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Abstract : Culture of neuroblastoma cells in α med ium of
low-thiamine concentration (6 ηΜ) and in the presence
of the transport inhibitor am prolium leads to the appear-
ance of overt signs of necrosis ; i .e ., the chromatin con-
denses in dark patches, the oxygen consumption de-
creases, mitochondria are uncoupled, and their cristae
are disorganized . Glutamate formed from glutamine is
no longer oxidized and accumulates, suggesting that the
thiamine diphosphate-dependent α -ketoglutarate dehy-
d rogenase activity is impaired . When thiamine (10 μΜ )
is added to the cells, the ΟΖ consumption increases, res-
piratory control is restored , and normal cell and mito-
chondrί al morphology is recovered within 1 h. Succinate,
which is oxidized via the th iamine diphosphate-indepen-
dent succinate dehydrogenase, is also able to restore α
normal ΟΖ consumption (with respiratory control) in dig-
itonin-permeabilized thiamine-deficient cells . Our results
therefore suggest that the slowing of the citric acid cycle
is the main cause of the biochemical lesion induced by
thiamine deficiency as observed in Wern ίcke's encepha-
lopathy. Key Words : Thiamine deficiency- Necrosis-
Neuroblastoma cells-Mitochond ria-Wernicke's en-
cephalopathy .
J. Neurochem. 65, 2178-2184 (1995) .

Thiamine diphosphate (TDP), which is t he main
thiamine compound in the mammalian brain , is α re-
quired cofactor for pyruvate and u-ketoglutarate dehy-
drogenases . Therefor e, thiamine deficiency should lead
to α decreased turnover of the intermediates of the
citric acid cycle and, thus, slow down oxidative metab-
ol i sm (for review, see Butte rworth , 1993) . The Wer -
nicke-Korsakoff syndrome is α common consequence
of thiamine deficiency linked to alcohol abuse in hu-
mans (Katzman and Terry, 1983) . Wernicke's enceph-
alopathy is characteri zed by ophthalmoplegia, ataxia,
g lobal confusional state, and delusions (Victor et α 1 .,
1989) . Polyneuropathies are also observed and, at α
later stage, there appears α dementia characterized by
anterograde amnesia and disorientation ( Korsakoff 's
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psychosis ; McEntee and Mair, 1990) . Although sev-
er al symptoms of Wernicke's encephalopathy (oph-
thalmoplegia) are al most fully reversible afte r adminis-
tration of thiamine, others (ataxia) are only partially
reversible and the Korsakoff psychosis generally does
not respond to thiamine . These thiamine-nonrespon-
sive symptoms probably involve i rreversible neuronal
lesions . The reasons for the neuronal loss observed in
severely thiamine-defic i en t (TD) brai n are probabl y
multi ple and involve impaired energy metabolism (Ai -
kawa et α1 ., 1984), acidosis (Hakim and Pappius,
1983), and excitotoxic phenomena ( Langlais and
Μαίr, 1990 ; Hazell et α 1 ., 1993) .

Since the ear ly work of Pete rs (for review, see Pe-
ter s, 1936), it is known that the early symptoms of
thiamine deficie ncy in birds are rapid ly rever sible on
thiamine administration . Moreover, t he oxygen con-
sumption was lower in minced brains prepared from
avitaminous compared with control pigeons and it was
partially restored on addi t ion of thiamine in vitro . Oxi-
dative decarboxy lation of pyruvate and α -ketoglutarate
was decreased in isolated mitochondria prepared from
the brain s of pyrί thiam ine-treated rats compared with
contro l animals (Gubler , 1961 ; B ennett et α1 ., 1966) .
Normal activity could be rapidly restored after addition
of TDP to the mitochondria l preparation (Gub ler,
1961) . Parker et α1 . ( 1984) reported similar observa-
tions in mitochondria isolated from TD rat brain . State
3 respiration as well as respiratory control was de-
creased with substrates such as gluta ιnate, α-ketogluta-
rate, or c i t rate, but not with succinate, which i s metabo-
li zed independently of TDP-dependent enzymes . Par-
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ker et α1 . ( 1984) considered that this situation could
lead to abnormal glutamate levels, which might favor
the appearance of excitotoxic lesions.

