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ABSTRACT

Aim: Alcohol-induced peripheral neuropathy (AIN) is a prevalent and debilitating condition, yet current
knowledge of the molecular mechanisms is limited. In this study, we aimed to analyze the impact of chronic
alcohol exposure on macroscopic K* currents in dorsal root ganglion (DRG) neurons, providing insight into
potential therapeutic targets for neuropathic pain.

Methods: An AIN model was established in adult male Sprague-Dawley rats by administering 35% ethanol
(10 g/kg, twice daily) for 10 weeks. Whole-cell patch-clamp methodology was applied to measure macroscopic
outward K* currents in the DRG. Depolarizing voltage steps (—60 to +100 mV, 10 mV increments) were
applied to elicit K* currents. Data were analyzed for current—voltage relationships, conductance—voltage
curves, and steady-state activation parameters (maximum conductance, half-activation voltage Vi/2, and slope
factor k).

Results: Electrophysiological recordings revealed that peak K* current amplitudes in DRG neurons were
significantly reduced in AIN rats (7.6 = 0.7 nA) compared to controls (10.2 + 0.7 nA, p < 0.05) at voltages
between + 80 and + 100 mV. Maximum K* conductance was also decreased in the AIN group (42.2 + 3.9)
versus controls (56.1 £ 4.1, p < 0.05). Additionally, Vi/2 shifted leftward in AIN neurons (1.6 = 1.9 mV)
compared to controls (9.4 £ 2.1 mV), and the slope factor (k) modestly changed from 17.7 + 1.2 t0 20.7 £ 1.1.
Conclusion: By elucidating a key ionic mechanism underlying alcohol-induced neuropathy, this study
provides a strong foundation for the development of targeted pharmacotherapies aimed at restoring K+ channel
function for AIN.
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1. Introduction

The development of alcohol-induced
neuropathy (AIN) has been associated with
Received: 2025-07-08 / Revisions: 2025-08-06 abnormalities in peripheral sensory neurons [1].
Accepted: 2025-08-13 / Published: 2025-09-15 Chronic alcohol intake is recognized as a
significant contributor  to peripheral
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neuropathy, a disorder often marked by
distressing symptoms, such as mechanical
allodynia and thermal hyperalgesia [2]. AIN is
common and clinically significant [3], yet its
cellular and molecular mechanisms remain
poorly understood. While research on AIN is
still limited, expanding our knowledge of the
underlying mechanisms is crucial for enhancing
current clinical management approaches and
holds promise for the development of
innovative, potentially curative therapies in the
future.

Notably, dorsal root ganglion (DRG)
neurons—critical hubs for processing and
relaying nociceptive information—are

implicated in the pathophysiology of numerous
neuropathic pain states [4-5]. In the present
study, a rat model of chronic alcohol
administration was utilized to induce
neuropathy, employing a regimen of twice-
daily alcohol exposure over a period of 10
weeks [6]. The establishment of neuropathic
pain was confirmed through behavioral
assessments, including the electronic von Frey
test for mechanical allodynia and the
Hargreaves test for thermal hyperalgesia.
Subsequently, DRG neurons were isolated to
investigate the impact of prolonged alcohol
intake on macroscopic K* currents. Functional
alterations in outward K" currents, key
determinants of neuronal excitability, were
assessed  using  whole-cell  patch-clamp
electrophysiology [7]. In this study, we aimed
to analyze the impact of chronic alcohol
exposure on macroscopic K* currents in dorsal
root ganglion (DRG) neurons, providing insight
into  potential  therapeutic  targets for
neuropathic pain.

2. Materials and methods

2.1. Ethics statement and experimental
animals: All procedures were conducted in
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accordance with the guidelines established by
the National Institutes of Health for the care and
use of laboratory animals (NIH Publication No.
80-23, revised 1978) and fully complied with
the requirements of the EU Directive
2010/63/EU on the protection of animals used
for scientific purposes. Ethical approval for the
experimental protocol was obtained from the
Anadolu University Local Ethics Committee
(Decision No: 2021-47). The experimental
model consisted of male Sprague-Dawley rats
with a weight range of 250-300 g and an age of
8-12 weeks. Animals were group-housed
(maximum five per cage) under standard
laboratory conditions, with ad libitum access to
food and water. Procedures were performed
within the timeframe of 10:00-16:00.

