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Mycobacterium leprae infection of peripheral nerves and the subsequent nerve function
impairment (NFI), especially in response to reactional episodes, are hallmarks of leprosy.
Improved treatments for M. leprae-induced nerve injury are needed, as most if not all
of the disability and stigma associated with leprosy arises from the direct or indirect
effects of NFI. Nine-banded armadillos (Dasypus novemcinctus), like humans, exhibit
the full clinical spectrum of leprosy and extensive involvement of the peripheral nerves.
In this study, state-of-the-art technology was used to compare nerve function between
uninfected and M. leprae-infected armadillos. Motor nerve conduction velocity (MNCV)
and compound muscle action potential (cMAP), which measure changes in the rate of
impulse conduction velocity and amplitude, revealed a progression of impairment that
was directly correlated with the duration of M. leprae infection and enabled development
of an objective nerve impairment scoring system. Ultrasonography accompanied by
color Doppler imaging detected enlargement of the M. leprae-infected nerves and
increased vascularity, possibly due to inflammation. Assessment of epidermal nerve fiber
density (ENFD), which shows a length-dependent innervation in armadillos that is similar
to humans, identified small fiber degeneration early after M. leprae infection. Staining
for neuromuscular junction (NMJ) integrity, which is an indicator of signal transduction
efficiency into skeletal muscle, discerned a markedly lower number and structural
integrity of NMJ in M. leprae-infected armadillo footpads. These tools for assessing
nerve injury were used to monitor the effects of intervention therapy. Two potential
neuro-protective drugs, ethoxyquin (EQ) and 4-aminopyridine (4-AP), were tested for
their ability to ameliorate peripheral nerve injury in M. leprae-infected armadillos. 4-AP
treatment improved MNCV, cMAP, and EFND compared to untreated animals, while
EQ had less effect. These results support the armadillo as a model for M. leprae-
induced peripheral nerve injury that can provide insights toward the understanding of
NFI progression and contribute to the preclinical investigation of the safety and efficacy
of neuro-preventive and neuro-therapeutic interventions for leprosy.

Keywords: Dasypus novemcinctus, Mycobacterium leprae, armadillos, leprosy, neuropathies, nerve function
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INTRODUCTION

Mycobacterium leprae and the closely related Mycobacterium
lepromatosis infect the Schwann cells of the peripheral nerves.
This infection can result in neuropathy that affects at least a
third (1, 2) of the individuals diagnosed with leprosy. Since
treatment of the infection often does not lead to resolution of
the neuropathy, the number of affected patients is cumulative.
Consequently, ∼2 million people currently suffer from leprosy-
related nerve function impairment (NFI) (3).

Leprosy neuritis has been well described clinically and
histologically for more than 100 years (4–6). In humans, the
ulnar, radial, median, and peroneal nerves are primarily involved
(7). Robinson et al. (8) reported that the lateral plantar branch
of the tibial nerve is also significantly affected. Unfortunately,
the mechanisms of nerve injury following M. leprae infection are
difficult to study in humans as these nerves cannot be biopsied.
Therefore, most investigations have been in human, mouse, and
rat Schwann cell tissue culture models (9–11) and to a limited
extent in vivo in mice (12). The mouse, however, may not be
a suitable model to study M. leprae-induced neuropathy as it is
neither naturally susceptible to M. leprae infection, nor does it
develop any appreciable nerve involvement (7).

Nine-banded armadillos (Dasypus novemcinctus), as well as
red squirrels (13) and chimpanzees (14), can become naturally
infected with M. leprae (15–18). Armadillos develop an extensive
nerve involvement that closely resembles the neuropathy seen
in humans (19, 20). In response to M. leprae infection, the
majority (>70%) of armadillos show lepromatous-type disease,
but borderline and tuberculoid responses are also found (21, 22).

Standardized tests that measure nerve damage are well
established for humans (23) and there has been some use
of these tests to evaluate neuropathy in persons affected by
leprosy (2, 24–28). Validation of such tests in M. leprae-infected
armadillos would support its use as an animal model to study
leprosy NFI. Therefore, we present here several methods to assess
peripheral neuropathy in armadillos at early, mid and late stages
of leprosy disease. These include motor nerve conduction tests
(MNCT), such as motor nerve conduction velocity (MNCV)
and compound motor action potential (cMAP), peripheral
nerve ultrasonography with Doppler imaging, quantification of
epidermal nerve fiber density (ENFD), neuropathic changes in
muscle physiological cross sectional area (PCSA), and evaluation
of neuromuscular junction (NMJ) number and integrity.
Following extensive validation of these tools in both uninfected
and M. leprae-infected armadillos, two potential neuroprotective
drugs were tested in a pilot study to determine the suitability of
these methods to evaluate therapeutic interventions to arrest or
prevent leprosy neuropathy.

