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Abstract
Methylene blue (MB) is an effective treatment for methemoglobinemia, ifosfamide-induced encephalopathy, cyanide poisoning,
and refractory vasoplegia. However, clinical case reports and preclinical studies indicate potentially neurotoxic activity of MB at
certain concentrations. The exact mechanisms of MB neurotoxicity are not known, and while the effects of MB on neuronal
tissue from different brain regions and myenteric ganglia have been examined, its effects on primary afferent neurons from
dorsal root ganglia (DRG) have not been studied. Mouse DRG were exposed to MB (0.3–10 μM) in vitro to assess neurite
outgrowth. Increasing concentrations of MB (0.3–10 μM) were associated with neurotoxicity as shown by a substantial loss of
cells with neurite formation, particularly at 10 μM. In parallel experiments, cultured rat DRG neurons were treated with MB
(100 μM) to examine how MB affects electrical membrane properties of small-diameter sensory neurons. MB decreased peak
inward and outward current densities, decreased action potential amplitude, overshoot, afterhyperpolarization, increased
action potential rise time, and decreased action potential firing in response to current stimulation. MB induced dose-dependent
toxicity in peripheral neurons, in vitro. These findings are consistent with studies in brain and myenteric ganglion neurons
showing increased neuronal loss and altered membrane electrical properties after MB application. Further research is needed to
parse out the toxicity profile for MB to minimize damage to neuronal structures and reduce side effects in clinical settings.
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Introduction

The aniline-based dye methylene blue (MB) was originally
intended for use in the textile industry, but was later found to
be useful in the laboratory as a marker for cell viability and
Gram staining of microorganisms and in clinical settings as
an antiseptic.1 MB has been widely used for a variety of
clinical conditions, including methemoglobinemia,
ifosfamide-induced encephalopathy,2 refractory vasoplegia,3

cyanide poisoning,4 and for a variety of surgical procedures
such as staining to map sentinel lymph nodes for biopsy in
breast cancer,5 epithelial staining prior to biopsy collection
during endoscopy for identification of tissue metaplasia or
dysplasia in Barrett’s esophagus,6 visualizing abnormalities
in bladder mucosa of patients with a history of bladder cancer,7

and visually confirming urine flow after percutaneous kidney

stone removal.8 In addition, there are 52 clinical trials reg-
istered in the United States (clinicaltrials.gov; National
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Institute of Health) to investigate the clinical utility of MB for
a variety of disorders, including depression,9,10 bipolar dis-
order,11 Alzheimer’s disease,12 and Parkinson’s disease.13

Indeed, MB has been included in the World Health Orga-
nization14’s list of essential medications. MB has been shown
to inhibit arterial smooth muscle relaxation in response to
vasodilators.15,16 Although some studies suggest that this is
mediated through inhibition of guanylate cyclase, its inhi-
bition of nitric oxide synthesis is more potent and
direct.15,17-20 MB is also a cholinesterase inhibitor with some
affinity for muscarinic binding sites,21 and its metabolite,
Azure B, is a potent monoamine oxidase inhibitor.22

Although MB has been generally considered to be a safe
drug, there have been several reports of cytotoxicity and
neurotoxicity. These include hemolytic anemia,23 phototox-
icity,24 and central nervous system apoptosis.25 One case
report described the rapid onset of pain and paresthesia,
followed by eventual paralysis and loss of vision and smell
after lumbar subarachnoid administration of MB, findings
which were associated with markers of inflammation in the
spinal fluid.26 A neuromuscular assessment in a patient who
experienced radiculomyelopathy after lumbar MB indicated
the presence of denervation.27 Paralysis and leptomeningeal
inflammation following epidural MB in cats were associated
with inflammation of myelin sheaths and nerve roots, also
suggesting potential for peripheral nervous system damage.28

