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Purpose. To examine the effects of methylcobalamin on glutamate-induced neurotoxicity in
the cultured retinal neurons.

Methods. Primary cultures obtained from the fetal rat retina (gestation days 16 to 19) were
used for the experiment. The neurotoxicity was assessed quantitatively using the trypan blue
exclusion method.

Results. Glutamate neurotoxicity was prevented by chronic exposure to methylcobalamin and
S-adenosylmethionine (SAM), which is formed in the metabolic pathway of methylcobalamin.
Chronic exposure to methylcobalamin and SAM also inhibited the neurotoxicity induced by
sodium nitroprusside that releases nitric oxide. By contrast, acute exposure to methylcobala-
min did not protect retinal neurons against glutamate neurotoxicity.

Conclusions. Chronic administration of methylcobalamin protects cultured retinal neurons against N-
methyl-D-aspartate-receptor-mediated glutamate neurotoxicity, probably by altering the membrane
properties through SAM-mediated methylation. Invest Ophthalmol Vis Sci. 1997; 38:848-854.

Vitamin B12 deficiency is well known to cause two
clinical consequences (i.e., a megaloblastic anemia
and a neuropathy, called subacute combined degener-
ation). Humans have two vitamin B]2-dependent en-
zymes (i.e., methionine synthase and methylmalonyl
coenzyme mutase). Neuropathy has been found to
occur because of lack of methionine synthase and not
by a lack of activity by methylmalonyl coenzyme mu-
tase.1 Recently, the similarity in vacuolar myelopathy
seen in patients with human immunodeficiency virus
and patients with vitamin B12 deficiency2'3 has in-
creased interest in the scientific investigation of the
mechanisms responsible for the neurologic degenera-
tion in vitamin B12 deficiency.

S-adenosylmethionine (SAM) is a naturally occurring
substance in many mammalian tissues, which is required
in numerous transmethylation reactions involving nucleic
acids, proteins, phospholipids, amines, and other neuro-
transmitters.4'5 SAM is produced from condensation of
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methionine and adenosine triphosphate by the enzyme
methionine adenosyltransferase. The daily dietary intake
of methionine is not sufficient to supply the total amount
required for SAM synthesis.4 Thus, methionine has to be
regenerated from homocysteine by vitamin B12-depen-
dent methionine synthase, because mammals are unable
to synthesize homocysteine de novo. The transfer reaction
of a methyl group from 5-methyltetrahydrofolate to ho-
mocysteine with regeneration of methionine, catalyzed
by methionine synthase, requires methylcobalamin, an
active coenzyme of vitamin B|2 analogs, as a cofactor.

Recent evidence indicates glutamate as the proxi-
mate cause of neurodegeneration in several types of
central nervous system insults, including hypoxia, isch-
emia, and hypoglycemia.6"8 SAM has been reported
to have a protective action against ischemia-induced
neuronal death in the central nervous system.9""
Chronic exposure to methylcobalamin protected cul-
tured cortical neurons against glutamate neurotoxic-
ity.12 There are some clinical reports on optic neuropa-
thy associated with vitamin B12 deficiency.1314 Thus, the
current study was undertaken to elucidate the effects of
methylcobalamin and SAM against glutamate-induced
neurotoxicity in cultured retinal neurons.

METHODS
Materials
Primary cultures obtained from the retinas of fetal rats
(16 to 19 days' gestation) were used for the experi-
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FIGURE l. Methods of drug application. Cells were treated
with 1 mM glutamate or sodium nitroprusside (SNP), fol-
lowed by 1-hour posiincubation in either glutamate-free or
SNP-free medium (A). To examine chronic application of
methylcobalamin or S-adenosylmetbionine (SAM) (B),
these agents were administrated immediately after plating
until exposure to glutamate or SNP. To examine acute appli-
cation of methylcobalamin or SAM (C), these agents were
applied during glutamate or SNP treatment (10 minutes)
and followed by postincubation (1 hour).

ments, and drug-induced neurotoxicity was assessed
as described previously.15"17 In brief, retinal tissues
were dissociated mechanically and single-cell suspen-
sions were plated on plastic coverslips (1.2 to 1.8 X
106 cells/dish). Cultures were incubated in Eagle's
minimal essential medium (Eagle's salts, Nissui,
Tokyo) supplemented with 10% heat-inactivated fetal
calf serum (1 to 8 days after plating), or 10% heat-
inactivated horse serum (10 to 12 days after plating)
containing 2 mM glutamine, 11 mM glucose (total),
24 mM sodium bicarbonate, and 10 mM HEPES. After
a 6-day culture, growth of nonneuronal cells was re-
moved by the addition of 10~5 M cytosine arabinoside.
We used only those cultures maintained for 10 to 12
days in vitro and only isolated cells in this study. Clus-
ters of cells were excluded from the results because
cells located in the clusters could not be used for
histologic experiments or intracellular Ca2+ re-
cording. A previous immunocytochemical study
showed that these isolated cells consisted mainly of
amacrine cells.15 All animals were treated in accor-
dance with the ARVO Statement for the Use of Ani-
mals in Ophthalmic and Vision Research.

