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Abstract
The purpose of this preliminary study was to examine the morphology and neuropeptide density of
epidermal nerve fibers quantified through skin biopsy samples from three adults with
neurodevelopmental disorders and chronic self-injurious behavior (SIB) secondary to mental
retardation compared with non-SIB normal IQ controls. A cross-sectional design was used with 3
mm punch skin biopsies collected from each participant from non-self-injurious body sites and
compared with site-matched existing normal control skin samples. The study was conducted at an
outpatient clinic. The primary dependent measure for the morphology analyses was the coefficient
of variation (CV) to quantify the mean gap length between epidermal nerve fibers for each subject.
Visual microscopic examination and quantitative analysis of the microscopy images suggested
there were morphological abnormalities (increased CV) in the epidermal nerve fibers among the
chronic SIB cases. Substance P (SP) fiber density was increased with 2 to 3 times as many fibers
in SIB subjects as control subjects. Additional empirical work is needed to clarify the relation
between sensory innervation of the skin and self-injury to improve assessment and treatment
outcomes.
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Self-injurious behavior (SIB) is among the most destructive forms of behavior disorder
observed in individuals with neurodevelopmental disorders (Schroeder, Oster-Granite, &
Thompson, 2002). In almost all cases of SIB the pathogenesis is unknown and the
underlying pathophysiology is only partly understood. Clinical observation suggests that
some individuals with developmental disorders who persistently self-injure appear to be
insensitive to actions that would normally be painful to others, yet the role of behavioral and
neurological factors related to pain in general and nociception in particular in individuals
with neurodevelopmental disorders and self-injury has received little systematic study
(Barrera, 1994).

Chronic SIB has been shown to be associated with behavioral (Breau, et al., 2003;
Oberlander, et al., 2003), physiological (Symons, Sutton, & Bodfish, 2001), and biochemical
(Symons, et al., 2003) correlates consistent with altered nociception suggesting mediation by
abnormal pain sensitivity in at least a subset of cases. Altered pain sensitivity is associated
with morphological changes in cutaneous epidermal nerve fibers (ENFs) in a variety of
clinical conditions (Kennedy et al. 2005; Kennedy, Wendelschafer-Crabb, & Johnson, 1996;
McCarthy et al., 1995). Although the exact mechanisms regulating altered pain sensitivity
associated with structural changes in sensory afferents are unclear, preclinical models
suggest that neuropathic pain resulting from lesions in the peripheral nervous system is
mediated by a number of mechanisms including sensitization of spinal cord dorsal horn
neurons (Woolf, 2004), and inflammatory and immune peptides (Moalem & Tracey, 2006).

Epidermal nerve fibers are free nerve endings widespread in the epidermal layers of human
skin and can be visualized by using the pan neuronal maker protein gene product 9.5 (PGP
9.5) (Kennedy & Wendelschafer-Crabb, 1993). Nolano et al (2000) used
immunohistochemistry to visualize nerve fibers from skin biopsies from a single case with a
confirmed sensory disorder (congenital insensitivity to pain with anhidrosis [CIPA]) to
examine, in part, the morphological correlates underlying the sensory abnormalities. The
young girl presented with mental retardation and insensitivity to pain in addition to having a
long history of chronic SIB (finger/hand biting). Myelinated nerves appeared to be intact but
immunohistochemistry of skin samples showed an almost complete lack of unmyelinated
nerve fibers in the epidermis. Although the specific relation between the child’s self-injury
and lack of epidermal innervation was not clear, this was the first reported demonstration
showing the morphological basis for analgesia in CIPA.

Pain abnormalities and nociceptive deficits in patients with borderline personality disorder
(BPD) and SIB have been reported with many patients reporting not feeling pain during self-
injury (Kemperman, 1997), demonstrating altered thermal responsivity to noxious stimuli
(Russ et al., 1993), and attenuated pain perception (Schmahl, et al., 2004). No work of a
similar nature has been conducted among nonverbal individuals with mental retardation and
related neurodevelopmental disorders and chronic self-injury. The purpose of this
preliminary study was to examine the morphology of epidermal nerve fibers quantified
through skin biopsy samples from three individuals with neurodevelopmental disorders and
chronic SIB compared with a non-SIB normal control extant database.