The precise cellular and molecular mechanisms responsible
for MB-induced peripheral neurotoxicity remains unknown.
Given the widespread use of this drug, it is important to
elucidate mechanisms and conditions underlying neurotox-
icity. Therefore, we determined the acute effect of MB on the
structure and membrane electrical properties of cultured
rodent dorsal root ganglia (DRG) neurons using a wide range
of MB concentrations. Cultured rodent DRG neurons have
been used previously to assess the toxicity of chemotherapy
drugs by quantifying differences in neuronal morphology,
including neurite outgrowth, following drug exposure.29,30

By quantifying the proportion of cells that develop neurite
outgrowth following exposure to varying concentrations of
MB, a dose-response curve can be generated to determine the
physiological effects of MB on neuronal health. As neurite
outgrowth requires complex coordination between the
growth cone and environmental signals, neurite outgrowth
was used as an indicator of toxicity following exposure to
MB.31, 32 In addition, we performed patch clamp electro-
physiology on cultured rat DRG neurons to determine if
exposure to MB altered membrane electrical properties.

Materials and methods

Subjects

All experimental protocols were approved by the Institutional
Animal Care and Use Committees at the University of

Minnesota and at the University of Texas MD Anderson
Cancer Center. All studies adhered to the NIH Guide for the
Care and Use of Laboratory Animals.

For immunocytochemistry experiments, adult male C3H
mice (n = 3) were obtained from Charles River (Kingston,
NY) and housed in temperature- and light-controlled (12-h
light/dark cycle) conditions with food and water available ad
libitum.

For patch clamp electrophysiology studies, adult Sprague-
Dawley rats of both sexes (n = 4) were obtained from Harlan
(Houston, TX) and housed in temperature- and light-
controlled (12-h light/dark cycle) conditions with food and
water available ad libitum.

Drugs

A1mMstock solution ofMB (SigmaAldrich) was prepared in
50 mL PBS at pH 7.4. After mixing for 1 h, the solution was
filtered through a 0.22 μm filter. For experiments using mouse
DRG neurons, a 100X solution wasmade from the 1 mM stock
using phosphate-buffered saline (PBS), then further diluted
using PBS, before the final dilution in culture media to 0.3 μM,
1 μM, 3 μM, and 10 μM. PBS only was added to the 0 μM
control wells. For rat DRG neuron electrophysiology studies,
the 1 mM stock was diluted using PBS and before the final
dilution in extracellular bath solution to 100 μM.

Cell culture

Cultures of DRGs were prepared as described previously with
slight modifications.33 Laminin (Sigma) and Voller’s Carbonate
Buffer (1:20) were added to each well of an 8-well slide (Fisher)
and incubated at 4°C overnight. The next day, mice (n = 3) were
anesthetized with isoflurane then decapitated and sanitized using
70% ethanol. DRGs (10–12) were removed and placed into
Puck’s solution (without Ca2+, Mg2+) on ice and nerve roots
were removed if necessary. In a flow hood, tissue was trans-
ferred to media containing 1:1 Ham’s F-12/DMEM supple-
mented with 100 mM L-glutamine (Sigma) and 0.41 U/mL
Collagenase-D (Roche) and placed in a humidified incubator
with 5% CO2 at 37°C for 1 h. The media was decanted, re-
placed, and incubation continued for another hour. The laminin-
coated wells were transferred to the same incubator at this time.
The media and DRG tissue were then transferred to a sterile
15 mL tube using a large glass Pasteur pipette. The tissue was
gently triturated 5 times, then spun down at 1000 r/min for 5min
at 4°C. Themedia was removed and replaced by the final media,
which contained 1:1 Ham’s F-12/DMEM supplemented with
40 mM glucose (Sigma), 4 mM L-glutamine, 5% Horse Serum
(Gibco), 100U/mL penicillin/100 μg/mL streptomycin (Gibco),
and a large Pasteur pipette was used to triturate 10 times before a
second centrifugation. In a sterile tube, 1.5 mg/mL of DNase 1
(Sigma) was added to final media. The final media was then
replaced with the final media + DNAse 1 solution and the DRG
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tissue triturated 30 times each with the large Pasteur pipette
followed by a small Pasteur pipette. Laminin was decanted from
the 8-well slides, and between 150 and 300 μL of final media
was added to each of the laminin-coated wells along with the
dissociated DRG tissue until a confluence of 40–60% was
achieved. MB in PBS (pH 7.4) was added for a final con-
centration of 0 μM, 0.3 μM, 1 μM, 3 μM, or 10 μM. Cells were
then incubated at 37°C in 5% CO2 for 16 h. The dose-response
experiment was repeated twicewith pooled suspension of 10–12
DRGs from 1 or 2 mice.