In cult ured neuroblastoma cells, α reduction of the
thiamine concentration in the extracellular τnedium
leads, within days, to an important loss of intracell ular
thiamine compounds, but the cells keep α nearly ηοr-
ιηαΙ oxygen consumption ( Bettendorff et α 1 ., 1995) .
A ddition of amproli um (α thiamine transport inhibitor )
to the culture medium leads to α further decrease in
intracell ular thiaιnine, decreased respiration, mito-
chοndrial swelling and uncoupl ing, lactate production,
and cell death . The aim of the present study was to
investigate the reversibility of those changes after resti-
tution of thiamine to the culture medium.

MATERIALS AND METHODS

Chemicals
Thiamine, carbonyl cyan ide m-chloropheny l hydιazone

(CCCP), amprolium, rotenone, digitonin, and oligomycin
were purc hased from Sigma.

Cell culture
Νeιι rοb1 αstπni α cells were cult ured as previously de-

scribed ( Beuendorff and W ins, 1994) in D ιιlbecco's modi-
Γied Eagle's medium (GIBCO, Ghent, Belgium) containing
ΙΟ μΜ t hiamine and supplemented with 5%ο fetal calf serum
(GIBCO) . TD cells were produced by growing them for at
least 2 weeks in α Dulbecco's modified medium devoid of
thiamine . Under these cond itions, the only thiamine source
was the fetal calf serum and its concentrat ion in the medi um
was -7 ηΜ . To further increase thiamine deprivation, am-
ρrπΙίιιm (20 μΜ ) was added to the Culture medium of TD
cells 4 days before the experiment ( "TDA cells" ), as de-

by Bettendorff et α1 . (1995) .
Thiamine derivatives were determ i ned by an HPLC proce-

dure exactl y as previously described (Bettendorff et α1 .,
1991 ) . Protein concentrations were determined by the
method of Peterson ( 1977) .
Amino acids were extracted from the cells as described

by Patel and Hunt ( 1985) and determined by HPLC ( Tapuhi
et al ., 1981 ) .

Oxygen consumption
Oxygen uptake was measured po larographic αlly in α 2-ml

cc[] at 37°C as described by Vayssière et al . ( 1986), con-
taining - ΙΟ-20 Χ 10` cells in their respective culture me-
dia. Digitnnin pern ιeabili zation was performed as described
by Vercesi ct α 1 . ( 1991 ) .

Electron microscopy
Monolayer cell cultures were scraped off the dishes and

centrifuged at 350 g for 3 min. Small fragments of the pe l let
were fixed at 4°C in glutαraldehyde (2 .5% in cacodylate
hυ ffer) and then pοstfixed in 1 %ο osmium tetrnxide solution.
The cells were included in Εροη . Ultrathin sect ions mounted
on copper grids were stained with uranyl acetate and lead
citrate before examination under α Jeo l CX 100 11 electron
microscope at 60 kV .

RESULTS AND DISCUSSION

Figure 1 shows the rate of oxygen consumption by
ne ιιroblasto ιna cells under different experimental con-
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FIG . 1. Polarographic recording of oxygen consumption by neu-
roblastoma cells in whole culture media containing various
amounts of thiamine (Α), TD medium (Β), TDA medium (C), and
TDA cells after addition of 10 μΜ thiamine for 60 min (D) . In the
case of TDA cells, amprolium (20 μΜ ) was added to the culture
days before the experiment . The arrows correspond to the addi-
tions of various compounds: 1, oligomycin (16 μg/ml) ; 2, CCCP
(5 μΜ ) ; 3, KCN (1 mM).

