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Abstract

The under-reporting of pain and atypical manifestations of painful syndromes within the elderly
population have been well-documented, however, the specific relationship between pain and aging
remains ambiguous. Previous studies have reported degenerative changes in primary afferents with
aging. In this study, we questioned whether there is any change in the density of primary afferent
endings within the epidermis of aged animals. Rats were categorically assessed in four age groups,
each representing a key developmental stage across their life span: juvenile (2 months); adult (7
months); aged (18 months); and senescent (24—-26 months). The plantar hind paw skin was
removed, post-fixed, cut, and immunostained for protein gene product 9.5 and type IV collagen.
Rats in the adult aged groups had significantly increased epidermal nerve densities and total
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lengths of immunoreactive nerve fibers, compared to both juvenile and senescent rats. However,
the paw withdrawal thresholds to punctate mechanical stimulation progressively increased with
age, and did not exhibit a clear relationship with epidermal innervation. We conclude a non-linear,
inverted-U shaped relationship between rat plantar epidermal nerve density with aging, which does
not correlate with mechanically-induced paw withdrawal behaviors.
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INTRODUCTION

There is a growing concern in the international medical community about inadequacies in
pain assessment and management of elderly people. A retrospective study of 231 patients
found that 66% of elderly patients received analgesia compared to 80% of their younger
counterparts 22. Under-reporting of pain and atypical manifestation of painful syndromes in
the elderly population are well documented in the previous literature 7, however, the specific
relationship between pain and aging remains to be inconclusive 4 14,

Evidence suggests that acute nociception, a key mechanism utilized by our body to warn of
impending tissue damage, is altered with age 2. Despite significant disagreement within
literature, most studies reported either an increased pain threshold with old age or an
absence of an aging effect 16: 35 There are considerable differences in methods,
experimental design, stimulus parameters, the age of old subjects, and animal strains (F344
vs Sprague-Dawley), which make it difficult to compare results and form a conclusion 14,
However, studies those investigated structural and morphologic changes in the nervous
system, consistently observed significant degeneration in both central and peripheral nervous
system 12. 57 Aged primary afferents (in humans or rodents) show wallerian degeneration 43,
decreased neurotransmitter content 1026 and reduced expression of transduction proteins °8.
The morphologic study of the myelinated nerve fibers showed a decrease in size, circularity,
myelin thickness in the aged animals °’.

The epidermal nerve fibers, which are endings of As and C-fibers, have also been examined
in the previous literature, however, results are inconsistent in that they showed age-related
decline 9, increase 6, and no changes 38. This seems to be due to site-specific changes by
aging 8 since aging decreases nerve density in the facial skin, but has no influence on
abdominal skin, and an age-associated increase of nerve density was observed in mammary
skin ©. To this end, the age-specific changes in epidermal nerve fiber density and their
relationships with nociception have yet to be completely understood.

A major function of the epidermal nerve terminals is to convert external stimuli into
electrical signals. Therefore, they are important for acute nociception 11: 51, A decrease of
epidermal nerve density is paralleled by decreased sensitivity to noxious heat and
mechanical stimuli, as well as decreased tactile and cold sensations 27: 32 33,41, 45, 48,52, 55
In this study, we utilized an assay developed by Kennedy and colleagues 24 for human skin.
The methods involve labeling and quantification of epidermal nerve densities using double

J Pain. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaliappan et al.

Page 3

immunohistochemistry with the pan-neuronal marker, protein gene product (PGP) 9.5, and
type IV collagen to visualize nerve fibers and dermo-epidermal boundary, respectively. We
used confocal laser scanning microscopy to capture a series of 1-pum optical sections to
construct a three-dimensional image (https://youtu.be/IzBwCz-Eu3Q), which was quantified
using NIS elements software. We used four age groups of rats, each representing a
developmental phase across the life span, which allowed us to examine changes in epidermal
innervation and the critical periods when changes began to occur.