MATERIALS AND METHODS

Armadillos
Wild captured and captive born (genetically identical) nine-
banded armadillos were used in this study. The female armadillo
gives birth to four genetically identical siblings, which are hand

raised and brought to the NHDP after they are weaned. The use of
genetically identical siblings enables a higher statistical power for
experimental interventions. All animals were conditioned to our
facility for a period of 3–6 months (wild captured) or 12 months
(captive born). During conditioning, the armadillos were housed
in modified rabbit cages and received the following treatments:
Penicillin (2 mL IM repeated at 5 days), Ivermectin (0.1 mL SC),
Droncit (0.4 mL IM) and Meticorten (0.25 mL IM). At the end
of the conditioning period, they were tested for the presence of
anti-Phenolic glycolipid-1 (PGL-1) antibodies to determine the
presence of pre-existing M. leprae infection. Armadillos with pre-
existing infection were not used in this study. To determine their
immune responsiveness to M. leprae, a Lepromin test (heat-killed
nude mice footpad derived M. leprae strain Thai-53 at 1 × 108

bacilli in 0.1 mL total volume) was administered by intradermal
injection to the abdominal skin. After 21 days, the skin test
sites were biopsied using a 4 mm biopsy punch and examined
histopathologically to score the reactivity of each animal on the
Ridley-Jopling scale (29, 30). Only those animals classified as
lepromatous (LL) were included in this study.

Infection of Armadillos With
Mycobacterium leprae
Armadillos were experimentally infected via intravenous (IV)
inoculation of a suspension of 1 × 109 viable M. leprae freshly
harvested from nude mice footpads (31).

Anti-pGL-1 Antibody ELISA
PGL-1 antigen (BEI Resources) was used in immunoassays to
detect anti-PGL-1 IgM circulating antibody levels in serum
samples as previously described (32). Levels of OD > 0.700
(540 nm) were considered positive.

Light Microscopic and Electron
Microscopic Studies
At the time of sacrifice the posterior tibial nerve was collected,
fixed in 10% buffered formalin and processed for light
microscopic studies, or fixed in 5% glutaraldehyde and processed
for electron microscopic studies as previously described (33, 34).

Motor Nerve Conduction Test
Following anesthesia with 0.4 ml Detomidine and 0.6 ml
Ketamine, the animals were placed in a wooden trough ventral
side up inside a Faraday cage. Skin temperatures were taken
on the medial aspect of each hind limb between the knee
and hip to ensure that the MNCT tests were done at body
temperatures of 31 ± 2.0◦C, because high body temperatures
(>35◦C) can affect the speed of conduction velocity. An infrared
thermometer was used to take the body temperature. We adapted
a Cadwell Sierra Summit (Cadwell) portable electrophysiology
unit for use with the armadillos. 6.5mm gold cup percutaneous
electrodes were prepped with Ten20 conductive paste and used
as active, reference, and ground electrodes. After the hind limbs
were cleaned with alcohol, the reference electrode was placed
at the sulcus of the third toe and the active electrode was
placed on an intrinsic muscle between the third and fourth
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metatarsal bones midshaft. The ground electrode was placed
on the anterior/lateral aspect of the hind limb. A cortical
disposable stimulator (Natus Neurology) was used to produce
a motor stimulus. This stimulator has two 2.2 mm gold plated
tips with 5 mm spacing. The negative pole of the stimulator
was placed posterior to the medial ankle maleolus for the
distal stimulation site. Percutaneous stimulation of the posterior
tibial nerve was done near the ankle (distal), and near the
knee (proximal) on the medial/posterior shaft of the tibia.
Measurements were taken from the proximal stimulation site to
the active electrode and from the distal stimulation site to the
active electrode to measure the distance between the stimulation
sites. Recordings were always done at a supramaximal stimulus.
Motor nerve conduction velocity (MNCV) was calculated using
the formula: MNCV (in m/s) = (Distance between Proximal and
Distal stimulation sites)/(Proximal Latency – Distal Latency).
Compound Motor Action Potential (cMAP) amplitude was
measured from baseline to negative peak and was recorded in
millivolts (mV). Room temperature was maintained between 24
and 26◦C throughout the procedure.

Ultrasonography of the Peripheral
Nerves
Posterior tibial nerves were examined via ultrasonography using
a SmartUS transducer probe with a linear broadband frequency
of 7.5–15 MHz connected to a Sierra Summit basic system
(Cadwell). Color Doppler imaging was used to detect blood flow
in the posterior tibial nerves. The colors show the speed and
direction of blood flow through the vessel. Flow that travels
away from the transducer (negative Doppler shift) is depicted
in blue. Flow traveling toward the transducer (positive Doppler
shift) is depicted in red. Lighter shades of each color denote
higher velocities.

