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α-Ketoglutarate dehydrogenase complex activity modulates
glutamate excitotoxicity via metabotropic regulation of
NMDA receptors in primary cultures
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ABSTRACT
Glutamate excitotoxicity is a cell death mechanism triggered by
accumulation of glutamate in the extracellular space. The α-
ketoglutarate dehydrogenase complex (αKGDHC), an enzyme of the
tricarboxylic acid cycle, represents a branching point controlling
glutamate formation and its consumption as a fuel. Hence, modulation
of the activity of αKGDHCmight alter the amount of glutamate available
for excitotoxic effects. To address this hypothesis, hippocampal
neurons in primary co-culture with glial cells were exposed to zero-
Mg2 buffer to elicit excitotoxicity through N-methyl-D-aspartic acid
(NMDA) receptor disinhibition. Pretreatment of the cultureswith succinyl
phosphonate, to inhibit αKGDHC, enhanced excitotoxity, whereas
promotion of αKGDHCactivity by pretreatment with thiamine caused an
opposite action. Moreover, NMDA receptor currents – but not those
mediated by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors – were potentiated in neurons with impaired
αKGDHC activity and diminished in neurons with boosted αKGDHC
activity. The sensitization of NMDA receptors involved mGluR1
activation and was accompanied by enhanced neuronal discharge
activity, elevated basal cytosolic Ca2+ levels, and augmented Ca2+

responses evoked by glutamate application. These results suggest that
mGluR1-mediated potentiation of NMDA receptors contributes to a
mechanismbywhich inhibition ofαKGDHCmight exacerbate glutamate
excitotoxicity.
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INTRODUCTION
Glutamate is renowned as main excitatory neurotransmitter in the
central nervous system (CNS). Nevertheless, glutamate subserves
several additional functions in the CNS that are not limited to

neurons (Nedergaard et al., 2002). One of the latter is its role as fuel for
mitochondrial energy production; this necessitates entrance into the
tricarboxylic acid (TCA) cycle after transformation to α-ketoglutarate
which is further oxidized by the α-ketoglutarate dehydrogenase
complex (αKGDHC), a rate-limiting step for the TCA cycle flux.
Under pathophysiological conditions (e.g. ischemia, trauma,
hypoglycemia, status epilepticus or neurodegenerative diseases),
excessive release and accumulation of glutamate in the extracellular
space can lead to overstimulation and induction of neuronal cell death,
a mechanism known as glutamate excitotoxicity (Belov Kirdajova
et al., 2020; Lewerenz and Maher, 2015; Olney, 1971). Owing to the
role of glutamate in cell metabolism, glutamate might be distributed,
in particular, between the αKGDHC-dependent oxidation and
excessive efflux causing excitotoxicity (Divakaruni et al., 2017).
This applies not only to glutamate in neurons but especially to
glutamate in non-neuronal cells, such as astrocytes, which replenish
neuronal glutamate via the glutamate-glutamine cycle (McKenna,
2007). This cycle is required for sustaining neuronal excitatory
transmitter release (Tani et al., 2014).

In brain disorders, inhibition of αKGDHC can arise from
increased production of reactive oxygen (ROS) and reactive
nitrogen species (RNS) (Hansen and Gibson, 2022; Weidinger
et al., 2023), which negatively impacts the flow of glutamate into and
out of the TCA cycle. Hence, modulation of αKGDHC might
potentially contribute to the pathophysiological effects of ROS
and RNS. Succinyl phosphonate (SP) is a specific inhibitor of
α-ketoglutarate dehydrogenase (αKGDH) and can be used as an
experimental tool to study the block of αKGDHC (Bunik et al.,
2005). Activation of αKGDH, by contrast, can be achieved by
application of the co-factor precursor thiamine (TH) (Weidinger
et al., 2023). The aim of this study was to investigate how
a bidirectional modulation of αKGDHC activity by SP and
TH following 36- to 48-h preincubation can affect glutamate
excitotoxicity in primary hippocampal neuron and glia co-cultures.
We hypothesized that inhibition of αKGDHC by SP might reduce
the consumption of glutamate and thereby increase the availability of
glutamate for excitotoxic effects as observed in neuroblastoma-
derived cell lines (Weidinger et al., 2023). Vice versa, augmentation
of αKGDHC activity by TH might boost glutamate consumption
and thus reduce excitotoxicity.

Although SP was found to raise glutamate-mediated
excitotoxicity, it failed to increase synaptic glutamate release. In
turn, TH decreased glutamate excitotoxicity but enhanced synaptic
glutamate release. These results exclude altered availability
of synaptically releasable glutamate as underlying cause, and the
data below hint at a modulation of N-methyl-D-aspartic acid
(NMDA) receptors through activation of metabotropic glutamate
receptor signaling.
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RESULTS
Effect of αKGDHC modulation on zero-Mg2+-induced
excitotoxicity
Hippocampal neuron and glia co-cultures were exposed for 6 h to
an external solution without added Mg2+ (‘zero-Mg2+’), a treatment
that causes excess glutamatergic neuronal activity (Meyer et al.,
2021) and widespread neuronal death (Kovac et al., 2012).
Afterwards, the neuronal viability was investigated by fluorescence
staining of dead neurons in the cultures with propidium iodide
(PI) (Fig. 1A). A schematic representation of the experimental
procedure can be found in Fig. S1. Under control conditions (ctrl),
this treatment reduced neuronal viability to ∼50% (48.8±5.4%,
mean±s.d.). In cultures that had been pretreated for 36 to 48 h
with 200 µM SP, viability was reduced even more to ∼40%
(41.4±4.5%). In contrast, pretreatment of cultures for the same
period of time with 1 mM TH led to enhanced viability of ∼65%
(63.1±4.8%). In other words, zero-Mg2+-induced excitotoxicity
killed ∼25% more neurons in cultures pretreated with SP versus
in those pretreated with TH. Notably, changes in viability caused
by either SP or TH as compared with control were lost when
both compounds were combined during pretreatment. When neurons
were incubated in (Mg2+-containing) standard external solution
(denoted unstimulated cultures), neuronal viability was high (ctrl,
93.6±2.7%; mean±s.d.) and remained largely unaltered irrespective
of whether cultures where pretreated with TH (92.0±2.5%) or the
combination of both SP+TH (92.4±2.6%) (Fig. 1B). However, after
pretreatment with SP, neuronal viability was reduced to 88.2±5.4%,
which was significantly different from the other pretreatment groups
(Fig. 1B).

