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Alcoholic neuropathy (AN), a debilitating condition that mainly affects chronic alcohol drinkers, is thought to
cause lesions in the peripheral nervous system leading to sensory, autonomic, and motor dysfunctions. Despite
many studies, the pathogenesis of these lesions is still not completely understood. We investigated few aspects on
the development of alcohol-induced peripheral neuropathy, by assessing sensory, motor and autonomic func-
tions, as well as stereological analysis of axonal fibers and myelin sheath of the sciatic nerve. Twelve male Wistar
rats were divided into Control group and Alcohol group that was submitted to Two Bottle-Choice Paradigm of
intermittent and voluntary alcohol solution intake (20%; v/v) during eight weeks. At the end of treatment, three
different sensorium-motor tests were applied - Tactile Sensitivity, Thermal Sensitivity, and Functional Obser-
vational Battery (FOB). Quantitative morphometric analysis of sciatic nerve structures was performed by ste-
reological method. Alcohol concentration in the blood was measured to analyze possible correlation between
availability of alcohol in the blood and the magnitude of the peripheral nerve lesion. Our data showed a pe-
ripheral effect of chronic alcohol intake associated with hyperalgesia and a process of demyelination with a
strong correlation with alcohol consumption. This process was associated with increased tactile sensitivity, with
behavioral reflexes such as locomotor hyperactivity, changes in gait and balance, and autonomic reflexes such as
piloerection.

Introduction

Alcohol Use Disorder (AUD) is a chronic and progressive condition
involving young people and adults worldwide (Diagnostic and Statistical
Manual of Mental Disorders-5; World Health Organization, 2018). A
recent global alcohol abuse report indicated that approximately 3 billion
people consume alcohol worldwide (Global Status Report on Alcohol
and Health, 2016). Alcohol is one of the most consumed psychotropic
substances worldwide, being classified as the seventh major risk factor
for death and responsible for more than 200 pathological conditions,
such as Peripheral or Alcoholic Neuropathy (AN) (Burton and Sheron,
2018; Griswold et al., 2018; World Health Organization, 2018).

AN is a progressive and extremely debilitating complication of
chronic alcohol consumption (with an incidence of 66%), which can

result in sensory, motor and autonomic dysfunctions, as well as axonal
degeneration of the peripheral nervous system (Mellion et al., 2011;
Kanwaljit Chopra and Tiwari, 2012; Nguyen et al., 2012; Donna-
dieu-Rigole et al., 2014; Maiya and Messing, 2014). AN symptoms are
known as neuropathic pain (high-intensity chronic discomfort, with a
low response to available analgesic drugs) (Duehmke et al., 2017);
allodynia (pain caused by a stimulus that is usually not painful);
hyperalgesia (increased pain sensation from a painful stimulus); and
paresthesia (burning or prickling sensation without motor stimulus)
(Kanwaljit Chopra and Tiwari, 2012; Kaur et al., 2017).

Despite being considered as axonal-predominant neuropathy, Koike
etal. (2001), important abnormalities in the myelin sheath after chronic
alcohol consumption are observed, such as irregularities and demye-
lination, with enlargement of the nodes of Ranvier (Koike et al., 2001).
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Several studies on nerve conduction in individuals with AN showed a
decrease on the amplitude of sensory potentials in the extremities and
mean conduction deceleration. In these cases, motor conduction veloc-
ity may also be reduced, which could be associated with increased motor
latency (Koike et al., 2001; Maiya and Messing, 2014; Zambelis et al.,
2005). Electromyographic studies, such as Behse & Buchthal (1977),
observed in a sample of chronic drinkers, signs of denervation
(decreased recruitment pattern, fibrillation, and marked positive wave)
with significant weakness in lower limbs (Behse and Buchthal, 1977).

The etiology of AN has been investigated for decades and it is
thought to be a multifactorial process, mediated mainly by the toxic
effect of alcohol consumption, which can also be aggravated by other
factors, such as thiamine deficiency and malnutrition (Koike et al., 2001;
Mellion et al., 2014). Recent studies related to the mechanisms by which
the toxic effect of alcohol can trigger AN resulted in several hypotheses
such as activation of spinal cord microglia, activation of metabotropic
glutamate receptor 5 (MGLUS5), oxidative stress, the release of proin-
flammatory cytokines, activation of protein kinase C, extracellular
signaling kinases, high concentrations of acetaldehyde, and activation of
hypothalamic-pituitary-adrenal axis (HPA) (Kandhare et al., 2012;
Kanwaljit Chopra and Tiwari, 2012; Fu et al., 2015).

One of the first symptoms of AN is a slowly progressive sensory-
dominant neuropathy, which affects motor and autonomic functions,
being related to the amount and duration of alcohol consumption
(Chopra and Twari, 2012).