Drug Application

In our previous study, we showed that cell viability was
decreased by exposure to glutamate (1 mM) for 10
minutes followed by postincubation in glutamate-free
medium for more than 1 hour.1517 Therefore, in the
current study, cultures were exposed as follows (Fig.
1): 10 minutes to glutamate and sodium nitroprusside
(SNP) followed by 1-hour after incubation in either
glutamate-free or SNP-free medium (Fig. 1A). Protec-
tive effects of the drugs were assessed by chronic (Fig.
IB) and acute (Fig. 1C) drug application. To study
chronic drug application, a drug was added to the

incubation medium immediately after cell plating un-
til immediately before glutamate or SNP exposure.
We examined the effect of methylcobalamin (1 pM)
application for 48 hours or 96 hours before glutamate
exposure. Cell viability in the control culture was 88.8
± 0.7%. Ten-minute exposure to glutamate followed
by 1-hour incubation in glutamate-free medium de-
creased cell viability in cultures pretreated with meth-
ylcobalamin for 48 or 96 hours before glutamate expo-
sure to 40.3 ± 1.3% or 43.5 ± 1.9%, respectively,
whereas that of nontreated culture was decreased to
32.6 ± 0.8%. Although a significant difference (P <
0.01, by Dunnett's two-tailed test) was noted between
cell viability in 48- or 96-hour pretreated cultures com-
pared to that of nontreated cells, cell viability consis-
tently remained more than 60% from the time the
culture was added to the incubation medium immedi-
ately after cell plating until immediately before gluta-
mate exposure. Thus, we investigated the effects of
chronic application. The drug was removed from cul-
ture medium during glutamate or SNP exposure fol-
lowed by postincubation. To assess the effects of acute
drug application, a drug was added during glutamate
or SNP exposure and was followed by postincubation.

Measurement of Neurotoxicity

The neurotoxic effects of glutamate or SNP were
assessed quantitatively by trypan blue exclusion
method as described previously.15'17'8 All experi-
ments were performed in Eagle's solution at 37°C.
After the completion of drug treatment, cell cul-
tures were stained with 1.5% trypan blue solution
at room temperature for 10 minutes and then were
fixed with isotonic formaldehyde solution (pH 7.0,
2°C to 4°C). The fixed cultures were rinsed with
physiological saline and examined while under
Hoffman modulation microscopy at X400. More
than 200 cells on each of 5 coverslips were counted
randomly to determine the viability of the cell cul-
ture. We counted on the order of 10% to 20% of
the total cells grown on each coverslip, because the
overall density of the cultures was 50 to 100 cells/
mm2. Though there were slight individual differ-

TABLE l. Effects of Chronic Applications of
Methylcobalamin and S-adenosylmethionine

Treatment

Control (nontreated)
Methylcobalamin (10~8

Methylcobalamin (10"'
Methylcobalamin (10~6

Methylcobalamin (10~5

Control (nontreated)
S-adenosylmethionine

(10~5 M)

M)
M)
M)
M)

Viability (%)

92.9 ± 0.4
92.9 ± 0.2
94.2 ± 0.4
95.2 ± 0.4
96.1 ± 0.2
92.9 ± 0.4

90.2 ± 0.9

% of Control

100
99.2 ± 0.2

101.3 ± 0.4
102.5 ± 0.4
103.4 ± 0.2

100

99.1 ± 1.0
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ences in glutamate neurotoxicity and in the protec-
tive effects of the drugs, those individual differ-
ences did not disrupt the evaluation of drug-in-
duced effects. Viability of culture was calculated
as the percentage of the ratio of the number of
unstained cells (viable cells) to the total number
of cells counted (viable cells plus nonviable cells).
In each experiment, five coverslips were used to
obtain mean values ± standard error of the mean
of cell viability. The significance of data was deter-
mined by Dunnett's two-tailed test.

