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Abstract—Using fluorescence detection methods, neurotoxic effects of L-homocysteine (HCY), L-gluta-
mate (Glu), and N-methyl-D-aspartate (NMDA) on primary culture of rat cerebellar neurons were com-
pared and the agonist-evoked intracellular Ca2+ responses and changes in mitochondrial membrane potential
were studied. Long-term (5 h) action of HCY, Glu, or NMDA caused neuronal apoptosis and necrosis that
was followed by a decrease of quantity of live cells to 40%. It was revealed using Fluo-3 that neurons differed
by intracellular Ca2+ responses to 2-min applications of HCY. In response to all studied agonists, a brief peak
or gradual increase of intracellular Ca2+ concentration was observed. Some neurons did not respond to HCY,
but all responded to Glu and NMDA. A prolonged (60 min) treatment with agonists caused a rapid or delayed
Ca2+ overload, while only a small portion of neurons were able to compensate the intracellular Ca2+ elevation.
Six-minute applications of HCY or Glu to neurons induced similar changes of mitochondrial potential (ϕmit)
measured by rhodamine123. In this protocol, the ability of the NMDA receptor agonists to cause the mito-
chondrial dysfunction could be arranged in the following order: NMDA > Glu = HCY. After a 60-min treat-
ment the observed difference vanished because all of the agonists reduced ϕmit so that an uncoupling agent
FCCP did not cause any additional changes in ϕmit. Thus, HCY-induced neurotoxicity in cerebellar neurons
is comparable to that of Glu. In this feature cerebellar neurons differ from cortical neurons, in which HCY
did not significantly change ϕmit during short-term application. This difference could be related with pecu-
liarities of the HCY action on NMDA receptor subtypes expressed by cerebellar neurons.
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INTRODUCTION
Sulfur aminoacid L-homocysteine (HCY) partici-

pates in many metabolic pathways in living organism:
cysteine and methionine synthesis, lipid, protein and
DNA methylation, synthesis of come hormones and
signaling molecules [1]. An average HCY concentra-
tion in the blood flow is ~10 μM. However, in the case
of folic acid or group B vitamin deficiency, as well as in
the case of C677T point mutation of methylene tetra-
hydrofolate reductase gene [2–4], an accumulation of
HCY in blood and cerebrospinal f luid takes place,
which is called hyperhomocysteinemia. There are
three degrees of this pathology: moderate (16–30 μM
in blood plasma), intermediate (30–100 μM), and
severe (>100 μM) [1]. Hyperhomocysteinemia accom-
panies many cardiovascular, mental, and neurodegen-
erative diseases like Alzheimer disease, epilepsy, Par-
kinson disease, schizophrenia, lateral amyotrophic
sclerosis [3, 5, 6]. It is commonly accepted that long-

term hyperactivation of glutamate receptors causes
continuous neuronal depolarization, disruption of
ionic gradients, calcium deregulation, and conse-
quently neuronal death [7]. Endogenous HCY is
known to activate ionotropic glutamate receptors of
NMDA subtype and metabotropic glutamate recep-
tors of mGluR5 subtype [1, 8–11]. An expression pat-
tern of these receptors differ between brain regions.
Rat cortical neurons in vivo and in primary culture
express NMDA receptors containing GluN2A and
GluN2B subunits [12–14]. The newborn rat cerebellar
neurons express mainly GluN2B subunit, which change
to GluN2A and GluN2C by the time of 14 postnatal day
(P14) [14, 15].

Recently it was shown that HCY activates NMDA
receptors causing rapid desensitization of GluN2B but
not GluN2A containing NMDA receptors [16]. Brain
structures are heterogeneous by GluN2 expression
profile, thus the vulnerability of different brain regions
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to hyperhomocysteinemia is different. In particular,
cerebellum is involved in many neurodegenerative
pathologies related to hyperhomocysteinemia [17].
Therefore, it is interesting to study the neurotoxic
effects of HCY at intermediate hyperhomocystein-
emia concentrations and compare them to NMDA
and glutamate (Glu) effects.

