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Abstract

Background: In the in-vitro study on chronic pain, the N-methyl D-Aspartate
receptor (NMDAR) activation in the dorsal root ganglion (DRG) neuron
became one of the most important mechanisms to activate the chronic pain
pathways. NMDAR activation can be induced using an NMDAR agonist. No
guidelines explain the NMDA optimum concentration to induce DRG neuron
activation through the NMDAR pathway. This study aims to find the optimum
concentration of NMDA to induce DRG neuron activation through the
NMDAR pathway.

Materials and Methods: We treat DRG neuron culture derived from the F11
cell line with 10, 20, 40, 60, 80, and 100 uM NMDA. Phosphorylated
extracellular signal-regulated kinase (pERK), an activated neuron biomarker,
is measured using an immunocytochemistry assay as a neuron activation
biomarker. We validate the NMDA optimum concentration by measuring
intracellular Ca?* level, mitochondrial membrane potential (Aym), and
cytosolic adenosine triphosphate (ATP) in the activated neuron. Those
parameters are the downstream process following NMDAR activation and are
related to neuron activity. Statistical analysis was performed using the One-
Way ANOVA test with a=5%.

Results: We found that NMDA 80 uM significantly had the highest pERK
intensity and showed the most optimum neuron activation. Validation tests
show an increase in intracellular Ca?* influx and Aym. NMDA 80 pM also
causes significant depletion in the cytosolic ATP concentration related to
neuron activation. NMDA 80 uM induces neuron activation by increasing
PERK, Ca?*influx, Aym, and cytosolic ATP depletion.

Conclusion: NMDA 80 uM is the optimum concentration to induce DRG
neuron activation through the NMDA receptor pathway.

Keywords: DRG neuron, NMDA, pERK, calcium influx, ATP, mitochondrial
membrane potential
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Introduction

Chronic pain formation is related to N-Methyl D-
Aspartate receptor activation (1). NMDAR is an
ionotropic glutamate receptor that underlies many
physiological processes in neurons (2). In the neuron,
NMDAR is activated by the neurotransmitter
glutamate following neuron depolarization due to the
activation of co-receptor a-amino-3-hydroxy-5-
methyl-4-isoxazole-propionate (AMPA) (3). NMDAR
activation activates the downstream reaction, including
activation of the Mitogen-activated protein kinases
(MAPKSs), one of the pain pathways. NMDAR
activation promotes Ca?* influx, which activates PKC,
Src, Raf-1, MEK, and ERK. A phosphorylated
extracellular signal-regulated kinase contributes to the
expression of several genes related to long-term
synaptic plasticities, such as NK-1, Cox-2, c-fos,
Zif268, pro-Dyn, and TrkB, which induce and maintain
neuron sensitization (4). pERK is also highly expressed
in the dorsal root ganglion following the noxious
stimulus (5). Phosphorylated ERK becomes a reliable
biomarker of neuron activity and central sensitization
(6). Neuron activation also affects other mechanisms,
such as mitochondrial energy generation. Neuronal
activation promotes metabolic activity such as ATP
generation. (7) The increase of Ca?* influx following
NMDAR activation also increases ATP production
through the tricarboxylic acid cycle (Kreb cycle)
enzymatic activity (8, 9).

The dorsal root ganglion neuron, a primary
neuron isolated from the dorsal root ganglion located
in the peripheral nervous system, is one of the sensory
neurons commonly used in in-vitro studies related to
pain (10, 11). DRG neurons play a critical role in
developing chronic/neuropathic pain and
hyperexcitability (peripheral sensitivity) to tissue
damage or inflammation in the onset and management
of chronic pain (12). DRG neurons detect stimuli and
send the signals to the central nervous system (13).
This knowledge leads scientists to establish studies on
the potential of DRGs as therapeutic targets of chronic
pain therapy (12). Several mechanisms related to
chronic pain occur in the DRG, including the
progression of ectopic neuron activity, peripheral
sensitization, gene regulation, presynaptic modulation,
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phenotypic switch, and presynaptic modulation (12).

