurons. 

Thus, incubation of cultured neurons with Naftid- 
rofuryl resulted in a 3-fold increase of the intracellular 
cAMP concentration measured in the presence of phos- 
phodiesterase inhibitor. The maximal effect was found 
with 10-100 nM Naftidrofuryl concentrations and the 
values for half-maximal stimulation were around 1-3 nM. 
Whether the increase of cAMP is due to increased cAMP 
production or to decreased hydrolysis cannot be con- 
cluded from the present data. However, since all cAMP 
measurements were done in the presence of IBMX (which 
increased the basal level of cAMP by 3-fold), it is un- 
likely that the Naftidrofuryl-induced rise in cAMP is due 
to inhibition of phosphodiesterase. In addition, it is not 
clear if Naftidrofuryl stimulates cAMP production by a 
direct activation of cell surface receptors, or by an in- 
direct mechanism, such as the production or release of 
a substance capable of activating in turn cAMP produc- 
tion. 

Long-term (up to 7 days) treatments with 10 nM 
Naftidrofuryl had a beneficial effect on the survival of 

a significant proportion of the total cell population. In 
the culture system used for this study, the processes of 
cell death start at the 7th day in vitro, and death of the 
totality of the population is completed by the 12th day 
of culture (22, 28). In the treated cultures, the decrease 
in cell number was delayed : it began only at the 10th 
day and death of the whole population of neurons was 
completed by days 14-15 in vitro. Although these cul- 
tures are devoid of cells other than neurons, they consist 
in heterogenous populations of neurons (28). It cannot 
be concluded, therefore, whether the survival-promoting 
effect of Naftidrofuryl addresses a particular neuronal 
subpopulation or if it has a wider neuronal spectrum. 

Since glucose is considered as the most important 
energy source for the neurons, it was of interest to in- 
vestigate whether the effect of Naftidrofuryl on cell sur- 
vival was accompanied by metabolic effects on the 
transport and utilization of glucose. Effects of the drug 
on aerobic glucose metabolism facilitation, lactate pro- 
duction and energy stores levels have been reported pre- 
viously, especially under anoxic or ischemic conditions 
(18,19,29). The present results show that Naftidrofuryl 
was able to stimulate both glucose transport (as mea- 
sured by deoxyglucose uptake) and utilization (as mea- 
sured by lactate production). Similar stimulation of glucose 
transport in these cultures has been shown with ACTH- 
peptides (23). The ACTH-induced effect was observed 
after a delay of 16 hours and required active protein 
synthesis. It appears from the kinetic analysis of the 
glucose transport stimulation that Naftidrofuryl, like the 
ACTH-peptides, increased the number of transport sites 
(as shown by the increased Vmax) without affecting the 
apparent affinity of the transport system for glucose (no 
change in the "Kt" .  The time-course of the stimulation 
of glucose transport of Naftidrofuryl (half-maximal in- 
crease after only 10 min) is nevertheless inconsistant 
with an increased synthesis of new glucose transporter 
molecules, as it was the case with ACTH. There is now 
compelling evidence in support of the hypothesis of re- 
versible translocation of glucose transporters from an 
intracellular pool to the plasma membrane (30,31). The 
stimuIation of glucose transport by Naftidrofuryl could 
be explained by this mechanism. 

In many neuronal cultures originating from embry- 
onic brain, about 50% of the consumed glucose is con- 
verted into lactate (for review, see Ref. 32). Lactate 
production can therefore be used as an index of the met- 
abolic state of the cells. Indeed, lactate production has 
been shown to rise after a few minutes of Naftidrofuryl 
treatment. Thus, the increased ability of neurons to take 
up and to metabolize glucose could represent the basis 
of the survival-promoting effect of Naftidrofuryl. 
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In the background of  the present  study,  there is 

reason to propose  that Naft idrofuryl  acts as a protect ive  

factor for neurons.  These  effects,  combined  wi th  its ac- 

tions on cerebral  macro-  and micro-c i rcula t ions ,  could 

account  for the benef ic ia l  effect  o f  the drug in cerebro-  

vascular  diseases.  
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