DRG immunocytochemistry

Following overnight incubation, culture media was removed
and cells were fixed in 4% paraformaldehyde for 30 min. The
slides were then washed with PBS 3 times for 10 min each
time, and 300 μL of block solution (PBS, 0.3% Triton X-100,
5% Normal Donkey Serum) was added and the cells incu-
bated for one hour. The block solution was decanted, and
plastic wells removed. Cells were then incubated overnight in
a humidifying chamber with 50 μL of primary antibody
solution (PBS, 0.003% Triton X-100, 5% normal donkey
serum) with anti-PGP 9.5 (AbCam 1:200). The next day, the
primary antibody solution was removed, and the wells
washed 3 times with PBS for 10 min. Cells were then in-
cubated for 1 h with a secondary antibody solution (1:500
donkey anti-rabbit Cy3, Jackson Laboratories). After the
solution was removed, the slides were washed 3 times with
PBS for 10 min. The gel around each well was removed and
the cells dehydrated by placing them in increasing concen-
trations of ethanol, starting at 50%, then 70%, 80%, 90%,
95%, and 100%, for 5 min each. The slide was then cleared
using xylene before DPXMountant (Sigma) and a glass cover
slip were applied. Dried slides were imaged using a Leica
Thunder microscope. The whole area of each well was im-
aged so that all DRG cells were captured. Cells were counted
manually. Following a method similar to that of previous
literature, DRG neurons were distinguished from debris
based on their size and shape, similar to those described
previously.33 Neurons were classified based on the presence
or absence of neurites. As multiple cells would occasionally
clump together, these groups were always counted as only
two cells. Any cells overhanging the edge of a picture were
not counted, as neurite outgrowth could have been missed.

Each slide was digitized and split up into a series of images
that could then be manually counted while the experimenter
was blinded to condition. Initially, multiple blinded re-
searchers counted the DRG neurons in each set of images and
the counts were averaged between observers. No significant
variations in DRG neuron counts were observed among the
researchers, and thus a single individual counted the re-
maining well slides.

DRG electrophysiology

Glass coverslips (12 mm diameter) were added to the
chambers of a six-well plate, coated with poly-L-lysine and
placed in an incubator overnight. The plate was washed with
distilled water, and the coverslips positioned in the center of
each well and the plate placed in an incubator. Adult male (n =
2) and female (n = 2) Sprague-Dawley rats were deeply
anesthetized with SomnaSol (pentobarbital 390 mg/mL and
phenytoin 50 mg/mL) and perfused with chilled saline on ice.
Both pairs of the L4 and L5 DRG were excised and placed in
a culture dish containing trypsin (0.0625 mg/mL, Hyclone)
and type IA collagenase (1 mg/mL, Sigma-Aldrich) in
Dulbecco’s Modified Eagle Medium (DMEM). The dish was
shaken in a heated chamber for 50 min at 37°C. The cells
were then washed and mechanically dispersed. The sus-
pension was filtered through a 70 μm cell strainer and
centrifuged at 180 RCF for 5–7 min at 23°C. The supernatant
was removed and the cell pellet resuspended in 600 μL of
warm culture media (DMEM with 10% fetal bovine serum).
The 6-well plate containing poly-L-lysine-coated wells was
removed from the incubator. Glass cylinders (8 mm height,
6 mm inner diameter, 8 mm outer diameter) were placed in the
center of each glass coverslip, and 100 μL of cell suspension
was added to each. Warmed culture media (500 μL) was then
placed into each well outside the glass cylinder. After 40 min,
the cylinders were carefully removed, and the plate was
incubated overnight.