d itions. The com τnercial medium alway s contained 30
mM gl ucose, 1 ιηΜ pyruvate, and 4 ιηΜ glutamine.
1η each case, we fi rst measured the basal oxygen con-
sumption . Then, the rate of Ο, consumption was esti-
mated i n the presence of added ol igomycin, fo llowed
by the uncoupler CCCP. In the case of cells grown at
α high thiamine concentratio n ( ΙΟμ,M), a reasonably
high 02 consumption was measured . As expected, oli-
gomycin decreased oxygen consumption, whereas in
the presence ofCCCP it was increased about threefold
above basal level . Oxygen consumption was com-
pletely inhibited after addition of 1 mM KCN . Α simi-
la r pattern was observed with cell s grown at α lower
thiamine concentration (7 ηΜ ) . Under those condi-
tions, total intracellula r thiamine content was de-
creased from 210 to 13 ρmο 1 /mg of protein ( Betten-
dorff et α1 ., 1995) . To further decrease in tracel lular
thiamine concentrat ion, amprol ίum (20 μM), α com-
petitive inhibitor of thiaιnine transport, was added to
the TD culture medi um ( TDA) for 4 days. Pyrithi-
am ίne is the most potent known th iamine antίmetabo-
lite in vivo ; but in this study we preferred to use am-
ρrοΙίυm, though -30-fold higher amounts of th is com-
pound are required to block thiamine transport
( Bettendorff and Wi ns, 1994) . In contrast to pyrί thia-
mine, amprolium cannot be phosphoryl αted. Thus, no
i nterference with TDP-dependent enzymes is to be ex-
pected with amprolium. Under these conditions, the
basal respi rat ion was considerably decreased compared
with the untreated cells . Furthermore, oligomyc in and
CCCP were without effect on respi ration , suggesting
uncoupling of mitochondria . That KCN (as well as
roteno ne; not shown ) still inhibited oxygen consump-
tion suggests that, even under these severe TD condi-
tions, part of the respiration pers ists and the most con-
spicuous effect of thiamine deficiency is the apparent
mitochondr ί al uncoupling . When thiamine was added
to theTDA cells 60 min before thepolarographic deter-
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FIG . 2. Time-dependent recovery of oxygen consumption in
TDA cells after addition of 10 μΜ thiamine . B asal oxygen con-
sumption ( ι ) ; oxygen consumption in the presence of oligomy-
cin (Ο) or CCCP (Ο) . Each point represents the mean ± SD
value for th ree experiments except for the points in the presence
of oligomycin, whic h are the mean values of two experiments .

mination of oxygen consumption, α nearly complete
recovery of mitochondrial function was observed; i.e.,
the basal oxygen consumption increased and the usual
effects of oligomycin and CCCP returned, suggesting
α recoupling of the mitochondria .
Figure 2 shows the time scale of the recovery of

mitochondr ί al respiration. It can be seen that, al ready
5 min afte r addition of thiamine, α significant increase
in the basal and uncoupled respiration was observed
and the effect was complete afte r 60 min . The respira-
tion in the presence of oligomycin remained un-
changed.
Thiamine by itse lf has no known effect on mitochon-

dria) respiration and the important compound is the
cofactor TDP. Thiami ne is, however, actively trans-
ported into neuroblastoma cell s and pyrophosphory-
lated in the cytoplasm (Bettendorff andWins, 1994) .
TDP is then transported into mitochondria ( Barile et
al ., 1990) where it binds to the pyruvate and α-ketoglu-
ta rate dehydrogenases . Α nearly 10-fold increase in
intracellular TDP is observed within 1 h after addition
of thiamine to the cells (Fig . 3) . The lag period may
be explained by the fact that thiamine pyrophosphoki-
nase is dependent on the intracellular ATP concentra-
tion with an exceptionally high Κ~, of 7 mM (Betten-
dorff and Win s, 1994) . In TDA cells, intracellularATP
concentrations are lowered by -50%ο compared with
normal cells ( Bettendorff et α1 ., 1995) . Thus, the rate
of thiamine phosphorylat ion is slow but increases as
mitochondria are producing ATP.
Wehave previously reported the existence of abnor-

