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Abstract: In the last three decades the study of cutaneous innervation through 3 mm-punch-biopsy
has provided an important contribution to the knowledge of small fiber somatic and autonomic
neuropathies but also of large fiber neuropathies. Skin biopsy is a minimally invasive technique
with the advantage, compared to sural nerve biopsy, of being suitable to be applied to any site
in our body, of being repeatable over time, of allowing the identification of each population of
nerve fiber through its target. In patients with symptoms and signs of small fiber neuropathy the
assessment of IntraEpidermal Nerve Fiber density is the gold standard to confirm the diagnosis
while the quantification of sudomotor, pilomotor, and vasomotor nerve fibers allows to evaluate
and characterize the autonomic involvement. All these parameters can be re-evaluated over time to
monitor the disease process and to evaluate the effectiveness of the treatments. Myelinated fibers
and their receptors can also be evaluated to detect a “dying back” neuropathy early when nerve
conduction study is still normal. Furthermore, the morphometry of dermal myelinated fibers has
provided new insight into pathophysiological mechanisms of different types of inherited and acquired
large fibers neuropathies. In genetic neuropathies skin biopsy has become a surrogate for sural nerve
biopsy, no longer necessary in the diagnostic process, to study genotype—phenotype correlations.
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1. Introduction

In the last three decades, the analysis of cutaneous nerves sampled by means of 3 mm punch
biopsy has provided an important contribution to our knowledge of peripheral sensory and autonomic
neuropathies [1,2].

This because the skin includes a rich network of sensory nerves originating from the dorsal root
ganglia and autonomic nerves originating from the postganglionic sympathetic endings.

The skin shares with the CNS the embryologic origin from the same layer and represents,
beside a physical, chemical, and immunological barrier for the entire body surface, our interface with
the outside. Due to the close relationship of epidermal nerves with keratinocytes and the presence of
common sensory receptors, the epidermis can be considered as a huge sensory organ able to inform our
brain on what is happening outside our body and how comfortable, or not, we feel with environmental
changes. This implies a continuous flow of information from the periphery to the sensory brain cortex
but also to limbic areas through the insula (interoception) and then to the central autonomic network
that through the cutaneous autonomic nerves puts in place emotional and homeostatic responses to
outer and inner changes.
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Search Strategy

For this review, we identified the references by searching the PubMed database between January
1990 and September 2020 using the terms “peripheral neuropathy” and “skin biopsy”. The search
retrieved 179 manuscripts. We did not consider single case reports or papers with populations too
small to be representative. We assessed the remaining papers based on their relevance to the field and
included all the literature that was appropriate for the scheme of this narrative review.

2. Cutaneous Sensory and Autonomic Endings
2.1. Intraepidermal Nerve Fibers (IENFs)

First described by Paul Langerhans [3] and later by Arthur and Shelly [4] and Cauna [5],
epidermal nerve fibers could be finally reliably and unequivocally demonstrated using the pan-neuronal
marker protein gene product 9.5 (PGP 9.5) [6]. Thanks to PGP 9.5 antibodies, it has been possible
to visualize in skin samples nerve bundles that from the subepidermal neural plexuses reach and
penetrate the basement membrane, running with an ascending course between the keratinocytes.
IENFs innervate the entire epidermis until the stratum corneum as naked axons, since they lose their
Schwann cells ensheathment at the dermal-epidermal junction (Figure 1A). They are vertically oriented
and may have different patterns [7]. Few of these fibers are immunoreactive (ir) to Sub P and CGRP.

IENFs are the last endings of C and A-delta fibers originating from dorsal root ganglia small
neurons and mostly involved in the perception of pain and thermal stimuli. IENFs can be sub-divided
into peptidergic and non-peptidergic fibers according to the expression of peptides [8]. Physiologically,
peptidergic and non-peptidergic fibers terminate in different epidermal layers and have different
projection patterns to the spinal cord [9].

IENFs can be found in any site of our body with higher density in proximal sites. Physiologically,
the IENF density at distal leg is approximately 60% of the IENF density at thigh [10]. A reduction of
IENFs density (number of fibers per linear mm) at distal leg (Figure 1B) is the hallmark to diagnose
small fiber neuropathy (SFN) [11]. The advantages of applying skin biopsy compared to sural nerve
analysis are the higher sensibility [12], the minimal invasiveness and then the possibility to perform it
in any body site and to repeat it over time.

Two different methods of cutaneous nerves visualization are available, indirect immunofluorescence [6,13]
with and without confocal analysis and bright-field immunohistochemistry [14]. For both techniques
age and sex stratified normative datasets are available [10,15].

Moreover, IENFs can be analyzed using a bloodless and painless method, the skin blister [16].
Applying a capsula with a negative pressure on the skin, the epidermis separates from dermis and
a blister will be obtained. The blister roof, composed only of epidermis, can be removed without
damaging basement membrane and vessels. The whole sample then, formed by keratinocytes and
IENFs can be processed to quantify nerve fibers with results comparable with skin biopsy [17].

2.2. Receptors and Myelinated Endings

In addition to free nerve endings, the skin is rich of corpusculated mechanoreceptors that are
innervated by A-beta endings, provided, or not, with a capsula and able to respond with different
modalities (rapidly or slowly adapting, respectively) to different kinds of stimuli. They are differently
distributed in the skin and some of them are exclusively present in the hairy or glabrous skin (Meissner
corpuscles, MC).

In hairy skin, hair follicle represents the main mechanoreceptor. This structure is innervated by
several myelinated endings that with ascending vertical course reach the follicle, lose the myelin sheath,
and envelop it constituting the characteristic “palisade endings”.

In glabrous skin, MC are uniformly distributed at the apex of dermal papillae (Figure 1C).
They are provided with a capsula formed by lamellar Schwann-like cells. Their myelinated afferences,
usually in a number of 1-2, reach the corpuscle, leave the myelin sheath, and undergo several
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branchings, with neural expansions filling the spaces inside the capsula. MCs are rapidly adapting
mechanoreceptors, responsible for the high tactile acuity of the fingertip where they are mostly
concentrated. The assessment of their density in the skin represents a useful measure of large fiber
involvement (Figure 1D) [18].

Figure 1. Digital confocal images from hairy (A,B) and glabrous skin (C-F) showing epidermal and
dermal innervation in a healthy control (A,C,E) and in a patient with diabetic neuropathy (B,D,F).
In the patient skin, a loss of Intraepidermal Nerve Fibers (IENF) is evident ((B) compared to (A))
as well as a loss of Meissner corpuscles and their myelinated afferences associated to morphological
abnormalities of the surviving structures ((D) compared to (C)). Moreover, morphological abnormalities
of a Merkel complex (axonal swelling and fragmentation) are present ((F) compared to (E)). In green:
nerves marked with the pan-neuronal protein gene product 9.5 (PGP9.5) antibody. In blue: endothelia
and epidermis marked with ULEX europaeus. In red: basement membrane and blood vessels marked
with Collagen IV (Col IV) antibody in (A) and (B); myelined fibers marked with myelin basic protein
(MBP) antibody in (C) and (D); Merkel cells marked with vasoactive intestinal peptide (VIP) antibody
in (E) and (F). Scale bar: 100 um in (A-D); 50 pm in (E,F).

Merkel complexes (MK) are non-capsulated, slowly adapting mechanoreceptors, distributed at
the base of dermal papillae predominately in glabrous skin (Figure 1E). Their myelinated afference,
in its final route, assumes a typical sigmoidal aspect. After losing its myelin sheath, it gives off
several branches, ending with neural expansions with different shapes and sizes. These expansions
make synapse-like contact with vasoactive intestinal peptide (VIP)-ir Merkel cells present among
keratinocytes of the basal layer of the epidermis. These cells display features of sensory receptors as
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they are excited by mechanical stimuli and drive neural depolarization [19]. Abnormalities of the MK
structure can be appreciated in case of sensory neuropathy (Figure 1F).

Pacini, Ruffini, and Krause capsula are other mechanoreceptors that are more unevenly distributed
in the dermis therefore their presence in skin samples may be occasional. They are different for function
and morphology, but constituted by the large expansions of neural endings originating from a large
myelinated fiber after losing the myelin and branching.

Using specific markers, it is possible to study the myelinated fibers direct to the mechanoreceptors
(A-beta fibers), to assess their density in the papillary dermis and their morphometry (caliber, internode
and node length, and paranodal-nodal architecture). These population has a mean caliber of 3.3 pm and
an internodal length around 80 um [18,20]. This marked reduction in diameter and internodal length,
compared to parental fibers in the nerve [21], may be due to a repeated branching of A-beta fibers
when they reach the skin. Reduced density and morphological abnormalities of dermal myelinated
fibers can be found in peripheral neuropathy (Figure 1D).

2.3. Autonomic Innervation

Sudomotor nerves: Sweat glands present a dense PGP-ir network with fibers heavily encircling
the sweat tubules (Figure 2A). Most of these fibers is VIP-ir, while some of them are CGRP-ir. VIP is
co-expressed with cholinergic fibers and therefore it is used as surrogate cholinergic marker of
sudomotor nerves. For routine purpose, sudomotor nerves can be assessed using a semiquantitative
method, whereas for research different methods of quantification are available [22,23]. A loss of
sudomotor nerves (Figure 2B) indicate a post-ganglionic damage of sudomotor pathway and correlates
with sweating impairment.

Pilomotor nerves: Arrector pili muscle is a small band of smooth muscle fibers connecting hair
follicle to the basement membrane, with mostly vestigial thermoregulation role. Pilomotor muscle
is innervated by nerve fibers that go parallel to the muscle fibers direction (Figure 2C). These fibers
are prevalently noradrenergic, dopamine beta hydroxylase (DBH)-ir. However, cholinergic VIP-ir
fibers are also present. Semi-quantitative and quantitative methods are available to assess the
pilomotor nerve fibers [24]. A reduction of pilomotor nerve density (Figure 2D) can be observed in
autonomic neuropathies.