2.2. Experimental paradigm for the AIN
model: A well-established protocol involving
the oral administration of ethanol (35% v/v, 10
g/kg, twice daily) over a period of 10 weeks has
been shown to induce hyperalgesia and
allodynia in rats [8]. In the present study, the
alcoholic neuropathy model was established in
adult male Sprague-Dawley rats of comparable
age and body weight (200-250 g) by
administering 35% v/v ethanol, prepared in
double-distilled water at a dose of 10 g/kg twice
daily via gavage for a duration of 10 weeks (n
= 8). The control animals received an
equivalent volume of distilled water following
the same administration schedule [9-10].

2.3. Chemicals: Ethyl alcohol (pure,
>99.5%) and phosphate-buffered saline (PBS)
were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All salts used in the preparation of
internal and external recording solutions, along
with trypsin, were sourced from Multicell
(Wisent Inc., St. Bruno, Quebec, Canada).
Collagenase type IV and Dulbecco’s Modified
Eagle Medium (DMEM) were purchased from
Gibco (Life Technologies, Carlsbad, CA,
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USA). EGTA was obtained from Biomatik
(Cambridge, Ontario, Canada), and ATP was
supplied by Genaxxon Bioscience (Biberach an
der RiB3, Germany).

2.4. Determination of neuropathic pain:
Mechanical sensitivity was assessed using an
electronic von Frey device (Ugo Basile, Model
38450, Varese, Italy). Rats were individually
placed in Plexiglas enclosures (17 x 69 x 14
cm?) on an elevated wire mesh and allowed to
acclimate for 15-30 minutes. A stainless steel
probe was applied perpendicularly to the right
hind paw, with force gradually increased until a
withdrawal reflex occurred. The device
automatically recorded the paw withdrawal
threshold (PWT, gf). Three measurements were
taken at five-minute intervals, and the mean
was calculated. A cut-off of 50 gf was set to
prevent injury [11].

Thermal sensitivity was evaluated using the
Hargreaves test (Ugo Basile, Model 37370,
Varese, Italy). After a 15-30 minute
acclimation in identical Plexiglas chambers on
a glass platform, a focused heat source was
applied to the midplantar surface of the left hind
paw. The timer stopped upon withdrawal or at
a 30-second cut-off to avoid burns. Paw
withdrawal latency (PWL) was recorded
automatically. Three trials were performed per
rat at 5-minute intervals, and the average was
used for analysis [12].

2.5. Isolation and culture of primary DRG
neurons: DRG neurons were isolated and
cultured in accordance with a protocol
previously established [13]. In brief, anesthetic
induction was performed using ketamine (90
mg/kg) plus xylazine (10 mg/kg) via
intraperitoneal route at a total injection volume
of 1 mL/kg, followed by swift decapitation. The
vertebral columns were excised and promptly
immersed in ice-cold PBS. The DRGs were
meticulously dissected and transferred into ice-
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cold DMEM. Using fine surgical instruments,
including a scalpel and iris scissors, extraneous
connective tissue and debris were carefully
removed from the ganglia.

The cleaned DRGs were enzymatically
digested at 37 °C in an atmosphere of 5% CO-
for 45 minutes in DMEM containing 1x
Penicillin/Streptomycin  and 2  mg/mL
collagenase type IV (Sigma). Enzymatic
activity was terminated by rinsing the tissue
three times with PBS. Subsequently, the
ganglia were incubated for an additional 7
minutes in 1 mL of DMEM supplemented with
1% Penicillin/Streptomycin and 100 pL of
0.25% trypsin (1:250; Sigma). Trypsin was
then removed through repeated washes with
fresh DMEM.

Following the final wash, 4 mL of complete
culture medium (DMEM supplemented with 1x
Penicillin/Streptomycin  and fetal bovine
serum) was added. The ganglia was gently
triturated using a 1000 pL pipette tip to yield a
single-cell suspension. This suspension was
plated onto glass petri dishes and maintained at
37 °C in 5% CO.. Patch-clamp recordings were
initiated 1-2 hours after dissociation to permit

neuronal recovery from enzymatic and
mechanical processing.
2.6. The process and protocol for