Effect of αKGDHCmodulation onvesicular glutamate release
In cortical neurons, a switch in metabolic preference from pyruvate
to glutamate has been shown to decrease currents evoked by
hyperosmotic sucrose, indicating that the quantity of glutamate
released upon depolarization was diminished (Divakaruni et al.,
2017). We confirmed this finding in our rat hippocampal primary
cultures (Fig. S2). Likewise, activation and inhibition of
αKGDHC by TH and SP, respectively, might alter levels of
glutamate in synaptic vesicles. To test for this possibility, we also
employed the hyperosmotic sucrose assay to evaluate vesicular
glutamate (Rosenmund and Stevens, 1996). A graphical explanation
of this assay is provided in Fig. S3. 500 mM sucrose-containing
external solution was superfused onto patch-clamped neurons for
10 s and current responses were monitored (Fig. 2A). Analysis of
peak current densities (ctrl, 6.3±3.8 pA/pF; SP, 3.3±0.8 pA/pF;
TH, 9.9±3.8 pA/pF; mean±s.d.) of evoked responses indicated
a trend towards reduced glutamate contents in synaptic vesicles of
SP-pretreated neurons, although this change did not reach statistical
significance (P-value 0.1482). However, in TH-pretreated neurons,
evoked responses were significantly larger than in untreated neurons
and SP-pretreated neurons (Fig. 2B). No statistically significant
difference was present in membrane capacitance (the mean
capacitance amounted to ∼75 pF) between the investigated
pretreatment groups (Fig. 2C).

These data provide evidence for a particularly high glutamate
content in synaptic vesicles after TH pretreatment and a considerably
smaller content of glutamate in vesicles pretreated with SP. However,
they do not support the idea that enhanced availability of glutamate
for synaptic release upon inhibition of αKGDHC-dependent
consumption is responsible for the augmented zero-Mg2+-induced
excitotoxicity seen in SP-pretreated neurons. Likewise, they do not
support the idea that lowered availability of glutamate for synaptic
release upon promotion of αKGDHC-dependent consumption is
responsible for the reduced excitotoxicity seen in TH-pretreated
neurons. Therefore, we turned our focus from presynaptic actions to
postsynaptic ones.

Effect of αKGDHC modulation on glutamate-induced
excitotoxicity
First, we investigated whether modulation of αKGDHC could also
alter excitotoxicity caused by exogenous application of glutamate
in a manner similar to that caused by zero-Mg2+. We used different
glutamate concentrations and application periods to induce varying
degrees (∼10 to 45%) of neuronal cell death (Fig. 3). A schematic
representation of the experimental procedure can be found in
Fig. S4. Similar to the zero-Mg2+ experiments, we also observed
increased excitotoxicity in SP-pretreated neurons, particularly – and
here the effect was statistically significant – when 10 µM glutamate
was administered. In comparison, TH-pretreated neurons showed
reduced excitotoxicity compared to SP-pretreated neurons, which
was statistically significant at all glutamate concentrations tested.
When neurons were pretreated with both SP and TH, no increase in
cell death was observed (Fig. 3). Taken together, the findings so far
appear to show that changes in excitotoxicity depend more on how
the neurons respond to glutamate rather than howmuch they release.

Effect of αKGDHC modulation on glutamate-induced
neuronal excitation
To address this possibility, we applied increasing concentrations of
glutamate (3 to 300 µM) for periods of 2 min with equally long
intervals to patch-clamped neurons and performed current clamp
recordings to monitor membrane voltage (Vm) responses (Fig. 4A).

Fig. 1. Modulation of αKGDHC activity affects zero-Mg2+-induced
excitotoxicity. (A) Bar graphs (depicting mean±s.d. together with the
individual data points) of neuronal viability determined after exposure to
zero-Mg2+-induced excitotoxicity of untreated cultures (ctrl, n=45), cultures
pretreated for 36 to 48 h with SP (n=36), with TH (n=42) or with both
compounds (TH+SP, n=41) (from three independent culture preparations).
(B) Bar graphs of neuronal viability observed in unstimulated cultures (after
exposure to Mg2+ standard external solution (SES)] for neurons without or
with pretreatment as in A (ctrl n=15, SP n=16, TH n=13, TH+SP n=13, from
one culture preparation, three dishes per condition). *P<0.05; ***P<0.001;
****P<0.0001; ns, not significant (ordinary one-way ANOVA in combination
with Tukey’s multiple comparisons post hoc test).
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The Vm traces obtained reveal differences in endogenous discharge
behavior between cultures that had been exposed to distinct
pretreatments (Fig. 4A–C), but these changes are disregarded
here, and will be examined in more detail below. Glutamate-induced
depolarizations were determined only in between single action
potentials (using baseline values) or after the onset of depolarization
block (cessation of action potentials in the course of persistent
depolarization); concentration response curves were generated in
order to obtain an initial insight into potential changes in glutamate-
induced excitation (Fig. 4D). Compared to controls (black trace,
n=6), neurons pretreated with SP (red trace, n=3) responded to lower
concentrations of glutamate, whereas TH-pretreated neurons (green
trace, n=7) required higher glutamate concentrations to respond.
The effect of SP (red trace) was prevented by co-application of TH

(SP+TH, orange trace, n=6). From the Hill slope model fitted to the
data, EC50 values were determined as 18.1 µM (ctrl), 8.7 µM (SP),
38.3 µM (TH) and 26.2 µM (SP+TH). A preliminary statistical
evaluation of the fitted concentration–response curves revealed that
the EC50 values from the four groups were not drawn from the same
underlying population distribution (Fig. 4D). To corroborate the
increased sensitivity of SP-pretreated neurons to low concentrations
of glutamate, we repeated these experiments for 3 µM and 10 µM
glutamate in a larger cohort of neurons and preparations (n=15 to 19
neurons from six or seven different preparations; Fig. 5A). Instead
of using the depolarized voltage value (as in the previous figure,
where Vm indicates the absolute potential to which neurons
depolarized), here we evaluated ΔVm, defined as the difference
between the depolarization reached in the presence of glutamate (the

Fig. 2. Modulation of αKGDHC activity affects hyperosmotic sucrose-induced currents. (A) Averaged currents (normalized to the cell capacitance as a
proxy for cell size and representing mean values) from 9 or 10 neurons evoked by 10 s-long application of 500 mM sucrose-containing external solution from
cultures with unaltered αKGDHC activity (cntl, blue trace), and from cultures pretreated with SP (red trace) and from cultures pretreated with TH (green trace),
both for 36 to 48 h. For clarity, brief application artefacts at the beginning and at the end of the sucrose application were removed from the traces. The arrow
indicates the peaks of evoked currents. (B) Plot of peak current densities (peaks of currents indicated in A by the arrow) together with the mean±s.d. from
responses recorded from 9 to 10 neurons in each of the three conditions. (C) Plot of the membrane capacitance as correlate of cell size determined in the
neurons from which data in B were assembled and which was used to normalize the currents shown in A with mean±s.d. *P<0.05; ***P<0.001; ns, not
significant (ordinary one-way ANOVA in combination with Tukey’s multiple comparisons post hoc test).