Vasomotor nerves: Arteriovenous anastomosis (AVA) is a complex structure, predominately observed
in glabrous skin, constituted by vessel segments that connect small arteries with small veins.
These segments are rounded by a thick muscular wall that has the role to direct the cutaneous blood
flow allowing or by-passing the capillary circulation, with the main role to regulate thermo-dispersion.
Heavy innervation is present surrounding the structure (Figure 2E), whereas it is less abundant
around the feeding artery and sparse around the draining vein. The abundant noradrenergic (DBH-ir)
innervation around the lumen, suggests its role in blood flow regulation, whereas the cholinergic
innervation (VIP-ir) forms a less dense network with a possible role in vasodilation. Interesting, a further
CGRP- and SubP-ir component is also present, suggesting a sensitive role as well [25]. In patients with
autonomic impairment sparsely innervated AVAs can be observed (Figure 2F).
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Figure 2. Confocal digital images showing a loss of cutaneous autonomic nerves in a diabetic neuropathy
patient (B,D,F) compared to a healthy control (A,C,E). In patient skin it is evident a loss of nerves around
a sweat gland ((B) compared to (A)), along an arrector pili muscle ((D) compared to (C)) and around
an arterio-venous anastomosis ((F) compared to (E)). In green: nerves marked with the pan-neuronal
marker, protein gene product 9.5 (PGP 9.5) antibody. In red: basal membranes and vessels marked with
Collagen IV antibody. In blue: endothelia marked with ULEX europaeus (A-F). Scale bar: 100 pm.

3. Skin Biopsy in Small Fiber Neuropathies
3.1. Clinical Presentation of Small Fiber Neuropathy and the Role of Skin Biopsy

In patients affected by SEN usually both sensory and autonomic components of small fibers are
affected, but sensory symptoms and particularly pain, are those which more frequently lead patients to
seek for medical advice.

Sensory complaints are mainly represented by spontaneous pain that usually assumes a burning
connotation. However, prickling, itching, or shock-like sensation may also coexist. Evoked and
uncomfortable sensations, such as hyperalgesia and allodynia, and negative symptoms, such as
a reduced sensitivity to thermal and noxious mechanical stimuli, may be part of the clinical picture.

Symptoms of SFN, are usually distal symmetrical, starting at distal lower limbs and progressing
in a distal to proximal fashion. This progression leads to the sequential involvement of feet,
ankles, and knees before involving distal upper arms and reveals a length dependent dying-back
pathological mechanism affecting the nerve fibers. Sometimes symptoms have a patchy distribution,
involving proximal sites such as head, trunk, or mouth. This different distribution reveals a non-length
dependent pathological mechanism due to the involvement of the sensory neuron rather than its fiber.

The diagnosis of SEN can be suspected based on the presence of characteristic symptoms and
signs. According to previously published criteria [26], diagnostic confirmation can be reached by
demonstrating abnormalities at quantitative sensory testing. This test, however, is by its nature
a psychophysical test, and therefore dependent on the collaboration of the subject. It is recommended
for screening and monitoring purposes but less suitable as a stand-alone test [27]. Quantitative sensory
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testing, as well as additional tests, such as laser-evoked potentials [28], contact heat evoked
potentials [29], Nociceptive Flexion Reflex [30], Cutaneous Silent Period [31], ultrasonography [32],
and ultrasound assisted microneurography [33] can are useful tools to study SFN [34], but, according to
current guidelines, the loss of IENFs represents the morphological hallmark and the only objective test
that allows to confirm a suspect of SEN.

In addition to IENF loss, some morphological changes, such as varicosity [35] and abnormalities
in the distribution of nerves in the epidermis [36], may predict fibers loss. Moreover, skin biopsy can
help to differentiate length dependent neuropathy from non-length dependent ganglionopathy by
assessing the IENF density ratio between distal and proximal site of the lower limb [37]. This feature
may guide clinicians in the SFN screening; for example, a length-dependent SEN points toward
a toxic-dysmetabolic etiology, while SFN ganglionopathy suggests a dysimmune etiology.

Pain is the symptom that characterizes SFN. However, it is not possible to discriminate between
patients with painful and painless SEN based on their IENF density [38].

Contradictory results have been described using other morphological features such as fibers
length [39], axonal swellings [40], or the presence of GAP43-ir regenerating fibers [41]. Recently,
an increase density of dermal peptidergic fibers (CGRP- and SubP-ir) has been described in patients
with painful compared to painless diabetic SEN [42].

3.2. Causes of Small Fiber Neuropathy and the Contribution of Skin Biopsy

The commonest cause of SEN is diabetes [43]. Patients with diabetes have been among the
first populations of patients in which a reduced density of IENFs was demonstrated [44]. IENF loss
in diabetes is usually length dependent and is associated to a sensory dysfunction as assessed by
quantitative sensory testing [45], although the loss of nerve fibers poorly correlates with the increase of
sensory thresholds, regardless of the sensory modality taken into account [46]. Skin biopsy represents
a useful tool to monitor the progression of the diabetic SFN. In fact, an impairment of IENFs is
evident since the earliest stages of the disease. The loss of fibers correlates with the severity of the
disease [47,48]. However, an SFN can manifest in patients with impaired glucose tolerance as well as
in early diabetes [49].

In the last three decades, skin biopsy contributed to demonstrate small fibers involvement in
an increasing number of pathologies (Table 1). In 30-50% of patients with SEN, it is not possible to
identify a cause and the condition remains idiopathic [50]. In the last years, a proportion of cases of
idiopathic SFN was associated with mutations in gene encoding subunits of voltage-gated sodium
channels (Nav1.7, Nav.18, Nav1.9) [51-53]. These genetic SEN channelopathies are characterized by
gain of function mutation that alters excitability of sensory fibers and causes pain. These disorders,
although very rare, have provided insight into the perception of pain as well as the identification of
new therapeutic targets.

Finally, growing evidence revealed a small nerve involvement in fibromyalgia, classically considered
as prevalently central sensory processing disorder. A recent metanalysis showed that 49% of fibromyalgia
patients presented a loss of IENFs, often described as non-length dependent [54]. This morphological
evidence is further corroborated by functional studies that through microneurography demonstrated
an abnormal ongoing activity of peripheral C nociceptors and increased mechanical sensitivity in
fibromyalgia patients compared to controls [55]. The identification of SFN in fibromyalgia has several
implications on pathogenetic, diagnostic and therapeutic aspects: (1) it shifted from central toward
peripheral neuropathic pain condition; (2) it raised the question if all fibromyalgia patients need
to be screened for SFN, including skin biopsy; (3) it opened the way to new potential treatments;
for example, based on a possible dysimmune etiology, IVIg proved to be efficient with improvement of
both symptoms and morphology [56].
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Table 1. Causes of small fiber neuropathy (SEN).

Immuno-Mediated Disorders

Toxic and Drugs

Systemic lupus erythematosus *

Antibiotics (metronidazole, nitrofurantoin,
linezolid, fluoroquinolones)

Rheumatoid arthritis *

Chemotherapy (vinca, taxanes, bortezomib)

Sjogren’s syndrome *

Other drugs (flecainide, antiretroviral HIV,
colchicine, statin)

Sarcoidosis

Alcohol abuse

Vasculitis *

Vitamin B6 toxicity

Inflammatory bowel disease

Hematologic causes

Paraneoplastic

Monoclonal gammopathy *

Celiac disease *

Hereditary

Metabolic and endocrine disorders

Nav channelopathies

Diabetes mellitus and glucose intolerance *

Familial amyloid polyneuropathy

Dysthyroidism *

Fabry’s disease

Vitamin B12 and folate deficiency *

Tangier’s disease

Dyslipidemia *

Ehlers-Danlos syndrome

Chronic kidney disease *

Familial neuropathic chronic itch

Infections

HIV

Hepatitis B

Hepatitis C *

Lyme disease

Leprosy

Systemic lupus erythematosus *

Antibiotics (metronidazole, nitrofurantoin,
linezolid, fluoroquinolones)

Rheumatoid arthritis *

Chemotherapy (vinca, taxanes, bortezomib)

Sjogren’s syndrome *

Other drugs (flecainide, antiretroviral HIV,
colchicine, statin)

Sarcoidosis

Alcohol abuse

Vasculitis *

Vitamin B6 toxicity

Inflammatory bowel disease

Hematologic causes

Paraneoplastic

Monoclonal gammopathy *

Celiac disease *

Hereditary

Metabolic and endocrine disorders

Nav channelopathies

Diabetes mellitus and glucose intolerance *

Familial amyloid polyneuropathy

Dysthyroidism *

Fabry’s disease

Vitamin B12 and folate deficiency *

Tangier’s disease

Dyslipidemia *

Ehlers-Danlos syndrome

Chronic kidney disease *

Familial neuropathic chronic itch

Infections

HIV

Hepatitis B

Hepatitis C *

Lyme disease

Leprosy

* Causes that should be included in a first level screening.
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3.3. Skin Biopsy as an Outcome Measure in Small Fiber Neuropathy

Interestingly, repeated skin biopsy over time can also be used to assess the efficacy of
pharmacological and non-pharmacological treatments. In fact, a lifestyle change, including moderate
physical activity and diet, showed to normalize IENF density in patients with SFN associated to
impaired glucose tolerance [57]. Similarly, hormone replacement therapy has been shown to be effective
for the recovery of SEN associated to hypothyroidism [58].

4. Skin Biopsy in Autonomic Neuropathy

Autonomic neuropathy is a disorder characterized by the selective or prevalent involvement
of autonomic nerves. The onset may be acute, subacute, or chronic and from the clinical point
of view it may manifest with symptoms due to the dysfunction of all domains (sudomotor,
pupillomotor, gastrointestinal, genitourinary, and cardiovascular) or may be limited to only one or few
of them. Abnormal pupillary reflexes, dry skin, dry mouth, dry eyes, reduced orthostatic tolerance,
orthostatic hypotension, reduced gastrointestinal motility, slowing of urinary flow, and impotence may
be the main signs of autonomic disfunction. The main tools available to study autonomic function are
the cardiovascular reflexes with the assessment of changes in blood pressure and heart rate variability,
and the cutaneous sudomotor and vasomotor function by means of Thermoregulatory Sweat test (TST),
Sympathetic Skin Response (SSR), Quantitative Sudomotor Axon Reflex Test (QSART), Dynamic Sweat
Test (DST), microneurography, and laser doppler flowmetry [59]. While TST [60] and SSR [61] explore
the entire polysynaptic sudomotor pathway, QSART [62] and DST [63] are quantitative methods
to assess postganglionic sudomotor function after pharmacological stimulation (acetylcholine or
pilocarpine) by iontophoresis.