Although many studies have been done, so far there is not reliable
treatment for AN due to the lack of understanding of its pathophysi-
ology. Nevertheless, the use of some functional tests, such as the tactile
sensitivity test, thermal sensitivity test, and the Functional Observation
Battery (FOB) can shed some light with the attempt to give a more
detailed functional view of the peripheral lesion evolution, comprising
more than 30 parameters in the autonomic, neuromuscular, sensori-
motor, and behavioral domains (Redferm et al., 2005). Furthermore, as
axonal injury and demyelination of sensory and motor fibers are
considered the biological basis of peripheral nervous system alterations
in individuals who ingest significant amounts of alcohol (Chopra and
Twari, 2012), morphometric analysis of these structures allows the
assessment of the degree of nerve damage. Stereology is a technique that
allows obtaining accurate information and unbiased estimates of the
number and diameter of axons and myelin sheath from a small sample.
Mayhew (1988) was the first to use the fractionation technique (Gun-
dersen, 1986) to estimate the total number of myelinated axons in the
tibial nerve of rats. It is a reliable method to assess alcohol induced tissue
damage (Gundersen, 1986). These analyzes can contribute to a better
understanding of the AN pathogenesis (Chopra and Twari, 2012).

Therefore, the present study aimed to investigate the development of
AN during chronic alcohol intake, by assessing sensory (tactile and
thermal sensibility tests), motor and autonomic functions (Functional
Observational Battery; FOB), as well as stereological analysis of axonal
fibers and myelin sheath of the sciatic nerve.

Experimental procedures
Animals

Twelve male Wistar rats (60 days old), from Centro de Desenvolvi-
mento de Modelos Experimentais para Biologia e Medicina (CEDEME) of
Universidade Federal de Sao Paulo (UNIFESP), were kept under
controlled environmental conditions (21 + 1 °C, 12 h light / dark cycle
and access to water and food ad libitum). For all animals, food intake and
body weight were measured twice a week.

The animals were divided into two groups: Control group (CO; n = 6)
and Alcohol group (AL; n = 6). The CO group did not consume alcohol,
while the AL group consumed alcohol following the Two-Bottle Choice
Paradigm protocol for eight weeks. To evaluate the chronic effects of the
substance, immediately after the last alcohol exposure, both groups
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underwent Functional Observational Battery (FOB) and collection of the
sciatic nerve for stereological analysis after perfusion. Thus, these pro-
cedures were performed when the animals were under the effect of
chronic alcohol intake. The Tactile and Thermal sensitivity tests were
performed one day before to avoid interference with the FOB behavioral
tests.

Experimental procedures were performed according to Colégio Bra-
sileiro de Experimenta¢ ao Animal (COBEA) and approved by the
Research Ethics Committee - UNIFESP (protocol n°. 8559100615). All
efforts were made to minimize the number of animals used and their
suffering (these animals were the same used in a previous study by our
group - Conte et al., 2019a, 2019b — with stereological analysis of the
brain).

Alcohol administration protocol

Alcohol administration protocols that induce nervous tissue damage
vary from a four-day acute intoxication (Crews et al., 2004) to 40 weeks
of chronic consumption (Dlugos, 2006). In this study, we utilized a
protocol with free access and choice between a bottle containing alcohol
solution and another containing water. The free access to the alcohol
bottle was on Mondays, Wednesdays, and Fridays. On the other days, the
animals had access to two bottles of water. The position of the ethanol
bottle was alternated in each drinking session to avoid the interference
of conditioned place preference, according to Hwa et al. (2014). The
ethanol solution (20% v.v.) was prepared with filtered water and 95%
alcohol (Hwa et al, 2014). This protocol is a voluntary,
self-administration model, mainly devoid of aversive stimulation. As
there is no specific amount of alcohol known to induce peripheral
neuropathy (Chopra and Twari, 2012) the voluntary intake protocol was
an adequate choice to avoid stressful stimuli by treatment. Conversely,
we assured that the animals would be exposed to eight weeks of treat-
ment as it is a time length capable of inducing systemic changes to
reproduce alcohol-related peripheral neuropathy (Mellion et al. 2013).

The residual volume of the alcohol solution and the water was
measured daily in milliliters and grams (Hwa et al., 2014).

Tactile sensibility test

Both function and integrity of the afferent fibers can be inferred by
the tactile response that is impaired in neuropathic conditions. To
evaluate the tactile sensitivity of animals, the sensibility test with the
Von Frey monofilaments (Touch Test™ Sensory Evaluator Kit of 20 -
Leica Biosystems, Germany) was conducted, which is inexpensive and
used in the clinical settings as well. These monofilaments were used in
an increasing order of thickness (starting at 6 g), on the plantar surface
of the pelvic limb of the animal only when it was immobile and standing
on the four limbs on a mesh floor. The monofilaments were applied until
they bent slightly and were held for two seconds. A limb withdrawal
response was valid when the foot was completely removed from the
platform (Pitcher et al., 1999). The monofilaments were applied five
times at intervals of five seconds, or as soon as the pelvic limb was
properly positioned on the platform. If the withdrawal response did not
occur in five applications of a particular filament, then the next mono-
filament would be applied in ascending order of thickness.

