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T h e  l ipophi l ic  an t iox idan t  U - 1 8  f r o m  the  class o f  h i n d e r e d  pheno l s  p r ev en t s  the de-  
s t ruc t ion  o f  cul tured h i p p o c a m p a l  neurons  dur ing hypoxia  and  also in the  pos thypoxic  
r e o x y g e n a t i o n  per iod,  appa ren t l y  by  being s tably i n co rp o ra t ed  into the i r  phospho l ip id  
m e m b r a n e s  and  by  sa feguard ing  these  f r o m  f ree - rad ica l  damage  in the  co u r se  o f  
reoxygenat ion .  On  the o the r  hand ,  the p ro t ec t ion  afforded to the cul tured h ippocampa l  
n e u r o n s  by  superoxide  d ismutase  is p ro b ab ly  due  to its abil i ty to in t e r fe re  wi th  the 
pos thypoxic  neuron-degrad ing  processes  med ia t ed  through h y p e r p r o d u c t i o n  o f  superox-  
ide radicals  in the neu rona l  cy top lasm.  
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Results  o f  n u m e r o u s  in vivo and  in vitro exper i -  
m e n t a l  s t ud i e s  a t t e s t  to i m p o r t a n t  roles o f  f ree  
radicals  a nd  lipid p e r o x i d a t i o n  (LPO)  in causing 
damage  to  bra in  n e u r o n s  dur ing hypox ia / i schemia  
[5,6,8,15]. One  o f  the  factors  initiating these c o n -  
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ditions is activation o f  several in t racel lular  enzymes 
(phosphol ipase  A:, xan th ine  oxidase, N O  synthase) 
by  ca lc ium ions. The hypers t imulat ion o f  glutamate 
r ecep to r s  resulting f r o m  increased  p r e sy n ap t i c  re-  
lease o f  g lu tamate  and  i m p a i r m e n t  o f  the  mecha -  
nisms o f  its reuptake  u n d e r  co n d i t i o n s  o f  energy  
d e f i c i e n c y  causes c a l c i u m  to a c c u m u l a t e  in the 
cytosol .  As a c o n s e q u e n c e ,  the level  o f  l o w - m o -  
lecu la r  substrates an d  the act ivi ty  o f  e n z y m e s  in- 
voNed  in the  genera t ion  o f  reactive oxygen  species 
b e c o m e  great ly  e levated during hypoxia .  
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Pig. 1. Quantitative characteristics of the destruction of cultured hippocampal neurons during hypoxla and after the addition 
of antioxidants U--18 (25 riM) or SOD (300 U/ml). White bars: percentage of dead cells; dark bars: released LDH {units). a: 
I) control; 2) hypoxia for 8 h + reoxygenation for 18 h without U--18; 3) hypoxia for 8 h with U--18 + reoxygenation for 18 
h with U-18. b: 1) control; 2) hypoxia for 15 h without U--18; 3) hypoxia for 15 h with U--18. c: I) control; 2) hypoxia for 8 
h + reoxygenation for 16 h without SOD; 3) hypox/a for 8 h + reoxygenation for 16 h with SOD; 4) control in the presence 
of SOD. d: I (L I/) control; 2) incubation with glutamate (100 p.M) for 7--8 h (/) or 18--24 h (I/~ without U--18; 3) incubation 
with glutamate (100 rtM) for 7--8 h (/) or 18-24 h (I/) with U-18.'p<0.05 in comparison with 2 in each test series; "'p<0.05 
in comparison with 3 in Fig. 1, d. Number of cultures tested: 6-- 14 in a; 5--6 in b; 15--25 in c; 6-- 14 in d. 

N e u r o n s  are bel ieved to sustain the greatest  
damage  in the pos thypox ic  r e o x y g e n a t i o n  per iod,  
i.e., u n d e r  c i r cums tances  par t icular ly  favorable for 
the fo rma t ion  o f  free radicals  [14]. The  LPO ac -  
tivated during this per iod greatly aggravates the de-  
structive processes  ini t ia ted in the hypoxic  per iod  
so as to make  t h e m  irreversible and  cause delayed 
neuronal  death.  

In  in vivo exper iments ,  s epa ra t ion  o f  the hy-  
poxic  pe r iod  f r o m  the p o s t h y p o x i c  o n e  is neces -  
sarily r a the r  arbi t rary.  In  nerve  cell cul tures ,  the 
process  o f  neu rona l  des t ruc t ion  and  the impact  o f  
n e u r o p r o t e c t o r s  o n  the l a t t e r  can  be e x a m i n e d  
dur ing  b o t h  hypox i a  and  r eoxygena t ion .  In this 
work ,  we e x a m i n e d  the syn the t i c  l ipophi l ic  ant i -  
ox idan t  U - 1 8  f r o m  the class o f  h i n d e r e d  pheno l s  
[2] a n d  t he  n a t u r a l l y  o c c u r r i n g  a n t i o x i d a t i v e  
m e t a l l o e n z y m e  s u p e r o x i d e  d i s m u t a s e  ( S O D )  
for  their  effects  in h i p p o c a m p a l  cell cul tures  sub-  

j e c t e d  to hypox i a  with o r  w i t h o u t  subsequen t  re-  
oxygenat ion.  