Morphological evidence of the postganglionic sudomotor damage may be obtained with the
analysis of autonomic nerves in skin biopsy. This is useful since it provides information on the extent
of autonomic involvement underlying autonomic dysfunction in patients with SFN. Moreover, it may
allow to monitor over time such involvement through repeated biopsies.

4.1. Acquired Autonomic Neuropathy

Skin biopsy proved to be useful in a variety of autonomic neuropathies regardless of the etiology
(Table 2) and may orientate the diagnosis by differencing between distal axonopathy (e.g., dysmetabolic)
and non-length dependent ganglionopathy (e.g., autoimmune and paraneoplastic).

In the diabetic neuropathy, the more common type of autonomic neuropathy, a significant
loss of sudomotor fibers [64], as well as a significant loss of pilomotor nerves [24] has been
demonstrated. This cutaneous autonomic denervation is often associate to the loss of somatic small
fibers, responsible respectively of anhidrosis and pain insensitivity that predispose diabetic patients to
ulcers and eventually amputations.

Autoimmune Autonomic Ganglionopathy is a very rare disease due to antibody against the
ganglionic receptor of acetylcholine. Patients suffer of widespread and severe involvement of both
sympathetic and parasympathetic nervous system. Although the target of antibody is located on
autonomic ganglia, skin biopsy in one patient demonstrated a somatic and autonomic denervation,
suggesting a possible post-ganglionic neuropathy [65].
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Table 2. Autonomic neuropathies.

Primary

Autoimmune Autonomic Ganglionopathy (AAG)

Pure Autonomic Failure (PAF)

Ross Syndrome

Secondary

All causes of SEN (Table 1) can involve also autonomic nerve fibers

Infectious diseases (Botulism, Diphtheria, Chagas disease)

Lambert-Eaton myasthenic syndrome

Hereditary
Name Inheritance Onset Pathogenesis Gene(s)
HSAN 1A (605712) SPTCL1
HSAN 1B (608088) 3p24-p22
HSAN 1C (613640) Autosomal dominant Adolescence, early adult Reduced survival SPTCL2
HSAN 1D (613708) ATL1
HSAN 1E (614116) DNMT1
HSAN 1F (615632) ATL3
HSAN 2A (201300) WNK1
HSAN 2B (613115) Autosomal recessive Congenital, early childhood Reduced survival FAM134B
HSAN 2C (614213) KIF1A
HSAN 2D (243000) SCN9A
HSAN 3 (223900) Autosomal recessive Congenital Lack of development IKBKAP
HSAN 4 (256800) Autosomal recessive Congenital, early childhood Lack of development NTRK1
HSAN 5 (608654) Autosomal recessive Early childhood to Adult Lack of development NGEF-B
HSAN 6 (614653) Autosomal recessive Congenital Lack of development DST
HSAN 7 (615548) Autosomal dominant Congenital Lack of development SCN11A
HSAN 8 (616488) Autosomal recessive Congenital Lack of development PRDM12
CISS1 (272430) Autosomal recessive Congenital Abnormal neuronal maturation =~ CRLF1
TTR amyloidosis Autosomal dominant Adult Reduced survival TTR
Fabry’s disease X linked Childhood Reduced survival GLA

4.2. Hereditary Sensory-Autonomic Neuropathy (HSAN)

HSAN is a very rare disorder affecting mainly C and A-delta fibers [66]. In the last years, the
original classification in five groups, proposed by Dick, continues to become more complex for the
discovery of new genes and the characterization of new phenotypes. Skin biopsy proved to fill the
gap originating with the availability of genetic testing that makes sural nerve biopsy unneeded for
diagnostic purpose. The analysis of cutaneous innervation becomes then a surrogate of sural nerve,
allowing to gain insight in the neuropathological pictures associated to the different genotypes. This has
been extremely useful in some cases to understand the pathophysiology of specific autonomic disorder.

HSAN can be recessive or dominant. The recessive HSAN is usually congenital and severe
disorder, due to an abnormal development of C and A-delta fibers [67]. Autonomic dysfunction is
generalized and may involve multiple domains. For example, genetic mutations involving NGF-beta
or its receptor (NTRK1) induce a lack of development of C and A-delta fibers that cause, respectively,
congenital insensitivity to pain (CIP or HSAN V) and CIP associated to anhidrosis (CIPA or HSAN IV).
Skin biopsy demonstrated in a patient with CIPA a complete lack of sensory and autonomic nerves in
the skin [68] while sudomotor nerves are spared in CIP.

Moreover, CIP can be also due to biallelic mutations with loss of function in Nav 1.7 subunit [69].
Conversely, gain of function mutations in this subunit are responsible for painful conditions like
familiar erythromelalgia, paroxysmal extreme pain disorder and some idiopathic painful SFN.
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Insensitivity to pain with anhidrosis associated to a complete lack of cutaneous nerve fibers has
been recently described in a family harboring two novel heterozygous mutations in the dystonin
(DST) gene (HSAN-VI) that, unlike the previous described HSAN-VI family [70], was characterized by
a non-lethal phenotype [71].

The dominant HSAN manifest with a later onset (second-third decade) and a milder phenotype.
Genetic mutations cause a premature neuronal apoptosis rather than an abnormal development. Thus,
phenotype is characterized by a length-dependent neuropathy with autonomic manifestation usually
limited to distal anhidrosis [66].

In some autonomic neuropathies, patho-mechanism goes beyond lack of development and early
neural apoptosis and is due to abnormal neuronal maturation. During development, sympathetic nerves
destinated to the skin are all noradrenergic. Only after reaching their target, sudomotor nerves undergo
to a noradrenergic-cholinergic shift of their phenotype. Genetic mutations in cytokine receptor-like
factor 1 (CRLF1), that plays a role in this process, cause the Cold Induced Sweating Syndrome (CISS).
This condition is characterized by paroxysmal sweating induced by cold and stressful stimuli limited
to the upper part of the trunk, while the patients suffer of heat intolerance because anhidrotic in warm
environment. Skin biopsy in a patient with CISS revealed a generalized lack of cholinergic fibers and
the presence of noradrenergic fibers limited to the area of profuse paroxysmal sweating [72]. This was
the first demonstration in human of the role of CRLF1 in noradrenergic—cholinergic shift of sudomotor
nerves. A CISS phenotype with similar morphological findings has been described also in a patient
with Stiive-Wiedemann Syndrome [73], suggesting that also the leukemia inhibitory factor receptor
gene (LIFR) may play a role in postnatal cholinergic differentiation of sympathetic sudomotor neurons.

Lastly, skin biopsy in HSAN I due to mutations in SPTCLI gene demonstrated an increased IENFs
at lower leg after treatment with l-serine [74], suggesting it to be a useful output measure.

4.3. Other Genetic Autonomic Neuropathies

4.3.1. Hereditary Transthyretin Amyloidosis (ATTRv)

Autonomic dysfunction may be preeminent in ATTRv: early autonomic involvement of the cardiac,
gastrointestinal, and genitourinary systems may manifest with symptoms that can be very disabling.
It is a multi-organs disease, and it may be difficult to diagnose due to phenotypic heterogeneity.
The prognosis for this severe disease has dramatically changed in the last years with the development
of new disease-modifying treatments. Therefore, early diagnosis is essential for timely access to
treatment. Moreover, the availability of gene silencing treatments raises important issues related to
genetic screening and management of asymptomatic individuals. Skin biopsy performed in these
subjects showed early loss of IENFs as well of sudomotor nerves [75]. Moreover, amyloid deposit with
the Congo red were found in the dermis (especially around sweat glands) with a sensibility of 70% and
a specificity of 100% in symptomatic patients, while it was present in 20% of asymptomatic subjects.

4.3.2. Fabry Disease

Fabry disease is a X-linked disorder caused by mutations in the gene that codifies the lysosomal
enzyme «-galactosidase A. The genetic defect causes progressive accumulation of glycosphingolipids,
especially globotriaosylceramide (Gb3) in lysosomes leading to a multiorgan disease affecting the heart,
kidneys, skin, eyes, central nervous system, and gastrointestinal system. The onset of symptoms occurs
during childhood, with acroparesthesia, heat intolerance, gastrointestinal symptoms, and neuropathic
pain. The enzyme replacement therapy points to avoid or remove Gb3 deposits; therefore, a promptly
diagnosis is needed to make effective the treatment. Skin biopsy allowed to demonstrate a cutaneous
denervation in 100% of the men affected patients and in 50-75% of the female and an increase of
IENFs after treatment only in patients with normal renal function [76]. Moreover, a loss of sudomotor
nerves in Fabry patients with sweating impairment has been demonstrated [77]. Finally using anti-Gb3
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antibody, the glycosphingolipidic deposits have been found in sweat gland tubules, in arrector pili
muscles and in the artery walls.

4.4. Idiopathic Autonomic Neuropathies
4.4.1. Pure Autonomic Failure

Pure autonomic failure is a rare sporadic neurodegenerative condition, with an exclusive
involvement of the autonomic system and no other neurological dysfunction. Skin biopsy provided
the demonstration of a severe cutaneous denervation associated to the presence of phosphorylated
alfa-synuclein deposits in autonomic nerve fibers [78], confirming the inclusion of this condition
in synucleinopathies.

4.4.2. Ross Syndrome

This condition was described by Ross in 1958 as being characterized by the triad abnormal
sweating, areflexia, and tonic pupil. Very likely a premature apoptosis of cholinergic sudomotor
neurons, leading to generalized anhidrosis and heat intolerance is at base of this disorder in which
a genetic cause has not yet been demonstrated. The analysis of cutaneous innervation in 12 Ross
patients revealed a complete lack of sudomotor cholinergic fibers but also a severe loss of noradrenergic
and cholinergic vasomotor and pilomotor nerve fibers and a reduction of IENFs [79]. This implies that
Ross syndrome is a complex disorder of the thermoregulation in which both the thermo-dispersion
process (lack of sweating and vasodilation) and thermal perception are impaired.