Whole cell patch recording was performed on rat DRG
neurons as described previously.34 Glass coverslips were
lifted and transferred to a recording chamber and perfused at
2 mL/min with oxygenated (95% O2 + 5% CO2) extracellular
solution containing 117 mM NaCl, 3.6 mM KCl, 1.2 mM
NaH2PO4�H2O, 2.5 mM CaCl2, 1.2 mM MgCl2, 25 mM
NaHCO3 and 11 mM glucose adjusted to pH 7.4 with NaOH.
Glass micropipettes (6–8 MV) were filled with an internal
solution of 135 mMK-gluconate, 5 mMKCl, 5 mMMg-ATP,
0.5 mMNa2GTP, 5 mMHEPES, 2 mMMgCl2, 5 mMEGTA,
and 0.5 mM CaCl2 adjusted to pH 7.4 with KOH and an
osmolarity of 290–300mOsm. Only small-diameter (≤ 30 μm)
neurons with a resting membrane potential of at least
�40 mV, stable baseline recordings, and evoked spikes that
overshot 0 mV were used for further experiments and
analysis. Series resistance (Rs) was compensated to above
70%. All recordings were made at room temperature. Whole
cell recordings were completed within 20–28 h after plating.
DRG neurons were held at 0 pA to record spontaneous ac-
tivity for 5 min. Neurons were then held at �60 mV, and
activation was evoked with a 15 ms step to potentials ranging
from �50 to +90 mV in 10 mV increments. Current density
was calculated by normalizing maximal peak currents with
cell capacitance. This was followed by a series of 300 ms
depolarizing current injections in 10 pA steps, starting from
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�50 pA until an action potential was evoked. The current that
induced the first action potential was defined as the current
threshold (1X rheobase). Neurons were then stimulated with
2 s current injections at 1X, 2X, and 3X rheobase. MB
(100 μM) was then perfused into the bath solution at 2 mL/
min for 10 min. After a 10 min washout period, post-drug
maximal peak currents, current threshold, and responses to
current stimulation were assessed.

Statistical analysis

All data are expressed as percentages or mean ± standard error
of the mean. For DRG immunocytochemistry experiments,
the proportion of neurons with neurites present or absent was
calculated for each MB concentration (0–10 μM) and ex-
pressed as a percentage of the total number of cells. The half
maximal effective concentration (EC50), or concentration
that produced 50% of neurons with an absence of neurites,
was calculated using probit analysis (see https://
probitanalysis.wordpress.com/for formulae), from which
regression analysis was used to derive EC50 values.35

For DRG neuron patch clamp electrophysiology studies,
peak inward current density (pA/pF) and peak outward
current density (pA/pF) were compared before and after
application of MB using repeated measures analysis of

variance (ANOVA), with treatment and stimulus level as
within-subjects factors. Bonferroni t-tests were used to
identify significant differences between groups. Current
thresholds (rheobase, in pA), resting membrane potential
(RMP, in mV), and action potential (AP) characteristics at
rheobase were compared before and after treatment with MB
using dependent t-tests. Responses to current stimulation at
1X, 2X and 3X rheobase were compared using repeated
measures ANOVA (followed by Bonferroni t-tests) with
treatment and stimulus level (1X, 2X, and 3X) as within-
subjects factors. For all analyses, p < 0.05 was considered
significant.

Results

MB produced concentration-dependent decrease in
neurite outgrowth in DRG neurons

Differences in proportion of neurons with neurite outgrowth
was used as the parameter to evaluate neurotoxicity.36 MB
was administered at concentrations ranging from 0.3 to
10 μM. The half maximal effective concentration (EC50) for
neurite growth inhibition was determined from the concen-
tration response curve for the proportion of cells without
neurite extensions. In dissociated mouse DRGs, the con-
centration of MB that produced the highest level of

