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Abstract—Homocysteine, a sulfur-containing amino acid, exerts neurotoxic effects and is involved
in the pathogenesis of many neurodegenerative disorders. In contrast to well-studied glutamate
excitotoxicity, the mechanism of homocysteine neurotoxicity is not clearly understood. Using wholecell patch-clamp, calcium imaging (fluo-3) and measurements of mitochondrial membrane potential
(rhodamine 123), we studied in vitro in cultured rat cortical neurons transmembrane currents,
calcium signals and changes in mitochondrial membrane potential induced by homocysteine versus
responses induced by NMDA and glutamate. L-homocysteine (50 µM) induced inward currents
that were completely blocked by the selective antagonist of NMDA receptors, AP-5. In contrast
to NMDA-induced currents, homocysteine-induced currents exhibited a smaller steady-state
amplitude. Comparison of calcium responses to homocysteine, NMDA or glutamate demonstrated
that in all cortical neurons homocysteine elicited fast oscillatory-type calcium responses, whereas
NMDA or glutamate induced a “classical” sustained elevation of intracellular calcium. In contrast
to NMDA, homocysteine did not cause a drop in mitochondrial membrane potential at the early
stages of its action. However, after its long-term effect, as in cases of NMDA and glutamate,
changes in mitochondrial membrane potential arose comparable with its complete drop caused by
protonophore FCCP-induced uncoupling of the respiratory chain. Our data suggest that in cultured
rat cortical neurons homocysteine at the initial stages of its action induces in vitro neurotoxic effects
due to the activation of NMDA-type ionotropic glutamate receptors followed by a massive calcium
influx through the channels of these receptors. The long-term effect of homocysteine may lead to
mitochondrial dysfuction manifested as a drop in mitochondrial membrane potential.
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INTRODUCTION
An endogeneous amino acid homocysteine
(2-amino-4-mercaptobutanic acid) is involved in
normal cellular metabolism, including methionine
and cysteine synthesis, leading to the production
of a key factor of antioxidant defense, glutathione.
However, due to the folic acid and B-group vitamin deficiency or genetic polymorphism—the cytosine (C) substitution by thymine (T) in C677T
nucleotide of the 5, 10-methylenetetrahydropholate reductase gene [1], the blood plasma concentration of homocysteine may increase (above the
normal level of 16 µM). This condition, called
hyperhomocysteinemia, is coupled to the pathogenesis of many cardiovascular [2] and neurodegenerative diseases such as the Alzheimer’s and
Parkinson’s diseases [3, 4] and amyotrophic lateral sclerosis [5]. Recently, the evidence has been
obtained that homocysteine may also participate
in the pathogenesis of such a widespread neurological disorder as a migraine with aura [6, 7].
A migraine with aura is known to be associated
with cortical spreading depression [8, 9], an increase in the excitability of cortical neurons due
to excess glutamate in the extracellular space [10].
Glutamate, by activating ionotropic and metabotropic receptors, causes neuronal depolarization
and is potentially neurotoxic. It is well known that
NMDA receptors are essential for the generation
of cortical spreading depression [11]. However,
despite homocysteine can also activate cortical
neurons [12], the role of this amino acid in migraine hyperexcitability and concomitant neurotoxicity is practically unexplored.
There are several studies that demonstrated the
interaction of homocysteine with the glutamatebinding site of NMDA receptors [12, 13] and
group I metabotropic glutamate receptors [14–
16]. In this respect, glutamate receptors may be
regarded as a potential target for high homocysteine concentrations [17].
Hyperactivation of NMDA receptors is known
to be frequently associated with oxidative stress in
neurons [18, 19]. On the other hand, it is known
that homocysteine can also trigger oxidative stress
in some experimental models [20]. However, it
has been shown that in endothelial cells homocysteine rather decreases the oxidative effect [21] and
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sometimes exhibits the reducing properties [22,
23]. Thus, the issue of the homocysteine involvement in oxidative stress remains open being one of
the foci of the present study.
MATERIALS AND METHODS
The studies were conducted on the primary culture of the Wistar rat cortical neurons at the temperature of 23–26°C. The method of preparing
neuronal culture was described in detail previously
[24, 25]. Briefly, the culture was derived from the
embryos at days 16 or 17 of prenatal development
(E16–17). Cells were cultivated in a medium on
cover slips pretreated with poly-D-lysine.