5. Skin Biopsy in Large Fibers Neuropathies (LFN)

Although skin biopsy represents an important tool in SEN, it provided an important contribution
also in LEN. It is well-known that nerve conduction study is the first-line assessment in LEN. However,
electrical stimuli do not allow to explore the very distal endings of the sensory pathway (receptors
and their myelinated afferences). This distal segment, precocious involved in dying-back neuropathy;,
is bypassed by standard electrodiagnostic test [80]. Instead, skin biopsy allows to visualize early
abnormalities of receptors and their myelinated fibers. Moreover, this approach replaces the more
invasive sural nerve biopsy [81] in the study of nodal and paranodal architecture and morphometry of
myelinated fibers (Figure 3A,B), widening knowledge about disease phenotypes and pathomechanisms.

Lastly, skin biopsy allowed to demonstrated small fiber involvement in LFN patients who
may developed symptoms and signs of small fiber dysfunction, often overlooked when large fiber
impairment is documented.

5.1. Charcot-Marie-Tooth Disease (CMT)

CMT is the most common hereditary neuropathy with peculiar involvement of large fiber including
motor and proprioceptive nerve. However, CMT patients have signs of somatic small fibers involvement
(e.g., reduced pinprick sensation) and in some CMT forms autonomic dysfunction can be clinically
evident [82,83] or easily demonstrated by functional test [84].

Skin biopsy in CMT1A patients clearly demonstrated a reduced MC density, intrapapillary
myelinated endings (IME) and IENF density in a length-depend fashion [84,85]. Moreover,
also autonomic abnormalities (especially in the sudomotor domain) are present in patients with
CMTI1A [84].
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Figure 3. Confocal digital images of myelinated nerve fiber bundles in a control (A) and a diabetic

patient (B). The double staining with anti-myelin basic protein (MBP, in red) and anti-contactin
associated protein (CASPR, in green) allows to appreciate the nodal and paranodal architecture that is
regular and symmetric in normal conditions, asymmetric and deranged in case of peripheral neuropathy.
Scale bar: 20 um.

Skin biopsy contributed to expand the knowledge on morphological abnormalities of nodal and
internodal regions in CMT: first study showed larger nodal gaps and shorter internodal lengths in
CMT1A patients without segmental demyelination suggesting a potential developmental defect during
internode lengthening [85].

Another study including different CMT genotypes, demonstrated that similar nodal/internodal
abnormalities were found regardless of demyelinating or axonal CMT gene [86], suggesting that
mutations in both myelin and axon genes may interfere with internode development.

Lastly, skin biopsy has been proposed as outcome measure in CMT patients, although results from
different studies are discrepant [84,87,88] and its role on disease progression still needs to be confirmed.

5.2. Other Genetic Conditions with Large Fibers Involvement
5.2.1. Friedreich’s Ataxia (FRDA)

FRDA is the most frequent recessive inherited ataxia with severe involvement of large sensory
nerve fibers [89]. A loss of IENFs and a reduced innervation of autonomic structures have been
described in FRDA patients [90]. Interestingly, the IENF density negatively correlates with the GAA
repeat expansion, supporting a genetically determined SFN in FRDA [91].

5.2.2. Cerebellar Ataxia with Neuropathy and Vestibular Areflexia Syndrome (CANVAS)

CANVAS is a rare syndrome due to expansion in RFCI gene [92] characterized by cerebellar
involvement, sensory neuronopathy and vestibular dysfunction. In about one third of patients
dysautonomic dysfunction was reported with abnormal autonomic tests in half of patients [93].
Skin biopsy in two siblings revealed markedly reduced sweat gland innervation suggesting a
postganglionic sudomotor dysfunction [94].

5.2.3. Spino-Bulbar Muscular Atrophy (SBMA)

SBMA, popularly known as Kennedy’s disease, is a X-linked polyglutamine disorder due to
degeneration of spinal and brainstem motor neurons and sensory involvement [95] with features
compatible with a sensory ganglionopathy [96]. Patients with SBMA rarely report dysautonomic
symptoms [97,98], but cardiovascular test showed a subclinical involvement of autonomic system [99].
Accordingly, skin biopsy from two unrelated patients showed a non-length dependent loss of IENFs,
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severe loss of MCs and moderate loss of autonomic innervation [100], supporting the hypothesis that
SBMA may be considered as a peripheral pan-neuronopathy.

5.3. Inflammatory Neuropathies
5.3.1. Guillian-Barré Syndrome (GBS)

GBS is an acute inflammatory neuropathy, traditionally considered to affect large myelinated fibers
carrying motor functions, vibratory, and touch sensation. However, the occurrence of neuropathic
pain, allodynia, reduced sensitivity to thermal or nociceptive stimuli, and autonomic dysfunctions
in GBS patients raised the possibility that small fibers may also be affected. Skin biopsy from
demyelinating GBS patients showed an involvement of somatic and autonomic fibers with an early
loss of somatic and sudomotor nerves that remain low over time [101,102]. Intriguingly, reduced IENFs
seems to be associated with disability, poor prognosis (slower recovery) and pain severity. Moreover,
morphometric analysis showed segmental demyelination, axonal degeneration, swollen Schwann
cells, diffuse infiltration T cell and macrophages surrounding nerves. Lastly, the study of the
nodal/paranodal architecture showed a reduced sodium channels-ir, normally clustered in the node
region, suggesting a spread of channels along the fibers [102].

In summary, skin biopsy demonstrated that GBS should be considered a pan-neuropathy and
could be a prognostic tool.

5.3.2. Chronic Inflammatory Demyelinating Polyneuropathy (CIDP)

CIDP is an acquired, immune-mediated neuropathy characterized by demyelination of nerve fibers.
Although it is well-known to be a large fibers neuropathy, in some patients it is present autonomic
involvement as a mild, cholinergic, and predominantly sudomotor dysfunction [103]. Skin biopsy
from CIDP patients demonstrated loss of somatic small fibers and showed direct correlation between
lower IENFs and autonomic symptoms [104].

Focusing on nodal/internodal architecture, skin biopsy showed shorter internodes with segmental
demyelination in all patients, suggesting these features as a hallmark to distinguish CMT1A from
CIDP [85]. Interestingly, the demyelinating segments were always close to the nodal regions, suggesting that
paranode can represent a vulnerable region in CIDP [105].

6. Highlights

1. Skin biopsy is a minimally invasive technique, repeatable over time and applicable in any part of
our body.

2. It allows to reach a definite diagnosis of SFN.

3. It allows to study all nerve fibers population, according to their targets and their
immuno-histochemical characteristics.

4. It allows to study receptors and their afferences, morphometry, and nodal/paranodal architecture
of myelinated fibers.

5. In the last decades, it allows to recognize a small fiber involvement in several hereditary and
acquired conditions.

6. Itis allowing to widen the clinical spectrum of peripheral neuropathy and provide new insight
on the pathophysiological mechanisms.

7. It allows to monitor disease progression and to assess efficacy of pharmacological and
non-pharmacological treatments.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Brain Sci. 2020, 10, 989 14 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kennedy, W.R.; Wendelschafer-Crabb, G.; Polydefkis, M.G.; Wendelschafer, G. Pathology and quantitation of
cutaneous nerves. In Peripheral Neuropathy, 4th ed.; Dyck, PJ., Thomas, PK., Eds.; Saunders: Philadelphia,
PA, USA, 2005; pp. 869-896.

Mellgren, S.I.; Nolano, M.; Sommer, C. The cutaneous nerve biopsy: Technical aspects, indications, and contribution.
Handb. Clin. Neurol. 2013, 115, 171-188. [PubMed]

Langerhans, P. Uber die Nerven der menschlichen Haut. Virchow’s Arch. 1868, 44, 325-337. [CrossRef]
Arthur, R.P; Shelley, W.B. The innervation of human epidermis. J. Investig. Dermatol. 1959, 32, 397-411.
[CrossRef] [PubMed]

Cauna, N. The free penicillate nerve endings of the human hairy skin. J. Anat. 1973, 115, 277-288.

Wang, L.; Hilliges, M.; Jernberg, T Wiegleb-Edstrom, D.; Johansson, O. Protein gene product
9.5-immunoreactive nerve fibres and cells in human skin. Cell Tissue Res. 1990, 261, 25-33. [CrossRef]
[PubMed]

Wendelschafer-Crabb, G.; Kennedy, W.R.; Walk, D. Morphological features of nerves in skin biopsies.
J. Neurol. Sci. 2006, 242, 15-21. [CrossRef]

Zylka, M.]. Nonpeptidergic circuits feel your pain. Neuron 2005, 47, 771-772. [CrossRef]

Basbaum, A.I; Bautista, D.M.; Scherrer, G.; Julius, D. Cellular and molecular mechanisms of pain. Cell 2009,
139, 267-284. [CrossRef]

Provitera, V.; Gibbons, C.H.; Wendelschafer-Crabb, G.; Donadio, V.; Vitale, D.E,; Stancanelli, A.; Caporaso, G.;
Liguori, R.; Wang, N.; Santoro, L.; et al. A multi-center, multinational age- and gender-adjusted normative
dataset for immunofluorescent intraepidermal nerve fiber density at the distal leg. Eur. J. Neurol. 2016, 23,
333-338. [CrossRef]

Lauria, G.; Hsieh, S.T.; Johansson, O.; Kennedy, W.R.; Leger, ] M.; Mellgren, S.I.; Nolano, M.; Merkies, LS.;
Polydefkis, M.; Smith, A.G.; et al. European Federation of Neurological Societies/Peripheral Nerve Society
Guideline on the use of skin biopsy in the diagnosis of small fiber neuropathy. Report of a joint task force of
the European Federation of Neurological Societies and the Peripheral Nerve Society. J. Peripher. Nerv. Syst.
2010, 15, 79-92.