mal mitochondria in TDA cell s (Bettendorff et α 1 .,
1995) . With ongoing thiamine deficiency, the mito-
chondria) matrix became disorgani zed and electron
translucent; no intact cristae remai ned visible and some
mitochondria became abnormally large . However, we
d i d not observe any significant increase in the number
of mitochondria in TDA cells compared with control
cells . Mitochondria) respiration in TDA cells was es-
sentially uncoupled and, as α preincubation with thia-
mine leads to α recoupling of respiration, we wanted to
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know whether this was accompanied by morphological
modifications . Figure 4α and b show, with different
magnifications, α typical TDA cell with largely elec-
tron-translucent mitochondria . The nucleus shows evi-
dent signs of chromatin condensation typical of the
early abnormalities of necrosis (Wyllie et al ., 1980) .
After 1 h in the presence of 10 μΜ thiamine these
abnormalities were essentially reversed ( Fig. 4c and
d) ; the mitochondria became electron dense and cristae
were reformed. The mitochondria resembled those of
control ce lls ( Bettendorff et al ., 1995) . Note that the
cell cycle in neuroblastomacel ls lasts -υ 24 h and, thus,
normalization in cell morphology, within Ι h, cannot
be explained by the generation of new cell s through
mitot ic d ivision.

The reasons respiratory control is lost in TDA cells
are not clear. The link between uncoupling and the
di sorganization of cristae may appear obv ious, as the
electrochemical proton gradient tends to dissipate
when the inner membranes are damaged; however, the
reasons the cristae become disorganized are unclear.
We may consider the possibility that the phenomenon
is related to the lack of substrates able to donate elec-
trons to the respiratory chain. If this hypothesis is true,
the direct addition of α permeant substrate should re-
verse uncoupling in α manner analogous to thiamine
addition, maybe even faster. As shown in Fig . 5, the
addition of succinate to cells permeabili zed with dig-
itonin indeed restored coupled respiration . After add i-
tion ofdigitonin to TDA cells, the oxygen consumption
gradually decreased, as α result of dilution of the re-
maining substrates . Addition of succinate increased the
respiration up to sixfold in some experiments . This ΟΖ
consumption was slightly inhibited by oligomycin and
increased by CCCP as expected. The uncoupled respi-
ratory control, i .e ., the ratio of Ο, con sumption in the
presence of CCCP to the Ο, consumption in the pres-
ence of oligomycin, was 1 .8 -+- 0.5 . This uncoupled
respiratory control value was not significantly higher
when normal (instead of TDA) cells were used. Rote-
none, an inhibitor of respiratory chain complex Ι , was
w ithout effect on ΟΖ consumption after succinate addi-
tion, but antimycin, an inhibitor of complex III, nearly
completely inhibited oxygen consumption. This sug-

FIG . 3. Time-dependent recovery of intracellular TDP content in
TDA cells after addition of 10 μΜ thiamine . Each point represents
the mean !- SD for three experiments .



FIG . 4. Electron micrographs of TDA cells
(α , b) and TDA cells exposed to 10 IVthia-
mine for 1 h (ε , d) . Magnification bars : 1
μm in (α) and (c) ; 0.2 μm in (b) and (d) .

THIAMINE DEFICIENCY AND BIOCHEMICAL LESION

gests that, under these conditions, the respiration is
indeed sustained by succinate. In TDA cells, at least
some of the m itochondria remain functional, and the
apparent uncoupling ( Fig . 1C) appears to be linked to
t he lack of oxid ί zable substrates . A direct consequence
of th is lack of reducing substrates is that at least com-
plexes III and IV will remain completel y oxidized for
α long time. This may somehow lead to disorganization
of cristae, but the molecular mechanisms involved, if
any, remain unknown. Mitochondrial swelling with
rupture of cristae has long been known to occur after
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treatment with ascorbate, ferrous ions ( Hunter et α 1 .,
1963 ), or after treatments that favor lipid peroxidation
(Shigenaga et α 1 ., Ι 994) . Swelling and inner mem-
brane damage were also observed after treatment of
mitochondria by thiol-blocking alkylati ng agents ( Lê
Qunc and Lê Qu6c, 1985), glutathione deficiency
(.lain et α1 ., 1991), and deficiency in an enzyme in-
volved in cαrdίο 1ίρίη synthesis (Ohtsuka et α 1 ., 1993) .
1 η all cases described so far, however, there is no evi-
dence that the respiratory chain is invo lved .