Fig. 3. Modulation of αKGDHC activity affects glutamate excitotoxicity. (A) Bar graphs (depicting mean±s.d. together with the individual data points) of
neuronal viability determined 24 h after 3-h exposure to 10 μM glutamate of untreated cultures (ctrl), cultures pretreated for 36 to 48 h with SP, with TH or
with both compounds (TH+SP) (n=32 for each condition). (B) Same as in A after a 1.5-h exposure to 30 μM glutamate (n=36 for each condition). (C) Same
as in A after a 1-h exposure to 100 μM glutamate (n=30 for each condition). All data were collected from three independent culture preparations. *P<0.05;
***P<0.001; ****P<0.0001; ns, not significant (ordinary one-way ANOVA in combination with Tukey’s multiple comparisons post hoc test).
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lowest Vm during glutamate application) and the membrane voltage
immediately before glutamate application (the resting Vm). Thus,
ΔVm indicates the size of the glutamate-induced depolarizations.
In SP-pretreated neurons, the responses evoked by 3 µM glutamate
(21.2±10.6 mV, mean±s.d.) were significantly larger than the
responses evoked in control neurons (7.3±7.3 mV) and in TH-
pretreated neurons (5.8±6.7 mV). A similar effect was seen with
10 µM glutamate, although the difference between control neurons
(31.1±19.3 mV) and SP-treated neurons (42.8±12.1 mV) did not
reach statistical significance (Fig. 5B). The responses to 10 µM
glutamate in TH-treated neurons amounted to 20.2±16.0 mV, and
were significantly different from the responses evoked in SP-treated
neurons.
As mentioned above, the current clamp recordings provide

evidence of a further difference (besides the sensitivity to glutamate)
between the three pretreatment groups – that is, we noted a higher
likeliness of pronounced discharge activity in SP-treated neurons,
whereas TH-treated neurons seemed to display reduced discharge

activity (Figs 4 and 5). To evaluate this observation, we defined five
discharge patterns in the sections of the recordings that preceded
the first application of glutamate, as illustrated in the exemplar
recordings in Fig. 6A. First, silent neurons, which showed – within
1-min time frames after the start of recordings – excitatory synaptic
potentials but did not display action potential firing (‘silent’). Second,
predominantly silent neurons that showed irregular discharge of
a few individual action potentials (‘silent+Aps’). Third, neurons
that showed continuous discharge of action potentials in a 1-min
recording period (‘continuous firing’). Forth, neurons that also
showed a high likeliness of action potentials but in which action
potentials occurred in a discontinuous fashion with periods of
frequent discharge (e.g. 4 to 7 Hz) separated by pauses of firing
(‘discontinuous firing’). And finally, fifth, neurons which showed
‘burst firing’ in which depolarizing waves gave rise to alternating
periods of high frequency discharge firing and of discharge pauses.

Next, we allocated neurons of the three pretreatment groups (ctrl,
n=32; SP, n=43; TH, n=45) to these five discharge patterns. Results

Fig. 4. Concentration-response
relationship of glutamate-evoked
neuronal depolarizations. (A–C) Examples
of current clamp recordings from a neuron
with unaltered αKGDHC activity (ctrl, A),
from a neuron pretreated with SP (B) and
from a neuron pretreated with TH (C). The
2-min long application of increasing
concentrations of glutamate is indicated by
gray vertical bars (from left to right: 3, 10, 30,
100 and 300 μM). (D) Concentration–
response curves of glutamate-evoked
depolarizations recorded from 3 to 7 neurons
in each of the three conditions illustrated with
sample recordings in A–C, as well as from
neurons pretreated with a combination of SP
and TH. Data are presented as mean±s.e.m.
The colored curves were generated using a
non-linear fit routine. Comparison of fits of
the concentration–response curves indicated
a statistically significant difference in EC50

values between one dataset and the
remaining conditions (P=0.0008, extra
sum-of-squares F test). The coefficient of
determination (R²) values were 0.772 for the
control group, 0.895 for SP, 0.652 for TH
and 0.612 for SP+TH.

Fig. 5. Effect of αKGDHC modulators on depolarizing
voltage responses evoked by application of low
concentrations of glutamate. (A) Depiction of representative
voltage responses to application of 3 μM and 10 μM glutamate
of control neurons, SP-treated neurons and TH-treated
neurons. Responses were characterized by triggering of or
increase in action potential discharge, and at 10 μM glutamate,
by a transition into depolarisation block, which manifests itself
in a cessation of discharge activity during sustained
depolarization. Action potentials are truncated at −10 mV.
(B) Bar graph (mean+s.e.m.) illustrating the differences
between voltage responses (ΔVm) to glutamate application in
the three pretreatment groups. **P<0.01; ***P<0.001;
****P<0.0001; ns, not significant (Kruskal–Wallis test with
Dunn’s multiple comparisons post hoc test).
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of this analysis are presented in Fig. 6A,B. In control neurons, the
predominating discharge patterns (indicated in bold) were ‘silent+Aps’
and ‘discontinuous firing’. In SP-treated neurons, discontinuous
discharge activity was the predominant pattern. Finally, in TH-
treated neurons, ‘silent+Aps’ represented the predominant discharge
pattern (Fig. 6A). To highlight the differences in discharge activity, we
pooled hypoactive discharge patterns (first to third categories) and
hyperactive discharge patterns (fourth and fifth categories) (Fig. 6B).
In control neurons, hypoactive discharge patterns and hyperactive
discharge patterns were found with almost equal probability.
However, in SP-treated neurons about two thirds of the neurons
displayed hyperactivity, whereas about one third of the neurons were
characterized by hypoactivity. The situation in TH-treated neurons
was exactly the opposite, in that about two thirds of the neurons
displayed hypoactivity, whereas about one third of the neurons
were characterized by hyperactivity. At the same time, there was no
statistically significant difference in the resting membrane potential
among the three pretreatment groups, which amounted to −62.1
±9.3 mV in control neurons, to −63.3±10.5 in neurons pretreated with
SP and to 65.7±9.9 mV (mean±s.d.) in neurons pretreated with TH.