In the in-vitro study, NMDAR activation could
be induced by administering NMDAR agonist glycine,
glutamate, or NMDA (14). Compared to glutamate,
NMDA is more potent to use as an NMDAR agonist
since it has a lower affinity for the plasma membrane
transporters. NMDA is also selective to NMDAR.
NMDA binds to the glycine binding domain, GIuN1,
contributing to the NMDAR activation (15). NMDA
also could bind to the NR2 subunit, a glutamate residue
that responds to the channel opening (16). In the in-
vitro study related to pain, DRG neuron activation
becomes a necessary aspect and could be used in
determining the pain or pain treatment mechanism.
There are no specific guidelines for NMDA
concentration in activating NMDAR. Therefore, this
study aims to determine the optimum concentration of
NMDA to induce dorsal root ganglion neuron
activation through the NMDAR pathway.

Methods

This study was approved by the Brawijaya University
Ethical Clearance Committee (No. 114-KEP-UB-
2020).

Cell line F-11 differentiations become mature
dorsal root ganglions: We used differentiated DRG
neurons derived from cell line F-11 (08062601,
Sigma). The F-11 cell culture method refers to
Hashemian et al. with modifications (17). Cell line F11
was cultured in Ham F-12 medium, 10% Fetal bovine
serum (FBS), HAT medium (sodium hypoxanthine
five mM, aminopterin 20 pM, and thymidine 0.8 mM),
100 U/ml penicillin and 100 pg/ml streptomycin. Cells
were cultured in 25 cm? flasks in the cell culture
incubator with 5% CO, at 37°C. Subculture was
performed when the cells reached 60-70% of the
bottom of the flask. Cell differentiation referred to the
method of Pastori et al. (18). Cells were cultured at 2.5
x 10° cells/ml for 24 hours in six-well plates with Ham
F-12 media. Then the media was changed to a
differentiation medium consisting of Dulbecco's
modified eagle medium (DMEM), 1% FBS, two mM
glutamine, 100 U/ml penicillin, and 100 g/ml
streptomycin. The media was changed every two days,

Journal of Cellular & Molecular Anesthesia (JCMA)




The Optimum Concentration of N-Methyl D-Aspartate to Induce Dorsal Root Ganglion Neuron ...

Laksono et al.

and cells were cultured for 12 days. DRG
characterization  approved  morphological and
biomolecular approach using neuronal marker
microtubule-associated ~ proteins 2 (MAP2).
Morphology observation and MAP2 measurement
were done on cell culture on days 0, 4, 5, 10, and 12.

Microtubule-associated proteins 2 (MAP2)
examination: MAP2 measurement using primary
antibody anti-MAP2 (GTX50810, GeneTex, USA).
Neurons are differentiated in 24 well-plates. The
treated cells were fixed. The aspirated cell medium was
added 2-3 mm above the cell surface 4% formaldehyde
in 1x Phosphate-buffered saline (PBS). Cells were
fixed for 15 minutes at room temperature. The fixative
was aspirated, and then the cells were washed three
times using 1 X PBS for 5 minutes for each wash. The
next stage was immunostaining. Cells were added with
100% cold methanol until submerged (3-5 mm), then
incubated for 10 minutes at -20 °C and washed in 1x
PBS for 5 minutes. Cells were supplemented with
blocking buffer 1x PBS/ 5% normal serum / 0.3%
Triton™ X-100). The blocking buffer was aspirated,
and then the primary antibody was added with a 1:200
dilution in antibody dilution buffer (1X PBS / 1% BSA
/ 0.3% Triton X-100). The cells were incubated
overnight at 4°C. Cells were washed thrice in 1X PBS
for 5 mins. for each wash. Cells were incubated in
fluorochrome-conjugated secondary antibodies, and
diluted in antibody dilution buffer for 1-2 hours at
room temperature in the dark. Cells were washed with
1X PBS 3 times for 5 minutes for each wash. The cell
was then placed in the slides. The coverslip was
mounted with Prolong® Gold Antifade Reagent
(#9071, Cell Signal) and Prolong® Gold Antifade
Reagent with DAPI. The slides were observed with a
fluorescent microscope at the appropriate excitation
wavelength.

NMDA induction on dorsal root ganglion
neuron: The differentiated DRG neuron was then
isolated to receive NMDA to induce DRG neuron
activation through NMDAR. Cells were divided into
seven groups, with four replications in each group. The
media were replaced with new media without the
addition of NMDA in the control group, and the other
group received 10, 20, 40, 60, 80, and 100 uM NMDA.
This study was under Mg?* free conditions to obtain
free external Mg?* block in the NMDAR (19). After
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incubation for 1 minute, the level of the
phosphorylated extracellular signal-regulated kinase
was measured to investigate the most optimum DRG
neuron activation.