MATERIALS AND METHODS

Primary culture of cerebellar neurons. Primary cul-
ture of cerebellar neurons was prepared from Wistar
rat embryos at 20–21 days of gestation (E20–E21).
Cerebellums were enzymatically suspended with tryp-
sin (0.04 mg/mL, Sigma–Aldrich, USA) and treated
with DNAase (0.04 mg/mL, Sigma–Aldrich, USA),
then with trypsin inhibitor (0.4 mg/mL, Sigma–
Aldrich, USA) and with bovine serum albumin (10%,
Gibco, USA). After centrifugation, cell dissociation
was performed by pipetting in the media containing
NeurobasalTM (Gibco, USA) with B-27 supplement
(2%, Gibco, USA), antibiotic penicillin streptomycin
(1%, Gibco, USA), L-glutamine (Gibco, USA), and
20 mM KCl to increase the chance of survival of cere-
bellar neurons [18]. Dispersed cells were cultured on
7- and 30-mm coverslips treated with a poly-D-lysine
for 7–10 days (days in vitro, DIV 7–10) at 37°C and
5% CO2. Medium in culture dishes was replaced every
2 days.

Experimental protocol. As the time-dependent mat-
uration of neurons in primary culture [19] occurs in a
way similar to that in intact animals, experiments were
performed at DIV 7–10 [20], which approximately
corresponds to the first week of in vivo postnatal
development of newborn rats. Mg2+ was removed from
the culture media to avoid the block of NMDA recep-
tors [21]. Thus the medium of the following composi-
tion was used (mM): 140 NaCl, 2.8 KCl, 10 HEPES,
2 CaCl2, (pH 7.2–7.4). Excitotoxic stress was evoked
by the following concentrations of the glutamate
receptor agonists: 50 μM of HCY (recording of Ca2+

and ϕmit), 100 μM of HCY (study of neuronal sur-
vival), 30 μM of NMDA, and 100 μM of Glu (Sigma–
Aldrich, USA). HCY concentrations of 50 and 100 μM
correspond to moderate and intermediate hyperho-
mocysteinemia [4] and are enough to activate both
GluN2A and GluN2B subunits of NMDA receptors
[16]. The concentration of 30 μM for NMDA exceeds
the EC50 for GluN2B subunit containing NMDA
receptors, having the highest calcium permeability of
all glutamate receptors. Extracellular glutamate con-
centration of 100 μM can be observed in ischemia and
brain trauma. Glycine as the NMDA receptor co-ago-
nist was always co-applied with agonists. It was pres-
ent at 100 μM in a growth media and in cell survival
experiments. Glycine at 30 μM (receptor saturating
concentration) was applied during recordings of intra-
cellular Ca2+ and ϕmit. Single experiment (n) corre-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
sponds to a treatment of one coverslip with neuronal
culture with agonists. The incubation in growth media
was used as control in 5-h neuronal survival tests.
Physiological solution without agonists was used as a
control in Ca2+ or ϕmit measurement experiments.

Neuronal survival test. To measure the ratio of live,
necrotic, and apoptotic cells, neurons we conse-
quently stained with acridine orange (AO, 10 μg/mL,
Sigma–Aldrich, USA) and ethidium bromide (EB,
40 μg/mL, Sigma–Aldrich, USA). Fluorescence evoked
with 488 nm laser was captured using scanning confo-
cal microscope Leica TCS SL (Leica Microsystems,
Germany). Emission in the green spectral region 500–
560 nm indicated living neurons stained with AO. Emis-
sion in the red spectral region >600 nm revealed necrotic
cellular nuclei stained with EB. Cytoplasm acidification
in apoptosis shifted the AO emission to yellow [14, 15],
which overlapped red and green spectral regions simulta-
neously [22, 23]. Images were analyzed using ImageJ
software (https://imagej.nih.gov/ij/) as described previ-
ously [23]. The quantities of live, necrotic, and apop-
totic cells obtained from 3 images captured from one
coverslip were averaged and taken as a single measure-
ment (n).

Recording of intracellular Ca2+ responses and mito-
chondrial membrane potential (ϕmit). Relative values of
[Ca2+]i were recorded in submicromolar range using
fluorescent dye Fluo-3AM (Invitrogen, USA) [24].
This dye was loaded into the cells as acetoxymethyl
(AM) ester derivative (1 μM, 60 min, in the dark, 23–
25°C). Then cells were incubated for 15 min in the
dark for de-esterification with intracellular esterases
and production of membrane-impermeable Fluo-3.