electrophysiology: Recordings in the whole-
cell patch-clamp configuration were performed
at room temperature (18-20°C) employing
standard electrophysiological techniques. Patch
pipettes were pulled from borosilicate glass
capillaries with internal filaments (Sutter
Instrument, BF150-110-10) using a P-97
Micropipette  Puller  (Sutter  Instrument),
yielding electrodes with resistances between 2
and 5 MQ. High-resistance seals (in the GQ
range) were formed by applying gentle negative
pressure, either manually (mouth suction) or
with a 1 mL syringe. Transition to the whole-
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cell configuration was confirmed by the
presence of capacitive transients, a substantial
reduction in access resistance, and a decrease in
membrane resistance from the GQ range to
approximately 500 MQ. Recordings were
performed using a Sutter Integrated Patch
Amplifier (IPA) with a single headstage,
operated in voltage-clamp mode, and controlled
via SutterPatch® Data Acquisition Software
(v2.0.4, Windows® 10). Currents
digitized at 25 kHz and low-pass filtered at 5
kHz using the amplifier’s internal filter. Pipette
capacitance and series resistance were
automatically compensated for. All data
acquisition and analyses were carried out within
the SutterPatch software environment.

Neurons were initially held at a membrane

potential of —60 mV, followed by 300 ms step
depolarizations to 0 mV, which were repeated
until stable outward currents were obtained.
The test protocol was introduced only after the
current stability was verified. Current-voltage
(I-V) relationships were then generated by
applying a series of depolarizing pulses from
—60 mV to + 100 mV in 10 mV increments,
each delivered from a holding potential of —60
mV to activate voltage-gated K* channels.
The internal solution contained (in mM): NaCl
10, KCI 140, EGTA 1.1, CaClz 0.1, HEPES
Acid 10, MgCl2 2, D-glucose 3, and pH was
adjusted to 7.2 with KOH. The external solution
contained (in mM): MgCl. 1, NaCl 140, KCI 3,
CaCl; 1, HEPES Acid 10, D-glucose 10, and
the pH titrated to 7.3 with NaOH.

K* channel activation was investigated by
the conductance through transformation of the
peak current-voltage (I-V) data. Conductance
(G) at each test potential was calculated from
the peak current (1) using the equation: G =1/
(V = Vrev), Where V is the membrane potential
at which current was recorded, and Vrey is the
reversal potential, determined to be =82 mV for

WwCEre
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the internal and external K* by using the Nernst
equation. The G values were fitted by a
Boltzmann equation: y = Az + (A1-A2)/ (1 +
exp(x-Xo)/dx)) where y is conductance, Az is the
value at the low asymptote; A is the value at
the high asymptote; Xo is the midpoint (value of
x at half-maximal response (V1/2)) and dx is the
slope factor (k).

2.7.  Statistical  Analysis:  Statistical
evaluations were carried out using GraphPad
Prism (v10.0.2) and OriginPro 2021 (64-bit,
v9.8.0.200, Learning Edition). The progression
of neuropathic pain was evaluated with a paired
Student’s t-test, while differences between
groups in the electrophysiological experiments
were analyzed using an unpaired Student’s t-
test. A p-value of less than 0.05 was considered
indicative of statistical significance. Results are
shown as mean + standard error of the mean
(SEM).

4. Results

3.1. Development of Neuropathic Pain:
Figure 1 depicts the alterations in mechanical
and thermal sensitivity observed after 10 weeks
of ethanol administration, assessed with e-Von
Frey and Hargreave’s tests, respectively. As
expected, both mechanical and thermal
thresholds were markedly decreased in the
ethanol-treated group at week 10 relative to
baseline values recorded on day 0 (***p <
0.001, n = 8), consistent with the induction of
neuropathic pain.

3.2. AIN pathology alters the K* channel
current dynamics: To assess the impact of AIN
on K* currents, whole-cell voltage-clamp
recordings were performed on small- and
medium-sized DRG neurons (membrane
capacitance <35 pF). Steady-state activation is
a key characteristic of K* currents and plays a
vital role in regulating the excitability of DRG
neurons. To explore this, we examined the
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Figure 1. Changes in mechanical and thermal thresholds between the 0™ and 10" weeks in the experimental groups. ™p <
0.001 indicates a statistically significant difference in the ethanol-administered group compared to its own baseline values
at day 0. Paired Student's t test was conducted using mean + S.E.M. values (n=8).
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Figure 2. Electrophysiological characterization of macroscopic K* currents in DRG neurons from AIN and Control
groups. (A) Voltage-step protocol applied from a holding potential of .60 mV to + 100 mV in 10 mV increments. (B)
Representative current traces recorded from Control DRG neurons. (C) Representative current traces recorded from the
AIN DRG neurons. (D) Steady-state current-voltage (1-V) relationship of K* currents in both groups. Data are presented
as mean = S.E.M. (n = 15 for control and n = 8 for AIN). Statistical analysis was performed using an unpaired Student’s
t-test.
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steady-state current—voltage (1-V) relationship
of macroscopic K* currents in DRG neurons.
Our results revealed a significant depolarizing
shift in K* currents in DRG neurons from AIN
rats compared to controls (Figure 2D; Control:
10.2 £ 0.7 nA vs. AIN: 7.6 £ 0.7 nA, p < 0.05
for voltage range of 80-100 mV). Additionally,
there was a marked reduction in the amplitude
of K* activation current traces in the AIN
neurons (Figures 2B and 2 C), indicating altered
channel function associated with AIN.