Neuropathic Changes in Muscle
Physiological Cross Sectional Area
Following euthanasia, each hind limb was disarticulated at the
hip joint and frozen until dissection. The dissection technique
used was adapted from Brand et al. (35). The skin, superficial
fascia, and fat were removed from the limbs and upper leg
muscles were removed for better visualization. Blunt dissection
was used to isolate the foot muscles from surrounding tissue. The
tendon of insertion was severed distal to the muscle, clamped
with a hemostat, and pulled laterally from the tendon of origin.
Both tendons were traced into the muscle belly, lightly teasing
away the connective tissue holding the muscle in its fusiform
shape (Figures 6A,B). This allowed the fibers to align parallel
to each other as they course from the tendon of origin to
the tendon of insertion. Muscle fibers were measured with a
Fowler precision dial caliper. The muscles were severed at their
tendon of origin and weighed on an Ohaus scale. The fiber
length (in centimeters) and mass (in grams) for each muscle
was entered into the following equation to obtain the muscle
PCSA: PCSA = Mass/1.02/Fiber length. The PCSA values for each
muscle were analyzed along with the MNCT values recorded for
the respective hind limb to determine any association.

Evaluation of Neuromuscular Junctions
in the Footpad Muscles
Three uninfected and five M. leprae-infected armadillos were
used to evaluate integrity and numbers of NMJ in the intrinsic
muscles of the hind footpads. Following euthanasia, intrinsic
muscles from both hind footpads were carefully dissected
and collected in 4% paraformaldehyde at 4◦C. After fixing in
paraformaldehyde for 4 h, the muscles were incubated overnight
in 30% sucrose solution, embedded in OCT (Thermo Fisher
Scientific), and stored at -80◦C. Thirty µm longitudinal sections
were prepared and stained with FITC-labeled Bungarotoxin
(Sigma-Aldrich) and PE-labeled anti-myosin antibody (Sigma-
Aldrich). A 30 mm2 area through the entire thickness of the
section was analyzed for the number and integrity of NMJ.
Images were captured on an Olympus BX-70 microscope and
analyzed using Image Pro software (Dimension, Cellsen).

Quantification of Epidermal Nerve Fiber
Density in the Armadillo Hind Limb
Skin biopsies were obtained from the armadillo hind limb using a
3 mm biopsy punch. The biopsy was fixed in Zamboni solution
(Newcomer Supply) for 24 h, washed with 0.08 M Sorenson’s
phosphate buffer, fixed in cryoprotectant (0.2 M Sorenson’s
phosphate buffer and Glycerol), and stored at -20◦C. The biopsies
were sectioned with a sliding microtome into 50 µm thick, frozen,
vertical, free-floating sections. Four sections were randomly
selected and immunostained with rabbit anti-PGP 9.5, a pan
axonal marker (Chemicon, Temecula, CA, United States dilution
1:10,000). ENFD were determined following established counting
rules (36–38).

Evaluation of Effectiveness of
Neuroprotective Drugs in Preventing and
Improving NFI in Mycobacterium
leprae-Infected Armadillos
Five sets (3 pairs and 2 triplets) of M. leprae-infected siblings
were randomly allocated into 3 treatment groups as follows: 4-
Aminopyridine (4-AP) (N = 4), Ethoxyquin (EQ) (N = 3) and
untreated control (N = 5). 4-AP (0.9 mg/day, Sigma-Aldrich)
and EQ (2 mg/day, Sigma-Aldrich) were administered orally with
the food on a daily basis. The treatment started when the set of
animals showed a decrease in cMAP (about 3–7 months post-
inoculation) and ended after 60 days. MNCT was performed
before, during, and at the end of treatment. At the end of
treatment, a 3 mm punch biopsy was collected from the hind leg
and fixed in Zamboni fixative. The biopsies were washed, fixed in
cryoprotectant, and stored at -80◦C for quantification of ENFD.

Statistical Analysis
Mann–Whitney Rank Sum test and Spearman’s rank test
was used to compare differences and correlation, respectively,
between different groups using either GraphPad Instat software,
version 3.10 (GraphPad Software, Inc.) or Sigma Plot version 12.0
(Systat Software, Inc.). p < 0.05 was considered significant.
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RESULTS

A total of 154 armadillos were used in this study, including
36 uninfected and 118 that were experimentally infected with
M. leprae. All the animals were classified as LL.

Localization of Mycobacterium leprae in
the Posterior Tibial Nerve of Infected
Armadillos
Armadillos, like humans, exhibit peripheral nerve involvement
upon M. leprae infection. Figure 1A depicts a posterior tibial
nerve section from a M. leprae-infected armadillo showing the
presence of intraneural acid-fast bacilli. Transmission electron
microscopy shows M. leprae located inside the unmyelinated
(Figure 1B) and myelinated (Figure 1C) Schwann cells. The
effects of this nerve invasion, however, are poorly understood
in this model. Therefore, in this study we adapted and
applied several non-invasive and invasive tests to evaluate the
resultant neuropathy.

Determination of MNCV and cMAP
Values in the Posterior Tibial Nerve of
Uninfected Armadillos
Twenty-five uninfected armadillos were used to develop and
standardize MNCT and obtain the normal values for MNCV
and cMAP. Upon evaluation of the posterior tibial nerve of each
hind limb, a mean MNCV of 62.09 ± 10.72 m/s (range = 88.24–
43.75 m/s) was found, with no significant difference between the
right and left hind limbs of an individual animal (Figure 2). The
mean proximal amplitude was 1.53 ± 0.30 mV (range = 2.12–
1.02 mV) and the mean distal amplitude was 1.55 ± 0.33 mV
(range = 2.18–0.98 mV). Again, there were no large discrepancies
between the right and left cMAP amplitudes of an individual
animal. Based on this data we established that a MNCV of
<40 m/s (mean - 2 SD) and a cMAP amplitude of <0.9mV
(mean - 2 SD) should be considered abnormal for the posterior
tibial nerves in armadillos.

