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| mmunohistochemical Study of Skin Nerve Regeneration after
Toe-to-Finger Transplantation: Correlationswith Clinical,
Quantitative Sensory, and Electrophysiological Evaluations

Sung-Tsang Hsieh' and Nai-Shin Chu’

Abstract- Cutaneous nerve regeneration following toe-to-finger transplantation was studied by immunohis-
tochemical technique using antibody to protein gene product 9.5 (PGP 9.5) which is a specific neuronal
marker. By this technique, epidermal and dermal nerves were semi-quantified and the Meissner’s corpuscles
were quantified. There were also quantitative sensory tests (QST) including pinprick, pressure and tempera-
ture, as well as electrophysiological studies including digital nerve sensory conduction, digital nerve
somatosensory evoked potentials and sympathetic skin response at the pulp of the transplanted toes. The
opposite corresponding normal finger and normal toe served as controls.

Study subjects were 20 adult patients with toe-to-finger transplantation for at least one year. A score system
was used to quantify the results of histochemical, psychophysiological and electrophysiological studies.
Clinically 7 patients had good recovery and 13 patients had poor recovery. Cutaneous nerve regeneration in
the transplanted toes was incomplete with epidermal nerve, dermal nerve and the Meissner’s corpuscle sig-
nificantly reduced. The nerve regeneration was correlated with clinical recovery, QST and electrophysiolog-
ical data. These findings indicate that immunohischemical technique is useful to evaluate skin nerve regen-
eration following toe-to-finger transplantation, and that although nerve regeneration did occur, it was
incomplete and correlated with the severity of hand injury.
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INTRODUCTION ation and functional recovery®. This model also provid-
ed us an opportunity to explore the perceptual reorgani-
In recent years, we have used the toe-to-finger trans- zation of the transplanted toes and the phantom phe-
plantation as a model to study peripheral nerve regener- nomena following finger amputation and toe-to-finger
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transplantation, respectively®?.

In nerve regeneration and functional recovery, we
have evaluated their results by digital nerve somatosen-
sory evoked potentials (SEP), digital nerve sensory con-
duction (NCV), sympathetic skin response (SSR) at the
tip of the transplanted toe, and quantitative sensory tests,
including simple sensations such as touch, pressure, tem-
perature, and pain, as well as discriminative and localiz-
ing sensations, such as two-point discrimination, tactile
discrimination, tactile localization, and blunt-sharp dis-
crimination“®.

Our data have shown that nerve regeneration follow-
ing toe-to-finger transplantation is slow and incomplete.
In QSTs, athough simple sensations were usually elicit-
ed within the first 3 months after toe transplantation,
these sensations were abnormal with elevated threshold
and inconsistent response®. It usually took 6 months
before the majority of the transplanted toes had such ini-
tial responses. The eventual recovery of sensations often
had not achieved until at least 1-2 years after toe trans-
plantation. Even in the eventual recovery, these sensa
tions were not completely normal when compared to the
opposite corresponding normal fingers and normal toes.
These data suggest that nerve regeneration is satisfactory
but incompl ete.

In electrophysiological studies, sensory nerve con-
duction for the large myelinated nerve fibers and SSR
for the small unmyelinated nerve fibers also showed sat-
isfactory but incomplete recovery“*?”. In digital nerve
SEPs, however, the central conduction from N9 to N20
components was normal, suggesting that central sensory
pathways remained intact following peripheral nerve
regeneration®.

Despite psychophysiological and electrophysiologi-
cal studies indicating a satisfactory but incomplete
recovery, neuroanatomical evidence has not yet been put
forward. Recent development of evaluating the cuta-
neous nerve terminals in the epidermis of the skin by
immunohistochemical staining provides a major advance
in the study of peripheral sensory nerves at the light
microscopic level®*. Epidermal nerves are readily
demonstrated using the neuronal marker protein gene
product 9.5 (PGP 9.5). This approach offers important
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measurements which are complementary to functional
studies of cutaneous innervation. By taking advantage of
the skin biopsy, epidermal nerves can be quantified for
evaluation of nerve degeneration and regeneration as
well as for diagnosis of sensory neuropathies.