Thermal Sensibility test

Likewise, thermal sensitivity alterations are common in neuropathic
patients and easily evaluated in animal models. This test is a widely used
and safe test that consists of a cold object (ice stick at —20 °C) applied to
the center of the pelvic limbs (paw pads) of the animals five times, in a
five-minute interval, to avoid desensitization. If there was no with-
drawal response, the thermal stimulus was removed after 30 s. The la-
tency of the last four trials was used to calculate the mean withdrawal
latency from each animal in each pelvic limb. The thermal sensitivity
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was evaluated after the tactile sensitivity test (Miller et al., 2013).

Functional Observational Battery (FOB)

This test is used to detect chemical-induced sensorimotor impair-
ments. It includes more than 30 independent observation parameters,
which are grouped into domains. The domains are neurological, auto-
nomic, and behavioral; each one with its measurement and evaluation
parameters (Boucard et al., 2010). This test is commonly used in studies
of neuropathic disorders, and it is easily replicable. FOB was performed
immediately after last session of alcohol and before perfusion by two
independent observers, who examined the reactivity of each animal to
manipulation and stimuli, such as behavioral changes, motor activity,
coordination, and sensory-motor reflex responses.

For the neurological domain, we evaluated the muscle tone param-
eters (forelimb grip strength and hypotonia), gait and equilibrium pa-
rameters (righting reflex and gait), and CNS excitation parameters
(twitches, clonic and tonic convulsions). Regarding the autonomic
domain, we evaluated lacrimation, pupil size, palpebral closure, sali-
vation, piloerection, and breathing parameters. The behavioral domain
was assessed by observation of spontaneous activity (hyperactivity),
affective response (reactivity to catching and handling, defecation, and
urination), and sensorial responses (touch response and tail-pinch
response). On test day, the reactivity of each animal was examined by
manipulation and stimuli while they were still in their cages or when
placed in the arena of the open field test.

Firstly, the reactivity to catching the animal in its cage was analyzed,
and the difficulty of removal was observed and classified as (normal: O;
little difficulty: 1; difficult: 2) depending on difficulty removing the
animal from the cage (flight, aggression, vocalization); after that, we
analyzed lacrimation (absence: 0, presence: 1); piloerection (absence: 0,
moderate: 1, marked: 2); reactivity to handling (scored from 0 to 2
depending on difficulty encountered handling; e.g., aggression, vocali-
zation), and pupil size (myosis: 1, mydriasis: 2).

Then, the animal was transferred to the open field arena where it was
observed for 2 min regarding palpebral closure (drooping of the upper
eyelids; normal: 0, moderate: 1, marked: 2); twitches (absence: O,
moderate: 1, marked: 2); clonic or tonic convulsions (absence: 0, pres-
ence: 1); locomotor hyperactivity (normal: 0, moderate: 1, high: 2);
hypotonia (severe loss of strength: 0; moderate loss: 1; normal: 2;
excessive resistance: 3); gait (normal: O, abnormal: 1); breathing
(normal: 0; increased: 1; to severely impaired - e.g., suffocation, hy-
perventilation: 2); and defecation/urination (scored from 0 to 2
depending on appearance—normal, colored, or soft feces—and quanti-
ty—excessive or normal). All the procedures were video recorded.

Soon after this initial stage of observation, the animal was evaluated
in arena of the open field for reactivity to manipulations and stimuli,
such as touch response, and tail pinch response. To evaluate the touch
response, a gentle touch with a pen was performed on the side of the
animal and observed its reaction (0: normal; 1: frightened; 2: aggres-
sive). For tail-pinch response, we used curved tweezers applying a
moderate pressure 2-cm above the extremity of the tail for ~1 s (0:
normal; 1: no reaction; 2: violent reaction).

The last evaluations were to determine the righting reflex, after
holding the animal by the dorsal region and raising it 30 cm above the
test platform (0: fall with all four paws, 1: all paws do not touch the
ground, 2: fall laterally, 3: fall). Finally, we evaluated forelimb grip
strength positioning the anterior limbs in the cage and performing a
slight pull of the body (severe loss of strength: 0; moderate loss: 1;
normal: 2; excessive resistance: 3) (Boucard et al., 2010).

To quantify and describe the effect of alcohol in each parameter of
the neurological, autonomic, and behavioral domains, we used the
“Mean Severity Score” (MSS). To calculate MSS per group is utilized the
sum of the “mean scores” evaluated for each parameter that is included
in a particular domain using the following equation:
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MSS =3 (i-ni) /n

Where: i represents the number of grades attributed to a parameter, ni
represents the number of animals reaching the score i, and n represents
the group size.

Thus, MSS can be interpreted as: no effect of substance (MSS smaller
than or equal to 2); moderate effect of substance (MSS between 3 and 4),
and great effect of substance (MSS greater than 4) (Boucard et al., 2010).

Perfusion and Nerve Dissection

At the end of the FOB test, the animals were anesthetized by intra-
peritoneal injection with a mixture of 1 ml/kg of a ketamine (40 mg/kg),
xylazine (20 mg/kg), fentanyl (0.3-0.5 mg/kg), and acepromazine (1
ml/kg).

The perfusion procedure was performed transcardially with saline
0.9% (100 ml) followed by a fixative solution containing 4% para-
formaldehyde (500-700 ml) in an aqueous solution from para-
formaldehyde heated to 60-65 °C (pH 9.5 at 4 °C) for 25 min (Conte
et al., 2019a, 2019b; Wscieklica et al., 2019).