Experiments on the primary cultured cells of the
rat brain cortex were conducted in vitro on days
7–10 (DIV). The physiological solution contained
140 mM NaCl, 2.8 mM KCl, 10 mM HEPES,
2 mM CaCl2, 1 mM MgCl2 (pH 7.2–7.4). Since
in neurons extracellular Mg2+ blocks the NMDA
receptor channels, in experiments with NMDA
the physiological solution free of Mg2+ was used
[26].
To evoke neurotoxic stress, there were used the
saturating concentrations of glutamate receptor
agonists: 50 µM L-homocysteine, 30 µM NMDA
and 300 µM glutamate (Sigma-Aldrich, USA).
During NMDA and homocysteine applications,
glycine (a NMDA receptor co-agonist) was added
regularly at a concentration presented in a growth
medium (30 or 100 µM).
For fluorimetric measurement of [Ca2+]i, a
fluorescent probe Fluo-3 (Invitrogen, USA) was
used allowing relative concentrations of [Ca2+]i
to be obtained in a micromolar range [27]. Fluorophore was introduced to cells as acetoxymethyl
ether, AM (4 µM, 45 min, darkness, 23–25°C).
Then cells were incubated in darkness for 15 min
in physiological solution for de-etherification with
the intracellular formation of membrane-impermeable Fluo-3.
For fluorimetric measurement of mitochondrial membrane potential (Δϕmit), a vital fluorescent
dye, rhodamine 123 (Rho123, Invitrogen, USA),
was used. Cells were loaded with fluorophore
(5 µM) for 30 min in complete darkness at room
temperature (23–25°C). As a control for Δϕmit
measurements, a protonophore carbonyl cyanide-
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p-trifluoromethoxyphenylhydrazone
(FCCP,
4 µM; Sigma-Aldrich, USA) was used that leads
to complete uncoupling of the respiratory chain
(i.e. drop in Δϕmit) eliciting thereby a maximal
Rho123 emission [28].
For fluorimetric experiments with Fluo-3 or
Rho123 on the inverted scanning confocal microscope Leica TCS SP5 MP (Leica Microsystems,
Germany), cover slips with cells were transferred
into the registration/perfusion chamber POCmini
Chamber System(LaCon, Germany) connected
to the general and local fast perfusion system.
During the whole experiment (10–90 min), cells
were perfused by general perfusion of physiological solution at a rate of 1 ml/min. Reactants were
applied onto the cells by a local fast perfusion at
the same rate. Complete substitution of the solution around the neurons occurred in less than 1 s.
Rho123 and Fluo-3 were excited by argon laser
at a wavelength of 488 nm. Fluorochrome emission was registered in the spectral range of 500–
560 nm. Scan frequency was 0.03 frame/sec. The
resultant confocal images with Rho123 or Fluo-3
fluorescence were digitized using the Leica LAS
AF software, and time dependences of single cell
fluorescence intensities were plotted.
Integral neuronal currents were recorded by
the method of local potential fixation in a wholecell configuration [29]. Microelectrodes were
filled with the solution containing 9 mM NaCl,
17.5 mM KCl, 121.5 mM K-gluconate, 1 mM
MgCl2, 10 mM HEPES, 0.2 mM EGTA, 2 mM
MgATP, 0.5 mM NaGTP [30]. Recording patchpipettes were made from borosilicate glass capillaries with an external diameter of 1.5 mm and
internal filament (Sutter Instrument #BF150-8610, Sutter Instruments Company, USA). Currents
were recorded using the MultiClamp 700B amplifier with the Digitata 1440A data collection system
and pClamp v10.2 software (Molecular Devices,
USA). Frequency discretization was 20 000 measurements/sec with preliminary analog filtration
(equivalent to the order 8 Bessel filter) with a
section frequency of 1.4 kHz to remove high-frequency noises. Microelectrode tip was positioned
by the MP-85 micromanipulator (Sutter Instruments Company, USA) under visual control on
the Nikon Diaphot TMD inverted microscope
(Nikon, Japan). Test substances were applied

using the system for quick solution replacement
based on BPS-4 (Ala Scientific Instruments,
USA). Recording of the agonist-induced currents
as well as their analysis were implemented using
the pClamp Clampfit 10.2 software.
For statistical analysis, the Origin 6.1 and
GraphPad Prizm 5 softwares were used. To evaluate the significance of differences, the Student’s
t-test was applied.