In this report, we used the technique of PGP 9.5
immunohistochemistry to investigate the regeneration of
the digital nerves following toe-to-finger transplantation
and correlated the results of the epidermal nerve
regrowth with clinical outcome, QSTs and el ectrophysio-
logical responses.

PATIENTSAND METHODS

The study consisted of 20 healthy subjects (16 men
and 4 women) with a mean age of 31.8 9.1 years
(range, 18 to 53 years). The majority of patients sus-
tained hand injury while operating a machinery, resulting
in finger amputation, usually multiple. Because the
injury was an avulsion or a crush, an immediate finger
replantation was not feasible. Therefore, a delayed toe-
to-finger transplantation was carried out. The mean
interval between hand injury and toe transplantation was
7.6 £8.1 months (range, 0.5-38 months). Those patients
did not have neurological or medical disorders that
might affect the central and peripheral nervous systems.

The toe-to-finger transplantation was performed by
surgeons of the Department of Plastic and
Reconstructive Surgery of the Chang Gung Memorial
Hospital. The microsurgical techniques consisted of an
end-to-end nerve suture, end-to-end arterial and venous
anastomoses, fixation of bones, and attachment of ten-
dons. In nerve repair, neuromas at the proximal end of
the palmar digital nerves were excised before an end-to-
end perineural suture was performed. In the latter, two
palmar digital nerves were sutured to two plantar digital
nerves of the toe. In those toe transplantations, one toe
was transplanted to a finger when one to two fingers
were severed, whereas two toes were usually transplant-
ed when three to al fingers were severed. In surgical
removal of toes for transplantation, the second toe was
usually removed for cosmetic purpose and better preser-
vation of foot function. When two toes were needed,
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removal of the second toe from both sides, or a com-
bined second and third toes from one side was per-
formed.

Nerve regeneration and functional recovery was
evaluated by quantitative sensory tests (QST) and elec-
trophysiological studies. The methods for QST and elec-
trophysiological responses have been previously
described. QSTs included pinprick, pressure, and tem-
perature (cold and warm), heat pain, cold pain and
mechanical pain. Electrophysiological studies included
digital nerve conduction (NCV), digital nerve evoked
somatosensory responses (SEP), and sympathetic skin
response (SSR) to magnetic stimulation of the cervical
sympathetic trunks. In those studies, contralateral corre-
sponding normal fingers served as normal contrals.

The immunohistochemical staining for cutaneous
nerves from skin biopsy by antibody to protein gene
product 9.5 (PGP 9.5) has been described™**.

Skin biopsy was performed following the established
protocol. After local anesthesia with 2% lidocaine, two 3
mm punches were taken from 3 sites: (1) the transplant-
ed toe, (2) the corresponding normal finger on the con-
tralateral side, and (3) the corresponding toe on the
opposite side. The skin punches at the (2) and (3) were
aimed for control. Subject usually tolerated the proce-
dure without any discomfort. No suture was required,
and the wounds were covered with a piece of gauze.
Wound healing would take 7-10 days as an abrasion
wound.

For immunocytochemistry on freezing microtome,
skin tissues were fixed with 4% paraformaldehydein 0.1
M phosphate buffer, ph 7.4 (PB), overnight. Sections
perpendicular to the dermis of 50 and 100 um were cut
on a sliding microtome. Sections from each tissue were
labeled sequentially and stored with anti-freeze at -20°C.
To ensure adequate sampling, every fourth section for
each tissue was chosen for PGP 9.5 immunostaining.
The sections were treated with 0.5% Triton-X 100 in
0.5M Tris buffer (PH 7.6) (Tris) for 30 min and
processed for immunostaining. Briefly, the sections were
guenched with 1% H20: in methanol, and blocked with
5% normal serum of appropriate species in 0.5% non-fat
dry milk in Tris. The sections were incubated with rabbit

antiserum to PGP 9.5 (UltraClone, UK, 1:1000 diluted in
1% normal serum in Tris) for 16-24 h. After rinsing in
Tris, sections were incubated with biotinylated goat anti-
rabbit 1gG for 1 h, and the avidin-biotin complex
(Vector, Burlingame, CA) for another hour. The reaction
product was demonstrated by 3,3'-diaminobenzidine
(DAB, Sigma, St Louis, MO).