Herrmann, D.N.; Griffin, ].W.; Hauer, P.; Cornblath, D.R.; McArthur, ].C. Epidermal nerve fiber density and
sural nerve morphometry in peripheral neuropathies. Neurology 1999, 53, 1634-1640. [CrossRef] [PubMed]
Kennedy, W.R.; Wendelschafer-Crabb, G. The innervation of human epidermis. J. Neurol. Sci. 1993, 115,
184-190. [CrossRef]

McCarthy, B.G.; Hsieh, S.T.; Stocks, A.; Hauer, P.; Macko, C.; Cornblath, D.R.; Griffin, ].W.; McArthur, J.C.
Cutaneous innervation in sensory neuropathies: Evaluation by skin biopsy. Neurology 1995, 45, 1848-1855.
[CrossRef] [PubMed]

Lauria, G.; Bakkers, M.; Schmitz, C.; Lombardi, R.; Penza, P; Devigili, G.; Smith, A.G.; Hsieh, S.T,;
Mellgren, S.I; Umapathi, T.; et al. Intraepidermal nerve fiber density at the distal leg: A worldwide
normative reference study. J. Peripher. Nerv. Syst. 2010, 15, 202-207. [CrossRef] [PubMed]

Kennedy, W.R.; Nolano, M.; Wendelschafer-Crabb, G.; Johnson, T.L.; Tamura, E. A skin blister method to
study epidermal nerves in peripheral nerve disease. Muscle Nerve 1999, 22, 360-371. [CrossRef]
Panoutsopoulou, I.G.; Wendelschafer-Crabb, G.; Hodges, ].S.; Kennedy, W.R. Skin blister and skin biopsy to
quantify epidermal nerves: A comparative study. Neurology 2009, 72, 1205-1210. [CrossRef]

Nolano, M.; Provitera, V.; Crisci, C.; Stancanelli, A.; Wendelschafer-Crabb, G.; Kennedy, W.R.; Santoro, L.
Quantification of myelinated endings and mechanoreceptors in human digital skin. Ann. Neurol. 2003, 54,
197-205. [CrossRef]

Maksimovic, S.; Nakatani, M.; Baba, Y.; Nelson, A.M.; Marshall, K.L.; Wellnitz, S.A.; Firozi, P.; Woo, S.H.;
Ranade, S.; Patapoutian, A.; et al. Epidermal Merkel cells are mechanosensory cells that tune mammalian
touch receptors. Nature 2014, 509, 617-621. [CrossRef]

Provitera, V.; Nolano, M.; Pagano, A.; Caporaso, G.; Stancanelli, A.; Santoro, L. Myelinated nerve endings in
human skin. Muscle Nerve 2007, 35, 767-775. [CrossRef]

Caruso, G.; Massini, R.; Crisci, C.; Nilsson, J.; Catalano, A.; Santoro, L.; Battaglia, F.; Crispi, F.; Nolano, M. The
relationship between electrophysiological findings, upper limb growth and histological features of median
and ulnar nerves in man. Brain 1992, 115, 1925-1945. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/23931780
http://dx.doi.org/10.1007/BF01959006
http://dx.doi.org/10.1038/jid.1959.69
http://www.ncbi.nlm.nih.gov/pubmed/13641817
http://dx.doi.org/10.1007/BF00329435
http://www.ncbi.nlm.nih.gov/pubmed/2143435
http://dx.doi.org/10.1016/j.jns.2005.11.010
http://dx.doi.org/10.1016/j.neuron.2005.09.003
http://dx.doi.org/10.1016/j.cell.2009.09.028
http://dx.doi.org/10.1111/ene.12842
http://dx.doi.org/10.1212/WNL.53.8.1634
http://www.ncbi.nlm.nih.gov/pubmed/10563605
http://dx.doi.org/10.1016/0022-510X(93)90223-L
http://dx.doi.org/10.1212/WNL.45.10.1848
http://www.ncbi.nlm.nih.gov/pubmed/7477980
http://dx.doi.org/10.1111/j.1529-8027.2010.00271.x
http://www.ncbi.nlm.nih.gov/pubmed/21040142
http://dx.doi.org/10.1002/(SICI)1097-4598(199903)22:3&lt;360::AID-MUS9&gt;3.0.CO;2-J
http://dx.doi.org/10.1212/01.wnl.0000340984.74563.1c
http://dx.doi.org/10.1002/ana.10615
http://dx.doi.org/10.1038/nature13250
http://dx.doi.org/10.1002/mus.20771
http://dx.doi.org/10.1093/brain/115.6.1925

Brain Sci. 2020, 10, 989 15 0f 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gibbons, C.H; Illigens, B.M.; Wang, N.; Freeman, R. Quantification of sudomotor innervation: A comparison
of three methods. Muscle Nerve 2010, 42, 112-119. [CrossRef] [PubMed]

Provitera, V.; Nolano, M.; Caporaso, G.; Stancanelli, A.; Manganelli, F.; Iodice, R.; Selim, M.M.; De Rosa, A.;
Lanzillo, B.; Pellecchia, M.T.; et al. Postganglionic sudomotor denervation in patients with multiple system
atrophy. Neurology 2014, 82, 2223-2229. [CrossRef] [PubMed]

Donadio, V.; Nolano, M.; Provitera, V.; Stancanelli, A.; Lullo, F,; Liguori, R.; Santoro, L. Skin sympathetic
adrenergic innervation: An immunofluorescence confocal study. Ann. Neurol. 2006, 59, 376-381. [CrossRef]
[PubMed]

Nolano, M.; Provitera, V.; Caporaso, G.; Stancanelli, A.; Vitale, D.F.; Santoro, L. Quantification of pilomotor
nerves: A new tool to evaluate autonomic involvement in diabetes. Neurology 2010, 75, 1089-1097. [CrossRef]
Devigili, G.; Rinaldo, S.; Lombardi, R.; Cazzato, D.; Marchi, M.; Salvi, E.; Eleopra, R.; Lauria, G. Diagnostic
criteria for small fibre neuropathy in clinical practice and research. Brain 2019, 142, 3728-3736. [CrossRef]
Backonja, M.M.; Attal, N.; Baron, R.; Bouhassira, D.; Drangholt, M.; Dyck, PJ.; Edwards, R.R.; Freeman, R.;
Gracely, R.; Haanpaa, M.H.; et al. Value of quantitative sensory testing in neurological and pain disorders:
NeuPSIG consensus. Pain 2013, 154, 1807-1819. [CrossRef]

Lefaucheur, ]J.P;; Wahab, A.; Planté-Bordeneuve, V.; Séne, D.; Ménard-Lefaucheur, I.; Rouie, D.; Tebbal, D.;
Salhi, H.; Créange, A.; Zouari, H.; et al. Diagnosis of small fiber neuropathy: A comparative study of five
neurophysiological tests. Neurophysiol. Clin. 2015, 45, 445-455. [CrossRef]

Lagerburg, V.; Bakkers, M.; Bouwhuis, A.; Hoeijmakers, J.G.; Smit, A.M.; Van Den Berg, S.J.; Hordijk-De
Boer, I.; Brouwer-Van Der Lee, M.D.; Kranendonk, D.; Reulen, J.P; et al. Contact heat evoked potentials:
Normal values and use in small-fiber neuropathy. Muscle Nerve 2015, 51, 743-749. [CrossRef]

Skljarevski, V.; Ramadan, N.M. The nociceptive flexion reflex in humans—Review article. Pain 2002, 96, 3-8.
[CrossRef]

Svilpauskaite, J.; Truffert, A.; Vaiciene, N.; Magistris, M.R. Electrophysiology of small peripheral nerve fibers
in man. A study using the cutaneous silent period. Medicina 2006, 42, 300-313.

Ebadi, H.; Siddiqui, H.; Ebadi, S.; Ngo, M.; Breiner, A.; Bril, V. Peripheral Nerve Ultrasound in Small Fiber
Polyneuropathy. Ultrasound Med. Biol. 2015, 41, 2820-2826. [CrossRef] [PubMed]

Dunham, J.P; Sales, A.C.; Pickering, A.E. Ultrasound-guided, open-source microneurography: Approaches
to improve recordings from peripheral nerves in man. Clin. Neurophysiol. 2018, 129, 2475-2481. [CrossRef]
[PubMed]

Chiaramonte, R.; Romano, M.; Vecchio, M. A Systematic Review of the Diagnostic Methods of Small Fiber
Neuropathies in Rehabilitation. Diagnostics 2020, 10, 613. [CrossRef] [PubMed]

Lauria, G.; Morbin, M.; Lombardi, R.; Borgna, M.; Mazzoleni, G.; Sghirlanzoni, A.; Pareyson, D. Axonal
swellings predict the degeneration of epidermal nerve fibers in painful neuropathies. Neurology 2003, 61,
631-636. [CrossRef]

Piscosquito, G.; Provitera, V.; Mozzillo, S.; Caporaso, G.; Borreca, I.; Stancanelli, A.; Manganelli, F.; Santoro, L.;
Nolano, M. The analysis of epidermal nerve fibre spatial distribution improves the diagnostic yield of skin
biopsy. Neuropathol. Appl. Neurobiol. 2020. [CrossRef]

Provitera, V.; Gibbons, C.H.; Wendelschafer-Crabb, G.; Donadio, V.; Vitale, D.F,; Loavenbruck, A.;
Stancanelli, A.; Caporaso, G.; Liguori, R.; Wang, N.; et al. The role of skin biopsy in differentiating
small-fiber neuropathy from ganglionopathy. Eur. J. Neurol. 2018, 25, 848-853. [CrossRef]

Bonhof, G.J.; Strom, A.; Piittgen, S.; Ringel, B.; Briiggemann, J.; Bédis, K.; Miissig, K.; Szendroedi, J.;
Roden, M.; Ziegler, D. Patterns of cutaneous nerve fibre loss and regeneration in type 2 diabetes with painful
and painless polyneuropathy. Diabetologia 2017, 60, 2495-2503. [CrossRef]

Quattrini, C.; Tavakoli, M.; Jeziorska, M.; Kallinikos, P; Tesfaye, S.; Finnigan, J.; Marshall, A.; Boulton, A.;
Efron, N.; Malik, R. Surrogate markers of small fiber damage in human diabetic neuropathy. Diabetes 2007,
56,2148-2154. [CrossRef]