Progression of Abnormal MNCV and
cMAP in the Posterior Tibial Nerve of
Mycobacterium leprae-Infected
Armadillos and Development of a MNCT
Scoring System
Mycobacterium leprae-infected armadillos began to exhibit a low
cMAP (<0.9 mV) at an early stage of infection (∼4 months
post-inoculation) (Figure 3A). As the animals progressed to
later stages of leprosy disease they showed a further depressed
cMAP (Figure 3B) and eventually complete block of conduction
at the knee (Figure 3C). A reduction in cMAP (signifying
axonal degeneration) was more common than slowing of MNCV
(related to demyelination). Importantly, these results indicated
that measurable motor nerve conduction deficit, especially
reduced cMAP, could occur early in the course of infection
in these animals.

Based on these results we developed the following simple
qualitative MNCT scoring system to categorize the armadillos
according to their MNCV and cMAP abnormal readings in the
posterior tibial nerve. The animals with both normal MNCV and
cMAP in both hind limbs were arbitrarily assigned a score of 5.
Each abnormality, low MNCV or cMAP in each hind limb, was
considered as 1-point, which was substracted from the normal
score of 5 to obtain the MNCT for a particular animal as follows:

Score 5: animals having no abnormal MNCV or cMAP in
either hind limbs.
Score 4: animals having only one abnormality, either
slow MNCV (<40 m/s) or low cMAP (< 0.9mV) in
only one hind limb.
Score 3: animals having any combination of two abnormal
readings in the MNCV and/or cMAP.
Score 2: animals having any combination of three abnormal
readings in the MNCV and/or cMAP.
Score 1: animals having abnormal MNCV and cMAP in
both right and left hind limbs.

Therefore, an animal showing both abnormal MNCV and
cMAP in both hind limbs will have a score of 5–4 = 1, the lowest
possible in this system.

Correlation of MNCT With Disease
Progression and Anti-PGL-1 Antibody
Levels
A set of 20 M. leprae-infected armadillos were individually
evaluated for NFI throughout their leprosy disease progression
using the MNCT scoring system standardized above. Figure 4A
shows the MNCT scores of individual animals at pre-inoculation
and at 4, 9, 12, and 24 months post-inoculation. At time
0 (uninfected) all the animals show a score of 5 with no
abnormalities in the MNCV or cMAP in either hind limb. The
scores began to decrease as early as 4 months post-infection with
the majority of animals showing low scores at the late stages of
leprosy disease (12 and 24 months post-infection).

We have previously shown that antibody levels for the
M. leprae-specific PGL-1 correlate with bacterial load in
armadillos (39–41). In order to determine the correlation
between anti-PGL-1 antibody levels and impaired nerve
conduction, we stratified 71 M. leprae-infected armadillos at
different stages of leprosy disease into two groups according to
serum anti-PGL-1 IgM antibody levels. As shown in Figure 4B,
sera with OD 540nm values between 0.700 and 0.900 were
considered as a low (+) anti-PGL-1 titer group (30/71) while
sera with OD values of >0.900 were considered as a high
(++) anti-PGL-1 titer group (41/71). Overall, 80.3% (57/71)
of infected armadillos developed measurable motor nerve
conduction abnormality in at least one of their posterior
tibial nerves (MNCT score < 5). Within the low anti-PGL-1
group, 73.3% (22/30) showed impaired nerve conduction in
at least one hind limb while in the high anti-PGL-1 group,
85.4% (35/41) showed impaired nerve conduction (Figure 4B).
Although no significant difference (p = 0.3297) was found
in impaired nerve conduction between low and high PGL-1
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FIGURE 1 | Localization of M. leprae in the posterior tibial nerve of infected armadillos. (A) Posterior tibial nerve showing clumps of intraneural M. leprae (arrows);
modified Fite/Faraco stain. Electron micrographs showing M. leprae (M. lep) within unmyelinated (B) and myelinated (C) Schwann cell (SC) located by the axon (AX)
in the post-tibial nerve of an armadillo at 24 months post-experimental infection.