Measurement of pERK using the
immunocytochemistry assay: Neuron sensitization
mark using phosphorylated ERK (pERK) using the
immunocytochemistry method using Phospho-p44/42
MAPK (Erk1/2) (Thr202/Tyr204) antibodies (36-
8800, Thermo Fisher Scientific, USA). Neurons are
differentiated in 24 well-plates. The treated cells were
fixed. The aspirated cell medium was added 2-3 mm
above the cell surface 4% formaldehyde in 1x PBS.
Cells were fixed for 15 minutes at room temperature.
The fixative was aspirated, and then the cells were
washed three times using 1 X PBS for 5 minutes for
each wash. The next stage was immunostaining. Cells
were added with 100% cold methanol until submerged
(3-5 mm), then incubated for 10 minutes at -20°C and
washed in 1x PBS for 5 minutes. Cells were
supplemented with blocking buffer 1x PBS/ 5%
normal serum / 0.3% Triton™ X-100). The blocking
buffer was aspirated, and then the primary antibody
was added with a 1:200 dilution in antibody dilution
buffer (1X PBS / 1% BSA / 0.3% Triton X-100). The
cells were incubated overnight at 4°C. Cells were
washed thrice in 1X PBS for 5 min for each wash. Cells
were incubated in fluorochrome-conjugated secondary
antibodies, and diluted in antibody dilution buffer for
1-2 hours at room temperature in the dark. Cells were
washed with 1X PBS 3 times for 5 minutes for each
wash. The coverslip was mounted with Prolong® Gold
Antifade Reagent (#9071, Cell Signal) and Prolong®
Gold Antifade Reagent with DAPI. The slides were
observed with a fluorescent microscope at the
appropriate excitation wavelength.

NMDA optimum concentration validation to
induce DRG neuron activation: After obtaining the
most optimum NMDA concentration to induce DRG
neuron activation, we did a validation test by
measuring Ca®**, Aym, and cytosolic ~ATP
concentration. Those three parameters were associated
with neuron activation following NMDAR activation.

Intracellular Ca?* level measurement:
NMDAR activation followed by increased Ca?* influx.
This measurement uses three groups: Control,
Optimum NMDA, and Ketamine (100 pM). Ketamine
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was used as an NMDAR blocker. Measurement of Ca*
was done based on Pan et al. (17). The cells were
cultured on a 24-well polystyrene tissue culture
microtiter plate coated with gelatin with a density of
1x10° cells/ml. Cells were cultured with 1 ml of media
per well and incubated at 5% CO,, 37°C. Cells were
added with 5x107° M fura-2/AM (F4897-1MG, Sigma-
Aldrich, USA) in HBSS for 1 hour at room temperature
and under dark conditions.

After that, the cells were washed, and then the
cells were fixed in HBSS (or HBSS without calcium)
to measure cytosolic calcium ion concentration. Cells
were observed using a confocal laser scanning
microscope with excitation at 340 and 380 nm
wavelengths. The fluorescent image with the filter (515
+ 25 nm) was taken with a camera connected to the
microscope. The data was obtained in the form of the
ratio of the intensity of luminescence at the excitation
of 340/380 nm (R). We did 40 times calcium
measurements in 9 minutes (four times measurements
for basal concentration in one minute and thirty-six
times after administration of NMDA 80 puM and
ketamine 100 uM in 8 minutes). Since the calcium
level was dynamic, we compared the calcium level to
the basal condition. In the Ca2* influx measurement, we
included a 100 uM ketamine group as an NMDAR
antagonist to assess the reversible effect of NMDAR
activation.

Mitochondrial membrane potential
measurement (Aym): The mitochondrial membrane
potential staining method is based on Pendergrass et al.
(7). Treated cells were harvested by trypsinization
and washed two times in PBS. Cells were resuspended
in DMEM supplemented with 10% FBS, 25 mM
HEPES medium, and stained with 40 nM MitoTracker
Green (M7514, Thermo Fisher Scientific, USA) for 60
min, at 37°C. The unbound dye was washed with
DMEM containing 10% FBS at 37°C. The
luminescence of the dye was analyzed using a confocal
laser scanning microscope (CLSM) with excitation at
490 nm and emission at a wavelength of 516 nm.