Cheung, A.; Podgomy, P.; Martinez, ]J.A.; Chan, C.; Toth, C. Epidermal axonal swellings in painful and
painless diabetic peripheral neuropathy. Muscle Nerve 2015, 51, 505-513. [CrossRef]

Scheytt, S.; Riediger, N.; Braunsdorf, S.; Sommer, C.; Ugeyler, N. Increased gene expression of growth
associated protein-43 in skin of patients with early-stage peripheral neuropathies. J. Neurol. Sci. 2015, 355,
131-137. [CrossRef]


http://dx.doi.org/10.1002/mus.21626
http://www.ncbi.nlm.nih.gov/pubmed/20544913
http://dx.doi.org/10.1212/WNL.0000000000000518
http://www.ncbi.nlm.nih.gov/pubmed/24838791
http://dx.doi.org/10.1002/ana.20769
http://www.ncbi.nlm.nih.gov/pubmed/16437571
http://dx.doi.org/10.1212/WNL.0b013e3181f39cf4
http://dx.doi.org/10.1093/brain/awz333
http://dx.doi.org/10.1016/j.pain.2013.05.047
http://dx.doi.org/10.1016/j.neucli.2015.09.012
http://dx.doi.org/10.1002/mus.24465
http://dx.doi.org/10.1016/S0304-3959(02)00018-0
http://dx.doi.org/10.1016/j.ultrasmedbio.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/26318562
http://dx.doi.org/10.1016/j.clinph.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/30107982
http://dx.doi.org/10.3390/diagnostics10090613
http://www.ncbi.nlm.nih.gov/pubmed/32825514
http://dx.doi.org/10.1212/01.WNL.0000070781.92512.A4
http://dx.doi.org/10.1111/nan.12651
http://dx.doi.org/10.1111/ene.13608
http://dx.doi.org/10.1007/s00125-017-4438-5
http://dx.doi.org/10.2337/db07-0285
http://dx.doi.org/10.1002/mus.24351
http://dx.doi.org/10.1016/j.jns.2015.05.044

Brain Sci. 2020, 10, 989 16 of 19

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.
61.
62.

63.

Karlsson, P.; Provitera, V.; Caporaso, G.; Stancanelli, A.; Saltalamacchia, A.M.; Borreca, I.; Manganelli, F.;
Santoro, L.; Jensen, T.S.; Nolano, M. Increased peptidergic fibers as a potential cutaneous marker of pain in
diabetic small fiber neuropathy. Pain 2020. [CrossRef] [PubMed]

Oaklander, A.L.; Nolano, M. Scientific Advances in and Clinical Approaches to Small-Fiber Polyneuropathy:
A Review. JAMA Neurol. 2019. [CrossRef] [PubMed]

Levy, D.M.; Terenghi, G.; Gu, X.H.; Abraham, R.R.; Springall, D.R.; Polak, ].M. Immunohistochemical
measurements of nerves and neuropeptides in diabetic skin: Relationship to tests of neurological function.
Diabetologia 1992, 35, 889-897. [CrossRef] [PubMed]

Vickova-Moravcova, E.; Bednarik, J.; Belobradkova, J.; Sommer, C. Small-fibre involvement in diabetic
patients with neuropathic foot pain. Diabet. Med. 2008, 25, 692—699. [CrossRef]

Nebuchennykh, M.; Leseth, S.; Lindal, S.; Mellgren, SI. The value of skin biopsy with recording of
intraepidermal nerve fiber density and quantitative sensory testing in the assessment of small fiber
involvement in patients with different causes of polyneuropathy. J. Neurol. 2009, 256, 1067-1075. [CrossRef]
Kennedy, W.R.; Wendelschafer-Crabb, G.; Johnson, T. Quantitation of epidermal nerves in diabetic neuropathy.
Neurology 1996, 47, 1042-1048. [CrossRef]

Shun, C.T.; Chang, Y.C.; Wu, H.P; Hsieh, S.C; Lin, W.M,; Lin, Y.H.; Tai, T.Y.; Hsieh, S.T. Skin denervation in
type 2 diabetes: Correlations with diabetic duration and functional impairments. Brain 2004, 127, 1593-1605.
[CrossRef]

Smith, A.G.; Ramachandran, P.; Tripp, S.; Singleton, J.R. Epidermal nerve innervation in impaired glucose
tolerance and diabetes-associated neuropathy. Neurology 2001, 57, 1701-1704. [CrossRef]

Farhad, K,; Traub, R.; Ruzhansky, K.M.; Brannagan, T.H., III. Causes of neuropathy in patients referred as
“idiopathic neuropathy”. Muscle Nerve 2016, 53, 856-861. [CrossRef]

Faber, C.G.; Hoeijmakers, ]J.G.; Ahn, H.S.; Cheng, X.; Han, C.; Choi, J.S.; Estacion, M.; Lauria, G;
Vanhoutte, E.K.; Gerrits, M.M.; et al. Gain of function Nav1.7 mutations in idiopathic small fiber neuropathy.
Ann. Neurol. 2012, 71, 26-39. [CrossRef]

Faber, C.G.; Lauria, G.; Merkies, L.S.].; Cheng, X.; Han, C.; Ahn, H.S.; Persson, A K.; Hoeijmakers, ].G.J.;
Gerrits, M.M.; Pierro, T.; et al. Gain-of-function Nav1.8 mutations in painful neuropathy. Proc. Natl. Acad.
Sci. USA 2012, 109, 19444-19449. [CrossRef] [PubMed]

Huang, J.; Han, C.; Estacion, M.; Vasylyev, D.; Hoeijmakers, ].G.].; Gerrits, M.M.; Tyrrell, L.; Lauria, G.;
Faber, C.G.; Dib-Hajj, S.D.; et al. Gain-of-function mutations in sodium channel Na(v)1.9 in painful
neuropathy. Brain 2014, 137, 1627-1642. [CrossRef] [PubMed]

Grayston, R.; Czanner, G.; Elhadd, K.; Goebel, A.; Frank, B.; Ugeyler, N.; Malik, R.A.; Alam, U. A systematic
review and meta-analysis of the prevalence of small fiber pathology in fibromyalgia: Implications for a new
paradigm in fibromyalgia etiopathogenesis. Semin. Arthritis Rheum. 2019, 48, 933-940. [CrossRef] [PubMed]
Serra, J.; Collado, A.; Sola, R.; Antonelli, F; Torres, X.; Salgueiro, M.; Quiles, C.; Bostock, H. Hyperexcitable C
nociceptors in fibromyalgia. Ann. Neurol. 2014, 75, 196-208. [CrossRef] [PubMed]

Metyas, S.; Chen, C.; Quismorio, A.; Abdo, N.; Kamel, K. Improvement in Fibromyalgia Symptoms and Skin
Biopsy Results in Patients with Fibromyalgia Related Small Fiber Neuropathy. Curr. Rheumatol. Rev. 2019.
[CrossRef] [PubMed]

Smith, A.G.; Russell, ].; Feldman, E.L.; Goldstein, J.; Peltier, A.C.; Smith, S.; Hamwi, J.; Pollari, D.; Bixby, B.;
Howard, J.; et al. Lifestyle intervention for pre-diabetic neuropathy. Diabetes Care 2006, 29, 1294-1299.
[CrossRef] [PubMed]

Penza, P.; Lombardi, R.; Camozzi, F,; Ciano, C.; Lauria, G. Painful neuropathy in subclinical hypothyroidism:
Clinical and neuropathological recovery after hormone replacement therapy. Neurol. Sci. 2009, 30, 149-151.
[CrossRef]

Freeman, R.; Chapleau, M.W. Testing the autonomic nervous system. Handb. Clin. Neurol. 2013, 115, 115-136.
Low, P.A. Evaluation of sudomotor function. Clin. Neurophysiol. 2004, 115, 1506-1513. [CrossRef]
Vetrugno, R.; Liguori, R.; Cortelli, P.; Montagna, P. Sympathetic skin response: Basic mechanisms and clinical
applications. Clin. Auton. Res. 2003, 13, 256-270. [CrossRef]

Low, P.A; Caskey, PE; Tuck, RR.; Fealey, R.D.; Dyck, PJ. Quantitative sudomotor axon reflex test in normal
and neuropathic subjects. Ann. Neurol. 1983, 14, 573-580. [CrossRef] [PubMed]

Provitera, V.; Nolano, M.; Caporaso, G.; Stancanelli, A.; Santoro, L.; Kennedy, W.R. Evaluation of sudomotor
function in diabetes using the dynamic sweat test. Neurology 2010, 74, 50-56. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/j.pain.0000000000002054
http://www.ncbi.nlm.nih.gov/pubmed/32833793
http://dx.doi.org/10.1001/jamaneurol.2019.2917
http://www.ncbi.nlm.nih.gov/pubmed/31498378
http://dx.doi.org/10.1007/BF00399938
http://www.ncbi.nlm.nih.gov/pubmed/1397786
http://dx.doi.org/10.1111/j.1464-5491.2008.02446.x
http://dx.doi.org/10.1007/s00415-009-5065-y
http://dx.doi.org/10.1212/WNL.47.4.1042
http://dx.doi.org/10.1093/brain/awh180
http://dx.doi.org/10.1212/WNL.57.9.1701
http://dx.doi.org/10.1002/mus.24969
http://dx.doi.org/10.1002/ana.22485
http://dx.doi.org/10.1073/pnas.1216080109
http://www.ncbi.nlm.nih.gov/pubmed/23115331
http://dx.doi.org/10.1093/brain/awu079
http://www.ncbi.nlm.nih.gov/pubmed/24776970
http://dx.doi.org/10.1016/j.semarthrit.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30314675
http://dx.doi.org/10.1002/ana.24065
http://www.ncbi.nlm.nih.gov/pubmed/24243538
http://dx.doi.org/10.2174/1573397115666191106120622
http://www.ncbi.nlm.nih.gov/pubmed/31702528
http://dx.doi.org/10.2337/dc06-0224
http://www.ncbi.nlm.nih.gov/pubmed/16732011
http://dx.doi.org/10.1007/s10072-009-0026-x
http://dx.doi.org/10.1016/j.clinph.2004.01.023
http://dx.doi.org/10.1007/s10286-003-0107-5
http://dx.doi.org/10.1002/ana.410140513
http://www.ncbi.nlm.nih.gov/pubmed/6316835
http://dx.doi.org/10.1212/WNL.0b013e3181c7da4b
http://www.ncbi.nlm.nih.gov/pubmed/20038772