FIGURE 2 | Posterior tibial nerve conduction wave forms in uninfected armadillos. Motor Nerve Conduction Tests (MNCT) were performed on the posterior tibial
nerve of uninfected armadillos (N = 25) using a Cadwell Sierra Summit portable electrophysiology unit. Representative wave forms are shown of a right posterior tibial
(A) and left posterior tibial (B) nerve. Measurements were taken from the proximal stimulation site to the active electrode and distal stimulation site to the active
electrode to measure the distance between stimulation sites. Compound muscle action potential (cMAP) was measured from onset (O) to the peak (P) in both ankle
and knee in response to supra-maximal electrical stimulation.

groups, conduction abnormality among M. leprae-infected
armadillos generally tends to increase with rising anti-PGL-1
antibody levels. In the low anti-PGL-1 group, 36.6% (11/30)
of the animals had a score of 3 or below while in the high
anti-PGL-1 group 61.0% (25/41) of the animals had a score of

3 or below. In addition, nearly all of the animals that developed
conduction deficit also eventually exhibited signs of clinical
neuropathy in their footpads. Decreased cMAP correlated well
with the number of wounds and heavy calluses (r = -0.72,
p = 0.02) on the plantar surface of the foot (data not shown).
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FIGURE 3 | Posterior tibial nerve conduction wave forms showing reduced compound muscle action potential (cMAP) in M. leprae-infected armadillos. MNCT were
performed on the posterior tibial nerves of M. leprae-infected armadillos (N = 71). Representative motor nerve conduction wave forms depict early (A) (4 months
infection) and mid (B) (9 months infection) stage leprosy disease and show abnormal wave forms with declining degrees of cMAPs (<0.9 mV). Armadillos
progressing to late stage leprosy disease (12–24 months post-inoculation), exhibit conduction block at the knee (C).

The occurrence of hypertrophic nails and nail avulsion also
tend to increase along with decreasing cMAP and increased
anti-PGL-1 antibodies.

Ultrasonography of the Posterior Tibial
Nerves
Figure 5 shows ultrasonography of the posterior tibial nerve
in transverse and longitudinal axes of uninfected (A and B)
and M. leprae-infected (C and D) armadillos at an early stage
(4 months post-inoculation) of leprosy disease. The posterior
tibial nerve of the M. leprae-infected armadillo was larger
when measured at the transverse axis (0.096 cm2; P: 13.1 mm)
compared to the uninfected armadillo (0.037 cm2; P: 8.3 mm).
Nerve enlargement can also been seen when examined at the
longitudinal axis. Figure 5E shows the ultrasonography of the
posterior tibial nerve of an M. leprae-infected armadillo at a late
stage of leprosy disease. Increased blood flow, indicating possible
inflammation, was seen using color Doppler imaging in an
armadillo at 23 months post-M. leprae inoculation. Interestingly,
this animal had a high level of anti-PGL-1 IgM antibody (2.104
at OD 540 nm). No increased blood flow (5F) was seen in an

armadillo at a mid-stage disease (9 months post-inoculation) that
was negative for anti-PGL-1 IgM antibody (0.225 at OD 540 nm).

Neuropathic Changes in Muscle
Physiological Cross Sectional Area
We examined the PCSA of footpad muscles of 18 armadillos, of
which 10 were infected with M. leprae and 8 were uninfected
(Figures 6A,B). The PCSA values of the small lateral flexor,
lateral lumbrical (Figure 6C), and both insertions (medial and
lateral) of the medial lumbrical muscles (Figure 6D) of the
M. leprae-infected armadillos averaged 20% lower than that
of the uninfected animals (p < 0.02). Furthermore, there
were statistical differences (p = 0.008) between MNCT scores
between the groups.

Integrity of the Neuromuscular Junction
in the Footpad Muscles
Intrinsic muscle from the hind footpads of 3 uninfected and 5
M. leprae-infected late-stage armadillos were used to quantify the
numbers and fragmentation of post-synaptic NMJ. A significant
reduction (p = 0.0012) in the number of NMJs was observed
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FIGURE 4 | MNCT scores decrease with duration of infection and correlate with anti-PGL1 antibody titers. A longitudinal study (A) demonstrated negative
correlation between the MNCT score and duration of M. leprae infection, indicating progressive nerve injury (N = 20). (B) Phenolic glycolipid I (PGL-1) antigen was
used in an enzyme immunoassay to detect anti-PGL1 IgM circulating antibody levels in armadillo serum samples. Armadillos with high (>0.900 OD 540 nm)
anti-PGL1 antibody titers have lower MNCT scores, while those with low (0.700–0.900 OD 540 nm) anti-PGL-1 antibody titers have higher MNCT scores (N = 71).

FIGURE 5 | M. leprae infection causes nerve enlargement in armadillo peripheral nerves. Ultrasonography of the posterior tibial nerve was performed using a
SmartUS transducer probe with a linear broadband frequency of 1.5–15 MHz connected to a Sierra Summit basic system. The posterior tibial nerve is shown along
its longitudinal (A) and transverse (B) axes in an uninfected armadillo and a M. leprae-infected armadillo [(C,D), respectively]. The nerve diameter of the
M. leprae-infected armadillo is 0.096 cm2 indicating nerve enlargement compared to the nerve diameter of the uninfected armadillo (0.037 cm2). Ultrasound with
color Doppler imaging in M. leprae-infected armadillos showed increased blood flow in animals at late stage leprosy disease (23 months post-infection) that were
positive for anti-PGL-1 antibodies (E) compared to armadillos that were negative for anti-PGL-1 antibodies at 9 months post-infection (F). The intense colors
indicate lower velocity of the blood flow traveling away and toward the transducer (N = 4).
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FIGURE 6 | M. leprae infection causes atrophy of armadillo footpad muscles. Photographs of the dissection of a representative animal showing (A) the small lateral
flexor muscle of the footpad and how the fibers run between the tendons and (B) the lumbrical muscles of the right hind limb that were released from their tendon of
insertion. (C) Atrophy of small lateral flexor and lateral lumbrical muscles in M. leprae-infected armadillos compared to uninfected armadillos. (D) Atrophy of medial
and lateral insertions of the medial lumbrical muscle in M. leprae-infected armadillos (N = 10) compared to uninfected armadillos (N = 8). ∗p < 0.05.