RESULTS
To explore the interaction of homocysteine
with glutamate receptors in rat cortical neurons, a
series of experiments was conducted in which the
nature of the homocystein-activated inward currents was studied and their kinetics was compared
with that of the responses to the specific NMDA
agonist. For this purpose, we studied the kinetics
of inward currents recorded by the local potential
fixation in a whole-cell configuration after quick
application of 50 µM homocysteine or 30 µM
NMDA (the agonists were applied with 30 µM
glycine as a NMDA receptor co-agonist). Both
agonists induced inward integral currents comparable in their amplitudes (Fig. 1a). The NMDAinduced membrane current following the peak
dropped partially to a steady state (plateau). In
contrast to NMDA, the current induced by homocysteine application dropped much faster leading
to a smaller plateau amplitude than in the current
induced in the same cell by NMDA application
(Fig. 1a). These differences may either be due to
the fact that the agents interact with different receptors or, alternatively, reflect different desensitization kinetics when different agonists affect the
same receptor type. Our experiments with AP-5, a
selective NMDA receptor blocker, confirmed that
homocysteine activates NMDA receptors because
AP-5 blocked the homocysteine-induced current
in the cortical neurons almost completely excluding thereby the contribution of other ionotropic
glutamate receptors.
As is known, an inward current, along with
transmembrane transfer of sodium and potassium
ions, is determined by the influx of calcium ions via
the NMDA receptor channel. Since there are differences in the kinetics of inward currents induced
by the effect of NMDA versus homocysteine on
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Fig. 1. (a) Inward integral currents induced by 50 µM homocysteine and 30 µM NMDA in presence of co-agonist,
glycine, at the membrane potential –70 mV in rat cortical neurons. The onset of application and agonist effect durations
are shown by the lines above the graphs. Presented are characteristic records from one of the total number of cells tested
(57). (b) Intracellular calcium responses induced by 50 µM homocysteine, 30 µM NMDA and 300 µM glutamate in rat
cortical neurons. Ordinate: relative fluorescence intensity (control fluorescence is taken as 1). The onset of application
and agonist effect durations are shown by the lines above the graphs. Each curve represents a fluorescent Ca2+ response
recorded in the soma of one neuron. Presented are data of one experiment. Total number of experiments—3.

NMDA receptors, it was of interest to explore the
nature of Ca2+ responses after the short-term (6
min) action of these glutamate receptor agonists
and to compare them with the responses to glutamate itself. In the neurons of the primary rat cortex culture, the dynamics of Ca2+ responses after
the 6-min action of the agonists was similar in all
neurons: 50 µM homocysteine induced typical
oscillatory Ca2+ responses [16], whereas 30 µM
NMDA and 300 µM glutamate induced a rapid
increase in [Ca2+]i reaching plateau and persisting over the whole period of the agonist presence
(Fig. 1b). These findings supported our results obtained by recording membrane currents and indicating a rapid desensitization of NMDA receptors
by homocysteine. Specifically, the calcium signal
decay in response to homocysteine appears to be
due to a low amplitude of the current evoked by
homocysteine in the steady state (Fig. 1a).
Long-term Ca2+ dysregulation is known to
cause mitochondrial dysfunction, disruption of
the respiratory chain, triggering of oxidative phosphorylation and, eventally, the death of neurons
[31].
Because homocysteine, NMDA and glutamate
can exert the neurotoxic effect on CNS and PNS

neurons [16], it was of interest to explore the effect of these glutamate receptor agonists on Δϕmit
as a mitochondrial state marker. The fluorophore
Rho123 allows a drop in Δϕmit to be detected. As
a control to determine a maximal Δϕmit, the protonophore FCCP was applied at a concentration
of 4 µM 2 min following the effect of the agonists;
this led to a complete uncoupling of the respiratory chain and as complete drop in the membrane
potential evoking thereby a maximal Rho123
emission.
Figure 2 shows Δϕmit at short-term (6 min, Fig. 2
(i)) and long-term (60 min, Fig. 2 (ii)) effects of
50 µM homocysteine (Fig. 2a), 30 µM NMDA
(Fig. 2b) or 300 µM glutamate (Fig. 2c) on the
rat cortical neurons. Homocysteine (50 µM) after
6 min of action did not induce a considerable drop
in Δϕmit as compared with FCCP (Fig. 2 (i), (a)),
while 30 µM NMDA (Fig. 2 (i), (b)) during first
6 min of its action, conversely, induced a drop in
Δϕmit comparable with that induced by FCCP.