Brain Sci. 2020, 10, 989 17 of 19

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Gibbons, C.H.; Illigens, BM.; Wang, N.; Freeman, R. Quantification of sweat gland innervation:
A clinical-pathologic correlation. Neurology 2009, 72, 1479-1486. [CrossRef] [PubMed]

Manganelli, F.; Dubbioso, R.; Nolano, M.; Iodice, R.; Pisciotta, C.; Provitera, V.; Ruggiero, L.; Serlenga, L.;
Barbieri, F.; Santoro, L. Autoimmune autonomic ganglionopathy: A possible postganglionic neuropathy.
Arch. Neurol. 2011, 68, 504-507. [CrossRef] [PubMed]

Rotthier, A.; Baets, J.; Timmerman, V.; Janssens, K. Mechanisms of disease in hereditary sensory and
autonomic neuropathies. Nat. Rev. Neurol. 2012, 8, 73-85. [CrossRef] [PubMed]

Houlden, H.; Blake, J.; Reilly, M.M. Hereditary sensory neuropathies. Curr. Opin. Neurol. 2004, 17, 569-577.
[CrossRef] [PubMed]

Nolano, M.; Crisci, C.; Santoro, L.; Barbieri, E; Casale, R.; Kennedy, WR.; Wendelschafer-Crabb, G.;
Provitera, V.; Di Lorenzo, N.; Caruso, G. Absent innervation of skin and sweat glands in congenital
insensitivity to pain with anhidrosis. Clin. Neurophysiol. 2000, 111, 1596-1601. [CrossRef]

Marchi, M.; Provitera, V.; Nolano, M.; Romano, M.; Maccora, S.; D’Amato, L.; Salvi, E.; Gerrits, M.; Santoro, L.;
Lauria, G. A novel SCN9A splicing mutation in a compound heterozygous girl with congenital insensitivity
to pain, hyposmia and hypogeusia. J. Peripher. Nerv. Syst. 2018, 23, 202-206. [CrossRef]

Edvardson, S.; Cinnamon, Y.; Jalas, C.; Shaag, A.; Maayan, C.; Axelrod, F.B.; Elpeleg, O. Hereditary sensory
autonomic neuropathy caused by a mutation in dystonin. Ann. Neurol. 2012, 71, 569-572. [CrossRef]
Manganelli, F,; Parisi, S.; Nolano, M.; Tao, E; Paladino, S.; Pisciotta, C.; Tozza, S.; Nesti, C.; Rebelo, A.P.;
Provitera, V.; et al. Novel mutations in dystonin provide clues to the pathomechanisms of HSAN-VI.
Neurology 2017, 88, 2132-2140. [CrossRef]

Di Leo, R.; Nolano, M.; Boman, H.; Pierangeli, G.; Provitera, V.; Knappskog, PM.; Cortelli, P.; Vita, G.;
Rodolico, C. Central and peripheral autonomic failure in cold-induced sweating syndrome type 1. Neurology
2010, 75, 1567-1569. [CrossRef] [PubMed]

Melone, M. A ; Pellegrino, M.].; Nolano, M.; Habecker, B.A.; Johansson, S.; Nathanson, N.M.; Knappskog, PM.;
Hahn, A.F; Boman, H. Unusual Stiive-Wiedemann syndrome with complete maternal chromosome
5isodisomy. Ann. Clin. Transl. Neurol. 2014, 1, 926-932. [CrossRef] [PubMed]

Fridman, V.; Suriyanarayanan, S.; Novak, P.; David, W.; Macklin, E.A.; McKenna-Yasek, D.; Walsh, K.;
Aziz-Bose, R.; Oaklander, A.L.; Brown, R.; et al. Randomized trial of l-serine in patients with hereditary
sensory and autonomic neuropathy type 1. Neurology 2019, 92, e359-e370. [CrossRef] [PubMed]

Ebenezer, G.J.; Liu, Y.; Judge, D.P; Cunningham, K.; Truelove, S.; Carter, N.D.; Sebastian, B.; Byrnes, K;
Polydefkis, M. Cutaneous nerve biomarkers in transthyretin familial amyloid polyneuropathy. Ann. Neurol.
2017, 82, 44-56. [CrossRef] [PubMed]

Ugeyler, N.; He, L.; Schonfeld, D.; Kahn, A.K,; Reiners, K.; Hilz, M.].; Breunig, F.; Sommer, C. Small fibers in
Fabry disease: Baseline and follow-up data under enzyme replacement therapy. J. Peripher. Nerv. Syst. 2011,
16, 304-314. [CrossRef]

Kokotis, P; Ugeyler, N.; Werner, C.; Tsivgoulis, G.; Papanikola, N.; Katsanos, A.H.; Karandreas, N.; Sommer, C.
Quantification of sweat gland innervation in patients with Fabry disease: A case-control study. J. Neurol. Sci.
2018, 390, 135-138. [CrossRef]

Donadio, V.; Incensi, A.; Cortelli, P.; Giannoccaro, M.P; Jaber, M.A; Baruzzi, A.; Liguori, R. Skin sympathetic
fiber a-synuclein deposits: A potential biomarker for pure autonomic failure. Neurology 2013, 80, 725-732.
[CrossRef]

Nolano, M.; Provitera, V.; Perretti, A.; Stancanelli, A.; Saltalamacchia, A.M.; Donadio, V.; Manganelli, F.;
Lanzillo, B.; Santoro, L. Ross syndrome: A rare or a misknown disorder of thermoregulation? A skin
innervation study on 12 subjects. Brain 2006, 129, 2119-2131. [CrossRef]

Caruso, G.; Nolano, M.; Lullo, E; Crisci, C.; Nilsson, ]J.; Massini, R. Median nerve sensory responses evoked
by tactile stimulation of the finger proximal and distal phalanx in normal subjects. Muscle Nerve 1994, 17,
269-275. [CrossRef]

Li, J.; Bai, Y.; Ghandour, K.; Qin, P,; Grandis, M.; Trostinskaia, A.; Ianakova, E.; Wu, X.; Schenone, A.;
Vallat, ].M.; et al. Skin biopsies in myelin-related neuropathies: Bringing molecular pathology to the bedside.
Brain 2005, 128, 1168-1177. [CrossRef]

Stojkovic, T.; de Seze, J.; Dubourg, O.; Arne-Bes, M.C,; Tardieu, S.; Hache, J.C.; Vermersch, P. Autonomic and
respiratory dysfunction in Charcot-Marie-Tooth disease due to Thr124Met mutation in the myelin protein
zero gene. Clin. Neurophysiol. 2003, 114, 1609-1614. [CrossRef]


http://dx.doi.org/10.1212/WNL.0b013e3181a2e8b8
http://www.ncbi.nlm.nih.gov/pubmed/19398703
http://dx.doi.org/10.1001/archneurol.2011.60
http://www.ncbi.nlm.nih.gov/pubmed/21482929
http://dx.doi.org/10.1038/nrneurol.2011.227
http://www.ncbi.nlm.nih.gov/pubmed/22270030
http://dx.doi.org/10.1097/00019052-200410000-00007
http://www.ncbi.nlm.nih.gov/pubmed/15367861
http://dx.doi.org/10.1016/S1388-2457(00)00351-5
http://dx.doi.org/10.1111/jns.12280
http://dx.doi.org/10.1002/ana.23524
http://dx.doi.org/10.1212/WNL.0000000000003992
http://dx.doi.org/10.1212/WNL.0b013e3181f96237
http://www.ncbi.nlm.nih.gov/pubmed/20975058
http://dx.doi.org/10.1002/acn3.126
http://www.ncbi.nlm.nih.gov/pubmed/25540807
http://dx.doi.org/10.1212/WNL.0000000000006811
http://www.ncbi.nlm.nih.gov/pubmed/30626650
http://dx.doi.org/10.1002/ana.24972
http://www.ncbi.nlm.nih.gov/pubmed/28598015
http://dx.doi.org/10.1111/j.1529-8027.2011.00365.x
http://dx.doi.org/10.1016/j.jns.2018.04.035
http://dx.doi.org/10.1212/WNL.0b013e3182825127
http://dx.doi.org/10.1093/brain/awl175
http://dx.doi.org/10.1002/mus.880170303
http://dx.doi.org/10.1093/brain/awh483
http://dx.doi.org/10.1016/S1388-2457(03)00159-7

Brain Sci. 2020, 10, 989 18 of 19

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Manganelli, F; Pisciotta, C.; Provitera, V.; Taioli, F; Iodice, R.; Topa, A.; Fabrizi, G.M.; Nolano, M.; Santoro, L.
Autonomic nervous system involvement in a new CMT2B family. J. Peripher. Nerv. Syst. 2012, 17, 361-364.
[CrossRef] [PubMed]

Nolano, M.; Manganelli, F.; Provitera, V.; Pisciotta, C.; Stancanelli, A.; Caporaso, G.; Iodice, R.; Shy, M.E,;
Santoro, L. Small nerve fiber involvement in CMT1A. Neurology 2015, 84, 407-414. [CrossRef] [PubMed]
Saporta, M.A.; Katona, I.; Lewis, R.A.; Masse, S.; Shy, M.E,; Li, J. Shortened internodal length of dermal
myelinated nerve fibres in Charcot-Marie-Tooth disease type 1A. Brain 2009, 132, 3263-3273. [CrossRef]
[PubMed]

Manganelli, F.;; Nolano, M.; Pisciotta, C.; Provitera, V.; Fabrizi, G.M.; Cavallaro, T.; Stancanelli, A.; Caporaso, G.;
Shy, M.E.; Santoro, L. Charcot-Marie-Tooth disease: New insights from skin biopsy. Neurology 2015, 85,
1202-1208. [CrossRef] [PubMed]

