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Diabetic neuropathy is one of the major complications of diabetes, and it increases morbidity and mortality in patients with both 
type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM). Because the autonomic nervous system, for example, 
parasympathetic axons, has a diffuse and wide distribution, we do not know the morphological changes that occur in autonomic 
neural control and their exact mechanisms in diabetic patients with diabetic autonomic neuropathy (DAN). Although the preva-
lence of sympathetic and parasympathetic neuropathy is similar in T1DM versus T2DM patients, sympathetic nerve function 
correlates with parasympathetic neuropathy only in T1DM patients. The explanation for these discrepancies might be that para-
sympathetic nerve function was more severely affected among T2DM patients. As parasympathetic nerve damage seems to be 
more advanced than sympathetic nerve damage, it might be that parasympathetic neuropathy precedes sympathetic neuropathy 
in T2DM, which was Ewing’s concept. This could be explained by the intrinsic morphologic difference. Therefore, the morpho-
logical changes in the sympathetic and parasympathetic nerves of involved organs in T1DM and T2DM patients who have DAN 
should be evaluated. In this review, evaluation methods for morphological changes in the epidermal nerves of skin, and the in-
trinsic nerves of the stomach will be discussed.
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INTRODUCTION 

Diabetic autonomic neuropathy (DAN) is one of the major dia-
betic complications, and it increases morbidity and mortality in 
patients with both type 1 diabetes mellitus (T1DM) and type 2 
diabetes mellitus (T2DM) [1]. It can involve sensory, motor, 
and autonomic nerves and all three types of involvement can 
coexist. In the past century, however, DAN has been considered 
to be a rare complication. Currently DAN is considered to be a 
serious and underestimated frequent complication of diabetes 
[2]. The first reason is that DAN is a systemic disease that in-
volves every organ in the body by affecting the entire autonom-
ic nervous system (ANS) and it leads to increase in morbidity 
and mortality. The second reason is that DAN is almost always 

asymptomatic or reveals non-specific symptoms in the early 
stages, and, therefore, many clinicians fail to recognize the op-
portunity for early diagnosis and treatment [3]. DAN has spe-
cific clinical abnormalities by hyperglycemia and hypoglycemia 
in skin, cardiovascular, gastrointestinal, genitourinary, and oth-
er organs [3].
 Although some epidemiologic data on diabetic peripheral 
neuropathy has been known to be existed [4,5], very limited 
epidemiologic data for DAN had been published [6,7]. More 
than 50% of patients with T2DM had been reported to have 
DAN [7] and 45.3% of patients with newly detected T2DM 
had DAN at the time of diagnosis [8]. However, early diagno-
sis of DAN is very difficult because confirmed diagnostic pa-
rameters and criteria do not exist. Therefore, in the absence of 
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exact diagnostic criteria for DAN, objective evaluation and di-
agnostic methods of DAN are needed. Recently, we commonly 
used autonomic function test rather than skin and target organ 
biopsy because of its convenience. However, autonomic func-
tion test is indirect test that influenced by the functional status 
and dual innervations of target organs. Therefore, autonomic 
function test and morphological study has some differences in 
the diagnosis of DAN. Compare to autonomic function tests, 
morphological studies have high sensitivity and specificity for 
DAN diagnosis and discriminates between the autonomic and 
somatic nerve, and, also sympathetic and parasympathetic 
nerve. So, the usefulness of target organ biopsy should be eval-
uated and introduced for DAN diagnosis. 

AUTONOMIC NERVOUS SYSTEM IN DAN

The ANS usually works without our will and controls many 
functions of all innervated visceral organs. It operates through-
out the body to adapt organ function to changes in the internal 
and external environments. Afferent sensory division inte-