In contrast to the short-term action of the agonists, after 60 min of their action no significant
differences between them were detected. In all
cases, at 50 µM homocysteine, 30 µM NMDA or
300 µM glutamate, beginning from the 30th min
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Fig. 2. Changes in mitochondrial membrane potential (Δϕmit) detected using Rho123 in rat cortical neurons under effects
of 50 µM homocysteine (a), 30 µM NMDA (b) and 300 µM glutamate (c) for 6 min (i) and 60 min (ii). Upright dotted line
on (ii) marks 6 min of agonist effect. As a control of a maximal drop in Δϕmit, 4 µM FCCP were applied for 2 min. The
onset of application and agonist effect durations are shown by the lines above the graphs. Ordinate: relative fluorescence
intensity (control fluorescence is taken as 1). Each curve represents a fluorescent Rho123 response recorded in the soma
of one neuron. Total number of experiments—3–5.

of their action, the agonists induced equally well
a conspicuous drop in Δϕmit (Fig. 2 (ii)) which

reached its maximum by the 50–60th min of the
agonists’ action and was comparable with com-
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plete uncoupling of the respiratory chain induced
by FCCP. It is important to note that during the
long-term action of NMDA, homocysteine or
glutamate, in each experiment there were found
the cells which exhibited a sharp increase in the
intensity of Rho123 fluorescence during the first
20 min of the agonists’ action indicative of a sharp
drop in Δϕmit. Later on, these cells responded with
a drop in the intensity of Rho123 fluorescence and
did not respond to FCCP (Fig. 2 (ii), responses
are marked with dotted line). Apparently, it is exactly these cells that die first from the neurotoxic
effect of homocysteine, glutamate or NMDA [16,
32–34].
To compare more precisely the drops in Δϕmit
caused by the effect of the glutamate receptor agonists on the rat cortical neurons, we calculated
agonist/ΔϕFCCP ratio (Δϕ
the Δϕmit
mit
mit for each of the
agonists: 50 µM homocysteine, 30 µM NMDA
or 300 µM glutamate relative to Δϕmit caused by
FCCP) reflecting the portion of the Δϕmit drop
due to the effect of NMDA receptor agonists of
its maximal value. Figure 3 shows the Δϕagonist
/
mit
ΔϕFCCP
ratio
histograms
after
6
and
60
min
of
the
mit
agonist action. For the rat cortical neurons after 6
min of the agonist action, Δϕhomocysteine
/ΔϕFCCP
mit
mit
was 0.13 ± 0.02, Δϕglutamate
/ΔϕFCCP
mit
mit —0.22 ±
NMDA/ΔϕFCCP—0.41 ± 0.05 relative
0.05 and Δϕmit
mit
units. The data for NMDA differed significantly
from the values obtained under the effect of 50 µM
homocysteine (p < 0.01, number of experiments
= 3) and 300 µM glutamate (p < 0.05, number
of experiments = 3). After 60 min of exposure to
agonists, Δϕhomocysteine
/ΔϕFCCP
was 0.44 ± 0.04,
mit
mit
glutamate
FCCP
Δϕ mit
/Δϕ mit —0.42 ± 0.06, ΔϕNMDA
/
mit
FCCP
Δϕ mit —0.52 ± 0.08 relative units and they did
not differ significantly from one another (p > 0.05,
number of experiments = 3–5). Thus, a 60-min
exposure to NMDA receptor agonists results in
almost a 2-fold drop in mitochondrial receptor
potential.
DISCUSSION
Glutamate neurotoxicity was fairly well-studied
on the primary rat cortical cell culture [31–33,
35]. However, the mechanism of action of high
homocysteine concentrations on the cells of the
primary culture of cortical neurons is poorly un-
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Fig. 3. Ratio of the drop in mitochondrial membrane
potential (Δϕmit) induced by 50 µM homocysteine,
30 µM NMDA and 300 µM glutamate to the complete
drop in Δϕmit under the respiratory chain uncoupling
induced by 4 µM FCCP in rat cortical neurons
FCCP
(Δϕagonist
mit /Δϕmit ) after 6 and 60 min of agonist action.