The dissection of the sciatic nerves was performed at the origin of the
nerve between L5 and S1 segments to tibiofibular bifurcation. The
measurement of this segment was carried out with a pachymeter. The
nerve was sectioned into five equidistant slices. Each slice was fixed in
buffered 2.5% glutaraldehyde and stored in the same fixative for sub-
sequent dehydration and embedding in Epon resin 812. Semi-thin slices
(500 nm), one cut for each slice totaling five cuts per nerve were per-
formed with the aid of an ultramicrotome (Leica Inc UC6 - Wetzlar/
Germany) and were subsequently stained with alcoholic toluidine blue
and analyzed by the stereological method.

Alcohol Concentration Analysis

Right before the beginning of the perfusion, 0.5 ml of blood from the
left ventricle was collected. The samples were placed into heparinized
tubes and centrifuged at 2300 rpm, 4 °C for 15 min (Biochain, Newark,
CA, USA). Blood alcohol concentration analysis was performed by the
method of spectrophotometry with the enzyme kit for the enzyme NAD-
ADH (Conte et al., 2019a, 2019b; Wscieklica et al., 2019).

Stereological Analysis

Stereological analyses were performed in each nerve sampled in a
systematic uniform random sampling (SURS) scheme (Raimondo et al.,
2009).

Total number of myelinated axons from sciatic nerve (Naxons)

The total number of axons was estimated directly with the physical
fractionator method (Gundersen, 1986; Mayhew and Olsen, 1991). This
method consists of distribution from counting fields which are system-
atically and evenly displaced (in a SURS way) on the whole nerve
cross-section. Therefore, the frames cover a fixed fraction which is the
cross-sectional area one (asf).

asf = a(frame) / a (section)

Where: asf is the fraction of area; a(frame) is the area of unbiased
counting frame used for quantification of myelinated axonal profiles
and, a(sectional) is the distance (AX AY) between the quantification
regions. In this work, the asf was approximately 1/10 (0,11); thus, the
average area of counting frame a(frame) was 169,9 pmz and a(sectional)
was 1452 pmz.

Subsequently, the following formula estimates the total number of
myelinated axons:

N(axons) = £Q . asfl.
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Where: ¥ is the number of axonal profiles sampled (Q) with the
unbiased counting frame multiplied by the inverse of the area fraction,
generating an unbiased estimate of the total number of axons (Raimondo
et al., 2009).

Perimeter of myelinated axons (b)

The axonal perimeter estimate was obtained with a test system of
parallel and isotropic uniform random (IUR) lines overlapping the
axonal profile. Counting the number of intersections, I, between the
edge of the profile and the test line obtained the estimative of the
perimeter (b) of axonal profile which was calculated as n/2 multiplied
by the product of the separation of lines (d) and number of intersections
between the isotropic lines and inner edge of axonal profile (I) as
described in the following formula (Gundersen et al., 1988).

b=n/2.d L

Mean thickness of myelin sheath (t myelin)

The points of intersection between the axon perimeter and the
isotropic lines of the test system (the same used for the perimeter esti-
mation) were used to obtain regions in a systematic, uniform, and
random way of myelin sheath, and the measurements of its thickness
were performed (the result of the first mean of two points per axon and
after all axons measured) in approximately one hundred axons (Gun-
dersen et al., 1988; Raimondo et al., 2009).

Statistical analyses

The statistical analysis was performed in Jamovi software version
1.0. Student T test was used for the continuous variable when normality
and homogeneity were achieved. In the absence of prerequisites, Mann-
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Whitney test was used. For categorical variables, Chi-square test was
used. Data was derived from another study, complying with reduction
and reutilization principles of animal care. Thus, a post-hoc power
analysis was performed for estimation of power. The power obtained
was 0.36 considering an alpha of 0.05 and an overall effect size of 0.8
(G*Power 3.1.9.7). The significance was considered only when p <
0.05.

Results

Food and water consumption; body mass variation; alcohol intake and its
concentration in the blood

No significant difference between groups was observed in food and
water consumption as well as in body mass gain at the end of the
treatment, as demonstrated in our previous work (Conte et al., 2019a,
2019b) that used the same animals. In AL group with eight weeks of
treatment, the amount of alcohol ingested by the animals and the blood
alcohol concentration were also shown in our previous work (mean of
9.86 + 0.84 g / kg / 24 h of alcohol ingested and blood alcohol con-
centration of 85.1 + 19.9 mg / dL at the end of the treatment; Conte
et al., 2019a, 2019b) where this high concentration was responsible for
affecting the brain tissue. Fig. 1 shows the intake profile of alcohol so-
lution and water by the animals of the two groups.