Cytosolic ATP concentration measurement:
ATP  measurement using ATP Assay Kit
(Colorimetric/ Fluorometric) (ab83355, Abcam, USA).
The ATP measurement was initiated by making a
standard curve according to the product instructions.
After treatment, cells were incubated for 24 hours with
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5% CO; at 37°C for intracellular ATP measurement.
A total of 1x10° cells were harvested and used for
analysis. Cells were washed with PBS. Cells were
resuspended in 100 pL ATP assay buffer. Cells were
homogenized. Cells were centrifuged for 5 minutes at
4°C and a speed of 13,000 g. The supernatant was put
into a new tube and stored on ice. The cells were then
deproteinated to prevent enzyme contamination. Cold
4 M perchloric acid (PCA) was added to the
homogenate until the solution had a final concentration
of 1 M, then homogenized. Samples were incubated for
5 minutes on ice. The sample was centrifuged for 2
minutes at 13,000 g (10,000 rpm) at 4°C, and the
supernatant was transferred to a new tube. The
supernatant volume was measured. Excess PCA was
precipitated by adding 2 M cold KOH equivalent to 20-
35% of the sample volume (sample + PCA). This
neutralization process was carried out by adjusting the
pH using 0.1 M KOH or PCA with a pH ranging from
6.5 to 8.0. Samples were centrifuged at 13,000 g for 15
minutes at 4°C, then the supernatant was taken. This
sample was then used for measuring deproteinization
dilution factor (DDF), using the following formula:

DF
__ initial volume + volume PCA + volume KOH (uL)

initial volume in PCA

A total of 50 pL ATP reaction mix and
background control mix for each group were prepared.
50 pL of the reaction mix was added to each well of
the 96-well plate containing the standard and sample.
50 L of background reaction mix was also added to
the background control sample. Samples were
homogenized and incubated at room temperature for
30 minutes in the dark. Samples were measured using
a microplate reader at 570 nm. The amount of
intracellular ATP is measured using the equation:

B
ATP concentration = (V X D) X DDF

B: the amount of ATP in the sample calculated based
on the standard curve

V: volume of sample added in well

D: sample dilution factor (if dilution is carried out to
adjust within the measurement range)

DDF: deproteinization dilution factor

Statistical analysis: Data were analyzed with SPSS
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Statistics 20.0 software (SPSS Inc., Chicago, Illinois,
USA). The MAP2 and pERK were analyzed using the
One-Way ANOVA and Duncan Post Hoc Test.
Intracellular calcium level was descriptively presented.
The mitochondrial membrane potential and cytosolic
ATP were tested using an independent t-test. This
study used 0=5% with a significance of p<0.05.

Results

Differentiated DRG neuron culture: The
differentiated DRG neuron culture shows a significant
MAP2 expression on day 5 (197.31 + 19.90 AU)
compared to control and another day (p<0.05). The
confocal image on day five also shows a higher
intensity of green fluorescence than on day 0 (Fig. 1).
From morphological observation, differentiated DRG
neurons showed elongation of axons from the soma
(cell body). On day 0, the culture cell only contains the
soma without dendrites or axons. The observation on
day five shows (Fig. 2). Based on the morphological
and biomolecular examination, we use DRG neuron
culture differentiated on day 5 to receive further
treatment.

NMDA effect on phosphorylated
extracellular signal-regulated kinase (pERK): The
phosphorylated extracellular signal-regulated kinase is
associated with neuron activity biomarkers. This study
showed that the administration of 80 pM NMDA on
DRG neurons significantly had the highest pERK
expression (147.27+0.37 AU) compared to the control
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(98.49+12.06 AU) (p<0.05) and other treatment
groups. The administration of 100 puM NMDA
significantly had the lowest pERK (2.06+£0.07 AU)
compared to the other group (p<0.05) (Fig. 3). The
expression of pERK observed using a fluorescent
microscope can be seen in Fig. 3. NMDA 80 uM show
the highest green fluorescent intensity. The highest
PERK intensity shows the optimum neuron activation.
Therefore, NMDA 80 uM is the most optimum
concentration to increase pERK intensity in the DRG
neuron.