Methods
Subjects

Three adults (2 male) with severe (1) and profound (2) cognitive impairment and associated
neurodevelopmental disability and histories of chronic tissue damaging self-injury
participated in this study. Each individual had (1) a functional diagnosis of severe/profound
mental retardation/developmental disability (based on DSM IV criteria and standard
intellectual and adaptive behavioral test results as documented through existing chart

Symons et al. Page 2

Pain. Author manuscript; available in PMC 2012 December 31.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



review); (2) exhibited SIB either hourly or at least daily in bouts or discrete episodes (based
on parent or teacher report and corroborated through direct observation); (3) chronic SIB
(present for at least that last 12 months) (based on parent or teacher report); (4) received
treatment for SIB that was currently stable (not planned on being changed in the next
month); and (5) parent or guardian informed consent. Normal values were obtained from an
extant cohort of healthy adult subjects (n = 45)

The mean age of the three participants was 32 (Range = 20 – 40). SIB had been in the
behavioral repertoire of each individual since early childhood. The primary SIB location was
the front and side of the forehead and the back and side of the hands. Locations appeared to
be symmetrical. The primary SIB form was forceful contact of closed fist with the head or
face and biting. Each SIB site was associated with surface trauma marked by breaks in the
skin, tissue rupture, and scarring. Each individual was in overall good health with no serious
accompanying chronic health impairments considered to be painful (e.g., chronic reflux or
otitis media as determined by subjects’ physician record review and/or examination if
necessary) or specific syndromes associated with SIB (e.g., Lesch-Nyan syndrome, Cornelia
de Lange syndrome).

Skin Biopsy
Following IRB approval and informed consent from the University of Minnesota Committee
for the Protection of Human Subjects, single punch skin biopsies were obtained from a
normative site (i.e., no skin damage, no SIB) to compare directly with the same normative
samples from age-matched, body-site matched control adults without developmental
disability. In all cases, (SIB, control) the body site was the inside forearm (medial of midline
where the lower 2/3 meets upper 1/3 over FCR). Body sites were anesthetized by
intradermal injection of 1% xylocaine or the application of a topical anesthetic and the
biopsy was made with a 3 mm punch tool (Aucpunch; Acuderm; Fort Lauderdale, FL).

Biopsies were fixed in Zamboni’s solution, cryoprotected, and sectioned with a freezing
sliding microtome (Leica, Nussloch, Germany). Diluent and washing solutions were 1%
normal donkey serum (Jackson ImmunoResearch, West Grove, PA) in 0.1 M PBS with
0.3% Triton X-100 (Sigma, St. Louis, MO). Floating sections were blocked with 5% normal
donkey serum in the diluent solution. Nerve and tissue antigens were localized using
primary antibodies to protein gene product (PGP) 9.5 (1:800; Biogenesis, Kingston, NH),
substance P (SP) (1:1000; Diasorin, Stillwater, MN), calcitonin gene-related peptide
(CGRP) (1:1000; Diasorin, Stillwater, MN) and type IV collagen (1/800; Chemicon,
Temecula, CA), with each diluted in PBS-Triton X-100-NGS. Nonimmune serum was used
with negative controls. Secondary antibodies labeled with cyanine dye fluorophores 2 or 3
(Jackson ImmunoResearch), were used to locate two antigens in each section. After
immunohistological processing, sections were adhered to coverslips with agar, dehydrated
via an alcohol series, cleared with methyl salicylate, and mounted in DPX (Fluka
BioChemika, Ronkonkoma, NY).