2. METHODS

2.1. Animals

Twelve male F344 rats (2, 7, 18 and 24-26 months old (mo) obtained from the National
Institute of Aging were used. In this study, 2 months old (p60) was selected for
representation of young adolescent age. Male rats develops sexual maturity at approximately
at around P45-4834, which marks the beginning of their adolescence. It should be noted that
the definition of young adolescent animals vary widely across the studies as they were
labeled for ages P21-22 to P9239. The 7 months and 18 months age groups are selected for
representation of early adult and middle age groups. Based on previous studies, these two
age groups may be equivalent to human age of 20 years and 45 years, respectedly®0. For
senescent age, we chose 24-26 months old rats. These rats correlate with humans ranging
from 60-70 years of age®®, and have senescent changes of biomarkers*’.

Two or three rats were housed together in each 43 x 21.5 x 25.5-cm cage and kept on a 12-
hr light/dark cycle. Food and water were available ad /ibitum. All rats were first tested for
pain behaviors (see below) and then used for immunohistochemical investigations. These
studies adhered to the proposals of the Committee for Research and Ethical Issues of the
IASP 9 and were approved by the Seton Hall University Animal Care and Use Committee.

2.2. Withdrawal responses to mechanical stimuli

Rats were placed on metal grid floor within Plexiglas (12 x 20 x 17-cm) compartments and
allowed to acclimate for 30 minutes prior to testing. Withdrawal responses were obtained
using an electronic von Frey esthesiometer (IITC Life Science, Woodland Hills, CA), which
consists of a handheld force transducer with polypropylene tips. Force was applied using
each of these tips in an ascending order of stiffness to the mid-plantar surface (avoiding the
less sensitive footpads) of the right hind paw. Each stimulus was applied for approximately
2-3 seconds, with a 5-minute interval between each subsequent application. Three trials
were performed to obtain an average withdrawal threshold force for paw withdrawal. The
2"d and 31 trials each began with the application of a tip two grades below the tip that
evoked a withdrawal response on the first trial. The results were expressed as the mean
threshold (in grams) that evoked a withdrawal threshold (PWT).

2.3. Immunohistochemical analyses of plantar hind paw skin

Tissue processing—~Following behavioral testing, blinded immunohistochemical
analyses of plantar skin samples (same tissue evaluated in behavioral studies, Figure 1) from
the hind paws to examine interactions between age and ENF length and density (number of

J Pain. Author manuscript; available in PMC 2019 September 01.


https://youtu.be/IzBwCz-Eu3Q

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaliappan et al.

Page 4

ENFs per cubic mm of epidermis). Rats were anesthetized with sodium pentobarbital (50
mg/Kkg, i.p.) and perfused with 0.1 M phosphate-buffered saline, followed by Zamboni’s
solution (2% paraformaldehyde, 0.2% picric acid in PBS, pH 7.4). Plantar skin samples
were removed from both hind paws and post-fixed in the same fixative for 1-hr,
cryoprotected in 30% sucrose in 0.1 M PBS (pH 7.4) overnight, and stored at 4°C for batch
processing of samples. The stored tissue samples were alphanumerically labeled to blind the
investigator who performed sectioning, immunohistochemistry, and analysis of the images.

For sectioning, tissues were immersed in Cryo-gel OCT compound (Electron Microscopy
Sciences, Hatfield, PA, USA) and cut into 20-um thick sections. The sections from all
groups were processed simultaneously, using the same antisera solutions and buffers that
were prepared for a single batch of experiments. Incubation and washing times were
consistent between groups. Batch processing reduces the possibility of differences in
solutions or incubation times creating differences between age groups.