grates all sensory input in neural centers located mainly in the 
brainstem and the hypothalamus. It operates, in part, through 
visceral reflexes in which sensory signals from visceral organs 
activate central autonomic regions that, in turn, send back sub-
conscious reflex responses to visceral organs to change their 
activities (Fig. 1). The efferent autonomic signals are transmit-
ted to the organs through the parasympathetic and sympathet-
ic nervous systems [9]. Because the ANS, for example para-
sympathetic axons, have a diffuse and wide distribution, we do 
not know the exact mechanism and morphological changes 
that occur in autonomic neural control in diabetic patients 
with DAN. DAN includes both parasympathetic and sympa-
thetic nerve dysfunction in both T1DM and T2DM patients. It 
is unknown what the changes and role of the ANS are during 
the progression of diabetes?
 The prevalence of sympathetic and parasympathetic neu-
ropathy, respectively, is similar in T1DM versus T2DM pa-
tients. Sympathetic nerve function correlates with parasympa-
thetic neuropathy only in T1DM patients [10]. The explanation 
for these discrepancies might be that parasympathetic nerve 

Fig. 1. Structure of autonomic nervous system (ANS). CNS, central nervous system; PNS, peripheral nervous system; INS, in-
trinsic nervous system. 
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function is more severely affected in T2DM patients. As para-
sympathetic nerve damage seemed to be more advanced than 
sympathetic nerve damage, it might be that parasympathetic 
neuropathy precedes sympathetic neuropathy in T2DM, which 
was like Ewing’s concept [10,11]. This could be explained by 
basic morphological difference in autonomic nerves. Parasym-
pathetic nerves are composed of large nerve fibers because they 
have longer and thicker myelinated preganglionic fibers, sym-
pathetic nerves are thinner and longer nonmyelinated post-
ganglionic fibers. The fact that impaired glucose tolerance pa-
tients may develop both parasympathetic and peripheral sen-
sory neuropathy suggests that large myelinated nerve fibers are 
affected early in T2DM [12]. Therefore, the order of morpho-
logical changes in sympathetic and parasympathetic nerves of 
various organs in diabetic patients must be evaluated.
 Autonomic dysfunction (e.g., heightened activity of the sym-
pathetic nervous system and suppressed activity of the para-
sympathetic nervous system) impairs the ability of the ANS to 
regulate the cardiovascular system, and inflammatory, meta-
bolic and neurological disease processes [2,13]. Autonomic 
imbalance may be shown to be a key component involved in 
both the etiology and clinical course of cardiovascular, gastro-
intestinal, genitourinary, and other organs. Therefore, the role 
of autonomic imbalance and mechanisms in DAN require fur-
ther exploration. 

MORPHOLOGICAL CHANGES OF SKIN IN 
DAN

The protein gene product (PGP) 9.5 as an ubiquitin hydrolase 
component of axons [14] provided unequivocal evidence of 
the presence of unmyelinated nerve fibers in the epidermis of 

the skin [15], stomach [16], kidney [17], and pancreas [18,19]. 
This method is an important diagnostic tool for small fiber 
sensory neuropathy and autonomic neuropathy according to 
qualitative and quantitative studies of sensory and autonomic 
nerve fiber densities and morphology in diabetic research. 
 Skin biopsy is a useful tool to diagnose small fiber sensory 
neuropathy in clinical practice and to monitor the progression 
of neuropathy using immunohistochemical techniques. This 
morphometric analysis method proved to be reliable, repro-
ducible and unaffected by the severity of neuropathy [20]. Re-
cently, a rapid and innovative method, called optical clearing 
(use of immersion solution to reduce scattering) [21] which 
was introduced by Fu et al. [19] and Tang et al. [22] can be 
used to distinguish sensory nerve fibers from autonomic nerve 
fibers very clearly. In the epidermis, unmyelinated sensory 
nerve fibers were innervated. These intraepidermal nerve fi-
bers run to the skin surface or are divided with horizontal 
branches [23]. They can be labeled with antibodies such as, 
PGP 9.5 and transient receptor potential vanilloid type 1 
(TRPV1). The subpapillary dermis of both hairy and glabrous 
skin is innervated by bundles of unmyelinated and thinly my-
elinated fibers and glabrous skin also contains large myelinated 
fibers. In the dermis, autonomic structures such as sweat 
glands, blood vessels, arrector pili muscles, and hair follicles 
existed. They could be evaluated by the various antibodies; for 
example, tyrosine hydroxylase (TH) and dopamine β hydroxy-
lase (DβH) for adrenergic sympathetic fibers (anti-TH, anti-
DβH), neuropeptide Y for noradrenergic fibers, vasoactive in-
testinal peptide (VIP) for cholinergic fibers (anti-VIP), and 
calcitonin gene related peptide (CGRP) and substance P (SP) 
for vasodilatory peptidergic fibers (anti-CGRP, anti-SP) (Table 
1) [24].