Sections were evaluated visually with a Nikon Microphot-SA fluorescent microscope (Lake
Success, NY) for qualitative assessment of nerve morphology and neuropeptide density.
Calcitonin gene related peptide (CGRP) and substance P (SP) positive fibers in the sub-
epidermal neural complex, superior to the papillary capillary complex, were counted as they
approached, in a vertical orientation, the epidermal basement membrane. Neuropeptide-
positive nerve fibers within or underlying the capillary complex were not counted.

Thick sections were confocally imaged (CARV non-laser confocal microscope imaging
system, Atto Bioscience Inc. Rockville, MD) and then epidermal nerve fibers traced with
Neurolucida software (MicroBrightField, Colchester, VT.) according to established counting
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criteria and reported as number of epidermal nerve fibers per mm in a 50 µm thick section
(Kennedy et al. 1996). Gaps between nerve fibers were determined based the x,y,z
coordinates of ENF/basement membrane intersections across the full length of a section
(3mm) using the three dimensional Neurolucida tracing of multiple montaged confocal
images The primary dependent measure for the analyses of distribution was the coefficient
of variation (CV) of the mean gap length between epidermal nerve fibers for each subject.

Results
Visual microscopic examination and qualitative analyses of the microscopy images
suggested there were morphological abnormalities characterized as ‘sprouting’ or ‘tufting’
abnormalities in the epidermal nerve fibers among the chronic SIB cases (similar with that
observed in some cases of small fiber peripheral neuropathies). Variations in ENF
distribution resulting from the tufting and clustering of nerve fibers in the SIB cases were
clearly observed. A confocal image of a normal control forearm skin biopsy (Fig. 1a) shows
the uniform distribution and normal density of epidermal nerve fibers. Images from a
representative SIB case (Fig. 1b,c) display the altered distribution of the epidermal nerve
fibers. Epidermal nerve fiber density for the three subjects was calculated as 37.2, 27.6, and
27.6 epidermal nerve fibers/mm in a 50 µm thick section. Normal epidermal nerve fiber
density for forearm is 36.4 with a 95% cutoff of 17.8. No significant nerve density changes
were observed. Quantitative analyses of gaps between ENFs revealed significant
distributional abnormalities in the spacing of the epidermal nerve fibers in the SIB group as
indexed by calculating the coefficient of variation (CV). The chronic SIB cases had a greater
CV (M = 108.58) relative to controls (M = 79.67) in which SIB CV values exceeded the
95% cutoff of the control distribution (i.e., more variable and irregular spacing relative to
controls). Analysis of peptides showed normal levels of CGRP but SP levels were elevated
in the chronic SIB cases. SP fiber density was increased with 2 to 3 times as many fibers in
SIB subjects as control subjects (Fig. 1d). VIP was not present in the SNP of either SIB or
control subjects (Table 1). Links between the ENF distribution findings and the peptide
content findings for these cases were also examined. As evident in Fig 1 (b) it appeared that
there was some pathology in the way the innervation approached the epidermis. In
particular, the entire stratum of fibers that distributed parallel to, and immediately subjacent
to the epidermis, was virtually absent in some of the SIB cases and much of the innervation
appeared to be from relatively deep fibers.

Discussion
We hypothesized that there may be a SIB subtype associated with a specific pattern of
morphological and neurochemical markers characterized by altered function or structure of
the sensory nerve fibers. We found preliminary evidence for altered morphology and
neurochemistry in three adults with chronic SIB. The results from this novel
immunohistological analysis of skin in individuals with severe neurological impairment and
SIB do not definitively confirm or refute a SIB subtype model, but do suggest that there may
be significant differences in the morphology of nerve fibers in at least a portion of chronic
SIB cases. The significance of these findings is underscored by the fact that the biopsy was
sampled at a non-SIB site with no history of tissue damage.