FIGURE 2. Photomicrographs showing the effect of chronic ap-
plication of methylcobalamin or S-adenosylmethionine (SAM)
on glutamate-induced neurotoxicity. All cultures were photo-
graphed after trypan blue staining followed by formaldehyde
solution fixation using Hoffman modulation microscopy. Cells
stained with trypan blue dye were regarded as nonviable. (A)
Control (nontreated cells). Cells were stained without applica-
tion of glutamate. (B) Cells were treated with glutamate (1 mM),
followed by a 1-hour incubation with glutamate-free medium.
Marked cell death occurred. (C) Cells were exposed chronically
to methylcobalamin (1 fjM) and then treated with glutamate
(1 /uM), followed by a 1-hour incubation with glutamate-free
medium. Cell death was reduced markedly. Calibration bar =
50 p,m.

Intracellular Ca2+ Recordings

Before recordings, the coverglasses were rinsed with
HEPES-buffered salt solution, which contained (mM): so-
dium chloride 146, potassium chloride 4.2, magnesium
chloride 0.5, calcium chloride 1.1, D-glucose 10, and
HEPES 20, pH-adjusted to 7.4 with sodium hydroxide.
The cells were loaded with Fura-2AM by incubation in
5 (M Fura-2AM in HEPES-buffered salt solution for 45
minutes at 37°C. After Fura-2AM loading, the cells were
washed three times in HEPES-buffered salt solution and
then were used in the experiments. HEPES-buffered salt
solution also was used as the recording medium.

For excitation of Fura-2 fluorescence, ultraviolet
(UV) light of 340 nm or 380 nm wavelength (UV340 or
UV380) was produced by a xenon lamp through 340 ±
10 or 380 ±10 nm narrow bandpass filters and was ap-
plied to the cultures through a 40X objective lens (Fluor
40; Nikon, Tokyo, Japan). Emission fluorescence was led
to a silicon intensifier camera through a bandpass filter
of 510 ± 10 nm. Data were processed to calculate the
ratio R = F340/F380 (F340, fluorescent images with
UV340; F380, fluorescent images with UV380). A calibra-
tion curve between R and intracellular Ca2+ concentra-
tion ([Ca2+]i) was obtained by measuring Rs of Ca2+-
EDTAOH buffer solutions and by least-square curve fit-
ting with the equation [Ca2+]i = K (R - Rnlin)/(Rmax

- R).19 All procedures from image acquisition through
[Ca2+]i calculation were accomplished with an image
processor (ARGUS 50; Hamamatsu Photonics, Hama-
matsu, Japan).

The following drugs were used: monosodium L-gluta-
mate (Nakalai tesque, Kyoto, Japan), SNP (Wako, Osaka,
Japan), MK-801 (Research Biochemicals, Natick, MA),
Fura-2AM (Dojin, Kumamoto, Japan), methylcobalamin,
and SAM (synthesized by Eizai, Tokyo, Japan).

RESULTS

Table 1 summarizes viability in cultured retinal neurons
after chronic application of methylcobalamin and SAM.
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FIGURE 3. Protective action of methylcobalamin against glu-
tamate-induced neurotoxicity. Chronic application of meth-
ylcobalamin showed protective effects against glutamate (1
mM) neurotoxicity in a dose-dependent manner at a con-
centration between 10~8 M and 1CT5 M (* P < 0.05 versus
the black column; ** P < 0.01 versus the black column).
Error bars in this and the subsequent figure represent the
standard errors of the means (ra = 5).

These drugs were added respectively to the incubation
medium immediately after cell plating until immediately
before glutamate exposure as described in die Methods
section. Neither methylcobalamin nor SAM at concentra-
tions of 10~5 M induced significant changes in die viability
of die cultures. Figure 2 shows an example of die effect of
die chronic application of methylcobalamin on glutamate
neurotoxicity. Under nontreated conditions (control),
most cells were not stained by trypan blue (Fig. 2A),
whereas the cells exposed briefly (10 minutes) to gluta-
mate (1 mM) followed by 1-hour incubation in a gluta-
mate-free medium markedly were stained by trypan blue
(Fig. 2B). Chronic administration of methylcobalamin re-
duced cell death against glutamate neurotoxicity (Fig.
2C). Figure 3 showed quantitative assessment of the pro-
tective effect of chronic methylcobalamin administration
against glutamate neurotoxicity. The protective effects of
mediylcobalamin was observed in a concentration-depen-
dent manner at 10~8 - 10~5 M. SAM (1 fjM) also showed
protective action against glutamate neurotoxicity (Fig. 4).
This effect was similar to those of 1 /xM methylcobalamin
and 10 fM MK-801, a selective NMDA blocker. Sodium
nitroprusside is known to be as an NO-producing agent
and 1 mM SNP exposure for 10 minutes, followed by
incubation in SNP-free medium for 1 hour, also induced
remarkable neurotoxicity in the cultured retinal neurons
(Fig. 5). Bodi chronically applied methylcobalamin (1
pM) and SAM (1 /xM) showed a protective effect against
diis neurotoxicity (Fig. 5).