Table 1. Target and its antibody of immunoreactive skin structures 

Immunoreactive structure Target (antibody)

Axons Protein gene product 9.5 (anti-PGP 9.5)

Compact myelin Myelin basic protein (anti-MBP)

Basement membrane, blood vessels Collagen type IV (anti-Col IV)

Autonomic cholinergic fibers Vasoactive intestinal peptide (anti-VIP)

Autonomic adrenergic fibers Dopamine β hydroxylase (anti-DβH), tyrosine hydroxylase (anti-TH)

Peptidergic sensory C fibers Substance P (anti-SP), calcitonin gene related peptide (anti-CGRP)

Schwann cells S100 protein (anti-S100), low affinity nerve growth factor receptor (anti-p75)

Large diameter myelinated fibers Neurofilaments (anti-NF)

Adapted from Myers et al. [24], with permission from Springer.
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 Morphometric analysis of skin nerves is readily accom-
plished through the use of immunohistochemical techniques, 
and has proved to be reliable, reproducible and unaffected by 
the severity of neuropathy. One further advantage of skin bi-
opsy over conventional nerve biopsy is that it allows somatic 
nerve fibers to be distinguished from autonomic nerve fibers. 
Tissue processing methods of skin samples depend on subse-
quent visualization techniques. For immunohistochemistry, 
fixation is typically performed with paraformaldehyde. Immu-
noperoxidase staining allows bright-field quantification, and 
immunofluorescent staining can be coupled with either epi-
fluorescence microscopy or confocal microscopy. Species-spe-
cific secondary antibodies may be used to visualize multiple 
antigen-bound primary antibodies selected in a number of 
combinations to investigate neuronal structures, cutaneous 
structures, and neurotransmitters relevant to the sensory sys-
tem and the autonomic system (Table 1) [24]. Gibbons et al. 
[25] performed degeneration and regeneration experiments 
on cutaneous autonomic nerve fibers by using a topical capsa-
icin application in healthy subjects. They found that sudomo-
tor, vasomotor, and pilomotor nerve fibers are degenerated 
and impaired function. The autonomic nerve fibers tend to 
degenerate more gradually and recover more rapidly than sen-
sory fibers. Therefore, they suggest nerve susceptibility and/or 
pathophysiological mechanisms of nerve degeneration and re-
generation may differ between autonomic and sensory nerve 
fibers treated with capsaicin [25]. As seen from these results, 
further studies on the degeneration sequences of autonomic 
nerves are necessary to define which autonomic nerve func-
tion is affected earlier by hyperglycemia and hypoglycemia in 
humans.

MORPHOLOGICAL CHANGES IN 
AUTONOMIC NERVES IN GASTRIC 
AUTONOMIC NEUROPATHY

Anatomically, the gastrointestinal tract has many neuronal 
populations, such as, enteric (intrinsic) neurons, extrinsic sen-
sory afferent neurons, viscerofugal neurons, sympathetic neu-
rons, and parasympathetic neurons. Intrinsic neurons have 
cell bodies and processes within the gut wall. Viscerofugal 
neurons which the cell bodies located in the myenteric plexus, 
project to postganglionic sympathetic visceromotor neurons 
in the prevertebral ganglia along the extrinsic nerve trunk. 
Postganglionic sympathetic neurons project to the gut wall 