MATERIALS AND METHODS 

Dissoc ia ted  h ippocampa l  cells f r o m  17- to 19-day 
embryos  o f  C57B1 mice were  cu l tured ,  as we de-  
s c r ibed  ea r l i e r  [9], on  c o v e r  glasses  in plas t ic  
dishes 40 m m  in d i ame te r  p laced  in a CO 2 i ncu -  
b a t o r  (95% air  + 5% CO2) at 35~ The tests 
were c o n d u c t e d  with cultures conta in ing differenti- 
ated neurons  and mature synapt ic  junc t ions  (16-20 
days in vitro) [9]. Before the cultures were exposed 
to hypox ia ,  the nu t r i en t  m e d i u m  was r e m o v e d  
f rom the dishes and s tored in an incuba tor ,  while 
the cultures were washed three t imes in a balanced 
salt so lu t ion  con ta in ing  (in m M )  113.0 NaC1, 5.0 
KCI ,  1.8 C a C I  2, 1.0 MgC12, 1.0 Na2HPO4,  24.0 
N a H C O 3 ,  and  5.0 glucose.  Therea f te r  the ant ioxi-  
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dant (either U-18 or SOD) was added to this so- 
lution in the appropriate concentration and the 
cultures were incubated there for 30 rain before 
being placed (in dishes without lids) in a hermeti- 
cally sealed chamber filled with a gaseous mixture 
of 95% nitrogen and 5% carbon dioxide to be 
exposed to hypoxia for periods required by the 
experimental conditions. Oxygen concentrations in 
the chamber, measured polarographically, never ex- 
ceeded 1%. For reoxygenation, the cultures were 
removed from the chamber, washed in the bal- 
anced salt solution, placed in the same nutrient 
medium as before, and returned to the CO 2 incu- 
bator for 16-20 h. Neuronal destruction and the 
protective action of the antioxidants were evaluated, 
as described by us previously, by counting the 
number of  dead neurons (relative to the total 
number of  neurons) in the cultures stained with 
vanadium hematoxylin [1] and by measuring lac- 
tate dehydrogenase (LDH) activity in absolute 
units/ml in the incubation medium [11]. Cultures 
incubated for appropriate periods in the balanced 
salt solution under normoxic conditions served as 
controls. The results were treated statistically using 
Student's t test. 

RESULTS 
After the exposure to hypoxia (for 6-8 h) and 
subsequent reoxygenation (for 16-20 h) 67+1.8% 
of the neurons were dead. The presence of the U- 
18 antioxidant (25 ~M) in the incubation medium 
during hypoxia reduced more than fourfold (to 
15.5+1.9%) the proportion of neurons found to be 
dead after the termination of the reoxygenation 
period, during which the cultures were incubated 
without the antioxidant (Fig. 1, a). These fmdings 
correlated with the time course of LDH activity 
(6.5+2.3 units with U-18 vs. 26.6+2.3 units with- 
out it). Without reoxygenation, a similar destruc- 
tive effect  (62.3+5.1% of  dead neurons)  was 
achieved with cultures exposed to hypoxia for 15 
h. It is important to note that in the presence of 
U-18 the proportion of nerve cells dying during 
this period was also significantly reduced (to 
17.5+3.9%) (Fig. 1, b). 

In cultures subjected to hypoxia and subsequent 
reoxygenation, a marked protective effect was ex- 
erted by SOD (300 units/ml). In the incubation 
media obtained from these cultures, LDH activity 
was 7.7+1 units as compared to 15.8+2.1 units in 
the absence of SOD (Fig. 1, c). SOD also exerted 
a protective effect in the control cultures incubated 
in the balanced salt solution without being exposed 
to hypoxia: LDH activity was 4.1+0.9 units vs. 

9.3+1.4 units in the control cultures incubated 
without SOD. 

As suggested above, one cause of excessive 
production of free radicals and activation of LPO 
in hypoxia/ischemia may be hyperstimulation of  
postsynaptic glutamate receptors. This suggestion is 
supported by the results of  a study where protec- 
tive effects of  LPO inhibitors (21-aminosteroids) 
were demonstrated both against the cytotoxic a c -  
tivity of excitatory amino acids and during hypoxia 
and glucose deprivation [13]. A similar effect was 
produced by U-18 in our experiments. In cultures 
to which this antioxidant was added during their 
treatment with glutamate (100 ~tM) for 7-8 h or 
18-24 h, the proportion of dead neurons was 
26.5+1.8% and 38.1+2.7%, respect ively ,  vs.  