Duchesne, M.; Danigo, A.; Richard, L.; Vallat, ].M.; Attarian, S.; Gonnaud, PM.; Lacour, A.; Péréon, Y,;
Stojkovic, T.; Nave, K.A.; et al. Skin Biopsy Findings in Patients With CMT1A: Baseline Data From the
CLN-PXT3003-01 Study Provide New Insights Into the Pathophysiology of the Disorder. . Neuropathol. Exp.
Neurol. 2018, 77, 274-281. [CrossRef] [PubMed]

Hartmannsberger, B.; Doppler, K.; Stauber, J.; Schlotter-Weigel, B.; Young, P.; Sereda, M.W.; Sommer, C.
Intraepidermal nerve fibre density as biomarker in Charcot-Marie-Tooth disease type 1A. Brain Commun.
2020, 2, fcaa012. [CrossRef] [PubMed]

Caruso, G.; Santoro, L.; Perretti, A.; Serlenga, L.; Crisci, C.; Ragno, M.; Barbieri, F; Filla, A. Friedreich’s ataxia:
Electrophysiological and histological findings. Acta Neurol. Scand. 1983, 67, 26—40. [CrossRef]

Nolano, M.; Provitera, V.; Crisci, C.; Saltalamacchia, A.M.; Wendelschafer-Crabb, G.; Kennedy, W.R,; Filla, A_;
Santoro, L.; Caruso, G. Small fibers involvement in Friedreich’s ataxia. Ann. Neurol. 2001, 50, 17-25.
[CrossRef]

Indelicato, E.; Fanciulli, A.; Ndayisaba, J.P.; Nachbauer, W.; Eigentler, A.; Granata, R.; Wanschitz, J.; Poewe, W.;
Wenning, G.K.; Boesch, S. Autonomic function testing in Friedreich’s ataxia. J. Neurol. 2018, 265, 2015-2022.
[CrossRef]

Cortese, A.; Simone, R.; Sullivan, R.; Vandrovcova, J.; Tariq, H.; Yau, W.Y.; Humphrey, ].; Jaunmuktane, Z.;
Sivakumar, P; Polke, J.; et al. Biallelic expansion of an intronic repeat in RFC1 is a common cause of late-onset
ataxia. Nat. Genet. 2019, 51, 649-658. [CrossRef] [PubMed]

Cortese, A.; Tozza, S.; Yau, W.Y.; Rossi, S.; Beecroft, S.J.; Jaunmuktane, Z.; Dyer, Z.; Ravenscroft, G.;
Lamont, PJ.; Mossman, S.; et al. Cerebellar ataxia, neuropathy, vestibular areflexia syndrome due to RFC1
repeat expansion. Brain 2020, 143, 480-490. [CrossRef] [PubMed]

Umeh, C.C,; Polydefkis, M.; Chaudhry, V.; Zee, D.S. Sweat Gland Denervation in Cerebellar Ataxia with
Neuropathy and Vestibular Areflexia Syndrome (CANVAS). Mov. Disord. Clin. Pract. 2016, 4, 46—48.
[CrossRef] [PubMed]

Ferrante, M.A.; Wilbourn, A.J. The characteristic electrodiagnostic features of Kennedy’s disease. Muscle Nerve
1997, 20, 323-329. [CrossRef]

Antonini, G.; Gragnani, F.; Romaniello, A.; Pennisi, E.M.; Morino, S.; Ceschin, V.; Santoro, L.; Cruccu, G.
Sensory involvement in spinal-bulbar muscular atrophy (Kennedy’s disease). Muscle Nerve 2000, 23, 252-258.
[CrossRef]

Grunseich, C.; Rinaldi, C.; Fischbeck, K.H. Spinal and bulbar muscular atrophy: Pathogenesis and clinical
management. Oral Dis. 2014, 20, 6-9. [CrossRef]

Manzano, R.; Sorart, G.; Grunseich, C.; Fratta, P.; Zuccaro, E.; Pennuto, M.; Rinaldi, C. Beyond motor
neurons: Expanding the clinical spectrum in Kennedy’s disease. J. Neurol. Neurosurg. Psychiatry 2018, 89,
808-812. [CrossRef]

Rocchi, C.; Greco, V.; Urbani, A.; Di Giorgio, A.; Priori, M.; Massa, R.; Bernardi, G.; Marfia, G.A. Subclinical
autonomic dysfunction in spinobulbar muscular atrophy (Kennedy disease). Muscle Nerve 2011, 44, 737-740.
[CrossRef]

Manganelli, F.; Todice, V.; Provitera, V.; Pisciotta, C.; Nolano, M.; Perretti, A.; Santoro, L. Small-fiber
involvement in spinobulbar muscular atrophy (Kennedy’s disease). Muscle Nerve 2007, 36, 816-820.
[CrossRef]

Pan, C.L,; Tseng, TJ.; Lin, Y.H.; Chiang, M.C.; Lin, WM.; Hsieh, S.T. Cutaneous innervation in Guillain-Barré
syndrome: Pathology and clinical correlations. Brain 2003, 126, 386-397. [CrossRef]


http://dx.doi.org/10.1111/j.1529-8027.2012.00415.x
http://www.ncbi.nlm.nih.gov/pubmed/22971099
http://dx.doi.org/10.1212/WNL.0000000000001188
http://www.ncbi.nlm.nih.gov/pubmed/25540311
http://dx.doi.org/10.1093/brain/awp274
http://www.ncbi.nlm.nih.gov/pubmed/19923170
http://dx.doi.org/10.1212/WNL.0000000000001993
http://www.ncbi.nlm.nih.gov/pubmed/26362287
http://dx.doi.org/10.1093/jnen/nly001
http://www.ncbi.nlm.nih.gov/pubmed/29408953
http://dx.doi.org/10.1093/braincomms/fcaa012
http://www.ncbi.nlm.nih.gov/pubmed/32954280
http://dx.doi.org/10.1111/j.1600-0404.1983.tb04542.x
http://dx.doi.org/10.1002/ana.1283
http://dx.doi.org/10.1007/s00415-018-8946-0
http://dx.doi.org/10.1038/s41588-019-0372-4
http://www.ncbi.nlm.nih.gov/pubmed/30926972
http://dx.doi.org/10.1093/brain/awz418
http://www.ncbi.nlm.nih.gov/pubmed/32040566
http://dx.doi.org/10.1002/mdc3.12355
http://www.ncbi.nlm.nih.gov/pubmed/30363403
http://dx.doi.org/10.1002/(SICI)1097-4598(199703)20:3&lt;323::AID-MUS9&gt;3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1097-4598(200002)23:2&lt;252::AID-MUS17&gt;3.0.CO;2-P
http://dx.doi.org/10.1111/odi.12121
http://dx.doi.org/10.1136/jnnp-2017-316961
http://dx.doi.org/10.1002/mus.22159
http://dx.doi.org/10.1002/mus.20872
http://dx.doi.org/10.1093/brain/awg039

Brain Sci. 2020, 10, 989 19 of 19

102. Ruts, L.; van Doorn, P.A.; Lombardi, R.; Haasdijk, E.D.; Penza, P; Tulen, J.H.; Hempel, RJ.; van den
Meiracker, A.H.; Lauria, G. Unmyelinated and myelinated skin nerve damage in Guillain-Barré syndrome:
Correlation with pain and recovery. Pain 2012, 153, 399—409. [CrossRef] [PubMed]

103. Figueroa,].J.; Dyck, PJ.; Laughlin, R.S.; Mercado, ].A.; Massie, R.; Sandroni, P.; Dyck, PJ.; Low, P.A. Autonomic
dysfunction in chronic inflammatory demyelinating polyradiculoneuropathy. Neurology 2012, 78, 702-708.
[CrossRef] [PubMed]

104. Chiang, M.C.; Lin, Y.H.; Pan, C.L.; Tseng, T.J.; Lin, W.M.; Hsieh, S.T. Cutaneous innervation in chronic
inflammatory demyelinating polyneuropathy. Neurology 2002, 59, 1094-1098. [CrossRef] [PubMed]

105. Cifuentes-Diaz, C.; Dubourg, O.; Irinopoulou, T.; Vigny, M.; Lachkar, S.; Decker, L.; Charnay, P.; Denisenko, N.;
Maisonobe, T.; Léger, ].M.; et al. Nodes of ranvier and paranodes in chronic acquired neuropathies. PLoS ONE
2011, 6, €14533. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.pain.2011.10.037
http://www.ncbi.nlm.nih.gov/pubmed/22154920
http://dx.doi.org/10.1212/WNL.0b013e3182494d66
http://www.ncbi.nlm.nih.gov/pubmed/22357716
http://dx.doi.org/10.1212/WNL.59.7.1094
http://www.ncbi.nlm.nih.gov/pubmed/12370473
http://dx.doi.org/10.1371/journal.pone.0014533
http://www.ncbi.nlm.nih.gov/pubmed/21267074
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cutaneous Sensory and Autonomic Endings 
	Intraepidermal Nerve Fibers (IENFs) 
	Receptors and Myelinated Endings 
	Autonomic Innervation 

	Skin Biopsy in Small Fiber Neuropathies 
	Clinical Presentation of Small Fiber Neuropathy and the Role of Skin Biopsy 
	Causes of Small Fiber Neuropathy and the Contribution of Skin Biopsy 
	Skin Biopsy as an Outcome Measure in Small Fiber Neuropathy 

	Skin Biopsy in Autonomic Neuropathy 
	Acquired Autonomic Neuropathy 
	Hereditary Sensory-Autonomic Neuropathy (HSAN) 
	Other Genetic Autonomic Neuropathies 
	Hereditary Transthyretin Amyloidosis (ATTRv) 
	Fabry Disease 

	Idiopathic Autonomic Neuropathies 
	Pure Autonomic Failure 
	Ross Syndrome 


	Skin Biopsy in Large Fibers Neuropathies (LFN) 
	Charcot-Marie-Tooth Disease (CMT) 
	Other Genetic Conditions with Large Fibers Involvement 
	Friedreich’s Ataxia (FRDA) 
	Cerebellar Ataxia with Neuropathy and Vestibular Areflexia Syndrome (CANVAS) 
	Spino-Bulbar Muscular Atrophy (SBMA) 

	Inflammatory Neuropathies 
	Guillian-Barré Syndrome (GBS) 
	Chronic Inflammatory Demyelinating Polyneuropathy (CIDP) 


	Highlights 
	References