As thiamine deficiency has been reported to affect

Ι. Ν e ιιπ> ι k eιτι , Vul. 65 . No . 5, 1995
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FIG. 5. R espiration in digitonin-permeabilized TDA cells . The
cells were sedimented and the culture medium replaced by the
test medium containing 125 mM sucrose, 65 mM KCI, 10 mM
Tris-HCI (pH 7.2), 1 mM MgC12 , 0.33 mM EGTA, 2.5 mM
ΚΗ ΖΡΟ4 , and 2.5 mM ADP. Trace (α) shows the oxygen con-
sumption without addition . In traces (b) and (c), 50 μΜ digitonin
(DIG) was added . Other additions (trace b) are 16 μ,g/ml oligo-
mycin (Ο), 50 ηΜ CCCP, 2 MM rotenone (ROT), and 2 μ.g/ml
antimycin (Α) .

amino acid metaboli s m in rat brai n ( Butterworth and
H6roux, 1989 ; Page et al ., 1989 ; Butterworth , 1993),
we determ ined the concentrations of in tracell ular
amino acids in our cell s (Tab le 1) . In control cell s,
the amino acid concentrations were close to those pre-
viously reported in cultured neurons and astrocytes
(Patel and Hunt, 1985) . As expected , glutamate was
the most abundant ami no acid . We were unable to
detect any GABA in our cell s, an observation that is
importan t for the interpretation of our results as this
means that they lack glutamate decarboxγlase, an en-
zyme specific for GABAergie neurons (Martin , 1986) .
This implies that, in our cells, no succinate can be
formed through the GABA shunt when α-ketogluta rate
dehydrogenase is inactive due to lack of TDP. Thia-
mine deficiency increases the metabolic fl ux through
this pathway (Page et α1., 1989) and it can thus be
expected that cell s with α functional ly intact GABA
shunt would be more resistan t to thiamine deficiency
than ce l ls th at do not possess this pathway . However ,
it has been shown that glutamate decarboxylase activ -
ity and GABA levels reversibly decrease in the brain
of TD rats (H6roux and Butterwor th, 1988), which
may cau se di sturbances in GABAergic neurotransmis-
sion and add to the reversible symptoms caused by
thiamine deficiency in brain .

Aspartate, glycine, and alan ine levels were signifi-
cantly increased in TD compared with control ce lls .
That α1αηίηe is increased suggests that pyruvate dehy-
drogenase is al ready partially inhibited in these cells;
i .e ., pyruvate, instead of entering the citric acid cycl e,
is partially transaminated to alanine. Addition of am-
proli um leads to α large increase in intracellular gluta-
mine and glutamate concentrations. In neurons, α-ke-
tnglutarate and glutamate rapidly and reversibly equili-
brate in paralle l with oxaloacetate and aspartate, as α
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resul t of very fast transamination ( Erecifiska et α1 .,
1993) . In br ain cells, glutamate dehydrogenase activity
is probably less i mportant than transaminatio n in the
formation of α-ketoglutarate from glutamate (McCar-
thy and Tipton , 1983) . Indeed , glutamate dehydroge-
nase is more likely to catalyze the reverse reactio n ,
especia lly in the presence of high NH4 ι concentrations.
In i ntact brain , glucose is practically the only substrate
crossing theblood -brain barrier and, hence, glutamate
is essentially formed from α-ketogluta rate derived
from glucose . This migh t expl ain that in the TD brain
glutamate levels are decreased (Plaitakis et al ., 1979 ;
Butterworth and H6roux, 1989) . In our cel ls, however,
glutamine is taken up from the culture medium and is
the direct source of glutamate. In TDA cells, where α-
ketoglutarate dehydrogenase is probably strongly in-
hibited, α-ketoglutarate will accumulate (espec i ally in
the absence of the GABA shunt) and the glutamate
formed from glutamine is no longer ox idized via the
citric acid ci rcle. There is no parallel increase in aspar -
tate concentration presumably because no oxaloacetate
can be formed .