A consent was obtained from the patients who had
received the skin biopsy for the immunohistochemical
study. Those patients had toe-to-finger transplantation
for at least one year by which time nerve regeneration
was considered to be completed or nearly completed.
The clinical data were not provided to the person (STH)
who performed the immunohistochemical study except
for the demographic and surgical data.

Because the palmar digital nerves comprise primari-
ly sensory and autonomic nerve fibers, clinical evalua-
tion was based mainly on sensory function recovery and
the use of the hand in the activity of daily living. Clinical
evaluation was jointly evaluated by patient and one of
the authors (NSC). The overall recovery was classified
as poor, fair, good and excellent. It was further divided
into poor recovery and good recovery: poor recovery
included poor and fair recoveries whereas good recovery
included good and excellent recoveries.

The immunohistochemical date of the biopsied skins
included semi-quantitative evaluation of the epidermal
and dermal nerves as well as quantitative evaluation of
the Meissner’s corpuscles. Both epidermal and dermal
nerves were semi-quantified as. - = absent, & = scarce,
+ = adequate, and ++ = nearly normal. The Meissner’s
corpuscles were expressed as the number of Meissner’s
corpuscles counted per section.

In QST, sensations of pinprick, pressure and temper-
ature were classified as: 0 = absent or barely perceived;
+ = adequately perceived; ++ = strongly perceived. In
electrophysiological study, NCV, SEP and SSR were
evauated. The classification of response was. 0 = absent
or poorly identifiable response, + = fair response (attenu-
ated waveform, reduced amplitude, prolonged latency, or
any combination of the three abnormalities), ++ = good
response (nearly normal response).

The numerical scoring system for histochemical date
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was as follow: for epidermal and dermal nerves, - = 0,
+ =1, + =2, and ++ = 3; for Meissner’s corpuscles, 0
count =0, < 1.0 count = 1, >1.0 and < 2.0 count = 2, and
> 2.0 count = 3. Total score for the histochemistry was
the sum of the scores of the epidermal nerve, dermal
nerve and Meissner’s corpuscle.

In QST and electrophysiological responses, 0 = 0, +
=1, ++ =2, and +++ = 3. The total score was the sum of
3 sensations (pinprick, pressure and temperature) for
QST, and the sum of 3 responses (NCV, SEP and SSR)
for electrophysiological study.

Student’s t-test was used to compare the date of two
groups, whereas ANOVA program was used for correla-
tion analysis.

RESULTS

Among 20 patients who had skin biopsy for
immunohistochemical study, 7 patients had good recov-
ery of sensations and hand function while the remaining
13 had poor recovery. Between these two groups, there
were no differences in age, interval between hand injury
and toe transplantation (excluding one patient with good
recovery who had single finger injury at age of 6 years),
and interval between toe transplantation and the present
study (Table 1). The only significant difference
(p<0.01) was the number of fingers amputated, suggest-
ing that recovery correlated positively with severity of
hand injury.

Immunohistochemical study

Fig. 1 shows the epidermal and dermal nerves from
normal finger and normal toes (Fig. 1A-B). It aso shows
the regenerated epidermal and dermal nerves of the
transplanted toes from two patients who had good recov-
ery (Fig. 1C) and poor recovery (Fig. 1D), respectively.

Table 1. Clinical data of 20 patients who had immunohistochemical study
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Even in the patient with good recovery, nerve regenera-
tion was not completely normal or to be nearly normal
when compared to normal finger and normal toe.