Tactile and thermal sensitivity tests

In the tactile sensitivity test, there was a significant difference be-
tween AL and CO groups (U = 5.50; p = 0.03), being that AL group
showed reduction in tactile sensitivity (4.67 + 1.6) compared to CO
group (6.3 + 0.8). Regarding the thermal sensitivity test, there was no
difference between AL and CO groups (U = 8.50; p = 0.14) (Table 1).
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Table 1 -
Tactile and Thermal Sensitivity tests, and Stereological Analysis.
Control group Alcohol group  pt
n=6) (n=6)
Tactile test [median 4(4-8) 6(6-8) 0.04 *
(interquartile range)]
Thermal test [median 1.0 (0.6 -1.7) 1.22 (0.8 -6) 0.14
(interquartile range)]
Stereological Analysis (mean
+ SD)
total number of axons ~ 1862.17 1680.67 0.24
+ 305.83 +187.9
axonal perimeter (um) 958.65 + 30.9 927.12 0.15
+38.1
myelin thickness (um)  1.13 £0.1 0.7 +0.08 0.001 * *

t T-student or Mann-Whitney tests. * p < 0.05; * * p < 0.001.

Functional observational battery (FOB)

Neurological domain

Initially, we estimated the MSS of the neurological domain, and the
AL group had a score of 9.5 while the CO group had a score < 1. Then,
we analyzed each parameter of the neurological domain, evaluating
muscle tone, gait, equilibrium, and CNS excitement.

In muscle tone analysis, we evaluated the parameters forelimb grip
strength and hypotonia. No difference between AL and CO groups was
observed in forelimb grip strength (x> = 3; p = 0.83) and hypotonia (x>
= 0.01; p = 0.06), respectively. However, 83.3% of animals in the AL
group showed excessive resistance to forelimb grip strength (vs 16.7% in
the CO group) and 66.7% showed excessive resistance to hypotonia (in
the CO group 100% of animals showed normal hypotonia) (Table 2).

Regarding gait and equilibrium parameters, we observed significant
difference in righting reflex between animals of the AL and CO groups
(¢* = 0.01; p = 0.002), being that 100% of the animals in the AL group
did not fall with their four paws touching the ground (100% of the an-
imals in the CO group fell with their four paws touching the ground).
Regarding the gait, we also observed a significant difference between
animals of the AL and CO groups (y* = 0.01; p = 0.002). In this
parameter, 100% of the animals in the AL group had a gait pattern
considered abnormal (100% of the CO group had a normal gait pattern),
since the animals walked on tiptoe and with the belly touching the
ground (Table 2).

Finally, within the neurological domain, we evaluated CNS excite-
ment parameters (twitches, clonic and tonic convulsions). For twitches,
there was a significant difference between AL and CO groups (3> = 0.01;
p = 0.004), with 100% of the animals in the AL group having marked
twitches (100% of the animals in the CO group had the absence of
abnormal twitches). Finally, 100% of the animals in both groups had
absent clonic or tonic seizures. Therefore, there was no significant dif-
ference between the groups (Table 2).

Autonomic domain

For the autonomic domain, MSS score for the AL group was 2.3,
while for the CO group it was < 1.

Analyzing each parameter of this domain, we observed a significant
difference between AL and CO groups only for piloerection (y = 12;
p = 0.002). The animals in the AL group had moderate (66.7%) and
marked (33.3%) piloerection, mainly around the head and back. Ani-
mals in the CO group had no piloerection (0%).

Regarding the other parameters, lacrimation, pupil reflex, palpebral
closure, salivation and breathing, there was no significant difference
between animals. In both groups AL and CO, the animals showed
absence of salivation and lacrimation, normal breathing and palpebral
closure, and pupil size with myosis (Table 2).

Behavior domain
The MSS score observed for the behavioral domain was 4.3 in the AL
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Table 2
Functional Observational Battery (FOB) parameters between of the Control and
Alcohol groups.

Control Alcohol Pt
group group
(n=6) (n=6)
Neurological Domain
Forelimb grip strength / Hypotonia
(%)
normal  83.3 /100 16.7 / 33.3 0.83/
excessive resistance 16.7 /0 83.3/67.7 0.06
Gait (%)
normal 100 0 0.002 *
abnormal 0 100
Righting reflex (%)
fall with all four paws 100 0 0.002 *
all paws do not touch the ground 0 100
Twitches (%)
absence 100 0 0.004 *
marked 0 100
Clonic convulsions  100% 100% 1.0
absence absence
Tonic convulsions  100% 100% 1.0
absence absence
Autonomic Domain
Lacrimation  100% 100% 1.0
absence absence
Pupil Size  100% myosis ~ 100% myosis 1.0
Palpebral closure ~ 100% 100% 1.0
normal normal
Salivation  100% 100% 1.0
absence absence
Breathing  100% 100% 1.0
normal normal
Piloerection (%)
absence 100 0 0.002 *
moderate 0 66.7
marked 0 333
Behavioral Domain
Hyperactivity (%)
normal  83.3 0 0.007 *
moderate  16.7 16.7
high 0 83.3
Reactivity to Catching / Handling
(%)
normal  66.7 / 66.7 66.7 / 50 0.9 / 0.55
little difficulty =~ 33.3 / 33.3 0/33.3
difficulty 0/0 0/16.7
Defecation / Urination (%)
normal 50/ 66.6 33.3/66.6 0.76 / 0.9
moderate  33.3/16.7 33.3/16.7
excessive 16.7 / 16.7 33.3/16.7
Touch response  100% 100% 1.0
normal normal
Tail-pinch response  100% 100% 1.0
normal normal

t Chi-square test. * p < 0.01.

group and < 1.5 in the CO group. Regarding its parameters, we analyzed
spontaneous activity, affective response, and sensory responses.