Immunohistochemistry protocol—The cut sections were washed free-floating in a
washing buffer containing TRIS-buffered saline 0.1 M, pH 7.4, 0.8% NaCl, and 0.8%
Triton-X-100, and were incubated for one hour with a blocking buffer consisting of washing
buffer, 10% normal donkey serum, and 0.001% sodium azide. The sections were then
incubated in a mixture of two primary antisera at 4°C for 36 hours. The polyclonal rabbit
antisera to protein gene product (PGP) 9.5 (Ultraclone, Isle of Wight, UK) at 1:1000 dilution
and polyclonal goat antisera to type 1V collagen (Millipore, Billerica, MA, USA) at 1:500
dilution were used. The sections were washed three times with washing buffer, and then
incubated with Cy-2-conjugated affinity-pure Donkey anti-Rabbit antibody (Jackson
ImmunoResearch, Grove, PA, USA; 1:200) and Cy-3-conjugated affinity-pure donkey anti-
goat antibody (Millipore, Billerica, MA, USA; 1: 1000) for 2 hours at room temperature.
After several rinses in the washing buffer, any dehydration or cleansing sections were
mounted onto slides with DPX (Fluka, Buchs, Switzerland). Fluorescent sections were
viewed with a Nikon Eclipse E800 microscope with appropriate filters. The selected sections
were imaged using a Zeiss LSM 510 laser scanning confocal microscope equipped with a
25x water immersion objective (numerical aperture, 0.8 mm). Digitized images were
collected in successive frames of 1-um serial optical sections (Z-series) throughout the
thickness of the sections and projected into a single image. Some sections were processed
without the primary antibody to serve as controls.

2.4. Quantification of ENFs

The method of counting ENFs has been described previously2® 30, Epidermal nerves were
counted as they crossed the basement membrane of the epidermis. The immunostaining of
type IV collagen was used to localize the dermo-epidermal boundary. Nerves that branched
after crossing the basement membrane were counted as single fibers, whereas nerves that
split prior to crossing the basement membrane were counted as two fibers. Nerve fibers that
approached, but did not cross the basement membrane were not counted. In addition, nerve
fragments in the epidermis that had no visible connection to the basement membrane were
not included in density measurements.
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Previous studies have evinced epidermal nerve fiber length (ENFL) to be an important
measure for determining the severity of diabetic neuropathy*8. For ENFL measurements, all
images were exported to NIS elements software (Nikon, Melville, NY). As the exported
images were uncalibrated; each image was individually calibrated using a reference scale
(20um bar) for conversion of pixel data into micrometer values: 0.62um equated to 100
pixels. ENFL was measured by drawing a polygonal line (poly line) along the length of each
identified epidermal nerve fiber and fragment. All polyline measurements (in um) were
exported to Microsoft Excel for further analysis. Other PGP 9.5 positive structures, such as
dermal cells, were excluded from counting on the basis of morphological differences. The
images were examined by three independent observers blinded to their sources. The density
and length of ENFs were standardized for section thickness and expressed as numbers per
cubic millimeter of epidermis (0.6-mm section length X 0.02-mm thickness).

3. RESULTS

3.1. Characteristics of epidermal innervation in the rat plantar skin

Confocal images of immunostained skin samples taken from glabrous hind paw skin (Fig. 1)
are shown in Figures 2 and 3. PGP 9.5-labeled nerve-like structures are visible within both
the dermis and epidermis, with type IV collagen labeling that distinguishes the dermo-
epidermal junction. Dermal nerves are situated along the basement membrane and send fine
branches through the membrane and into the epidermis (Fig. 2a, S1-43). Epidermal nerves
also arise from the sub-epidermal neural plexus (Fig. 2b, S53), and penetrate the basement
membrane. Upon entry into the epidermis, axons follow either a tortuous (Fig 2c, S6-83), or
straight course (Fig. 2d, S$33, S93). Occasionally, these intraepidermal fibers give rise to
branches (Fig 3a, S43), or cross adjacent fibers to form a ‘kissing fiber’ configuration (Fig
3b, S10-113). Within the epidermis, fibers either extend up to the superficial layers without
branching (Fig, 3c, S93), or run in parallel to the skin surface (Fig 3d).

3.2. Age differences in epidermal innervation

Representative confocal images of immunostained skin tissue from each of the four age
groups are presented in Figure 4. The most pronounced reduction in epidermal innervation
was observed in samples from the >24 mo rats, as they lacked intact fibers within the
epidermis, although dermal fibers were present (Fig. 4d, S12-133). The median density of
epidermal nerves in the samples from 2-mo animals was 236/mm? of epidermis (Fig. 5a),
and was increased in samples from 7-mo animals (315/mm? of epidermis; £<0.01, Krushkal-
Wallis test). The median ENF density from the 18-mo group was similar to that of the 2-mo
group, and not significantly different from those in the 7-mo group. However, the median
nerve ENF density of “>24 mo’ animals (157/mm? of epidermis) was significantly lower
compared to all other age groups (Fig. 4d, 5a; A<0.05, Krushkal-Walis followed by Dunn’s
test).