in this muscle in M. leprae-infected armadillos (Figure 7A).
Furthermore, ∼50% of the NMJs in the infected armadillos
(Figure 7B) were fragmented when compared to those in
uninfected animals.

Evaluation of Effect of Neuroprotective
Drugs in Preventing and Improving Nerve
Function Impairment in Mycobacterium
leprae-Infected Armadillos
Motor nerve conduction studies together with ENFD for sensory
nerves were used to evaluate the ability of two neuroprotective
drugs, 4-AP and EQ, to improve nerve function impairment
in M. leprae-infected armadillos. Electrophysiological studies
indicated that armadillos treated with 4-AP and EQ showed
a significantly higher (p = 0.001 and p = 0.012, respectively)
cMAP than the untreated controls at 1 month post-treatment
(Figure 8a). No significant differences were seen in the cMAP
between EQ and 4-AP treated animals (p = 0.105). At the end
of the treatment all the untreated (N = 4) and EQ (N = 3) treated
animals had a MNCT score of 3 while the 4-AP treated animals
(N = 3) yielded MNCT scores of 3, 4 and 5. Similarly, armadillos
treated with 4-AP showed higher ENFD than untreated controls

and EQ treated armadillos; however, the differences in this
limited number of animals did not reach significance (Figure 8b).
Figure 8c depicts a skin section from an M. leprae-infected
armadillo stained with PGP.9.5, showing fewer branching of
the epithelial nerve fibers compared to a 4-AP-treated armadillo
(Figure 8d). EQ-treated armadillo also shows fewer branching
than 4-AP-treated armadillo (Figure 8e).

DISCUSSION

The lack of an effective animal model to study M. leprae-
induced nerve injury has greatly hampered understanding of
the mechanisms involved. Nine-banded armadillos are naturally
susceptible to M. leprae infection (16, 17) and show the
full histopathological spectrum of leprosy. More importantly,
armadillos develop extensive peripheral nerve involvement due
to M. leprae infection that closely resembles neuropathy in
humans (19, 42). Previous histopathological studies performed in
the armadillo posterior tibial nerve suggested that the localization
of M. leprae in the peripheral nerve proceeds from outside
in as opposed to an ascending-type of infection. Similar to
human LL cases, infected armadillo nerves demonstrate a heavy
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FIGURE 7 | M. leprae infection causes degeneration of neuromuscular junctions (NMJ’s) in the armadillo footpad muscles. The number of NMJs (A) is reduced
(**p = 0.0012) in M. leprae-infected armadillos (terminal stage) as measured in 30µm-thick, 302 mm muscle sections. Fluorescent micrograph (B) of footpad intrinsic
muscle in an M. leprae-infected armadillo showing NMJs (green, arrowheads) stained with FITC-α-bungarotoxin and muscle fibers (red) stained with PE-anti-myosin.
(N = 8).

FIGURE 8 | Evaluation of the effect of neuroprotective drugs on NFI in M. leprae infected armadillos. (a) Armadillos treated with 4-Aminopyridine- (4-AP) (N = 4) and
Ethoxyquin (EQ) (N = 3) showed a significantly higher (***p = 0.001 and **p = 0.012, respectively) cMAP (mV) than the untreated controls (N = 5) at 1 month
post-treatment. (b) Epithelial nerve fiber density (ENFD, #fibers/mm) in 4-AP- and EQ-treated and untreated armadillos. (c) Skin section from an untreated armadillo
stained with PGP9.5 showing epidermal nerve fibers (arrows) terminating at the epidermis (epi). (d) Skin section from a 4-AP-treated armadillo showing more
branching of the epidermal nerve fibers (arrows) and that the dermal nerve bundles are dense at the papillary dermis (derm) in comparison to the untreated armadillo.
(e) Skin section from an EQ treated armadillo showing single epidermal nerve fibers (arrows) entering the epidermis. Scale bars = 50 µm.

infiltration of M. leprae-loaded nucleated cells in many fascicles
of nerve trunks and invading demyelinating Schwann cells (5,
42, 43). However, due to the exotic nature of this animal
model, no standardized methods are available to detect and
accurately measure the degree of neuropathy or nerve damage
in armadillos. Standardized tools to study the progression of
neuropathy as well as to evaluate any therapeutic interventions

are essential to advancing the armadillo as a model for NFI.
The purpose of this study was to establish multiple non-
invasive tests, like MNCT, ENFD and ultrasonography, which
could be performed on the same animal to follow disease
progression in the peripheral nerves. We also evaluated muscular
atrophy and NMJ integrity in the footpad muscles as end-point
assessments for the degree of neuro-muscular damage at the
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terminal stage of the disease. Together these tests form a robust
set of tools to evaluate peripheral neuropathy in M. leprae-
infected armadillos.