Figure 1. Cytotoxicity of methylene blue in cultured mouse dorsal root ganglion (DRG) neurons. Approximately 1.1 × 103 DRG cells were
seeded in each well of an 8 well slide along with methylene blue at different concentrations for 16 h. Immunocytochemistry was performed
using anti-PGP 9.5 and neurite outgrowth in each well viewed under fluorescence microscope. Representative images for each concentration
except 3 μM are shown: (A) control, 0 μM; (B) MB 0.3 μM; (C) MB 1 μM; (D) MB 10 μM. Neurons without neurite extensions are indicated by
yellow arrows. Scale bar represents 100 μm.
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cytotoxicity was 10 μM, the highest concentration used. At
this concentration, nearly all observed cells were found to be
devoid of neurite outgrowth (Figure 1). The percentage of
DRG neurons with neurites ranged from a high of approx-
imately 50% in the 0 μM control wells to a low of about 2%
with the 10 μM MB concentration (Table 1).

The control wells showed similar neurite outgrowth to
those seen in previous studies using ex vivo mouse DRGs.33

Although neurite length was not measured quantitatively, a
trend was observed that increasing concentrations of MB
resulted in generally shorter and less dense neurite outgrowth.

The EC50 of MB was found to be 3.9 μM based on a
regression analysis comparing the number of cells devoid
of neurite outgrowth to the number of cells without neurite
outgrowth in the control wells (Figure 2). This was done by
normalizing the number of neurons with neurites absent to
that of the control as a baseline survival rate. While in the
first trial the number of cells added to each well was 5 ×
10,2 and in the second trial approximately 1 × 103 cells
were added to each well, there was no statistically dif-
ference in the ratio of neurons with neurites present or
absent between the two trials.

MB decreased peak inward and outward current
density and altered AP characteristics in cultured rat
DRG neurons

Given the acute nature of the electrophysiology experi-
ments, we used a higher concentration of MB (100 μM for
10 min) compared to that used in culture (0.3 μM–10 μM for
16 h) based on previous reports indicating that acute effects
of MB on rat hippocampal neurons were detectable at 10 μM
with a stronger impact on sodium currents at 100 μM. Peak
inward current density (pA/pF) decreased after bath ap-
plication of 100 μM MB (F1,6 = 7.8, p = 0.031). Post-hoc
tests showed that this difference was significant from
�10 mV to 60 mV (Figure 3(a)). Peak outward current
density (pA/pF) also significantly decreased following ex-
posure to MB (F1,6 = 13.3, p = 0.011). Significant differ-
ences occurred for all step levels (Figure 3(b)).
Representative traces of current responses before and after
MB application are shown in Figure 3(c) and (d). Whereas
outward current density decreased after MB, mean resting
membrane potential was not altered (�53.9 ± 1.9 mV to
�52.5 ± 2.3 mV; t9 = 0.66, p = 0.529). Action potential

characteristics were calculated at rheobase before and after
exposure to MB (Table 2).

MB decreased AP amplitude, AP overshoot, and AP af-
terhyperpolarization (AHP), and increased AP rise time.
Current thresholds, AP fall time, AP width at 0 mV, and AP
threshold potential were not altered by MB. Representative
examples of individual neurons are shown in Figure 4(a) and
(b). Both showed a blunted AP amplitude post-drug, and
Figure 4(b) also highlights the decrease in AP
afterhyperpolarization.

Responses to current stimulation were decreased overall
following MB, but the main effect was not significant (F1,10 =
3.8, p = 0.080). However, there was a significant drug x
stimulus level interaction (F2,20 = 4.8, p = 0.020). Bonferroni
tests indicated that responses following MB application were
lower at 3X rheobase (Figure 5(a)). Representative traces of a
neuron responding to current stimulation before and after
application of MB are shown in Figure 5(b) and (c).

Discussion

Our results show that exposure to 0.3–10 mM MB produced
concentration-dependent absence of neurites in cultured

Table 1. Cell counts for cultured mouse DRG neurons after Methylene Blue treatment.

Methylene blue concentration, μM Average % with neurites present Average % with neurites absent

0 44.625 55.375
0.3 42.995 56.675
1 25.41 74.59
3 13.21 86.845
10 2.245 97.755

Figure 2. Concentration response curve for the proportion of
DRG cells without neurite processes used to calculate the EC50
concentration of methylene blue.