NMDA effect on Ca?" influx, Aym, and
cytosolic ATP concentration: To validate whether
NMDA 80 puM could induce DRG neuron activation
following NMDAR activation, we examine Ca?
influx. Ca?* influx is the downstream cascade
following NMDAR activation. In the Mg?* free
medium, administration of 80 uM NMDA shows a
significant elevation in calcium influx in the initial
NMDA administration compared to the basal level.
The control group shows no significant fluctuation.
The control group showed a more stable calcium level
and no significant fluctuation than the basal level.
Ketamine administration as an NMDAR blocker also
shows no significant calcium fluctuation compared to
the basal level (Fig.4).

We also examine the Aym and cytosolic ATP
concentration related to neuron activation. The
induction of NMDA 80 uM exhibits an increase of
Aym from 76.19+£5.09 AU in the control group to
109.2446.43 AU in the NMDA group (p<0.05) (Fig.

Day 0

ded ke

o Day 4
= Day 5
B Day 10

mDay 12

Day 0 Day 4

Day 5 Day 10 Day 12

Figure 1. MAP2 expression on the neuron culture. Observation on day 5 shows a high expression of MAP2. The 2 notation

indicates statistical differences between groups.
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Figure 2. Neurons on day 5 show morphological characteristics of neurons including the elongation of axons. A).
Microscopic observation shows the development of the neuron from day 0 to day 5 B). Fluorescent imaging on day 5
shows well-differentiated DRG neurons. *significantly different (p<0.05).

5A). Cytosolic ATP concentration measurement found
that there is a significant depletion in the cytosolic ATP

concentration from 0.0228+0.0004 mM (control) to
0.0199+0.0004 nM (NMDA 80 uM group) (p<0.05)
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Figure 3. Expression of pERK as a biomarker of neuronal sensitization. NMDA 80 uM significantly had the highest pPERK
expression compared to control and other treatments. *significantly different (p<0.05).
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(Fig.5C).
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Figure 4. The administration of NMDA 80 uM
significantly increases calcium level at the initial time of
80 UM NMDA introduction compared to basal level.

Discussion

In the cellular study of chronic pain, NMDAR
activation is essential to induce neuron activation (20).
Glutamate receptor activation increases neuron activity
by inducing membrane depolarization, activating the
chronic pain pathway (21, 4). Neuron activation is
indicated by pERK expression (5). No study compares
the different concentrations of NMDA to induce
neuron activation through the NMDAR pathway. This
study uses differentiated DRG neurons marked by
MAP2 neuronal biomarkers. MAP2 is highly
expressed in the DRG neuron’s cell body and axon
(22).

Administration of 80 uM NMDA on DRG
neurons significantly had the highest pERK expression
compared to the control and treatment groups of
NMDA 10, 20, 40, 60, and 100 uM. This indicates that
the optimum DRG neuron activation was obtained by
80 uM NMDA induction. pERK is one of the MAPKs
used as a biomarker of nociceptive neuron activation
(23). pERK is expressed after extracellular signal-
regulated kinase phosphorylation by MAP or ERK
kinase after exposure to a noxious stimulus (6). ERK
plays a role in the neuron's plasticity, central
sensitization, and  synapses  underlie  pain
hypersensitivity (4). The accumulation of pERK in
neurons of the dorsal horn is important in central
sensitization (chronic pain) and increases the
sensitivity of the neurons responsible for persistent

Vol 8, No 4, Fall 2023

pain. In addition, pERK can also exhibit primary
sensory neuron activity in the DRG (24). The
administration of 100 pM NMDA significantly shows
the lowest level of pERK expression compared to
control and other concentrations. The low level of
pERK far from control might be caused by
neurotoxicity-related neuron death.

The use of NMDA in the neuronal culture must
consider the optimum concentration to avoid
neurotoxicity. Simoes et al. show a decrease in neuron
culture viability after administration of NMDA 100
MM (25). This study also supports the previous study
in which NMDA concentration starting from 100 uM
should be avoided in the neuronal culture due to the
possibility of neurotoxicity (26). Therefore, we
demonstrate that NMDA 80 pM is the optimum
concentration to induce neuron sensitization in DRG
neuron culture with the highest pERK expression. The
high expression of pERK induces post-translational
regulation, such as AMPAR and NMDAR
enhancement in the neuronal membrane, promoting
long-term potentiation. ERK also regulates the
transcription factor cAMP-response element binding
protein (CREB) to promote transcription of NK-1,
prodynorphin, and other genes (Cox-2. c-fos, pro-Dyn,
TrkB, Zif268), which induce and maintain central
sensitization (6).