We next assessed and compared ENF length between the different age groups. The total
length of immunoreactive ENFs in the 2-mo samples was 24+18 mm/mm? epidermis, and
was increased in the 7-mo (62+35 mm/mm?2) and 18-mo (48+25 mm/mm2) age groups.
Nerve fiber length was significantly decreased in the >24-mo animals compared with
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samples from the 7-mo and 18-mo rats (Fig. 4, 5b; £<0.001, Krushkal-Walis test followed
by Dunn’s test).

3.3. Age-related differences in PWT

The threshold force required to evoke PWT behaviors was significantly higher in the
senescent animals (24-26 mo) compared with the 2-mo (n=18), 7-mo (n=18) and 18-mo
(n=15) animals (Fig. 5¢; £<0.0001, ANOVA followed by Newman-Keuls test).

DISCUSSION

In this study, we examined changes in density and length of ENFs at various ages across the
lifespan: youth, middle aged, aged, and senescence. Using double immunolabeling and
confocal laser scanning microscopy, we found that middle-aged rats (7-mo) have
significantly increased epidermal nerve densities compared to youth (2-mo) and senescent
rats (24-26 mo). The inverted U-shaped pattern of epidermal innervation over the life span
of rats does not, however, correlate with mechanically-induced PWT, which progressively
increased with age.

4.1. Nonlinear Inverted-U shaped relationship between epidermal nerve fiber density and

aging
The most striking observation of this study was the inverted-U shaped relationship of
epidermal innervation with age. There are few studies that investigated effects of aging on
epidermal innervation in rodents 32. It is difficult to compare our observations in rats with
the many previous studies in humans 6: 9. 17. 29. 56 hecause of potential species differences,
and differences in correlating age between the different species. Moreover, the present study
examined plantar (glabrous) skin (Fig. 1), which has not been extensively examined in most
of the previous studies. Nevertheless, most human studies & 9 17.29.56 wjith a few
exceptions 3138 are in agreement with the results of the present study that advanced age is
associated with a decreased density of ENFs.

Studies have showed epidermal innervation to gradually decrease from the rostral to the
caudal area, perhaps due to the distance of the anatomical sites from the spinal nerve origin
in the trunk 31, Supporting this hypothesis, it has been shown that the longest myelinated
fibers are more prone to degeneration with age, and that this effect is most apparent at the
most distal nerve endings, presumably as a consequence of failing axonal transport
mechanisms % 15, It is therefore possible that the effects of aging are more robust in the
plantar skin than in other areas, and therefore displayed exaggerated age-related effects on
epidermal innervation, as is the case for length-dependent neuropathy.

Interestingly, our result that Inverted-U shaped relationship exists between epidermal nerve
fiber density and aging, is consistent with the conclusions of Finkel and colleagues 13. In
their studies, authors stimulated mouse plantar skin with electrical stimuli to determine
vocalization thresholds. Electrical stimulation at 2,000, 250, and 5 Hz, which respectively
stimulate Ap, A8, and C sensory nerve fibers, revealed that the vocalization threshold
changes across a mouse’s life span follow a U-shaped pattern 13. Specifically, middle-aged
mice had lower current vocalization thresholds compared with young and senescent mice 13.
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Moreover, anatomical evidence from both humans and rodents show that myelin thickness
gradually increases from birth to middle age, and decreases from old age to senescence
following a typical U-pattern®. In sural nerve biopsies from human subjects, axon diameter
and myelin thickness are lowest at birth, and increase with age until the second decade, at
which point they remain almost completely static until the fifth decade?!. Degenerative
changes due to aging begin at approximately 60 years of age, with reductions in the densities
of myelinated fibers, thinning myelin sheaths, myelin sheath irregularities and clusters of
regenerated fibers 21, Similarly, myelin thickness of peripheral nerves in mice increase from
birth until 12 months of age, and decrease between 12 and 22 months of age 8.