Uhelski et al. 5



mouse DRG neurons. Although the exact etiology is unclear,
our results suggest that clinical application of high concen-
tration MB in peripheral nervous tissue is contraindicated.
For most clinical applications, a 1% concentration of MB is
used for tissue infiltration, which is equivalent to 31.26 mM.
Our results are in agreement with previous studies that
showed intravenous administration of MB produced neuronal
apoptosis in the cerebral cortex of rats,25 and application of
MB in vitro led to cell death in rat hippocampal slice
preparations and neurite retraction in cultured neurons at
concentrations between 1 and 10 μM after only a 2-h ex-
posure.25 Our results are also consistent with clinical studies

showing toxicity following MB administration. For example,
MB infusion during parathyroidectomy surgery caused
prolonged disorientation in the postoperative period.37-43

Lumbar intrathecal administration of MB was followed by
paraplegia and spinal cord necrosis.44 Epidural administra-
tion of MB also induced paraplegia and inflammation of the
spinal cord and nerve roots in cats28 and quadriplegia as-
sociated with spinal inflammation in a patient.26 The intra-
venous administration of MB caused toxic encephalopathy-
like symptoms, including confusion, aphasia, and
disorientation.37-43,45 The potential neurotoxic side effects of
MB are further supported by our observation that acute

Figure 3. Peak negative (A) and positive (B) current density (pA/pF) in rat DRG neurons before and after a 10 min application of MB (n = 7).
Traces represent current evoked by command voltage step from�60 mV (holding potential) to test potentials between�50 and 90 mV in
10-mV increments as shown in the inset for a rat DRG neuron before (C) and after (D) application of MB. *p < 0.05, **p < 0.01.
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treatment with MB impacted membrane electrical properties
of cultured rat DRG neurons, with changes in excitability
after only 10 min of exposure. MB decreased both positive
and negative peak current densities, decreased AP amplitude,
AP overshoot, and AP AHP, increased AP rise time, and
decreased responses to current stimulation. Notably, while we
were able to obtain data 10 min after application of MB, our
attempts to assess neuronal activity at 30 min were hindered
as the ability to generate an AP was lost or the quality of the
patch degraded rapidly, suggesting that acute MB is also
neurotoxic at this concentration. We did not assess whether
lower concentrations of MB produced a similar effect, and
future studies should investigate whether concentrations
below the EC50 of 3.9 μM that we observed in cultured
DRGs could minimize its effect on membrane electrical
properties in an acute setting. Our results are in line with a
previously published report using a lower concentration of

MB (10 μM), that showed decreased AP amplitude, AP
overshoot, and firing frequency in rat hippocampal CA1
pyramidal neurons.46 In addition, the amplitude of INa fol-
lowing MB was reduced following application of 10 and
100 μM, suggesting that our results could be partially ex-
plained by inhibition of voltage-gated sodium channels. We
observed decreased peak current density in the current study,
but interpretation of these results is limited as we did not test
for effects on specific ion channel populations. Changes in
neuronal excitability followingMBwere also found in guinea
pig small intestinal myenteric ganglion neurons. In those
studies, MB decreased hyperpolarizing after-potentials, de-
polarized resting membrane potential, and increased input
resistance, effects which were partially mediated by the in-
hibition of inward calcium fluxes.47 A study in Xenopus
oocytes expressing the α7 subunit of the human nicotinic
acetylcholine receptor showed that MB inhibited currents
induced by acetylcholine with a half-maximal inhibitory
concentration (IC50) of 3.4 ± 0.3 μM without affecting en-
dogenous Ca2+-dependent Cl� channels.48 Nicotinic ace-
tylcholine receptor activity in rat CA1 hippocampal
pyramidal neurons was also inhibited by 3 μM MB.48 In the
current study, we preferentially studied small-diameter rat
DRG neurons, which tend to be nociceptive in nature and
exhibit distinct calcium channel function in comparison to
medium- and large-diameter neurons in rats, which represent
a more heterogenous population of nociceptive and non-
nociceptive cells.49-52 Future studies should also explore
the effect of MB on the membrane electrical properties of
these medium- and large-diameter neurons.