As chronic application of methylcobalamin or SAM

showed protective action against glutamate neurotoxicity,
we examined whether the acute application of methylco-
balamin or SAM was effective against glutamate neurotox-
icity. As shown in Figure 6, acute application of methylco-
balamin or SAM did not induce a protective action against
glutamate neurotoxicity.

Glutamate-induced Ca2+ influx was measured to de-
termine whether chronic application of methylcobalamin
or SAM affected die Ca2+ influx, which was die first event
of glutamate neurotoxicity. Retinal cultures were loaded
widi 5 /xM Fura-2AM for 45 minutes, and fluorescence
was examined by fluorescence microscopy. Intracellular
Ca2+ level was increased immediately after a brief expo-
sure to glutamate (50 /xM, 10 seconds). Figure 7 shows
examples of intracellular Ca2+ responses of cultured reti-
nal neurons after a brief exposure to glutamate (50 /xM,
10 seconds). Each culture dish (Fig. 7A, nontreated; Fig.
7B, chronic application of methylcobalamin; Fig. 7C,
chronic application of SAM) was loaded with Fura-2AM
and baseline intracellular Ca2+ level was acquired (Fig. 7,
Before). Ten seconds after glutamate exposure, intracel-
lular Ca2+ level markedly was increased (Fig. 7, t = 10).
Then, the intracellular Ca2+ concentration was reduced
gradually and was almost at baseline after 4 minutes fol-
lowed by glutamate application (Fig. 7, I = 240). Table
2 summarizes die maximal intracellular Ca2+ concentra-

Cont. Glu(1mM)

MB12 SAMMK-801
(10uM)

FIGURE 4. Effects of S-adenosylmethionine (SAM) on gluta-
mate neurotoxicity. Chronic application of SAM (1 yM.)
showed a protective effect against glutamate neurotoxicity
similar to those of methylcobalamin (MB12, chronic applica-
tion) and MK-801, a selective NMDA channel blocker. The
value 10 /xM MK-801 was applied simultaneously with gluta-
mate for 10 minutes and postincubation medium was both
glutamate- and MK-801-free. In this treatment, MK-801 in-
hibited glutamate-induced cell death <**P < 0.01 versus the
black column).
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SNP(1mM)

MB12 SAM

Cont.

FIGURE 5. Protective effects of chronic application of methyl-
cobalamin (MB12) and S-adenosylmethionine (SAM)
against sodium nitroprusside (SNP) -induced neurotoxicity.
A value of 1 mM SNP exposure for 10 minutes, followed by
incubation in SNP-free medium for 1 hour, induced remark-
able cell death in this culture. This SNP-induced neurotoxic-
ity was prevented by chronic application of methylcobalamin
(1 /JM) or SAM (1 (M) (**P < 0.01 versus the black column
by Dunnett's two-tailed test).

tions induced by brief application of glutamate (50 fiM,
10 seconds). Chronic application of neither methylcobal-
amin nor SAM affected the maximal intracellular Ca2+

concentration induced by glutamate in comparison to
that of the control.

DISCUSSION

In the current study, chronic administration of meth-
ylcobalamin showed the protective action against glu-
tamate-induced neurotoxicity. Glutamate neurotoxic-
ity also was prevented by SAM, which is formed as an
intermediate metabolite of methylcobalamin in the
metabolic route of vitamin Bi2.4 These results indicate
that the effects of methylcobalamin are caused by the
formation of SAM. In contrast to chronic administra-
tion where marked protection against glutamate neu-
rotoxicity was noted, acute application of methylcobal-
amin or SAM was not effective in restoring cell viability
after glutamate exposure. In acute experiments, meth-
ylcobalamin or SAM was administered during both 10-
minute glutamate application and 1-hour postincuba-
tion periods. In chronic experiments, methylcobala-
min and SAM were added to the incubation medium
after cell plating until immediately before the expo-
sure of cells to glutamate. However, the drug was re-
moved from the glutamate-containing medium as well
as from glutamate-free medium for the subsequent 1-
hour incubation period. Thus, protective actions seen

Cont. Glutamate
(1 mM)

Methylcobalamin
(10 uM)

Cont. Glutamate
(1 mM)

SAM
(10 uM)