Typical glabrous skins of the normal finger and nor-
mal toe had undulating surface with the dermis project-
ing to the epidermis, epidermal papilla. Dermal nerve
fibers with a linear immunoreactive pattern, some were
in bundles or clusters, ascended along the border of der-
mal papilla into the epidermis, sometimes, up to the
most superficial portion of the living epidermis, but
never reached the staratum corneum. Epidermal nerves
were usually present in the epidermis above the dermal
papilla. The appearance of epidermal nerves resembled
dotted lines with some swellings in between. Epidermal
nerves occasionally had branches. Meissner’s corpuscles
with spirally arranged capsule cells were located in some
dermal papilla. Some capsule cells were al'so immunore-
active to protein gene product 9.5 (PGP 9.5). The organi-
zation of skin innervation and the epidermis was similar
in the normal fingers, normal toes, and transplanted dig-
its with highly variable abundance of epidermal fibers,
dermal nerves, and Meissner corpuscles. In some
patients, the transplanted digits became re-innervated
(Fig. 1C). In these digits, individual nerve fibers had
dense PGP 9.5-immunoreacivity in the dermal papilla
with varicose epidermal nerves. The abundance and dis-
tribution of epidermal nerve fibers were variable, and
epidermal nerves were more frequent in some regions
than in others. In the denervated skin of transplanted dig-
its, the abundance of derma nerve fibers was markedly
reduced compared with the skin of normal finger and
normal toe from the same patient (Fig. 1D). There were
no epidermal nerves. Only dermal nerve fibers with faint
immunoreactivity or fragmented appearance were seen
in some dermal papilla.

Table 2 shows the semi-quantitative scores of the

Clinical outcome Pt (No) Sex M/F Age (Y) Interval (M) Amputated Interval (M)

(Injury - op) finger (No) (Op - study)
Good recovery 7 710 29.4 +£6.6 57 +6.2 1.0 0.0 25.7 =135
Poor recovery 13 9/4 314 +84 86 =87 3.3 +1.2* 245 +13.4
Total 20 16/4 30.7 7.9 7.6 £8.1 25 +14 249 +134

sindicates P <0.01 when good recovery is compared with poor recovery.
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Figure 1. The skin from a patient with the re-

innervated digit (transplanted toe)
was immunostained with protein gene
product 9.5.
(A-B) The organization of the skin of
the control finger (A) and the control
toe (B) are similar. Dermal nerves
and epidermal nerves have distinct
pattern of immunoreactivites.
Epidermal nerve fibers resemble dot-
ted lines emerging from the dermal
papilla (arrows). (C) In the re-inner-
vated digit, there are dermal and epi-
dermal nerves (arrow). (D) In the den-
ervated digit, only rare dermal nerves
are seen (arrowhead), and there are
no epidermal nerves. (Bar, 100 pm)

Table 2. Histochemical data of 20 patients with toe-to-finger transplantation.

Epidermal nerve

Dermal nerve Meissner’s corpuscle

A. Score
Normal finger (NF) 2.19 £0.40
Normal toe (NT) 2.11 £0.32
Transplanted toe (TT) 0.71 =0.20
B. Statistical comparison ( P-value )
NF vs. NT 0.1628
NFvs. TT < 0.0001
NTvs. TT < 0.0001

2.00 +0.00 272 £1.69

1.81 £0.21 1.50 £0.94

1.43 +0.18 0.46 =0.64
0.1217 0.0002
0.0042 < 0.0001
0.0085 0.0032

#See text for the scoring methods.

epidermal and dermal nerves and the quantitative scores
of the Meissner’s corpuscles among normal fingers, nor-
mal toes and transplanted toes. Between normal fingers
and normal toes, the numbers of epidermal and dermal
nerves were not different, but those of Meissner’s cor-
puscles are more abundant in normal fingers. For trans-
planted toes, those of epidermal nerve, dermal nerve and
Meissner’s corpuscles were significantly reduced, indi-
cating incomplete regeneration.