In the absence of a non-SIB neurodevelopmental control group and the small sample size, it
is not clear whether the findings are specific to SIB or the underlying neurodevelopmental
disorder. Because invasive work on vulnerable populations with no direct benefit is
extremely difficult to perform ethically, we decided on a conservative approach by making
initial normative comparisons. Each individual was nonverbal and we were unable to
perform standard electrophysiological or psychophysical tests of sensory function that rely
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on self-report to corroborate clinical impressions of altered sensation. Thus, we cannot
conclude definitively that the SIB cases had altered (i.e., increased/decreased) pain
sensitivity.

The clinical presentation of chronic, high frequency, tissue-damaging acts leads to two
broad sets of questions. First, what is the experience of pain like in persons who exhibit
SIB? The difficulty with this question is that the majority of individuals in question have
significant cognitive and language deficits that do not permit them to describe their pain
experience in a conventional manner (Defrin et al., 2004). They cannot tell us (a) if they are
in pain or experiencing some form of unusual and perhaps discomforting sensation and if so
whether they engage in SIB in reaction to this uncomfortable sensory state, (b) if they are
not in pain and do not feel pain or unusual sensory experiences following SIB, or (c) if they
are not in pain but experience some type of desirable (for them) sensory experience
following SIB. The second set of questions concern the physiological mechanisms involved
in pain perception. Because each of the subjective scenarios just described are plausible but
not easily or readily testable in persons with severe cognitive impairment using conventional
means (i.e., self-report), our aim was to examine some of the structural and chemical
features of ENFs that are known to be linked to peripheral sensory perception and
experience. As this was a case series we obviously cannot address each scenario definitively.
We can, however, begin by considering how the pattern of ENF results obtained for the SIB
cases differs from normal and converges with what has been shown for other pathological
conditions associated with altered sensory and/or pain perception/processing.

The observed ENF distribution variability (CV), characterized by significantly more gaps
between ENFs in each SIB case relative to the normal controls, raises the possibility that a
once normal distribution of ENFs degenerated to the point of obvious ENF gaps in these
cases. Epidermal nerve fibers have been demonstrated to degenerate in a variety of painful
neuropathic conditions (Kennedy et al. 2005). Altered or disrupted pain sensitivity is
influenced, in part, by such morphological changes in cutaneous ENFs under normal and
clinical pain conditions (Kennedy, et al., 1996). This raises the possibility that functionally,
persons with SIB with abnormal ENF innervation could experience atypical sensory
experiences characterized by a relative insensitivity to pain. If so, pain insensitivity could
plausibly either lead to or maintain persistent self-injury due at least in part to a failure of the
typical pain-related feedback that would make self-injurious acts aversive. The importance
of this hypothesis is that it would provide a putative biological marker (abnormal ENF
innervation) for prospective longitudinal studies of the early development of SIB in at-risk
populations.

Conversely, the morphological characteristics found in the present SIB cases could also be
interpreted as consistent with increased pain sensitivity as previous work has found that
altered ENF distribution and innervation is associated with clinical conditions with altered
pain experience (Albrecht et al. 2006; Kennedy, et al., 1996). This leads to two plausible
functional consequences for persons with SIB. First, abnormal ENF morphology could lead
to abnormal sensory experiences including pain and SIB may develop in response to this
aversive sensory state. Second, if as anecdotal evidence suggests persons with SIB are
indeed insensitive to pain, then this pattern of altered ENF morphology may have more to do
with how normal/abnormal pain perception evolves than with altered pain mechanisms per
se. The additional finding that SP levels were higher in SIB cases is suggestive that a
balance of peptidergic and nonpeptidergic innervation may be required to establish normal
tactile perception and, consequently, the comparative contrasting basis that is necessary for
the development of a notion of pain.
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The developmental consequences of a congenital absence of normal nonpeptidergic
peripheral innervation are largely unknown. The purported lack of normal perception might
also contribute to failure to develop proper cognitive mechanisms and thus be a causative
factor in the development not only of SIB but also of mental retardation more generally.
This is relevant because cognitive impairment in general and mental retardation syndromes
in particular appear to be the strongest risk factors for the development of SIB. This is a
novel conceptualization of etiologic factors involved in cognitive development (and
conversely mental retardation) that could conceivably direct a search for genetic factors
known to be involved in the development of peripheral pain mechanisms for application in
association or linkage studies designed to identify genetic mechanisms of mental retardation
and/or SIB. It is not well understood whether and how a failure in the normative
development in one system/domain (i.e., sensory/perceptual) may have consequences for the
normative development in another (i.e., cognitive). Emerging work on the neuronal circuitry
for the development and modulation of pain perception (Dan & Mooney, 2006) may be
particularly relevant to prospective studies designed to understand sensory function in the
context of congenital neurologic impairment.