It is possible that the defects in the pain mechanisms including decreased epidermal
innervation results decreased occurrence of pain in the aged individuals. The persistent pain
problems including surgical procedures have been observed to present with unusually
painless manifestations in elderly population. Approximately 40% of patients over 65 years
report little or no pain associated with peritonitis, intestinal obstruction, pneumothorax38,
and peptic ulcer diseasel®. Several studies have suggested that elderly adults report less
postoperative pain than younger patients experiencing the same surgical procedures 5: 46,

4.2. Relationship between epidermal innervation and acute mechanical PWT

Previous studies have shown the ENF density is related to pain detection thresholds under
physio-pathological conditions. Increased epidermal innervation has been described within
the hypersensitive skin areas following exposure to ultraviolet light, or during psoralen UVA
therapy 4°. Moreover, it has been shown that patients with painful vulvodynia have an
increase in vulval epithelial innervation 4. Conversely, decreased epidermal innervation is
observed in peripheral neuropathy patients with hyposensitive skin areas 24 25 27, 30,48 A
decrease in ENF density following topical applications or intradermal injection of
capsaicin®l: 51 or application of shock-waves 44 were paralleled by decreased pain
sensitivity on the exposed skin.

In this study, there was no clear relationship between the density of ENFs and withdrawal
response thresholds for mechanical stimuli. There was a marked reduction in ENFs in the
senescent animals, which correlated with an increase in PWT. However, while ENF density
was highest in the adult (7 mo) animals, the average PWT of this group was higher than in
young (2 mo) animals. This lack of correlation raises a question whether innocuous punctate
stimuli can excite ENFs, which are unmyelinated and generally responsive to noxious
stimulation 20, Studies showed that following capsaicin infiltration in the rat skin, which has
been shown to deplete most ENFs in human skin 42, there is minimal or no effect
(unpublished observation) on PWT by von Frey hair stimulation 8. Likely, von Frey hairs
may excite thick myelinated Ap-fibers and thinly myelinated A&-fibers that located in the
dermis to evoke PWT.

4.3. Alteration of PWT in senescent rats

In this study, there was a gradual increase PWT with aging. This observation is comparable
with earlier studies 1 who also used F344 rats to show decreased sensitivity to pain with age
using the paw pressure test. These results, however, are in disagreement with studies that
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used Lou/C/Jall rats (4-29 months old) to show decreased von Frey thresholds in aged
subjects 23. In those studies, the sensitivity to non-noxious stimulation with von Frey
filaments was much higher in Lou rats (threshold of 254+0.9 g) than in Sprague- Dawley
(SD) rats (25.0£2.5 g). Similarly, Taguchi and colleagues did not find any differences
between in PWT using von Frey monofilaments in SD rats of various ages that received
calorie-restricted diets ®3. On the other hand, graded intraesophageal balloon distension
show an age-related decrease in human visceral pain threshold?8. Studies in mice also
display disparate results. Vocalization thresholds evoked by electrical stimulation were
higher in older (103 weeks old) mice compared with middle-aged (44, 64, and 84 weeks old)
mice. However, in another study, PWTs using von Frey monofilaments of young and older
mice were shown to be similar 58,

4.4. Conclusion

The study showed an objective method of detecting ENF density in rat skin. The method
could be used in future studies for detection of experimentally induced small-fiber
neuropathy in animal models. The decreased epidermal innervation in hind paw plantar skin
of senescent rats may contribute to age related decreased nociception reported in previous
studies 2 15, However, there are other mechanisms involved including facilitation of central
inhibitory pathways 3, loss of temporal inhibition#C, and cognitive inhibition 37.
Interestingly, decreased ENF has also been shown to be related to painful neuropathic pain
42 While the nonlinear inverted-U shaped relationship between aging and the ENF density is
in agreement with the behavioral findings of a previous study 13, the possible physiological
significance is unclear 8. Overall, the paper raises interesting questions about the
relationship of innocuous punctate stimuli to the density and excitation of unmyelinated
ENFs and of myelinated dermal nerves. It should be noted that we report measurements of
ENFs, but not of dermal nerves to aging. The authors infer that careful future studies are
warranted to correlate innocuous punctate stimuli to both the density and morphology of the
ENFs, but also to the myelinated nerves in the dermis.
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PERSPECTIVE