Effects of αKGDHCmodulation on NMDA- and AMPA-induced
currents
To explore the molecular origin of altered sensitivity to glutamate in
neurons preincubated with SP or TH, we next investigated the
effects of αKGDHC modulation on ionotropic glutamate receptors.
We applied either 3 µM AMPA or 30 µM NMDA to voltage-
clamped neurons to evoke glutamate receptor-mediated currents.
These concentrations correspond approximately to the EC50 values
for these compounds in our culture system, as can be seen for
NMDA-induced currents in Fig. 7C [as for AMPA, currents elicited
with 3 µM amounted to 10.30±4.13 pA/pF (mean±s.d., n=9); at
300 µM, AMPA currents amounted to 17.21±4.60 pA/pF, which
was not significantly different (P-value 0.43, paired t-test) from the
AMPA currents evoked with 100 µM (16.89±4.89 pA/pF); hence
300 µM can be considered to represent a saturating concentration,
and with 3 µM AMPA 59.8% of the maximal current at 300 µM
was elicited. These data are in line with previous reports on the
respective EC50 values by, for example, Banke and Lambert, 1999;
Fukushima et al., 2014 and Herman and Jahr, 2007]. Densities of
AMPA-induced currents did not reveal any significant differences

between the four experimental groups (control, SP-treated, TH-
treated and SP+TH-treated neurons) (Fig. 7A). In contrast, compared
to controls, neurons pretreated with SP showed increased densities
and neurons pretreated with TH reduced densities of NMDA-evoked
currents. No change of NMDA-induced currents was evident
from the data of neurons pretreated with a combination of SP and
TH (Fig. 7B). Both, the increase in SP-treated neurons as well as
the decrease in TH-treated neurons showed statistically significant.
In concentration response curves obtained with 3 to 300 µM NMDA
(Fig. 7C), EC50 values were similar for the four groups of
differentially pretreated neurons (control 22.5 µM, SP 22.1 µM, TH
27.7, and SP+TH 24.4 µM). Maximal current densities, in contrast,
were reduced by TH and enhanced by SP (Fig. 7C).

Involvement of metabotropic glutamate receptors
Activation of group I metabotropic glutamate receptors (mGluRs)
are known to potentiate NMDA receptor responses (Fitzjohn
et al., 1996; Skeberdis et al., 2001). Hence, we tested whether
antagonizing mGluR1 and mGluR5 receptors (encoded by GRM1
and GRM5, respectively) would affect the SP-induced increase of
NMDA receptor currents. As summarized in the plot of peak current
densities in Fig. 8A, the SP-induced increase in NMDA receptor
currents was entirely blocked in the presence of themGluR1 antagonist
YM298198 (YM, 1 µM). In contrast, the mGluR5 antagonist MTEP
(1 µM) failed to significantly attenuate facilitatory effects of SP, even
though NMDA receptor currents were enhanced when compared to
control conditions. These data indicate that inhibition of αKGDHC by
SP in hippocampal cultures leads to a mostly mGluR1-mediated
potentiation of NMDA receptor responses. To reveal whether this
sensitization of NMDA receptors might be related to the reduced
viability of SP pretreated neurons in zero-Mg2+ (Fig. 1) or glutamate-
induced excitotoxicity (Fig. 3), we investigated glutamate-induced
cytosolic Ca2+ elevations using the fluorescent Ca2+ indicator Fluo4.
Tetrodotoxin (TTX, 0.5 µM) and the phospholipase C inhibitor
U73122 (1 µM) were included in the buffer to avoid network effects
and the effects of phospholipase C activation downstream of group I
mGluRs. In comparison to control conditions, cytosolic Ca2+ rises in
response to 1-min applications of 10 µM glutamate were higher in SP-
treated neurons and were accompanied by signs of Ca2+ dysregulation
– for example, compromised return to baseline levels after wash-out of
glutamate, in some (Fig. 8B, red trace) but not all of the neurons

Fig. 6. Distribution of neuronal discharge patterns according to αKGDHC activity. (A) 30 s recording periods illustrating the discharge pattern categories
defined for the analysis. The values below indicate the percentage and – in brackets – numbers of neurons in which the respective discharge pattern was
observed out of the total number of neurons investigated. (B) Same as in A but only for hypoactive neurons (comprising the three discharge patterns
indicated on the left side) and for hyperactive neurons (comprising the two discharge patterns indicated on the right side). Bold font in A and B highlights the
predominant (i.e. most frequent) discharge pattern in the respective pretreatment group.
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(Fig. 8C, red trace). Moreover, baseline Ca2+ was increased in
SP-treated neurons as well (Fig. 8D). Both of these effects of SP,
enhancement of baseline Ca2+ and glutamate-induced Ca2+ rises were
prevented by co-administration of TH (Fig. 8B) or of the mGluR1
antagonist YM298198 (Fig. 8C, YM). The data are summarized in bar
graphs of Fig. 8D (baseline Ca2+) and Fig. 8E (peak Ca2+-evoked by
10 µM glutamate). Baseline Ca2+ and peak Ca2+ responses were only
larger than those registered under control conditions for SP-treated
neurons. In all other pretreatment groups, baseline Ca2+ and peak Ca2+

responses were smaller in size than those registered under control
conditions. These data demonstrate that TH as well as YM prevented
the Ca2+-elevating effect of SP treatment both at rest and during
glutamatergic stimulation.