38.1+1.9% and 70.1+2.5% in cultures that did not 
contain U-18 (Fig. 1, d). 

In our previous study, U-18 produced an 
antidestructive effect when added to cultures dur- 
ing the posthypoxic reoxygenation period [3]. The 
finding in the present study that this antioxidant 
is capable of preventing nerve cell death when 
present in the culture only during hypoxia may be 
taken as evidence of its prolonged effect, apparently 
as a result of  its stable incorporation into the 
phospholipid membranes and the prevention of 
LPO through binding of  free radicals that are ac- 
tively produced during reoxygenation. On the other 
hand, the reduction in the number of dead neu- 
rons observed for cultures where U-18 was present 
during prolonged hypoxia (without subsequent 
reoxygenation) makes it likely that free radicals 
can also be produced to excess when the access of 
oxygen to nerve cells is limited, which, however, 
does not exclude the possibility of a membra- 
notropic stabilizing action of U-18 not associated 
with its neutralization of free radicals. 

The protective action of SOD seen in the 
present study confirms that this cytoplasmic anti- 
oxidant enzyme possesses neuroprotective properties 
observed previously in in vivo and in vitro studies 
where central neurons were subjected to cytotoxic 
or hypoxic damage [4,7,10,12], and appears to re- 
flect the ability of SOD to prevent damage asso- 
ciated with the generation of superoxide radicals 
[7]. Since the lipophilic antioxidant U-18 and the 
hydrophilic antioxidant SOD can accumulate, re- 
spectively, in phospholipid membranes and cyto- 
plasm, their antidestructive effects may be an in- 
dication of excessive production of reactive oxygen 
species in various morphofunctional compartments 
of the neuron. 

Our results, in conjunct ion with those of  
other authors, attest to the ability of antioxidants 
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to  p r o t e c t  n e u r o n s  ef fec t ive ly  f rom hypox ic  d ea th  
and  w i d e n  p r o s p e c t s  fo r  the  use o f  these  c o m -  
pounds  in d isorders  o f  cerebra l  c i rcu la t ion  leading 
to  i schemic  disease.  

This  s tudy  rece ived  s u p p o r t  f r o m  the  Russian 
F o u n d a t i o n  for  Basic Research.  
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The  effects o f  the his t idine-containing dipeptide carnos ine  and o f  histidine o n  the activ- 
i ty o f  15-hpoxygenase from rabbit reticulocytes are studied. It  is shown that  low concen -  
trations o f  carnosine (0.5-4 m M )  activate oxidat ion o f  arachidonic  acid by  l ipoxygenase,  
while high concen t r a t i ons  (>4 m M )  inhibit  the e n z y m e  activity.  Hist idine elicits no  
act ivatory effect,  a l though its inhibi tory activity is comparab le  to that  of  carnosine.  

Key Words: 15-l ipoxygenase;  reticulocytes; arach idon ic  acid; carnos ine  

The  processing o f  a rach idon ic  acid (AA) results in 
the fo rmat ion  o f  pros taglandins  and t h r o m b o x a n e s  
(the cyc looxygenase  pathway)  and leukotr ienes  and 
l i p o x i n s  ( t h e  l i p o x y g e n a s e  p a t h w a y )  [6]. 15-  
L ipoxygenase  o f  r e t i cu locy tes  was or ig ina l ly  de -  
scr ibed in 1979 [12]. This e n z y m e  oxidizes  AA to 
leukotr ienes  and actively p roduces  l ipoxin B a wi th-  
ou t  the i n v o l v e m e n t  o f  o t h e r  l ipoxygenases  [10]. 
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The  l ipoxygenase  reac t ion  is cha rac te r i zed  by  act i -  
vat ion with l ipoperox ides  [11]. N o  o t h e r  na tura l ly  
occur r ing  ac t iva tors  o f  t hese  en zy m es  have b e e n  
found.  The  e n z y m e s  are inhib i ted  b y  various c o m -  
pounds ,  inc luding ant ioxidants  [1], s ince oxidat ion 
o f  unsa tu ra ted  fat ty acids is a f ree- radica l  process.  

We e x a m i n e d  the e f f ec t  o f  the na tu ra l ly  oc -  
curr ing  h i s t i d i n e - c o n t a i n i n g  d ipep t ide  ca rnos ine ,  
which elicits a po ten t  an t ioxidant  effect  in vivo and  
in vitro [7], o n  the l ipoxygenase  p a t h w a y  o f  AA 
oxidat ion.  In  addi t ion  to  an t i ox idan t  activity,  this 
d ipept ide  exhibits  antis tressor,  i m m u n o m o d u l a t i n g ,  
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