Changes of mitochondrial inner membrane poten-
tial (∆ϕmit) were detected using rhodamine123 dye
(Rho123, Invitrogene, USA) [25]. This dye (5 μM) was
loaded into the cells during 30-min incubation at room
temperature (23–25°C). The protonophore carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP,
4 μM; Sigma–Aldrich, USA) was used as a reference
to visualize a full drop of mitochondrial membrane
potential (ϕmit) and total uncoupling of mitochondrial
oxidative phosphorylation, which is accompanied
with a highest possible Rho123 fluorescence [25].

Fluorimetric experiments with Fluo-3 and Rho123
were conducted using inverted confocal scanning micro-
scope Leica SP5 MP (Leica Microsystems, Germany).
Coverslips with cells were placed inside a perfusion
chamber POCmini Chamber System (LaCon, Ger-
many) and connected to overall perfusion and to local
fast perfusion system BPS-8 (Ala Science, USA). The
overall perfusion speed in 10–90-min experiments
was 1 mL/min. Agonists were applied using fast local
perfusion via the tube placed 1 mm away from the
region of interest. The medium was completely
changed within ≤1 s.
EMBRANE AND CELL BIOLOGY  Vol. 12  No. 4  2018
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Fig. 1. Neurotoxic effect of long-term in vitro treatment of rat cereballar neurons with L-homocysteine (100 μM), L-glutamate
(100 μM) and NMDA (30 μM). (a) Control; (b) 5-h treatment with 100 μM L-homocysteine; (c) 5-h treatment with 100 μM
L-glutamate. Each panel show fluorescent images of neurons (right) and intensity correlation diagrams (left) of green (acridine
orange, AO) and red (ethidium bromide, EB) fluorescence which allow quantitative evaluation of live (green), apoptotic (yellow)
and necrotic (red) cells. (c) Averaged % values of live (green), apoptotic (orange) and necrotic (red) neurons after treatment with
glutamate receptors agonists (concentrations and agonists names are shown above the bars). Mean ± SEM for 6–7 experiments
(n = 6–7) are shown. Statistical difference from control values are marked for live (*), apoptotic (#) and necrotic (&) cells (p < 0.0001,
ANOVA with Bonferroni post-hoc test).
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Fluorescence of Rho123 and Fluo-3 was excited with
488-nm laser. Emission was captured at 500–560 nm
every 30 s. The obtained images were analyzed in Leica
LAS AF software (Leica Microsystems, Germany). The
time course of the f luorescence intensities of cell bod-
ies picked as regions of interest were plotted. Each
agonist was studied in at least four coverslips with 20 to
50 neurons recorded in one field of view.

Statistical analysis. Measurements are presented as
mean ± standard error of the mean. Experimental
groups were compared using ANOVA with Bonferroni
post-hoc analysis. Independent groups were com-
pared using two-way Student’s t-test. Groups were
expected to be significantly different at p < 0.05.

RESULTS

Neurotoxic effect of HCY on cerebellar neurons. In
control (5-h incubation in growth media) the majority
of neurons were alive, as is testified by the prevalence
of green pixels in color intensity diagrams (Fig. 1a). A
5-h treatment with 100 μM HCY (Fig. 1b) and 100 μM
Glu (Fig. 1c), as well as with 30 μM NMDA resulted
in a decrease of live cell percentage due to apoptosis
and necrosis, which is observed as the prevalence of red
and orange pixels at color intensity diagrams. In control
conditions the amount of live neurons was 75.6 ± 3.5%
(n = 6, Fig. 1d); apoptotic cells, 17.2 ± 3.0%, and
necrotic cells, 7.2 ± 1.5%, which corresponds to nor-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
mal values in primary culture of neurons [22, 23, 26].
After the treatment with HCY the quantity of live neu-
rons decreased to 40.3 ± 5.5% (n = 6, Fig. 1d), while
the quantity of apoptotic and necrotic cells increased
to 34.0 ± 4.0 and 24.9 ± 2.2%, respectively (Fig. 1d).
Glu treatment also caused a significant increase in
apoptotic (46.2 ± 4.9%) and necrotic (24.0 ± 4.0%)
cells (n = 6), while the quantity of live cells decreased
to 29.5 ± 3.8%. NMDA application lowered neuronal
viability to 35.0 ± 4.3% (n = 7), while 37.4 ± 2.8% of
cells were apoptotic and 27.0 ± 3.0% of cells were
necrotic (Fig. 1d). 