Presented are means with standard error (*—p < 0.05,
**—p < 0.01) for 3–5 experiments.

derstood. L-homocysteic acid, known to be structurally nearest to L-glutamate and analogous to
L-homocysteine, can interact with NMDA receptors and group I metabotropic glutamate receptors
stronger than homocysteine itself [14]. However,
hyperhomocysteinemia is associated with the increased homocysteine level in plasma and cerebrospinal fluid [36]. In this connection, to explore
the homocysteine action mechanism on CNS
cells (primary rat cortical cell culture), we used Lhomocysteine in concentration corresponding to
medium hyperhomocysteinemia (30–100 µM).
Previously, it was shown that under the longterm effect of homocysteine on cortical and trigeminal ganglion neurons it induces the apoptotic
cell death, i.e. exerts a cytotoxic effect [16] mediated via ionotropic NMDA-type glutamate receptors and metabotropic type 5 glutamate receptors
[12, 14–17].
There are only a few electrophysiological studies
of the effect of homocysteine [12, 13, 37]. We were
the first to measure inward integral currents under
the effect of homocysteine which were compared
with NMDA-induced integral currents. In contrast to MNDA, homocysteine-activated receptors desensitize faster (Fig. 1a). Interestingly, the
homocystein-induced inward current amplitude
is characteristic of NMDA receptors that lack
the GluN2B subunit [38]. Inward currents gener-
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ated due to the activation of NMDA receptors are
known to reflect the Ca2+ influx kinetics. In this
respect, we compared intracellular Ca2+ responses evoked by short-term effects of homocysteine,
NMDA and glutamate.
Our electrophysiological data are consistent
with the results on intracellular Ca2+ responses.
Short-term impacts of homocysteine, NMDA
and glutamate induce in the rat cortical neurons
Ca2+ responses differing in their dynamics: Ca2+
response to homocysteine following its maximum
dropped almost to the control level and represented Ca2+ oscillations (Fig. 1b) dissimilar to
the typical Ca2+ dynamics caused by the effects of
NMDA or glutamate [31, 34].
The recent studies have shown that the homocysteine-induced death of embryonic cortical neurons is mediated via not only NMDA
receptors, but recruits the ERK-MAPK and p38MAPK kinase signaling pathways [17]. Other
studies suggest that homocysteine is implicated
in oxidative stress that leads to the death of neurons [18, 19, 39]. Meanwhile, it is generally accepted that hyperactivation of NMDA receptors
is associated with oxidative stress [18, 19]. Moreover, as demonstrated on hippocampal neurons,
homocysteine at high concentration (250 µM)
leads to the polymerization of poly-ADP-ribose
and depletion of NAD+ reserves causing thereby
mitochondrial oxidative stress and apoptosis [40].
It has been also shown that severe induced hyperhomocysteinemia causes lipid peroxidation, a
cell oxidative stress marker [20]. Importantly, in
the experiments addressing Δϕmit under the shortterm effect of 50 µM homocysteine we did not reveal a potential drop in the primary rat cortical cell
culture (Fig. 2 (i), (a)). As compared with homocysteine, NMDA and glutamate induced greater
changes in Δϕmit (Fig. 2 (i), (b, c)). First of all,
these differences can be accounted for the fact that
homocysteine and glutamate are endogeneous
glutamate receptor agonists and have individual
intracellular mechanisms of utilization (glutamate
transporter for glutamate and glutathione formation for homocysteine [41]). Probably, the detection of oxidative stress through the drop in Δϕmit
requires the longer effect of homocysteine. In
contrast, NMDA induces strong hyperactivation
of NMDA receptors and relatively weak desensi-

tization that jointly results in Ca2+ dysregulation
and subsequent drop in Δϕmit leading to cell death.
This theory is supported by the studies of Δϕmit
under long-term effects of the agonists (homocystein, NMDA and glutamate) (Fig. 2 (ii)). In
all cases, during 60 min the agonists (including
homocysteine) led to a strong depolarization of
mitochondria comparable with FCCP-induced
complete uncoupling of the respiratory chain that
may have eventually caused the death of neurons
[31].
Our results demonstrate that in the rat cortical
neurons the mechanisms mediating the neurotoxic effect of homocysteine, although much less
pronounced, are not basically dissimilar to the
glutamate and NMDA action mechanisms. In addition to Ca2+ dysregulation, they include mitochondrial dysfunction that leads to uncoupling of
the mitochondrial respiratory chain and triggers
oxidative phosphorylation which may eventually
initiate the apoptotic death of neurons.
This study was supported by the RFBR grants
nos. 14-04-31707, 14-04-00227 and 15-04-08283,
RNF grant no. 14-15-00618, and Competitive
Growth Program of Kazan Federal University.
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