Neuropathies in humans are diagnosed using peripheral
motor and sensory nerve conduction studies that evaluate the
integrity of nerve-muscle and the somatosensory circuit (23).
Motor nerve conduction studies are commonly performed by
electrically stimulating (percutaneous) a peripheral motor or
mixed nerve and recording the electrical response from a suitable
muscle innervated by the same nerve. Analysis of the conduction
velocity (MNCV), negative peak amplitude (cMAP), and the
shape of the wave form following electrical stimulation reveal the
degree of demyelination and axonal loss in the studied segment
of the peripheral motor or mixed nerve. Demyelination results
in slowing of conduction velocity measured in meters/second
(m/s). In some cases, demyelination can also cause dispersed
cMAP. In contrast, axonal loss leads to a decrease in the cMAP
measured in millivolts (mV) (27). Since percutaneous nerve
conduction studies are non-invasive, they are convenient ways to
study onset and progress of peripheral neuropathy over time in
the same subject.

Although the hard carapace and thick skin limit the number
of nerves that may be examined in armadillos, we have developed
and validated MNCT techniques and an MNCT scoring system
that can be used to assess motor nerve conduction in both hind
limbs by examining the posterior tibial nerve that lies beneath
the skin surface between the ankle and knee and innervates
the small lumbrical and flexor muscles of each foot. Similar
to that seen in humans, leprosy is asymmetrical and manifests
randomly in different nerves in these animals. Moreover, like
in humans there is a high probability that the posterior tibial
nerve will become involved, and that probability increases as the
disease progresses (20, 42). We have shown in previous electron
microscopy studies that posterior tibial nerves of armadillos
progressing at 28 months post infection exhibited M. leprae
within both myelinated and unmyelinated axons and Schwann
cells. The axons showed edema with demyelination and axonal
degenerative changes (20, 43).

Peripheral conduction deficit among M. leprae-infected
armadillos began early in the course of their disease and
progressed over time. Decreased cMAP amplitude (<0.9mV),
which indicates axonal loss, was the most common impairment.
M. leprae-infected armadillos rarely showed dispersed cMAP,
which also indicates axon loss, but abnormal nerve conduction
velocity (MNCV < 40 m/s) was observed. Some studies have
reported demyelination as the main cause of nerve dysfunction
in leprosy disease (44–46). Another study, however, found that
axonal injuries occurred at a higher frequency than myelin
injuries in the posterior tibial nerve (8). Hence, the sequence of
events leading to nerve injury may vary among different nerves
or an individual’s position in the clinical spectrum. 70% (14/20)
of experimentally infected armadillos developed demonstrable
conduction deficit in at least one of their posterior tibial nerves
within 4 months of infection, and its onset generally coincided
with detectable anti-PGL-1 IgM antibodies. Eventually, nearly
all M. leprae-infected armadillos will exhibit neuropathy as their
disease disseminates. As the disease progressed, both right and

left posterior tibial nerves were compromised showing delayed
MNCV, which is a consequence of demyelination of the nerve
fibers, and in some cases total conduction block. Armadillos in
very late stages of experimental leprosy may develop lesions in
their footpads that can make MNCT difficult to perform or can
produce inaccurate results. Extending our electrophysiological
techniques to include sensory nerve and F-wave responses will
likely increase the sensitivity of detecting peripheral neuropathy
and will likely reveal even greater involvement of nerves at these
early stages of infection. Nevertheless, our data clearly shows
that in armadillos there is a significant association between the
onset of the host immune response (anti-PGL-1 antibodies)
and conduction abnormalities in the peripheral nerves of the
lower extremities which progresses over time to manifest classical
lesions in the foot.

Peripheral nerves are often enlarged in leprosy patients
and ultrasonography is currently used to determine nerve
enlargement (28, 47, 48). It provides an objective measure
of the nerve dimensions in addition to revealing structural
changes over a longer length of the nerve (49). Enlarged
nerves of patients undergoing leprosy reactions show increased
endoneurial and epineurial vascularity that can be measured
by ultrasonography with color or power Doppler (24, 28). We
also used ultrasonography of the posterior tibial nerve to show
that armadillos, like humans, show enlargement of peripheral
nerves due to M. leprae infection. Although leprosy reactions
have not yet been determined in armadillos, increased vascularity,
most likely due to inflammation, could be demonstrated using
color Doppler (49). Unlike MNCT, ultrasonography can be done
on multiple peripheral nerves of upper and lower extremities
of the animal, thereby increasing the probability of detecting
neuropathy in focal and asymmetric disease progression.