Thus, a long-term application of either HCY or
NMDA or Glu caused neuronal death mostly by
apoptosis. This can be due to an excessive Ca2+ entry
via pores of NMDA receptors, which can be activated
by HCY [1, 9, 11, 16].

Intracellular Ca2+ responses caused by NMDA-receptor
agonists in cerebellar neurons. The neurotoxic action of
glutamate and neuronal death is now thought to be
triggered by Ca2+ deregulation due to an increased
conductance of Ca2+ channels and excessive entry of
Ca2+ into the cytoplasm. Ionotropic glutamate recep-
tors and release of Ca2+ from intracellular stores con-
tributes to Ca2+ deregulation [7, 13, 23]. We analyzed
the dynamics of intracellular Ca2+ responses to short-
term applications of HCY as compared to effects of
NMDA and Glu.
EMBRANE AND CELL BIOLOGY  Vol. 12  No. 4  2018
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Fig. 2. Intracellular Ca2+ responses evoked by short-term (2 min) action of L-homocysteine (100 μM), L-glutamate (100 μM)
and NMDA (30 μM). (a) Single peak Ca2+ responses to HCY. (b) Gradually increasing Ca2+ responses to HCY. (c) Neurons
responding to NMDA and Gly, but not HCY. Each curve represents the intensity of single cell body fluorescence of Fluo-3. Ago-
nists application is indicated by lines above the charts. Y-axis represents the relative f luorescence intensity of cells normalized to
control baseline. The diagram on the left shows the quantitative ratio of cells sorted by response type. The diagram colors corre-
spond to the chart colors. The data of 7 experiments are presented.
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A short-term 2-min application of 100 μM HCY

(with 30 μM glycine) caused two types of Ca2+

responses. (1) A fast single-peak Ca2+ response,
recorded in 3.3 ± 0.1% cells (n = 7, 9 cells out of 164).
This dynamics was also observed for 30 μM NMDA

and 100 μM Glu (Fig. 2a). (2) Slow Ca2+ response
with lower amplitude as compared to NMDA or Glu
action observed in the same cells, recorded in 96.7 ±
3.4% neurons (n = 7, 155 cells out of 164, Fig. 2b). The
last group of neurons included a subgroup of cells
responding to Glu, NMDA, and HCY (37.1 ± 3.4%,
Fig. 2b) and cells responding to NMDA and Glu only
(59.6 ± 3.6%, n = 7, 164 cells out of 275, Fig. 2c). A

wide variability of cellular Ca2+ responses to HCY in
cerebellar neurons as compared to cortical neurons
can be due to heterogeneity of NMDA-receptor sub-
types expressed in cerebellar cells, which results in dif-
ferent desensitization kinetics, calcium permeability
and sensitivity to HCY [16] and other agonists [14].

A long-term (60 min) action of 100 μM HCY
caused a gradual 2–4-fold increase in the intracellular

Ca2+ concentration in all cells. Some neurons with fast

uncompensated Ca2+ response died during the HCY
treatment (Fig. 3a, red color). Other neurons survived

but showed Ca2+ overload at the end of the HCY treat-
ment (Fig. 3a, yellow color). Application of 100 μM Glu

caused a rapid Ca2+ response in all neurons followed

either by Ca2+ overload (Fig. 3b, red color) or by com-

pensation of the Ca2+ rise (Fig. 3b, green and blue col-
ors). Upon application of 30 μM NMDA there was no

rapid Ca2+ response but neurons demonstrated a fast

(Fig. 3c, red color) or delayed (Fig. 3c, yellow color) Ca2+

overload, which can provoke mitochondrial dysfunction
[7] and neuronal death by apoptosis [22] or necrosis [27].
A separate group of few neurons did not respond to HCY

or NMDA but demonstrated non-periodic short Ca2+

spikes (Fig. 3, blue color). These neurons responded only
to Glu and possibly expressed only AMPA receptors,
which cannot be activated by HCY or NMDA.
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
The influence of NMDA-receptor agonists on mito-
chondrial membrane potential (ϕmit) in cerebellar neu-
rons. A long-term 1-h application of HCY caused an