As shown in Figure 3, the values of V1, for
activation of total K* current in control and in
AlN cellswere 9.4 +2.1 and 1.6 + 1.§ mV (n=
8, p <0.05), respectively. Conversely, the slope
factor k slightly changed but did not show
significant variation between the control group
(17.7+1.2mV) and AINDRGs (20.7+1.1

A

70 -

4 GCK

60 o |

50 +

40 -

30 4

Gy (Ps)

20 +

[ 2 R S S T——————

mV, n = 8, p < 0.05). Thus, AIN pathology
produced a -7.8 + 0.3 mV hyperpolarized shift
in the V12 of the steady-state activation curve.
To summarize, AIN was shown to significantly
reduce the maximum conductance and shift the
voltage for half-maximal activation (V12) to a
more negative value, indicating modified
channel-gating properties in such a way as to
induce hyperexcitability.

Figure 4 provides the outcome that AIN
DRG neurons present a significantly high
decrease in the K* current densities ("p <
0.001). The macroscopic K* current density
was determined by dividing the current
amplitude (pA) by the membrane capacitance
(pF) of the recorded DRG neurons. The
observed changes collectively  suggest
enhanced neuronal excitability following AIN.
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Figure 3. Conductance-voltage (G-V) relationship in the control and AIN groups. (A) conductance-voltage
curves recorded from DRG neurons of control (black rectangle) and AIN (red squares) rats. Data are presented as
mean + S.E.M. (n = 8 per group) The G-V curves were fitted using a Boltzmann function, yielding the following
parameters: Control: Maximum conductance = 56.1 £4.1, Vi2=9.4 £ 2.1 mV, slope factor (k) =17.7 £ 1.2, AIN:
Maximum conductance =42.2 £3.9, Vi = 1.6 £ 1.8 mV, k=20.7 + 1.1. A significant leftward shift in Vi was
observed in the AIN group compared to the control group (*p < 0.05), indicating enhanced voltage sensitivity and

altered channel gating dynamics.
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Figure 4. Summary of the K* current density from healthy control and AIN rat DRG neurons. ***p < 0.001;
significance between AIN versus healthy control DRG neurons. Unpaired Student’s t-tests were applied using +

S.E.M. values (n = 10 per aroun).
4. Discussion

K" currents are crucial for the repolarization
phase of the action potential, which restores the
membrane potential to the baseline after
depolarization. A reduction in these currents
delays  repolarization, broadens action
potentials, and typically enhances neuronal
excitability due to the prolonged depolarized
state that facilitates repetitive firing [14]. This
repolarization is primarily mediated by voltage-
gated K* channels that open more slowly than
Na* channels but remain open longer, allowing
K* efflux that brings the membrane potential
back toward the negative resting level. The
slow deactivation of these channels also causes
the after hyperpolarization phase, which
temporarily makes the neuron less excitable.

In the present study, the AIN model
exhibited a marked decrease in both the peak
amplitudes (Figure 2) and current densities
(Figure 4) of K* currents in primary DRG
neurons, particularly within the depolarized
voltage range of + 40 to + 100 mV. In the AIN
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model, the observed reduction in peak
amplitudes and current densities of K* currents,
especially at depolarized voltages (+ 40 to +
100 mV), suggests an impaired ability of
neurons to repolarize efficiently. This likely
compromises the action potential
repolarization, contributing to the
hyperexcitable phenotype observed. This leads
to broadened action potentials and a prolonged
depolarized state, which facilitates repetitive
firing and increased neuronal excitability, a
hallmark of neuropathic pain states. Such
changes in K* channel function can disrupt the
delicate balance of ionic conductances that
regulate excitability and firing patterns.