In the spontaneous activity, we analyzed hyperactivity and observed
that 83.3% of the animals in the AL group presented high hyperactivity
and 16.7% moderate. In the CO group, 83.3% of the animals presented
hyperactivity considered normal and 16.7% moderate. Thus, the ani-
mals of the AL group presented more active exploratory behavior in the
open field (y? = 10; p = 0.007), demonstrating higher amount of rearing
and grooming and reflecting more spontaneous activity (Table 2).

In affective responses, regarding the parameter reactivity to catching
(> = 1; p = 0.9), reactivity to handling (x> = 0.343; p = 0.55), defe-
cation (X2 = 0.53; p = 0.76) and urination (X2 = 0.01; p =0.9), there
was no significant difference between AL and CO groups. In the reac-
tivity to catching, 66.7% of the animals in both groups had normal
catching behaviour reaction. Regarding reactivity to handling, in 50% of
the animals in the AL group the handling difficulty was normal and in
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33.3% was with little difficulty (CO group showed that in 66.7% the
reactivity to handling was normal and in 33.3% was with little diffi-
culty). Regarding defecation, 33.3% of the animals in the AL group had
the amount of defecation considered normal, 33.3% moderate and
33.3% excessive (in the CO group 50% had the amount of defecation
normal, 33.3% moderate and 16.7% excessive). Finally, for urination in
both groups, 66.6% of the animals had normal volume, 16.7% moderate
volume, and 16.7% excessive volume (Table 2).

Sensory tests showed no difference for both touch and tail-pinch
response parameters (Table 2).

Stereological analysis

There were no differences between the total number of axons (t (10)
= 1.24; p = 0.24) and the axonal perimeter (t (10) = 1.55; p = 0.15)
between the animals of the CO and AL groups respectively (Table 1).

However, a significant decrease in the myelin sheath thickness of the
animals of the AL group was observed in comparison with the CO group
(t (10) = 4.40; p = 0.001) (Figs. 2 and 3). Furthermore, we observed a
significant negative correlation (tho = - 0.799; p = 0.002) between
alcohol consumption and myelin sheath thickness. There was no sig-
nificant difference in the correlation between the average alcohol con-
sumption, total number of axons and axonal perimeter.

Discussion

In this study, we observed that Wistar rats that consumed alcoholic
solution (20%; v/v) for eight weeks showed initial signs of demyelin-
ating lesions in the peripheral nervous system. Based on stereological
and functional analyzes (FOB, tactile and thermal tests), we found a
significant decrease in the thickness of myelin sheath, alterations in gait
and equilibrium (righting reflex), greater tone in lower limbs (twitches),
higher amount of rearing and grooming reflecting hyperactivity and
piloerection. Furthermore, based on the mean severity score (MSS) of
FOB, dysfunctions in the AL group in neurological, autonomic, and
behavioral domains over untreated animals were also shown. Addi-
tionally, the tactile sensitivity reflex was observed in thinner mono-
filaments in the AL group.

We observed high consumption of alcohol as expected using Two
Bottle Choice Paradigm in animal studies (Wayner et al., 1972; Wise,
1973; O’Dell et al., 2004). Worth mentioning, bottles were tested for
leakage, an issue that could hinder precise measurement of the solu-
tions. The leakage was negligible, hence, not affecting the calculations of
consumption. Also, levels of alcohol in the blood higher than 60 mg/dL
confirmed the consistency of this protocol and were compatible with
other studies (Bell et al., 2006; Simms et al., 2008a, 2008b). According
to Simms et al. (2008a, 2008b), using similar protocol of intermittent
alcohol (20%; v/v) ingestion, the alcohol concentration in the blood
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Fig. 3. Myelin sheath thickness between the animals of the Control group (CO)
and Alcohol group (AL).

ranged from 4 to 93 mg / dL in Wistar rats submitted to 20 ingestion
sessions. Bell and collaborators (2006), instead, mentioned that animals
prone to alcohol consumption should achieve, at least, 5 g/kg/day of
alcohol intake, achieving a concentration of 50-200 mg of alcohol per
decilitre of blood (Bell et al., 2006; Simms et al., 2008a, 2008b). An
important review on alcohol administration protocols and consumption
profiles in animal models, showed that 5-10 g / kg / 24 h per rat or
12-20 g / kg / 24 h per mouse are considered high consumption (in our
study we observed a consumption of 9.86 g / kg / 24 h) (Leeman et al.,
2010). According to the National Institute on Alcohol Abuse and Alco-
holism (NIAAA), acute intoxication in alcohol consumption (binge
drinking) corresponds to a blood concentration of 80 mg / dL or higher,
and a pattern of heavy drinking to a concentration of 60 mg / dL or
higher. In our study, we observed a blood concentration of 85 mg / dL in
the AL group, associating the signs and symptoms of AN observed in this
study with this pattern of human consumption (NIAAA, 2022). More-
over, because it is a voluntary administration type of methodology, this
paradigm mimics human consumption patterns avoiding the stressful
effects of invasive and forced administration (Carnicella et al., 2014),
that could induce neuroendocrine stress responses and consequently
tissue degeneration (Simms et al., 2008a, 2008b; Ferrari et al., 2013).
To unbiasedly estimate the number and diameter of axons of the
myelin sheath from a small sample of sciatic nerve, the Optical Frac-
tionator workflow was used (West, 2012; 2013). The AL group showed a
pattern of demyelination that corroborates with data observed in
hyperalgesic and allodynic conditions. It has been suggested that the
shared symptomology of these conditions is a consequence of
high-frequency ectopic bursts generated on demyelinated Ap fibers