DISCUSSION
Inhibition of αKGDHC leads to an mGluR1-dependent
potentiation of NMDA receptors
For energy production via the TCA cycle of neurons and glial cells,
αKGDHC is required to convert α-ketoglutarate into succinyl-CoA.
Alternatively, α-ketoglutarate can be used for the synthesis of
glutamate, a reaction that is found primarily in astrocytes (Alcoreza
et al., 2021). Glutamate is either released from astrocytes via several
pathways (reviewed by Mahmoud et al., 2019) or transformed
into glutamine to reach neurons via the glutamate-glutamine cycle
(McKenna, 2007). In neurons, glutamine-derived glutamate is
either loaded into vesicles for exocytotic release or utilized for
energy production. Inhibition of αKGDHC can be expected to boost
the formation of glutamate from α-ketoglutarate in astrocytes.
There, only a minor fraction of glutamate (∼15%) is fed into the
TCA cycle, and ∼85% is transferred to neurons (Alcoreza et al.,
2021). Hence, raised astrocytic glutamate might potentially result in
elevated levels of extracellular glutamate through enhanced
exocytosis from neuronal vesicles. Indeed, αKGDHC inhibition
by SP in a neuron–glia hybrid cell line has been reported to redirect
the flow of glutamate into a reserve vesicle pool with ensuing
accumulation of extracellular glutamate after spontaneous release.
This mechanism was suggested to directly favor excitotoxic effects
and to provoke cell death, but the effects were only seen when a
neuron-like cell line was exposed to millimolar concentrations of
exogenously added glutamate (Weidinger et al., 2023).

In the present experiments on primary neuron and glia co-cultures,
basal viability was reduced and excitotoxicity due to disinhibition
of NMDA receptors through Mg2+ removal was augmented by
the αKGDHC inhibitor SP, and both effects were occluded by
co-administration of the αKGDHC co-factor precursor TH.
Nevertheless, glutamate release was not altered in a way supporting
enhanced vesicular release as the cause of increased excitotoxicity
in SP-pretreated neurons. Sucrose-induced glutamate release was
higher in TH-treated neurons than in SP-treated ones, even though
excitotoxicity was lowest in TH-treated and highest in SP-treated
cultures. Instead, SP treatment resulted in a TH-sensitive and
mGluR1-dependent sensitization of NMDA receptors. This suggests
that the source of glutamate that led to an augmentation of cell death
was a non-synaptic rather than a synaptic one, which sufficed to
activate mGluR1 receptors (which have an affinity for glutamate in
the submicromolar range; Tora et al., 2018), which mediate an
increase in NMDA receptor sensitivity.

Inhibition of αKGDHC causes neuronal hyperactivity,
enhancement of cytosolic Ca2+ and a reduction of viability
mGluR1-mediated potentiation of NMDA receptors is a well-known
mechanism in hippocampal neurons (Benquet et al., 2002; Fitzjohn

Fig. 7. Effect of αKGDHC modulation on AMPA- and NMDA-evoked
currents. (A) The traces at the top show representative currents elicited with
3 μM AMPA, and – for comparison – 300 μM AMPA. The 5-s application of
AMPA onto neurons voltage-clamped to a holding potential of −70 mV is
indicated by the black horizontal bar. Owing to the normalization to the cell
capacitance (as a proxy for cell size), data are referred to as current density.
The arrows indicate peaks of the currents. Those evoked with 3 μM AMPA
were used for the analysis depicted in the box-and-whisker plot below. The plot
shows a comparison of peak current densities of currents elicited by 3 μM
AMPA in control neurons (ctrl) versus neurons pretreated with SP (red bar), TH
(green bar) or SP+TH (orange bar); n=9 for each pretreatment group. The box
spans from the 25th percentile to the 75th percentile, representing the
interquartile range. The line inside the box marks the median. The whiskers
indicate minimum and maximum values. (B) Same as in A but for peak current
densities of currents elicited by a 5-s-long application of 30 μM NMDA; n=11 for
each pretreatment group. (C) Concentration–response curves for peak current
densities evoked by increasing concentrations of NMDA in the four indicated
pretreatment groups; n=11 for each concentration in each pretreatment group.
Data points represent the mean±s.e.m. Statistical evaluation of the data
obtained with 300 μM NMDA is indicated on the right side. The colored
asterisks indicate whether comparison refers to control data (blue) or data from
SP+TH-treated neurons (orange). The colored curves were generated by a
non-linear fit routine with the bottom constrained to 0. R squared values were
as follows: ctrl 0.899, SP 0.845, TH 0.736 and SP+TH 0.884. *P<0.05;
**P<0.01; ***P<0.001; ****P<0.0001; ns, not significant (ordinary one-way
ANOVA in combination with Tukey’s multiple comparisons post hoc test).
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et al., 1996; Lan et al., 2001; Skeberdis et al., 2001). However,
pretreatment of neurons with SP and/or TH also affected their
firing properties, and SP-treated neurons were hyperactive, whereas
TH-treated neurons were hypoactive. In particular, burst discharge
was absent in TH-treated neurons, but the number of neurons
displaying burst firing was increased after SP treatment. As NMDA
receptors are known as key regulators of burst firing in hippocampal
neurons (Grienberger et al., 2014; Teplov et al., 2021), this change
in discharge pattern might result directly from alterations in
NMDAR sensitivity. Changes in discharge modes other than burst
firing might be viewed as consequence of an altered number of
bursting neurons within a network. However, we cannot exclude that
additional changes induced by the modulation of αKGDHC activity
could also play a role in the shift of discharge behavior. Still,
higher firing rates in networks of SP-treated neurons might suffice to
explain enhanced cytosolic Ca2+ concentrations as revealed in Fluo4
experiments as well as reduced viability of neurons even in the
absence of a zero-Mg2+ challenge.

mGluR1-dependent potentiation of NMDA receptors might
represent a pathomechanism associated with reduced
activity of αKGDHC
The mechanisms underlying the sensitization of NMDA receptors
via mGluR1 have not been the focus of this study. Previously,
mGluR1-mediated insertion of NMDARs (Lan et al., 2001) as
well as tyrosine-phosphorylation of membrane-resident receptors
(Heidinger et al., 2002; Murotomi et al., 2008) have been
implicated.