Monitoring warm/cold detection or grip dynometry are
currently among the most effective early indicators of nerve
injury in human leprosy, and these tests often show changes
well before conduction abnormality is apparent (2, 35).
Unfortunately, armadillos cannot grip objects and they are
generally unresponsive to common temperature stimuli.
However, Brand showed that the PCSA (cross sectional
area/mass) of muscles in the leprotic hand could be used as a
surrogate measure of grip strength and index muscle atrophy
(35). We examined the PCSA of footpad muscles of M. leprae-
infected and uninfected armadillos and found that the infected
armadillos showed significant muscle atrophy indicated by
lower fiber density compared to the uninfected armadillos.
Additionally, we compared neuromuscular junction (NMJ)
integrity and numbers in footpad intrinsic muscles, between
end stage M. leprae-infected and uninfected armadillos and
found significant loss of NMJs in infected armadillos. Further
studies are required to understand the mechanisms of motor
NMJ innervations and decay dynamics in M. leprae-infected
armadillos and to evaluate reconnection of the NMJ’s, which can
give important insights into possible therapeutic interventions to
arrest or reverse loss of neuro-muscular function in leprosy.

Motor nerve conduction and sensory tests together with
ultrasonography are suitable for evaluation of peripheral nerve
function. Since these are non-invasive tests they can be used to
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follow disease progression in experimentally infected armadillos
and consequently to evaluate efficacies of therapeutic and
immune interventions in preventing or reversing peripheral
nerve damage. Within sensory tests, quantification of ENFD is a
test that is used to diagnose small fiber neuropathies including
leprosy induced neuropathies (50). In small fiber sensory
neuropathies associated with diabetes, HIV and idiopathic small
fiber neuropathies, a decrease in epidermal density in the
distal leg has been demonstrated (51–53). We have previously
reported that armadillos show a length dependent innervation
similar to humans (42, 50); therefore, this test can be used to
diagnose small fiber neuropathies associated with M. leprae-
infection in armadillos. Using MNCT, it was demonstrated that
Lepvax, a vaccine against leprosy, showed some nerve protection
in M. leprae-infected armadillos, indicated by higher cMAP
recordings and restoration of axonal size of the tibial nerve fibers
in vaccinated armadillos compared to the unvaccinated (43).

In the current study, we evaluated two neuroprotective
drugs that have been used successfully in cancer models to
ameliorate neuropathy following chemotherapy (54) and in
acute peripheral nerve injury models promoting remyelination
(55). EQ, a quinolone-based antioxidant, has been shown
to prevent axonal loss in peripheral nerves of mice with
chemotherapy-induced neurotoxicity. EQ provided a dose-
dependent neuroprotection indicated by higher intraepidermal
nerve fiber density and sensory nerve potential amplitude,
and lower thermal hypoalgesia compared to the untreated
controls (54). A second drug, 4-AP, has been used in Lambert-
Eaton myasthenic syndrome and multiple sclerosis and acts
by blocking potassium channels, prolonging action potentials,
and increasing neurotransmitter release at the neuromuscular
junction. It was also shown to be effective in promoting
remyelination and axon regeneration in acute peripheral nerve
injuries. In clinical trials, administration of 4-AP improved
multiple neurological signs of multiple sclerosis such as vision,
muscle strength and coordination (56, 57). 4-AP treatment in
acute peripheral injury enhanced both the speed and extent of
restoration of normal NCV and caused regenerative increases
in axonal area, myelin thickness, and levels of the myelin-
specific protein (55). Both EQ and 4-AP were effective in
preventing demyelination and axon loss, and treatment resulted
in higher epidermal nerve fiber density (ENFD) indicating higher
sensory integrity in treated animals (54, 55). We used motor
nerve conduction studies together with sensory tests (ENFD)
to assess the effect of these two neuroprotective drugs (4-
AP and EQ) in preventing and or improving nerve function
impairment in M. leprae-infected armadillos in a limited pilot
study. After one month of treatment, 4-AP improved motor
nerve function in armadillos that were progressing at an early
stage of leprosy disease, indicating that this drug merits further
evaluation in this model. This pilot study shows that the
armadillo model and the various nerve structure and function
assessment methods validated in this study have the required
sensitivity to evaluate efficacy of therapeutic interventions against
peripheral neuropathy in leprosy.

In summary, multiple non-invasive and invasive methods
to evaluate M. leprae-induced peripheral NFI in nine-banded

armadillos were validated, and a quantitative nerve deficit
scoring system was developed. The data clearly indicate that
the armadillo lower extremity becomes heavily involved and
exhibits many of the same abnormalities as seen in humans.
This study further suggests that, like humans, armadillos suffer
an insidious silent neuropathy that commences early in the
infection, and serological screening can be useful to stage the
disease status for nerve injury studies. These techniques detected
pathological events at early stages of disease and will benefit
future studies to elucidate mechanisms involved in early leprosy
neuropathy. Moreover, the armadillo model and these tests to
evaluate peripheral neuropathy will support the screening of
new preventive interventions for leprosy control such as leprosy
specific vaccines and chemotherapies to either prevent, arrest or
reverse nerve damage.
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