% "‘89.
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Fig. 2. Reduction of the myelin sheath thickness between control and alcohol animals. (A) Control, (B) Alcohol. Scale bar: 20 pm.
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(Mellion et al., 2014; Truini and Cruccu, 2016). However, the absence of
significant differences in the axonal number and perimeter could be
related to temporal range of alcohol consumption adopted in our pro-
tocol (intermittent), since long-term chronic alcoholic patients showed
axonal loss (Ballantyne et al., 1980). However, a study carried out by
Nguyen et al. (2012), also analyzed the effects of 8 weeks of adminis-
tration of alcoholic solution (but in concentration of 37%) and the
development of AN of Long Evans rats. The study included stereological
analysis of nerve and muscle fibers, electrophysiological analysis of
nerve conduction, and analysis of the combined effects of insulin/IGF
resistance and oxidative stress. The results showed that AN was associ-
ated with lower nerve conduction velocity in motor but not sensory fi-
bers, with demyelination and small decrease in axonal diameter with
alterations in the cytoskeleton, associated with impaired trophic factor
signalling due to insulin and IGF resistance. In this case, the alcohol
concentration in the solution was practically double that of our protocol
and predominantly motor alterations were observed. Furthermore, a
study by Guo et al. (2021) showed that chronic alcohol consumption
(5% or 10% for 3 weeks) was associated with white matter atrophy, with
a reduction in the number of new oligodendrocytes in the prefrontal
cortex and corpus callosum, suggesting that alcohol exposure may
inhibit the differentiation of these glial cells and consequently the
maintenance of the myelin sheath.

Through global analysis of sensory, motor and autonomic domains
by FOB, the MSS scores showed the effect of the substance in the AL
group in each of the domains analyzed. Nevertheless, Thermal Sensi-
tivity test showed no significant difference between AL and CO groups.
Study carried out by Dina et al. (2000), analyzed AN in Sprague-Dawley
rats with alcohol solution consumption for 12 weeks (6.5% concentra-
tion). The study evaluated the nociceptive flex reflex, response to Von
Frey filaments, thermal and electrophysiological tests, in addition to
immunohistochemical study of dorsal ganglia (PKCe activity). Thermal
hyperalgesia was observed, in addition to mechanical hyperalgesia and
allodynia, no difference in C-fiber conduction velocity, and increased
signaling mediated by PKCe. In this study, the alcohol concentration in
the solution was much lower than that used by us, but with similar re-
sults to ours in terms of sensitivity. Additionally, findings of Fu et al.
(2015), with the same alcohol administration protocol used in our study
(8-12 weeks) in Sprague-Dawley rats, observed thermal hypersensitivity
that further increased for more than seven days after ethanol with-
drawal. However, this study tested thermal sensitivity with the use of
heat. Study with humans carried out by Hilz et al. (1995), analyzed 50
individuals with alcohol abuse for at least seven years, and the conse-
quent changes in thermal sensitivity, both to cold and heat. The study
demonstrated the clinical relevance of thermal sensitivity test, as it is
more sensitive for the diagnosis of AN than clinical and nerve conduc-
tion velocity tests. In animal studies, the scientific evidence from ther-
mal sensitivity, together with our results from FOB and Von Frey
monofilaments, show that chronic alcohol consumption is associated
with sensory changes. However, the analysis of these changes is difficult
to assess, since it depends on the profile of alcohol consumption and its
temporal progression, the administration protocol used and the blood
availability of alcohol achieved in each species.