The activity of αKGDHC is decreased in many neurodegenerative
disorders (Starkov, 2013), and inhibition of αKGDHC can arise from
an increased production of ROS and RNS in brain pathology
(Hosmann et al., 2021; Hansen and Gibson, 2022). Furthermore,
TH deficiency is well known to cause neuronal vulnerability via
glutamate-mediated excitotoxic mechanisms (Nardone et al., 2013).
Hence, we propose that the mechanism described here in primary
hippocampal neuron and glia co-cultures might play a role in diseases
associated with reduced activity of αKGDHC. Indeed, evidence has
been provided that group I mGluRs potentiate both post-traumatic
and ischemic glutamate excitotoxicity, and that this effect involves
upregulation of NMDA receptor activity (Lai et al., 2019; Mukhin
et al., 1996 and 1997). Moreover, infarct volume is reduced by the
action of mGluR1 antagonists in rodent ischemia models (Kohara
et al., 2008; Li et al., 2013). Murotomi et al. (2008) report similar
findings and demonstrate that a reduction of NMDA receptor
(NMDAR) function is associated with this neuroprotective effect.
Our in vitro data indicate that inhibition of αKGDHC leads to
mGluR1-dependent potentiation of NMDAR signaling that has low
neurotoxic effects on its own (and might thus be caused by mild
increases of extracellular glutamate), but renders neurons more
susceptible to excitotoxic effects of glutamate surges. The ischemic
penumbra, a region of brain tissue that is not immediately irreversibly
damaged, but which is at risk for secondary injury, is highly
susceptible to oxidative stress (Hou and Brenner, 2024), which might
lead to reduced αKGDHC activity (Hansen and Gibson, 2022;
Weidinger et al., 2023). Therefore, we propose that mGluR1-
mediated potentiation of NMDA receptors represents a mechanism

Fig. 8. Effects of αKGDHC inhibition by SP involve mGluR1 activation. (A) Box-and-whisker plot (as in Fig. 7) illustrating the effect of SP treatment or of
SP treatment in the presence of the group I mGluR antagonists YM298198 (mGluR1 antagonist) or MTEP (mGluR5 antagonist) on peak current densities of
currents evoked by 300 μM NMDA (n=5–7 for the four different conditions). **P<0.01; ****P<0.0001; ns, not significant (ordinary one-way ANOVA in
combination with Tukey’s multiple comparisons post hoc test). (B) Comparison of averaged traces (representing the mean) obtained during Fluo4 registration
of cytosolic Ca2+ before, during and after application of 10 μM glutamate (Glut) from neurons pretreated with SP (n=110), TH (n=120) or TH+SP (n=115), or
from untreated neurons (ctrl, n=154). (C) Comparison of averaged traces (representing the mean) obtained during Fluo4 registration of cytosolic Ca2+ from
neurons pretreated with SP (n=217), SP+YM298198 (YM, 1 μM) (n=277) or from untreated neurons (ctrl, n=221). (D) Violin plot summarizing baseline Ca2+

signals determined prior to the glutamate application (marked in B with the gray arrow) in experiments as illustrated in B and C, together with an indication of
the results of statistical comparison of the various pretreatment groups (n=277–375 neurons from four dishes, one dish per pretreatment group, three
microscopic fields per dish, repeated in a total of four preparations). The median value is indicated as a line within the violin. The first and third quartiles are
indicated by additional lines. (E) Same as in D but for the peak Ca2+ signals determined during the application of 10 μM glutamate (marked in B with the
black arrow). **P<0.01; ****P<0.0001; ns, not significant (Kruskal–Wallis test with Dunn’s multiple comparisons post hoc test). FU, fluorescence units.
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that might contribute to the spreading of a precipitating (e.g.
ischemic) brain lesion.
It should be noted that acute application of SP has been

demonstrated to cause neuroprotective rather than excitotoxic effects
in cerebellar granule neurons. There, a 1-hour pre-application of SP
has been shown to alleviate Ca2+ dysregulation evoked by 30 min
application of 100 µM glutamate. As the underlying mechanism, the
authors inferred prevention of αKGDHC-dependent ROS production
and ensuing self-inactivation of αKGDH (upon overstimulation
of neurons with glutamate) (Bunik et al., 2009; Kabysheva et al.,
2009). In our study, we investigated effects of long-term (e.g. 36
to 48 h long) inhibition of αKGDHC, a condition under which
changes in ambient glutamate were hypothesized to arise and to affect
neuronal function in a manner different from immediate effects of
reduced αKGDHC activity.
Inhibition of glutamate receptors and augmentation of glutamate

uptake into glial cells have been proposed as strategies to reduce
glutamate excitotoxicity (Wang et al., 2020). However, reduction of
glutamate signaling will inevitably impair brain function. Hence,
additional or alternative strategies leading to neuroprotection from
the toxic effects of excess glutamate are needed. Understanding the
role of glutamate metabolism in excitotoxicity shall help to identify
targeted strategies for therapeutic intervention with deleterious
effects of extracellular glutamate accumulation. Meanwhile, current
evidence strongly supports the therapeutic use of TH supplementation
to improve outcomes in moderate to severe traumatic brain injury
(Gao et al., 2025; Wang et al., 2024). The results of our study propose
a mechanism by which restoration of impaired activity of αKGDHC
might be partially responsible for the mitigating effect of TH
supplementation on brain damage.

Limitations
Thiamine pyrophosphate, the active form of TH to which it is
rapidly converted by thiamine pyrophosphokinase, acts as a cofactor
for several enzymes – for example, pyruvate dehydrogenase,
transketolase and branched-chain α- ketoacid dehydrogenase – as
well as αKGDH (Hamada et al., 2013). Hence, the effects of TH can
be attributed to a modulation of a variety of enzymes. However, the
effect of SP on αKGDH is considered to be rather specific, with
complete block of αKGDH and only minimal effects on other
enzymes that utilize α-ketoglutarate or related α-keto acids (Bunik
et al., 2005). Hence, the prevention of the effects of SP by TH
indicates that they are indeed due to the dysfunction of αKGDHC.
Minor contributions by modulation of another common target or
pathway cannot be entirely excluded.
Hyperosmotic sucrose leads to release of glutamate predominantly

from the readily releasable pool (RRP) of vesicles, which is
responsible for evoked Ca2+-dependent release of glutamate
(Rosenmund and Stevens, 1996). Of note, other forms of vesicular
glutamate release might also contribute to glutamate excitotoxicity,
for example, a spontaneous, Ca2+-independent form of glutamate
release. The latter was attributed specifically to a resting pool (RP) of
synaptic vesicles by some (e.g. Fredj and Burrone, 2009) but not by
other authors (Wilhelm et al., 2010; Duan et al., 2024; Arnold and
Peters, 2025). Our sucrose assay of glutamate content does not
provide information about glutamate content in pools other than
the RRP. However, glutamate has been shown to be loaded into
synaptic vesicles in an early stage of vesicular recycling and, once the
vesicles have been refilled, they appear to remain relatively inactive
in terms of neurotransmitter exchange (Prior and Clague, 1997;
Rizzoli, 2014). Hence, the changes we observed upon modulation of
αKGDHC might not only apply to the RRP.