and form the efferent limb. The other efferent limb of the CNS 
arises from parasympathetic motor neurons [26]. In the stom-
ach, the gastric submucosa contains few intrinsic primary af-
ferent neurons compare to small intestines.
 We published the morphological comparison of gastric mu-
cosal nerve fibers in T2DM and non-diabetic patients and 
suggested that the gastric mucosal nerve density can be used 
as a biomarker of gastric autonomic neuropathy [16]. Selim et 
al. [27] also suggested that gastric mucosal density can be a 
practical method for histologic diagnosis of gastric autonomic 
neuropathy in T1DM patients. The autonomic neuropathic 
stomach showed decreased mucosal nerve fiber length and 
volume density, and an altered mucosal nerve fiber innerva-
tion pattern in animal diabetes model (Fig. 2) and human dia-
betics. Although gastric mucosal nerve fiber loss is associated 
with diabetic sensory peripheral neuropathy and diabetes du-
ration, intraepidermal nerve fiber density could not predict 
mucosal nerve fiber deficiency. So, intraepidermal nerve fiber 
density cannot be used as a surrogate marker of gastric muco-
sal nerve density. 
 Morphology and innervation of mucosal and muscular 
nerve fibers defined by immunoreactivity of neurochemicals 
including TH, SP, CGRP, and VIP. Using immunohistochemi-
cal studies, gastric sensory neuronal axons, parasympathetic 
and sympathetic axons, endocrine cells and vascular cells lo-
calization and distribution can be revealed. The parasympa-
thetic innervation was identified by the presence of choliner-
gic marker antibodies (e.g., vesicular acetylcholine transport-
er, choline acetyltransferase, and VIP) and the sympathetic in-
nervation by the expression of catecholaminergic markers an-
tibodies (TH).
 Gastric mucosal neuropeptide immunohistochemical dis-
tribution of VIP, CGRP, and SP differed by disease [28] and lo-
cation [27]. 
 For example, VIP positive nerve fibers were abundant in the 
fundus compared to SP positive nerve fibers, and VIP and SP 
positive nerve fibers were almost the same in the antrum. Both 
VIP and SP positive nerve fibers were significantly decreased 
in diabetic patients. Although gastric mucosal nerve fiber 
length and density evaluation is a useful method in the pres-
ence of autonomic neuropathy, we do not know the status of 
autonomic nerve involvement. Therefore, we need a precise 
evaluation method for sympathetic and parasympathetic 
nerve fiber innervation and degeneration.
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CONCLUSIONS 

In clinical practice, various autonomic function tests have 
been proposed to study patients with suspected autonomic 
neuropathy. DAN involves every organ in the body and shows 
various symptoms matching each organ. To diagnose specific 
autonomic neuropathy, we must perform specific tests. The 
sensitivity and specificity of autonomic function tests vary and 
a combination of various autonomic tests comprising a com-
posite scoring scale [29] has been suggested to be a maximally 
sensitive and specific approach. Last year, Thaisetthawatkul et 
al. [30] suggested that autonomic evaluation is independent of 
somatic evaluation for small fiber neuropathy. They suggested 
that autonomic and sensory function tests are independent of 
small fiber neuropathy. Therefore, both autonomic and senso-
ry tests should be performed concurrently for distal small fiber 
neuropathy diagnosis. Recently, skin biopsy has been widely 
used as a diagnostic method for somatic and autonomic neu-
ropathy. Skin biopsy has several advantages for sensory and 

autonomic neuropathy evaluation because it is a less invasive 
procedure and can be repeated to monitor disease progres-
sion. Additionally, immunohistochemistry with an optical 
clearing process can discriminate the sympathetic and para-
sympathetic nerve fibers. In the stomach, endoscopic mucosal 
biopsy has the same advantages and can be used for histologi-
cal diagnosis of autonomic neuropathy and optical clearing 
with immunohistochemistry can observe the sympathetic and 
parasympathetic nerve innervation and morphologic changes 
in diabetic patients. Introduction of optic clearing and the de-
velopment of three-dimensional visualization can be used to 
observe the skin, stomach, pancreas, and kidney with high 
resolution. These advances enable the evaluation and monitor-
ing of the autonomic nerve fibers, such as sympathetic and 
parasympathetic nerve fiber innervation, morphologic chang-
es, and degeneration and regeneration sequences.

A B

C D

Fig. 2. Diabetic rat gastric mucosal layer change in human and animal models by the protein gene product 9.5 positive fibers. (A) 
rat control, (B) human control, (C) rat diabetes mellitus (DM), and (D) human DM. (C, D) Arrows indicated the gastric mucosal 
nerve degeneration of rat DM model and human DM. 
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