Von Frey monofilaments Tactile Test complemented the FOB data.
Our results can represent possible indications of allodynia and hyper-
algesia (Jensen and Finnerup, 2014) since animals from AL group pre-
sented greater paw withdrawal reflex in response to finer filaments and
exacerbated reaction with jumping and vocalization responses. Allody-
nia and hyperalgesia have been associated with alcohol consumption, as
previously described (Frohlich et al., 2006; Gureje, 2008; Dina et al.,
2000). In our study, hyperalgesia can be shown by tactile test, piloer-
ection, alterations in gait pattern and righting reflex, and these obser-
vations were taken during FOB, in the AL group. Such gait alterations,
although only assessed qualitatively, combined with sensory alterations,
are in accordance with data reported by Gatch and Lai with neuropathic
humans (Gatch and Lal, 1999). Hyperalgesia is also related to negative
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emotional states such as depression and anxiety, which are also
observed during drug abuse and withdrawal (Valdez et al., 2003; Rob-
erto et al., 2010) and is a predictive factor of pain severity after severe
injury (Castillo et al., 2006; Holmes et al., 2010). Thus, hyperalgesia
could be explained by the negative emotional state associated with
alcohol abuse and by its peripheral effects, especially in long-term
consumption and withdrawal phases. (Franklin, 1998; Jochum et al.,
2010). A review from Egli et al. (2012) described a central and pe-
ripheral sensitization pattern of hyperalgesia in chronic alcohol users.
Central sensitization is related to functional alteration in ascending
afferent pathways, from dorsal horn of the spinal cord to several limbic
structures such as central amygdala and prefrontal cortex (Woolf, 1983;
Vogt, 2005; Neugebauer et al., 2009). Reichling and Levine associated
peripheral sensitization with the neuroplasticity of peripheral noci-
ceptors (Reichling and Levine, 2009).

Asignificant difference in the rearing behavior by the AL group in the
open field arena was observed. This effect is thought to occur from the
action of alcohol on brain areas, such as the nucleus accumbens, which is
a region associated with voluntary motor behavior (Boerngen-Lacerda
and Souza-Formigoni, 2000). Nucleus accumbens is affected by alcohol
consumption culminating in increased locomotor activity due to the
sensitization of its neurons (Koob, 1992; Boerngen-Lacerda and
Souza-Formigoni, 2000; Koob and Volkow, 2010). Bowen et al. (1996),
tested the effect of inhalants solvents to compare with the effect of vapor
and intraperitoneal alcohol using the functional observational battery
(FOB) and observed that alcohol produces effects on the CNS similar to
solvents such as 1,1,1-trichloroethane, ether and flurothyl.

Regarding the autonomic domain, our findings were just significant
for piloerection. However, data from literature indicate additional
autonomic alterations in long-term chronic users (Milovanovic et al.,
2009). One of the tests was 24 h Holter monitoring, which evaluated
short-term heart rate variability, showing a significant difference and an
incidence of severe autonomic dysfunction in 56% of the patients
(chronic alcohol users), (Milovanovic et al., 2009). These studies
correlated the autonomic alterations with the total alcohol dose and the
number of doses multiplied by the consumption period (El-Mas and
Abdel-Rahman, 2013; de Zambotti et al., 2015). In our study, it was not
possible to detect all autonomic alterations because the consumption
period was not long enough to induce these types of alterations, which
should occur after a consumption of alcohol greater than those observed
in our animals.

Our results associated with motor functions should be considered
with caution, as alcohol itself disrupts motor behavior. Biased results are
almost unavoidable in these study models, and an alternative would be
to test during drug withdrawal, which would also involve other caveats.

Individual factors also cannot be disregarded. In a study by Mellion
et al. (2013) with three different strains of rats, they investigated the
effects of alcohol exposure on nerves and muscles. This phenomenon
varied according to different susceptibility of genetic patterns, sug-
gesting that nerve injury is influenced by individual genetic character-
istics, in addition to chronicity and ingested volume of alcohol
(Goldman et al., 2005; Mellion et al., 2013).

Finally, our data indicated the presence of the first symptoms of
hyperalgesia, such as increased sensitivity to tactile stimulus, and the
stereological analysis showed decrease of the myelin sheath thickness,
showing that alcohol ingestion is associated with demyelination process
during the hyperalgesia. Some studies about nerve conduction, showing
a decrease in nerve impulse speed, associated this effect to a reduction in
the number of functional axons (Chopra and Tiwari, 2012). Other
studies showing possible demyelination as a consequence of alcohol
intake (Mellion et al., 2011) are in agreement with our findings. This
show that neuropathic condition is a complex process involving neurons
and glial cells.

Although it is still unclear what the pathogenetic mechanisms for the
development of neuropathy amongst those who chronically abuse
alcohol are, it would seem reasonable to infer that AN is the result of a
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multifactorial process primarily mediated by the direct toxic effect of
alcohol (Mellion et al., 2011).

To date there is no effective therapeutical approach for treating AN,
hence the need to explore possible mechanisms involved in alcohol-
induced neuropathy so that new therapeutic approaches can be devel-
oped for prevention as well as clinical management of this condition
(Chopra and Tiwari, 2011). While the data herein presented can
contribute to this collective effort, there are limitations worth
mentioning. The absence of evaluation of biochemical indicators
regarding toxicity in nervous system that could better explain the
alcohol-induced neurodegeneration process, what we intend to perform
in future studies. In this phase of our study we used male rats, but it is
our intention to analyze this process with females as well, providing the
oestrous cycle variable can be included. Furthermore, we intend to
compare the toxic effect of alcohol on pain central processing to better
understand the association between chronic alcohol intake and alcohol-
induced neuropathy.

Our data showed a peripheral effect of chronic alcohol intake asso-
ciated with hyperalgesia and a process of demyelination with a strong
correlation with alcohol consumption. This process was associated with
increased tactile sensitivity, with behavioral reflexes such as locomotor
hyperactivity, changes in gait and balance, and autonomic reflexes such
as piloerection.
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