FIGURE 6. The effects of acute application of methylcobalamin or S-adenosylmethionine
(SAM). When methylcobalamin (10 pM) or SAM (10 (M.) was administered during gluta-
mate exposure (10 minutes) followed by postincubation (1 hour), neither methylcobalamin
nor SAM had any significant influence on glutamate neurotoxicity.
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FIGURE 7. The temporal profile of calcium images of retinal cultures at the indicated time
(seconds) after exposure to 50 /xM glutamate for 10 seconds. (A) Nontreated (control), (B)
chronic application of methylcobalamin (1 fjM), (C) chronic application of S-adenosylmethi-
onine (1 fjM). Pseudocolor representation of fluorescence intensities, using arbitrary fluo-
rescence intensity units indicated on the linear color scale (calibration bar = 20 /mi).

only after chronic application of methylcobalamin or
SAM make direct interaction of methylcobalamin to
glutamate receptors less likely to take place. This no-
tion also is supported by findings with Ca2+ influx
measurements. Considering that chronic application
of methylcobalamin or SAM might alter the expres-
sion of NMDA receptors (i.e., might reduce receptor
expression in the cultured retinal neurons), we investi-
gated whether chronic administration of the drug
would affect the Ca2+ influx through NMDA recep-
tors, the first event of glutamate-induced neurotoxic-

TABLE 2. Maximal Intracellular Ca2+

Concentration ([Ca2+]imax) Induced by
Brief Application of Glutamate*

Treatment (nM)

Control (nontreated)
Methylcobalamin (1 //M)f
SAM (1 //M)t

415.4 ± 44.6
398.0 ± 15.8
398.6 ± 30.5

SAM = S-adenosylmethionine.
There were no significant differences among the three groups.
* 50 //M, 10 seconds, n = 5.
t Methylcobalamin and SAM were treated chronically.

ity. Neither methylcobalamin nor SAM had significant
effects on glutamate-induced Ca2+ influx (Table 2).
Thus, chronically applied methylcobalamin was less
likely to reduce NMDA receptor expression. However,
because findings were based on a gross measure of
similarity in Ca2+ influx in response to glutamate be-
tween nontreated and pretreated cultured neurons,
we cannot dismiss completely the effect of chronic
treatment of methylcobalamin on the expression of
NMDA receptors in the cultured retinal neurons.

Chronic application of methylcobalamin or SAM
prevented not only glutamate-induced neurotoxicity
but SNP-induced neurotoxicity as well in a dose-
dependent manner. Sodium nitroprusside is a classic
NO donor and clinically is used to produce NO. The
results indicate that retinal cultures treated chroni-
cally with methylcobalamin or SAM became tolerant
to NO-induced neurotoxicity. Our previous study
showed that in cultured retinal neurons, NO alone
had no toxic effects on retinal neurons but became
toxic in the presence of superoxide anion (O2'~).16

The peroxynitrite anion formed as a result of the reac-
tion between NO and O2*~ decomposes to a hydroxy
racial (OH)2 0 that reacts at great speed with mem-
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brane lipids. The retinal neurons contain large
amounts of polyunsaturated fatty acids within mem-
branes, which particularly are vulnerable to free radi-
cal attack. The double bonds of polyunsaturated fatty
acid side chains in membrane allow easy removal of
hydrogen atoms by OH. Thus, the action of a single
molecule of OH can initiate a chain reaction that
generates numerous toxic reactants that rigidify mem-
branes by cross-linking, disrupt membrane integrity,
and damage membrane proteins.21 S-adenosylmethio-
nine has been known to increase the fluidity of neu-
ronal membranes by increasing the phosphatidylcho-
line content of the lipid core of the membrane.22 Re-
cently, enzymatic methylations mediated by SAM also
have been shown in the rat retina, which include phos-
pholipid N-methyltransferases (I and II) and fatty acid
carboxymethylase.23 These membrane phospholipid
N-methylation and fatty acid carboxymethylation are
known to alter membrane fluidity and thereby alter
membrane function and activities of membrane-
bound enzymes.0 Thus, SAM-mediated methylation in-
duces some alterations in the membrane properties
of cultured retinal neurons maintained in the methyl-
cobalamin-containing medium, which reinforce the
cell body, making it more resistant to radical toxicity.

In conclusion, chronic administration of methyl-
cobalamin protects cultured retinal neurons against
NMDA-receptor-mediated glutamate neurotoxicity. It
is suggested that altered membrane properties in-
duced by SAM-mediated methylation is the predomi-
nant route of the neuroprotective effect of methylco-
balamin. However, the current study does not exclude
completely the possibility that the effect was related to
generation of new glutamate-resistant cell types rather
than to a change in glutamate sensitivity in the original
cells. Further studies are necessary to determine the
mechanism related to the neuroprotective action of
methylcobalamin.
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