By using a cell culture model, we employed a simplified
experimental system in our study. Consequently, all conclusions
must be interpreted in consideration of the fact that the complexity
of a natural biological system might not be perfectly mimicked
(Featherstone and Shippy, 2008). However, we used the neuron and
glia co-cultures only after at least 12 days in culture, when neurons
had fully differentiated on a glial feeder-layer. This system has been
shown in our hands to exhibit essential aspects of glutamatergic
signal transduction, including glutamate-glutamine cycling between
glial cells and neurons (Kubista et al., 2025). Hence, considerable
transferability of the results to the in vivo situation seems to be
warranted.

MATERIALS AND METHODS
Sources of chemicals
Succinyl phosphonate (#MCE-HY-12688A) was from MedChemExpress
EU (Sollentuna, Sweden), TH (#T1270), NMDA (#M3262), (S)-AMPA
(#A0326), glutamate (#G1251), glycine (#G8790), sucrose (#S9378) and
propidium iodide (#P4170) were from Sigma-Aldrich (Vienna, Austria),
YM298198 (ab120015) and MTEP (ab120035) were from Abcam
(Cambridge, UK), U73122 (#T6243) was from TargetMol (Linz,
Austria), Fluo4 AM (#F14201) was from Thermo Fisher Scientific
(Waltham, MA, USA), CNQX (#1045) was from Tocris (Dublin, Ireland).
Tetrodotoxin (TTX, # L8503) was from Latoxan (Portes-les-Valence,
France) and bulk chemicals were from Sigma-Aldrich.

Primary hippocampal neuron and glia co-cultures, and
modulation of αKGDHC
Once aweek, a pregnant Sprague-Dawley rat was received fromCharles River
Laboratories (Sulzfeld, Germany).Within 24 h after birth, neonatal animals of
both sexes were killed by decapitation in full compliance with the provisions
of the Austrian Animal Protection Law; for further information and details of
the preparation see Hotka et al. (2020). In brief, hippocampi were dissected
and after enzymatic digestion of the tissue for 20 min with papain, cells were
dissociated by trituration in culture medium. Cells were seeded on to PDL-
coated dishes and cultured for at least 12 days. The growth of glial cells was
stopped by addition of cytosine arabinoside (1 µM) 3 days after seeding. SP
(200 µM) and TH (1 mM) were added from concentrated aqueous stocks to
the culture medium to obtain the desired final concentrations. Cultures were
then incubated at 37°C under 5% CO2 for an additional 36 to 48 h. For
experiments, cultures were transferred to standard external solution (SES)
which contained (in mM): 140 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES,
20 glucose (pHwas adjusted to 7.4 byNaOH). In the neuronal viability assays
(Figs 1A and 3), all pretreatment conditions were tested in parallel on a total of
three independent preparations, with the exception of the control experiment,
which served to confirm the viability of the culture and to ensure that the
experimental procedure did not cause significant neuronal toxicity (Fig. 1B).
In the electrophysiological experiments (Figs 2–7, 8A), typically only one
neuron per dish was used (to rule out any effect of a previous experiment
on another experiment in the same dish) and care was taken to perform
one measurement from each pretreatment condition (ctrl, SP, TH and, if
applicable, SP+TH) per experimental day. Hence, data collection in each
set of experiments spanned several weeks and involved multiple independent
preparations (three to seven). Fluo4 Ca2+ measurements (Fig. 8B–E) were
performed on cultures of four independent preparations.

Neuronal viability assay
The viability of the neurons was investigated by fluorescence staining of
dead cells using propidium iodide (PI) in cultures exposed to SES with
various concentrations of glutamate or experiencing 6-h long seizure-like
activity induced by nominally Mg2+-free extracellular solution at 37°C.
Except for the omission of MgCl2, this ‘zero-Mg2+’ extracellular solution
was identical to the SES. For determination of viability of unstimulated
cells, cultures were kept for the same time in SES. For PI staining, cultures
were exposed to SES containing 10 µM PI (Fig. S1). For each dish
(i.e. biological replicates), four to six microscopic fields of view (FOV), that
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is, technical replicates, were analyzed using an Olympus IX70 fluorescence
microscope equipped with an Andor EMCCD camera. For each FOV, a
brightfield image as well as an image from the red fluorescent protein (RFP)
channel were taken. Data were obtained using the open-source image
processing software Fiji (Schindelin et al., 2012). Dead cells were counted
on the fluorescence image, whereas the number of unstained neurons was
determined by visual inspection of the brightfield image onto which the
fluorescence image had been superimposed, using a manual cell counter
tool. Counting was performed by a researcher who was aware of the
experimental conditions. Viability was calculated from the ratio between the
number of cells with stained nuclei and the number of these stained cells
plus the number of unstained neurons, and is indicated as percentage of
viable cells. The n numbers in these experiments (Figs 1 and 3) represent the
total FOV, which were analyzed in three dishes from three different
preparations (i.e. from nine dishes in each experimental condition) in
Fig. 1A or in two dishes from three different preparations (i.e. from six
dishes in each experimental condition) in Fig. 3.

Electrophysiology
Patch-clamp electrophysiology was used to determine membrane voltage
(perforated patch-clamp using amphotericin B) or current responses (whole-
cell patch-clamp measurements) to application of increasing concentrations
of glutamate, NMDA and AMPA, respectively. Recordings were performed
using a Multiclamp 700B amplifier and Clampex software, which is part of
the pCLAMP electrophysiology data acquisition and analysis software
package (Molecular Devices, Sunnyvale, CA, USA). Patch pipettes were
made of borosilicate capillaries (GB150-8P, Science Products, Hofheim,
Germany) with a Sutter P97 horizontal puller (Sutter Instrument Company,
Novato, CA, USA). Tip resistances lay between 3.5 and 5 MΩ. The pipette
solution contained (in mM): 120 potassium gluconate, 1.5 sodium gluconate,
3.5 NaCl, 1.5 CaCl2, 0.25 MgCl2, 10 HEPES, 10 glucose and 5 EGTA. The
pH was adjusted to 7.3 by KOH. Electrophysiological experiments were
performed at room temperature, and cells were superfused continuously using
a DAD-12 drug application system (Adams&List,Westbury, NY, USA)with
a micromanifold holding 12 channels converging into a 100 µM diameter
quartz outlet (ALA Scientific Instruments, NY, USA). The tip of the outlet
was positioned in close proximity (∼250 µm) to the patch-clamped cell. Cells
were superfused with SES or glutamate-, AMPA-, and NMDA-containing
SES via different reservoirs of the DAD-12 system. AMPA- and NMDA-
containing SES also contained 0.5 µM tetrodotoxin (TTX), and NMDA-
containing SES was additionally supplemented with 10 µM glycine. Currents
measured in voltage-clamp experiments are shown in a form normalized to the
membrane capacitance (as a proxy for the cell size) and are therefore scaled
using the term ‘current density’ or, if the current maxima were evaluated, as
‘peak current density’ with the unit pA/pF.