elevation of intracellular Ca2+, and a 5-h treatment
resulted in apoptosis (Fig. 1). It is interesting to com-
pare a short (6 min) and long-term (60 min) action of
HCY, NMDA, and Glu on functional state of mito-
chondria in neurons. Protonophore FCCP (4 μM)
evoked maximal f luorescence of Rho123 as compared
to control (Figs. 4a, 4b, 4c), indicating zero mitochon-
drial membrane potential ϕmit (Fig. 4c). The influence

of 6-min application of agonists on mitochondrial
membrane potential changes (∆ϕmit) was presented as

 that is, a ratio of the Rho123 fluo-

rescence change observed in the presence of NMDA-
receptor agonists to the Rho123 fluorescence change
in the presence of FCCP. The obtained values are pre-
sented in Fig. 5. This ratio for HCY was 0.32 ± 0.05
(n = 4); for Glu it was 0.55 ± 0.16 (n = 5), and for
NMDA, 0.79 ± 0.17 (n = 4). Even a 6-min application of

NMDA caused a full drop of ϕmit, so 

did not differ significantly from 1 (Fig. 5). Glu and
HCY caused only a partial drop of ϕmit, so

 and  values were sig-

nificantly lower than 1 (Fig. 5) but did not differ from
each other. Thus, the potency of the neurotoxic effect
of studied NMDA-receptor agonists as uncouplers of
mitochondrial oxidative phosphorylation was as fol-
lows: NMDA > Glu = HCY.

At the end of a long-term (60 min) application all
three agonists caused a full drop of ϕmit

(  = 1, Fig. 4). However, HCY effect

was a bit slower that in the case of Glu or NMDA. The
effects of HCY and Glu were partly reversible, as the
washout of agonists restored normal f luorescence of
Rho123. NMDA effect was irreversible. Thus, long-
term action of agonists, especially NMDA, caused cell
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Fig. 3. Intracellular Ca2+ responses evoked by long-term (60 min) action of L-homocysteine (100 μM), L-glutamate (100 μM) and
NMDA (30 μM). (a) Samples of Ca2+ responses to HCY. (b) Samples of Ca2+ responses to Glu. (c) Samples of Ca2+ responses to
NMDA. Each curve represents the Fluo-3 fluorescence intensity of a single cell body. Agonist application is indicated by lines above
the charts. Y-axis represents the relative fluorescence intensity of cells normalized to control baseline. Left charts (a, b, c), show dying
neurons and right charts (a, b, c), living cells. Red color indicates early Ca2+ overload; yellow color, delayed Ca2+ overload; green color,
compensation of Ca2+ responses, and blue, spiking Ca2+ responses of neurons. Pooled data of 3–5 experiments are presented.
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swelling, loss of Rho123 staining [28], and neuronal

death at the end of the treatment, so that the FCCP

application did not result in further drop of ϕmit. The

changes of ϕmit of neurons, which did not surviv during

the treatment with agonists, are plotted in red (Fig. 4).
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
DISCUSSION

Many neurodegenerative diseases related with cer-
ebellar functions [29], such as Alzheimer [30] and Par-
kinson [31] diseases, lateral amyotrophic sclerosis [6, 32],
and other pathologies [3], are accompanied with
EMBRANE AND CELL BIOLOGY  Vol. 12  No. 4  2018
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Fig. 4. Changes of mitochondrial membrane potential (Δϕmit) measured by Rho123 fluorescence in cerebellar neurons in vitro
in response to 6-min (left) and 60-min (right) applications of L-homocysteine (50 μM), NMDA (30 μM) and L-glutamate
(100 μM). (a) Sample f luorescent signal of neurons showing Δϕmit in response to the HCY application. (b) Sample f luorescent
signal of neurons showing Δϕmit in response to Glu application. (c) Sample f luorescent signal of neurons showing Δϕmit in
response to NMDA application. FCCP (4 μM) application was used as a control reference of maximal drop of ϕmit. Y-axis rep-
resents relative f luorescence intensity of cells normalized to control baseline. Each curve represents the f luorescence intensity of
a single neuronal body. Pooled data of 4–5 experiments are presented.
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hyperhomocysteinemia, suggesting its involvement in
pathogenesis. Our experimental results concerning the
cytotoxic action of HCY on cerebellar neurons show
that long-term treatment with HCY (as well as with Glu
or NMDA) causes apoptosis of cerebellar neurons.