Clinical correlations
Table 3 shows the clinical correlations of histochem-

ical, psychophysiological (QST), and electrophysiologi-
cal studies. All 3 studies had good correlations with clin-
ical outcome, but the histochemical study seemed to
have the highest correlation.

Fig. 2 shows the correlations of histochemical study
with QST and electrophysiologica studies. It shows sig-
nificant correlations with the latter two studies.

DISCUSSION

This is the first study investigating nerve regenera-
tion following toe-to-finger transplantation by means of
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Table 3. Clinical correlations with histochemistry, QST, and electrophysiology

Clinical outcome Histochemistry

QST Electrophysiology

455 +£1.21
1.00 +0.93
0.0007

Good recovery (7)
Poor recovery (13)
P - value

3.27 £0.91 3.27 £1.42
111 +1.69 0.78 £1.30
0.0366 0.0174

*See text for the scoring methods.
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Figure 2. Correlations of histochemical score with QST and electro-
physiological scores in 20 patients with toe-to-finger trans-
plantation. Note that histochemical score correlated with
both QST and electrophysiological scores. Number in the
parenthesis indicates the number of patients with the
same score.

a neuronal marker PGP-95 immunohistochemisry to
visualize cutaneous sensory nerves. In accordance with
our previous studies by quantitative sensory tests and

electrophysiological methods, it also demonstrated that
nerve regeneration was incomplete™?. It further demon-
strated that neuroanatomical data correlated with clinical
outcome as well as psychophysiological and electro-
physiological data.

In the present study, the scoring method for skin
nerves and Meissner’s corpuscles was likely sufficiently
accurate. However, the scoring methods for QSTs and
electrophysiological responses might not be so accurate
due to the subjectivity of individual judgment. On the
other hand, these methods represented the tests of differ-
ent sensory modalities in QSTs and different populations
of nerve fibers in electrophysiological studies.
Therefore, the overall scores might indicate the overall
results of the functions of different sensations or differ-
ent nerve fibers.

The densities of epidermal and dermal nerves were
found to be not different between normal fingers and
normal toes, while the density of the Meissner’s corpus-
cles was significantly higher for normal fingers than for
normal toes. These findings seem to correlate with previ-
ous observations that sensations which are subserved by
small myelinated or unmyelinated nerve fibers, such as
pinprick, thermal pain, mechanical pain and temperature,
are not different between fingers and toes, whereas sen-
sations subserved by large myelinated nerve fibers, such
as pressure and vibration, are different with fingers being
more sensitive to those sensations than toes®.

Following toe-to-finger transplantation at the time
when the nerve regeneration was presumed to be in the
final stage of regeneration, there was still a significant
reduction of epidermal nerves, dermal nerves and
Meissner’s corpuscles for the transplanted toes. These
data indicate that nerve regeneration following toe-to-
finger transplantation was incomplete. However, there
was a good correlation between histochemical findings
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and clinical outcome, and this correlation seemed to be
better than those by QST and electrophysiological study.

The reasons for an incomplete nerve regeneration in
transplanted toes remain unclear®™. Our previous study
has shown that if the toe transplantation was performed
within 2 months after hand injury, good €electrophysio-
logical responses were obtained®. In finger replantation
in which the digital nerve repair is immediately carried
out, recovery of sensations and nerve conduction are
often satisfactory™®. Although neuromas of the donor
nerves were removed in toe transplantation, there was
the possibility of persistent extraneural and intraneural
scars that might impede the nerve regrowth®™. There
may be a mismatch of the total numbers of nerve fibers
between palmar digital nerves and plantar digital nerves
as well as that of receptors between fingers and toes™.
The present data on the density of Meissner’s corpuscles
seem to support the latter possibility.

In conclusion, the present immunohistochemical
study of the transplanted toes demonstrated an incom-
plete regeneration of the epidermal and dermal nerves
following toe-to-finger transplantation. The histochemi-
cal findings correlated not only with clinical recovery
but also with psychophysiological and €l ectrophysiologi-
cal responses. However, the mechanisms for incomplete
nerve regeneration are not yet understood, and need fur-
ther investigation.
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