Discharge dynamics across the different pretreatment groups were
assessed through systematic, expert-guided visual inspection of current-
clamp recordings standardized in time and amplitude. This multiparametric
evaluation approach enabled the simultaneous consideration of all
measurable aspects, ensuring a comprehensive representation of the
diverse firing behaviors present within the neuronal population.

Sucrose shock assay
Glutamate content of synaptic vesicles was determined viawhole-cell patch-
clamp measurement of the postsynaptic currents induced by sucrose
(500 mM) shock (Rosenmund and Stevens, 1996). Neurons were voltage-
clamped to −70 mV. Sucrose shock-induced release of synaptic vesicles
was elicited by switching the superfusing solution from SES to high sucrose
containing solution in the presence of 0.5 µM TTX. The postsynaptic
currents were mediated by AMPA receptors as revealed by their sensitivity
to 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt (CNQX) as shown
in Fig. S3.

Fluo4 Ca2+ measurements
Cells were loaded with 1 μM Fluo4 AM (Thermo Fisher Scientific) in
culture medium for 15 min at 37°C followed by washout with SES. An
excitation wavelength of 488 nm and a detection wavelength of 525 nm
were used for imaging. As in the electrophysiological experiments, cells

were continuously superfused using a DAD-8 drug application system. TTX
(0.5 µM) and the PLC inhibitor U73122 were present in the bath SES as well
as in the superfusion SES to avoid network effects as well as acute activation
of type 1 mGluR receptors by application of glutamate. Neurons were
imaged using 20× objective magnification and two fields of view were
analyzed per culture dish. Fluo 4 AM fluorescence was analyzed in ImageJ
(Schneider et al., 2012) as a mean fluorescence obtained from circular
regions of interest positioned over neuronal somata. Individual fluorescence
traces were averaged and statistically analyzed in Graphpad Prism 10.

Statistics
Statistical comparisons were made using GraphPad Prism software (Boston,
MA, USA; version 10.5.0) by ordinary one-way ANOVA in combination
with Tukey’s multiple comparisons post hoc test or – in cases where evidence
for normal distribution was not obtained using Kolmogorov–Smirnov test or
d’Agostino and Pearson test – by Kruskal–Wallis test in combination with
Dunn’s multiple comparisons post hoc test (Figs 5B, 8D,E). Nonlinear
regression–derived EC50 values from the concentration–response data in
Fig. 4D were statistically assessed using the GraphPad comparison of
fits procedure. Significance is indicated as *P<0.05, **P<0.01, ***P<0.001
or ****P<0.0001. A lack of statistical significance is indicated by ns
(not significant). Graphical illustrations were also created using GraphPad
Prism.
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(2025). Mitochondrial glutamine metabolism drives epileptogenesis in primary
hippocampal neurons. J. Neurosci. 45, e0110252025. doi:10.1523/JNEUROSCI.
0110-25.2025

Lai, T. K. Y., Zhai, D., Su, P., Jiang, A., Boychuk, J. and Liu, F. (2019). The
receptor-receptor interaction between mGluR1 receptor and NMDA receptor: a
potential therapeutic target for protection against ischemic stroke. FASEB J. 33,
14423-14439. doi:10.1096/fj.201900417R

Lan, J.-Y., Skeberdis, V. A., Jover, T., Zheng, X., Bennett, M. V. L. and Zukin,
R. S. (2001). Activation of metabotropic glutamate receptor 1 accelerates NMDA
receptor trafficking. J. Neurosci. 21, 6058-6068. doi:10.1523/JNEUROSCI.21-16-
06058.2001

Lewerenz, J. and Maher, P. (2015). Chronic glutamate toxicity in
neurodegenerative diseases-what is the evidence? Front. Neurosci. 9, 469.
doi:10.3389/fnins.2015.00469

Li, H., Zhang, N., Sun, G. and Ding, S. (2013). Inhibition of the group I mGluRs
reduces acute brain damage and improves long-term histological outcomes after
photothrombosis-induced ischaemia. ASN Neuro. 5, 195-207. doi:10.1042/
AN20130002

Mahmoud, S., Gharagozloo, M., Simard, C. and Gris, D. (2019). Astrocytes
maintain glutamate homeostasis in the CNS by controlling the balance between
glutamate uptake and release. Cells 8, 184. doi:10.3390/cells8020184

McKenna, M. C. (2007). The glutamate-glutamine cycle is not stoichiometric: fates
of glutamate in brain. J. Neurosci. Res. 85, 3347-3358. doi:10.1002/jnr.21444

Meyer, C., Kettner, A., Hochenegg, U., Rubi, L., Hilber, K., Koenig, X., Boehm,
S., Hotka, M. and Kubista, H. (2021). On the origin of paroxysmal depolarization
shifts: the contribution of Cav1.x channels as the common denominator of a
polymorphous neuronal discharge pattern. Neuroscience 468, 265-281. doi:10.
1016/j.neuroscience.2021.05.011

Mukhin, A., Fan, L. and Faden, A. I. (1996). Activation of metabotropic glutamate
receptor subtype mGluR1 contributes to post-traumatic neuronal injury.
J. Neurosci. 16, 6012-6020. doi:10.1523/JNEUROSCI.16-19-06012.1996

Mukhin, A. G., Ivanova, S. A. and Faden, A. I. (1997). mGluR modulation of post-
traumatic neuronal death: role of NMDA receptors. Neuroreport 8, 2561-2566.
doi:10.1097/00001756-199707280-00028

Murotomi, K., Takagi, N., Takayanagi, G., Ono, M., Takeo, S. and Tanonaka, K.
(2008). mGluR1 antagonist decreases tyrosine phosphorylation of NMDA
receptor and attenuates infarct size after transient focal cerebral ischemia.
J. Neurochem. 105, 1625-1634. doi:10.1111/j.1471-4159.2008.05260.x
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