This article presents age-related decreased epidermal innervation in rat hind paw skin,
which partly explains mechanisms underlying decreased pain sensitivity in aged subjects.
The article may help clinicians to understand that any compromise of pain-sensing
pathway can lead to under-reporting of pain, inadequate analgesia, and slower recovery
from a painful condition.
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Highlights
Laser-scanning microscopy is used for quantification of rat epidermal nerves
Advanced age is associated with decreased density of epidermal nerves
Middle-aged rats have increased epidermal nerves.
An inverted-U shaped relationship between aging and epidermal nerve density

Epidermal nerve density is not correlated with paw withdrawal thresholds
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Area of the Plantar hindpaw skin
taken for tissue processing

Figure 1.
Area of mid-plantar glabrous surface of rat hind paw used for von Frey hair stimulation and

tissue collection for immunohistochemistry experiments.
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‘right angle’ penetration from subepidermal plexus

tortuous course

Figure 2.
Morphological features of epidermal nerves within rat plantar skin. Confocal images of

glabrous skin biopsies taken from control rats of different age groups with nerves (green)
and the basement membrane and dermal structures (red) indicated. The plantar skin samples
were removed, post-fixed in the same fixative, cryoprotected in 30% sucrose overnight, and
stored at 4°C for batch processing. The stored tissue samples were coded to blind the
investigator who performed sectioning, immunohistochemistry, and analysis of the images.
Tissues were immersed in Cryo-gel OCT compound and cut into sections 20-um thick. The
sections from all groups were processed simultaneously using standard protocols (See
Material and Methods). A series of 1-um optical sections of the immunostained sections
were captured in successive frames with a confocal laser scanning microscope to construct a
3D image (see video, https://youtu.be/lzBwCz-Eu3Q), and stacked into a single image. A,
the dermal nerves run along the basement membrane into the dermo-epidermal junction and
send fine branches into the epidermis at right angles. B, nerve fibers enter the epidermis
from the subepidermal neural plexus located at the dermo-epidermal junction. The nerve
endings within the epidermis followed either a tortuous (C) or straight (D) course. Each
image captured 634 pm of skin samples.
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branching upon entrance ‘kissing’ fibers

non-branching parallel fibers

Figure 3.
The morphological features of epidermal nerves within rat plantar skin, in addition to Figure

2. Within the epidermis, occasionally, a nerve fiber branched into two fibers (A) or crossed
with another fibers (B) giving a “kissing fiber’ configuration. The epidermal nerve fibers
were also seen to run in parallel with other fibers following a non-branching (C) and straight
(D) course. Each image captured 634 um of skin samples.
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Figure 4.
Effects of age on epidermal nerve fiber density. Confocal images of glabrous skin biopsies

taken from 2, 7, 18 and 24-26 months old control rats. The number of epidermal nerves in
the image from the 7 months old animal is relatively higher than that from the other groups.
The skin samples from the 24-26 month old rats displayed the most pronounced reduction
of in epidermal innervation. Each image captured 634 um of skin samples.
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Figure 5.
Nonlinear inverted-U shaped relationship between epidermal nerve fiber density and aging.

Epidermal nerves were counted as they crossed the basement membrane of the epidermis.
For details, see Methods. For measurements of epidermal nerve fiber lengths, images were
exported to NIS elements software calibrated to convert pixels to micrometer values, and a
polyline was drawn along the length of each identified epidermal nerve fiber and fragment.
The density and length of nerve fibers within the epidermis were standardized for section
thickness and expressed as numbers per cubic millimeter of epidermis. The median density
(a) and total length (b) of the epidermal nerves are significantly increased in samples from
the 7-months old (mo) animals and decreased in samples from the >24-mo animals (/<0.05,
Krushkal-Walis followed by Dunn’s test). (c) The threshold force required to evoke paw
withdrawal threshold (PWT) behaviors were significantly higher in the senescent animals
(24-26 mo) compared with the 2-mo (n=18), 7-mo (n=18) and 18-mo (n=15) animals
(P<0.0001, ANOVA followed by Newman-Keuls test).
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