The observation of relatively deep-fiber innervation could be relevant for the
pathophysiology of SIB given previous study findings showing that peptidergic and
nonpeptidergic epidermal innervation is segregated spatially (Zylka et al., 2005). Deeper
fiber strata have been shown to contain a high proportion of the peptidergic innervation and
this is consistent with the peptide findings for the SIB cases which showed a 2–3 fold
increase in SP fiber density. This is a preliminary observation, however, and in terms of any
possible pathology in the way the innervation approached the epidermis, care must be taken
in making broad judgments with regard to morphology based on single images with few
participants. In the case of the sub-epidermal neural plexus (SNP) in human skin biopsies, a
great deal of variation is seen in normal biopsies, from dense networks that are intimately
opposed to the epidermal basement membrane to more sparse plexuses located between the
capillary plexus and the epidermal basement membrane. Frequently the plexus has a
horizontal aspect, occasionally more prominent vertical fiber bundles are observed. Single
nerve fiber terminals arise from the SNP and pass through the basement membrane to
innervate the epidermis. The appearance of the SNP can be affected by local morphology
such as nearby sweat ducts, hair follicles or skin contours. Although the larger nerve bundles
passing through the dermis include neuropeptide positive nerve fibers and they were the
source of the neuropeptide fibers that we reported in the SNP, careful review of sections did
not reliably find consistent uniform overt abnormalities in the SNP. Increasing the sample
size would permit a more conclusive analysis to resolve the issue.

It is also plausible that neurotrophic factors could play an important role in the
pathophysiology underlying the observed ENF abnormalities. Neurotrophic factors (e.g.
BDNF, NGF) are implicated in a variety of neurodegenerative disorders that are associated
with severe cognitive impairments (e.g. Alzheimer's disease; Elliot & Ginzburg, 2006).
There is an established link between neurotrophic factors and differential cutaneous
innervation (Rice, et al., 1998) that has been increasingly explored in relation to pathological
conditions through animal models (Yamaoka, et al., 2007) and human cutaneous disorders
(Dou, et al., 2006) suggesting that any comprehensive examination of the developmental
course of ENF morphology should include close analyses of neurotrophic factors.

To begin studying peripheral factors in relation to repeated self-injury, previous work
examined the specific body site locations of self-injury (Symons & Thompson, 1997;
Symons, et al., 1993; Symons, et al., 2003) and physiological correlates at those sites
(Symons, et al., 2001). Further work appears warranted to (a) conduct confirmatory tests of
differences in the morphology of nerve fibers in relation to SIB, (b) determine the regulatory
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processes underlying early development of epidermal nerve fibers and later plasticity, and
(c) understand the functional significance of morphological differences among individuals
with neurodevelopmental disorders.
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Figure 1.
Confocal images of human skin. Nerves appear green, basement membrane surrounding
capillaries and the dermal-epidermal (d/e) boundary appears red. The epidermis is blue. (a)
Control skin sample with normal innervation pattern. Epidermal nerve fibers (ENFs)
penetrate the d/e basement membrane in a uniform pattern; (b) Representative skin sample
from a non-involved site of a self-injurious behavior (SIB) case from same plane of section
as control demonstrating intact subepidermal stratum; (c) Representative skin sample from
non-involved site of a SIB case demonstrating tufting and clustering; (d) SIB case substance
P immunolabeling.
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