Further analysis of the steady-state
activation  properties  revealed notable
alterations (Figure 3). In the control neurons,
the maximum conductance was 56.1 = 4.1, with
a half-activation voltage (Vi/2) of 9.4 £ 2.1 and
a slope factor (k) of 17.7 = 1.2. Neurons from
the AIN group demonstrated a reduced
maximum conductance of 42.2 = 3.9 and a
significant leftward shift in achieve comparable
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channel activation. The shift in steady-state
activation properties—a reduced maximum
conductance and a leftward shift in voltage
dependence—indicates that K* channels in AIN
neurons activate at more hyperpolarized
potentials but with less maximal current.

The slope factor showed a modest decrease
to 20.7 £ 1.1, which, although not statistically
significant, suggests a slightly steeper voltage
dependence of activation. A reduced k implies
increased voltage sensitivity, where small
changes near Vi/2 result in larger alterations in
channel conductance. However, this sharper
activation does not compensate for the overall
reduction in maximum conductance. Although
a steeper voltage dependence (reduced slope
factor) might suggest increased sensitivity, it
does not compensate for the overall loss of K*
current amplitude. This altered gating likely
contributes further to abnormal excitability by
changing the timing and extent of K" efflux
during action potentials.

From a pathophysiological perspective,
diminished K* currents are well known
to enhance neuronal excitability and promote
pain hypersensitivity. Conversely, increased K*
channel activity generally has antinociceptive
effects by stabilizing membrane potential and
limiting excessive firing [7]. Our whole-cell
patch-clamp  recordings underscore the
functional impact of chronic alcohol exposure
on K* channel dynamics, supporting the notion
that modulation of these currents directly
influences nociceptive processing within the
AIN.

Moreover, the specific types of K* channels
are involved in repolarization, such as Kv
subfamilies, and each has distinct kinetics and

voltage dependencies that shape action
potential duration and firing
frequency. Alterations in  these channel

subtypes could affect neuronal signaling d. For
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example, Kv3 channels enable high-frequency
firing due to their rapid activation and
deactivation, and their dysfunction could
impair normal firing patterns critical for
sensory processing. In addition, observations
that Kcng expression is associated with alcohol
intake and that retigabine lowers consumption
indicate that KV7 channels may serve as
pharmacogenetic targets for treating alcohol
use disorder related conditions [15].

Therapeutically, these findings highlight K*
channels as promising targets for intervention
in AIN. Pharmacological agents, such as
flupirtine (used in Europe for pain), that
enhance K* channel activity or restore normal
gating properties could potentially reduce
neuronal  hyperexcitability and alleviate
neuropathic pain symptoms. Despite some
limitations related to side effects observed with
agents like retigabine (discontinued clinically
due to side effects), novel modulators with
improved safety profiles are under investigation
and could offer targeted relief for AIN patients.
Additionally, neuronal K* channel openers,
such as retigabine and flupirtine, have been
reported to reduce alcohol consumption in rats
[16-18], offering dual benefits in the context of
AIN. Topiramate has been shown to facilitate
K* conductance and several studies suggest a
role for topiramate in treating alcohol use
disorders. SK channels, a class of small-
conductance calcium-activated K* channels,
have been proposed in recent works as a novel
approach to alcoholism treatment [19-20].
Future studies could focus on identifying which
K* channel subtypes are most affected in AIN
and testing modulators that selectively target
these channels to develop more effective
treatments.

In summary, this study provides novel
evidence that the AIN model induces
substantial reductions in macroscopic K*
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currents in DRG neurons, which likely
underpins the behav  development of
mechanical allodynia and thermal hyperalgesia
observed. These findings not only advance our
understanding of the pathophysiological
mechanisms driving AIN, but also highlight K*
channels as promising therapeutic targets.
Pharmacological targeting of these channels
holds promise for new experimental treatments
for AIN through modulation of excitability and
pain.

4.1 Conclusion: In conclusion, this study
provides electrophysiological evidence that
chronic alcohol exposure impairs K* channel
function in DRG neurons, leading to disrupted
repolarization and heightened  neuronal
excitability. These findings deepen our
understanding of the molecular mechanisms
underlying AIN and highlight K* channels as
promising therapeutic targets to alleviate the
pain hypersensitivity associated with this
condition. Importantly, our work establishes a
critical foundation for translational research by
highlighting a specific molecular dysfunction
within the complex pathophysiology of AIN.
By illuminating some key ionic mechanisms,
this research paves the way for innovative
treatments designed to restore neuronal
function and improve clinical outcomes in
patients suffering from AIN.
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