Addition of thiamine to the cell s leads, within 1 h,
to α significant dec rease in intracel lular glutamate
level . This would be in agreement with α recovery of
α-ketoglutarate dehydrogenase activity and oxidative
metabol ism. The respiration in the presence of thia-
mine is nearly completely b locked by rotenone (an
inhibitor of NADH dehydrogenase) in agreement with
this observation .
One of the most puzzl ing observations in thiamine

deficiency, in animal models as wel l as in human pa-
thology, is that the early symptoms are so rapidly re-
versed on thiamine administration ( Butterworth ,
1993) . This is the "biochemical lesion" described by
Peters (1936) . Prolonged thiamine deficiency, how-
ever, leads to irreversible histological lesions with neu-
ronal death . In this and our prev iou s work ( B ettendorff
et α1 ., 1995), we show that, in cultu red neιι roblastoma
ce l ls, seve re thiamine deficiency leads to α decrease in
the rate of respiration, to mitochondria l uncoupl ing,

TABLE 1 . Amino acid contents of η cυ rπh/α sυηηα cells
under various conditions of thiamine deficiency

Amino acids were determined by HPLC according to th e method
o f Tapu hi et α 1 . (1981) . Th e last group rep resents TDA cells incu-
bated in the presence of thiamine ( ΙΟ μΜ) for Ι h. In each case, the
culture medium contained 0.4 mΜ gl ycine and 4 mM glutam ίne .
Mean - SD values for th ree experiments .

ηιηο1/ιηg of protein

Gi n Asp Gi n Gly Αlα

Control 4.2 0.9 5.2 ± 0.4 65 ± 8 43 ± 5 23 ± 1
TD 3.4±2.0 Ι 2±3 56±13 66±2 41±4
TDA 21 ±8 9.4± 1 165±42 83±7 22±3
ΤDλ +

thiamine 58 ± 13 10 ± 3 118 ± 15 6 1 ± 1 22 ± 3
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and to morphological abnormalities corresponding to
t he early symptoms ofnecrosi s (Wyllie et α1., 1980) .
ATP concentrations are decreased, lactate production
increases, the ce ll s become depolarized, and cell mor-
tality increases ( Bettendorff et α1 ., 1995) . The most
remarkable property shown in the present study is that
those cells that survive long enough under severe defi-
ciency respond rapidly to thiamine treatment; i.e ., nor-
ιηαΙ respiration as well as normal cell and mitochon-
drial morphology are recovered within 1 h. These re-
sults suggest that the biochemical lesion observed in
thiamine deficiency is the result of an inabili ty of the
cells to oxidi ze substrates . Energy failure leads to α
cellular co llapse, which, if not treated, resul ts in necro-
sis and cell death.

In α recent report, Zhang et α1 . (1995) demonstrated
the existence of disintegrating mitochondria and chro-
ιηαtίη clumping in degenerating neurons of dience-
phalic n uclei in pyrίthiamine-treated rats. These results
suggest that, in brain, mechanisms similar to those
described here for cultured neurοblastoma cells may
be operating, except that additional phenomena such
as excitotoxicity might contribute to the se lective vul-
nerability of certain brain regions in pyrithiamine rats
( Langlais and Μαί r, 1990 ; Hazell et α1., 1993 ; Langlais
an d Zhang, 1993) . So far, however, there is no evi-
dence that excitotoxic phenomena are important during
t he acute, reversib le phase of thiamine deficiency
( Wernicke's encephalopathy ) .
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