In contrast to our results, neuroprotection has been as-
sociated with MB .1,13,53-55 For example, MBwas effective as
a prophylactic treatment for ifosfamide-induced encepha-
lopathy.56 In a rat model of traumatic brain injury, 1 mg/kg
intravenous MB before or after brain injury attenuated deficits
in responses to tactile and proprioceptive stimulation of the
contralateral fore and hind paws.57 In studies in vitro, MB

Figure 5. (A) Mean responses of rat DRG neurons (n = 11) to current stimulation expressed as the number of APs per second at 1X, 2X, and
3X rheobase before and after a 10 min application of methylene blue (100 μM). Traces represent responses to 1X, 2X, and 3X rheobase
current stimulation before (B) and after (C) methylene blue application. *p < 0.05.

Figure 4. Action potential (AP) characteristics in rat DRG neurons
(n = 10) before and after a 10 min application of methylene blue
(100 μM). Overlapping raw traces from two neurons, one with a
shoulder on the falling phase of the action potential (A) and one
without (B).
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(0.05–1 μM) increased survival of cerebellar granule neurons
in response to mitochondrial toxins.58 Low concentrations of
MB (alone or combined with near-infrared light) protected
against neuronal degeneration and improved memory func-
tion through effects on mitochondrial electron transport
chains.53,59 Opposing neurological effects of low and high
concentrations complicates the clinical picture for the use of
MB.53 As noted above, a generally higher concentration of
MB (up to 1%, equivalent to 31.26 mM) is commonly used in
most clinical settings.60,61

One limitation in the current study is that our experi-
ments were performed using cultured DRG cells. It has
been shown that many mRNAs are expressed in the native
tissue, but not in cultured cells.62 We also cannot discount
the potential impact of cells that are not present in cultured
DRG tissue, such as circulating immune cells that exist in
low numbers in naive tissue that can be activated and
infiltrate into DRG and peripheral nerves in response to
nerve injury or inflammation, such as macrophages.63 In
this regard, the presence of non-neuronal cells, which
could include satellite glial cells, fibroblasts, and a small
amount of immune cells (generally representing less than
1% of cells in naı̈ve mouse DRG tissue), helped mitigate
the cytotoxic effects of the MB in the present study, and as
the native tissues are much more densely packed in vivo,
this could also impact the effective EC50. An EC50 does
not describe an absolute value of toxicity, but instead
represents acute toxicity given the exact conditions of the
experiment.36 As such, it is an inherently variable pa-
rameter. Given this, accuracy is not able to be quantified
and significant importance should be placed on the pre-
cision of the measurement.64 Further studies are needed to
determine dose–response relationships for MB in order to
mitigate its neurotoxicity in light of its usefulness in
clinical settings.

Significance

An overwhelming number of previous studies emphasized
neuroprotective effects of MB in contrast to results presented
in this study and others.25,26,28,37-47 It is likely that MB is
neuroprotective at lower dose and toxic at higher doses. Since
clinical application generally uses a MB concentration that is
much higher than the highest in vitro concentration used in
the present study (10 μMvs 31.26 mM, or 1%), our results are
concerning for the safety profile of MB in clinical applica-
tions, particularly those in which MB is administered close to
peripheral neurons, such as intradiscal,65,66 sacroiliac joint
and facet joint injections,67 epidural application after open
discectomy,68 and percutaneous injection close to peripheral
nerves.69 In pharmacokinetic studies using healthy volun-
teers, an intravenous bolus of MB at 1.4 mg/kg produced a
mean plasma concentration of 5 μM70, and a bolus of 100 mg
MB produced blood concentrations between 1 and 10 μM
during the first 30 min after administration.71 There are two

important limitations in our study, however. First, there may
be species differences in MB induced toxicity between ro-
dents and humans. Second, our experiments were done in
vitro, and whether a similar concentration of MBwill produce
neurotoxicity in vivo is not clear. In conclusion, considering
the results presented in this study, use of MB in neuronal
structures requires caution and should only be used after a
risk-benefit evaluation.
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