However, the comparison of Ca2+ responses and
ϕmit changes during short-term action reveals the dif-

ference between agonists. All cortical neurons
responded to a 2-min of HCY in the same way by a fast

Ca2+ response [33]. Cerebellar neurons differed in

their Ca2+ responses to 2-min HCY application. The
majority of cerebellar neurons show stationary eleva-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
tion in intracellular Ca2+ like in case of NMDA and

Glu. Some neurons did not respond to HCY, while

responding to NMDA and Glu. This heterogeneity

can be explained by the unique pattern of expression of

NMDA receptor subtypes observed in cerebellum.

Cortical neurons express GluN1/GluN2B in the

extrasynaptic area [34], activation of which contrib-

utes to pro-apoptotic signaling cascades [35, 36] but

shows a rapid desensitization by HCY [16]. Many cer-

ebellar neurons express GluN2C- and GluN2D-con-

taining NMDA receptors in extrasynaptic area [37,

38], which are possibly not desensitized by HCY. This
EMBRANE AND CELL BIOLOGY  Vol. 12  No. 4  2018
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Fig. 5. The quantitative ratio of of L-homocysteine
(50 μM), NMDA (30 μM) and L-glutamate (100 μM)
effect on mitochondrial membrane potential. The chart
show the ratio of agonists evoked change of ϕmit (∆ϕmit) to
4 μM FCCP evoked drop of ϕmit after 6-min treatment of
cerebellar neurons with agonists. Mean values with stan-
dard error of mean are presented. Significant differences
between agonist- and FCCP-evoked responses are indicated
by asterisks: *, p < 0.05 (n = 4, one-way Student’s t-test) and
***, p < 0.001 (n = 5, one-way Student’s t-test).
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may explain a relative tolerance of cortical neurons to
the neurotoxic action of HCY [39].

The comparison of mitochondrial membrane
potential changes in response to different NMDA
receptor agonists in cerebellar neurons shows that
long-term action of HCY, NMDA and Glu results in a
complete mitochondrial dysfunction, which is revers-
ible in case of HCY. In short-term (6 min) experi-
ments the potency of uncoupling of mitochondrial
oxidative phosphorylation by NMDA receptor ago-
nists was as follows: NMDA > Glu = HCY. NMDA
was the strongest neurotoxic agent as compared to Glu
and HCY because this synthetic compound cannot be
utilized by membrane transporters and metabolized by
cells. It also does not activate metabotropic NMDA
receptors. Glu and HCY revealed the same potency to
cause mitochondrial dysfunction in cerebellar neu-
rons. In this feature cerebellar neurons differ from cor-
tical neurons, in which HCY neurotoxicity was much
weaker than of other NMDA receptor agonists [33]. In
the study performed on cerebellar granule cells [40]
HCY at a rather high concentration of 25 mM did not

cause significant Ca2+ entry into neurons. This differs
from our observations and can possibly be explained
by a strong desensitization of GluN2B subunits of
NMDA receptors at high HCY concentrations [16].
Probably, HCY-induced neurotoxicity at millimolar
range is due to activation of metabotropic glutamate
receptors.

It should be noted that in both short- and long-
term experiments NMDA show the strongest effect on
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
mitochondrial potential drop resulting in irreversible
mitochondrial dysfunction. NMDA selectively acti-
vates NMDA receptors, but not metabotropic gluta-
mate receptors. It cannot be captured by glutamate
transporters. Obviously, endogenous glutamate recep-
tor agonists (Glu and HCY) exert weaker effects on
mitochondrial functions. Possibly their neurotoxic
effect strongly depends on glutamate metabotropic
receptor activation. This coincides with the observa-
tion that mGluR5 antagonist MTEP protects neurons
against HCY neurotoxicity [11].

Thus, in cerebellar neurons a long-term HCY

action causes Ca2+ deregulation, mitochondrial dys-
function, and apoptosis due to a specific expression
profile of NMDA receptor subtypes. In consequence,
an increase in the endogenous HCY in hyperhomo-
cysteinemia can provoke cerebellar neurodegenera-
tion with significant functional disorders.
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