To validate whether 80 uM NMDA could
induce neuron activation, we assess the downstream
reaction following NMDAR activation. We assess
Ca?* influx, potential membrane mitochondria, and
cytosolic ATP concentrations. In the Mg?* free
medium, we found a significant influx of Ca®" in the
DRG neuron after 80uM NMDA induction. The
administration of ketamine as an NMDAR blocker
shows no significant fluctuation in the Ca?*. The
activation of NMDAR increases Ca?* influx, which
functions as a secondary messenger in the ERK
pathway (25). Calcium mediates ERK activation by
activating the upstream cascade, including protein
kinase-c (PKC), Raf-1, and MEK (4). This is per our
result, where the administration of NMDA
significantly increases Ca?" compared to the basal
level. Calcium also activates calmodulin-dependent
kinase 1l (CaMKII) which increases AMPAR
conductivity and AMPAR transport from the
intracellular store to the membrane (27). The increased
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Figure 5. A). The administration of 80 uM NMDA increases mitochondrial membrane potential B). 80 uM NMDA shows
deeper green fluorescent C). The administration of 80 uM NMDA decreases intracellular ATP concentration in the neuron
DRG. *significantly different (p<0.05). Description: Superimpose (SI): description of the combined observations of
mitochondrial membrane potential and DIC (differential interference contrast) observations. Magnification: 400X.

number of NMDAR and AMPAR in the neuron
membrane  increases and maintains  central
sensitization (4).

We also measure the mitochondrial membrane
potential and cytosolic ATP concentration since
neuron activation affects neuronal energy generation.
Mitochondria have five main functions: energy
generation, reactive oxygen species, mitochondrial
permeability transition, cell death, and calcium
metabolism (28). Increase intracellular Ca®* after
mitochondria absorb NMDAR activation through
mitochondrial calcium uniporter (MCU) to regulate
energy/ATP generation. Previous studies demonstrate
increased mitochondrial calcium influx following
NMDAR activation (29). In this study, NMDA 80 uM
administration also shows elevation in Aym.

Mitochondrial membrane potential is associated with
mitochondrial activity in ATP production (29). A
decrease or damage to the mitochondrial membrane
can cause a decrease in ATP production (30). This
study result shows an increase Aym indicating
increased neuron activity associated with increased
energy demand. Neurons respond to the high energy
demand by increasing mitochondrial activity in energy
generation (7).

This study also reveals the cytosolic ATP
depletion after NMDA 80 pM administration.
Activated neurons experience high ATP consumption
(31). In activated neurons, ATP is used for
neurotransmission activity (29). This high ATP
consumption is explained by the previous in-vitro
study, which reveals cytosolic ATP depletion in
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neurons after exposure to glutamate and high-
frequency electricity. This depletion indicates a high
ATP usage in the activated neuron (33).

This result underlies that NMDA 80 uM could
induce DRG neuron activation, which is demonstrated
by the increase in pERK expression, as well as activate
the downstream process following NMDAR
activation, including increased calcium influx,
increased mitochondrial membrane potential, and
cytosolic ATP concentration depletion. This result
could be beneficial in establishing a cellular study
involving NMDA as a DRG neuron activation inducer
through the NMDAR pathway. This result is also
beneficial in the in-vitro study, which targets neuron
activation-NMDAR dependent as potential chronic
pain target therapy.

However, this study has limitations. Since this
study aims to find the most optimum NMDA
concentration to induce DRG neuron activation
through the NMDAR pathway, we did not compare the
result with other agonists such as glutamate, glycine,
D-cycloserine, and other agonists. Therefore, further
study can be done to compare the NMDAR agonist role
in pERK expression, especially in the in-vitro study
involving DRG neurons.

Conclusion

In summary, NMDA 80 pM is the optimum
concentration to induce DRG neuron activation
through the NMDA receptor pathway. NMDA 80 uM
also affects another downstream process following
NMDAR activation, including an increase in
intracellular Ca®* influx, an increase Aym, and a
decrease in cytosolic ATP concentration related to
neuron activation.
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