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ABSTRACT: FK506 has been shown to enhance the rate of axonal regen-
eration after peripheral nerve lesions. However, quite variable doses of
FK506 have been used in different animal studies. We examined the dose-
dependence of FK506 on the rate of axonal regeneration after crush lesion
of the mouse sciatic nerve. Mice received daily subcutaneous injections of
FK506 at 0.2, 0.5, 1, 2, 5, or 10 mg/kg for 7 days after lesioning. A control
group was injected with saline. The distance that regenerative axons ad-
vanced from the crush site was measured by the pinch test at 2, 4, and 7
days. Regenerating axons reached greater mean distances in all FK506-
treated groups compared to the control group. The fastest regeneration rate
was found at 5 mg/kg (12% increase over controls), although the 0.2 and 2
mg/kg doses achieved similar regeneration rates. In contrast, intermediate
doses (0.5 and 1 mg/kg) and a higher dose (10 mg/kg) were not different
from controls. Calcitonin gene—related peptide immunohistochemical label-
ing of regenerating axons yielded similar results to those found with the
pinch test. Based on our finding of a double peak in the dose—response for
FK5086, it is hypothesized that at least two mechanisms of action (perhaps
corresponding to distinct functional binding sites) are evoked at different
concentrations of the drug to accelerate nerve regeneration. These results
have clinical implications for the pharmacological treatment of nerve injuries
while avoiding immunosuppressive effects and for the design of related
drugs with more specific activities.
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FX506 (tacrolimus) is an immunosuppressant drug
widely used in humans to prevent rejection after
solid transplants. FK506 acts through binding to a
family of immunophilin receptors (FK506-binding
proteins, FKBPs) to form a complex whose geometry
determines the activation of specific signaling path-
ways.42 In T cells, the FK506-FKBP-12 complex in-
hibits the activity of calcineurin, a calcium-
dependent phosphatase, thereby blocking cell
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proliferation.?H Although immunophilins were first
related to the immune system, it is now well known
that they are plentiful in the nervous system*® and
numerous studies have shown the neuroprotective
and neuroregenerative properties of FK506.'972!

In our recent study evaluating the effect of FK506
on nerve regeneration after a 6-mm gap repaired by
autograft in mice, we found a beneficial effect of
FK506 in accelerating the beginning of reinnerva-
tion.?® However, the magnitude of the effect was less
that that observed in previous studies in rats.*#*
Although we used the most effective dose assessed in
the rat (i.e., 5 mg/kg per day),”® we could not dis-
count the possibility that this dose is suboptimal for
the mouse, because a dose-response characteriza-
tion has not been reported in this species. Experi-
mental studies on axonal regeneration after periph-
eral nerve lesions have involved doses ranging from
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0.3 to 5 mg/kg per day, given as subcutaneous or
intraperitoneal injections,”!*15:16:23:2439.58 aLing
comparisons between reports difficult. Wang et al.>
compared dosages of 1, 2, 5, and 10 mg/kg of FK506
given after crush to the rat sciatic nerve, and found
a bell-shaped dose-response curve, with 5 mg/kg re-
sulting in a slightly higher regeneration rate than
lower and higher doses. Our results were also con-
sistent with those of other studies in rats that evalu-
ated the effects of FK506 after nerve autograft, where
FK506 was administered at lower doses (between 0.6
and 1 mg/kg per day).lS’16 Nevertheless, the dose—
response for FK506 in nerve regeneration has not
been addressed in the mouse. This issue is clinically
relevant, as it is important to know whether nonim-
munosuppressant dosages are able to enhance nerve
regeneration.

There are indirect clues in humans that FK506, at
immunosuppressive doses, offers some benefit to
nerve regeneration. In two patients with hand allo-
grafts in whom FK506 was used to prevent rejection,
a surprisingly fast recovery of sensorimotor functions
was observed, which was attributed to an enhance-
ment of axonal regeneration by FK506.'*27 The
ability of FK506 to enhance nerve regeneration,
therefore, has potential clinical application.* Immu-
nosuppressive therapy usually involves doses of
FK506 lower than those used in experimental stud-
ies. Blood levels higher than 30 ng/ml imply a risk of
toxic effects, whereas levels lower than 10 ng/ml can
lead to rejection of the transplant.**** The doses
administered in experimental studies are usually
higher than those used clinically. For example, a
single intravenous administration of 1 mg/kg FK506
results in peak blood levels of about 160 ng/ml in
the rat.® The aims of this study were to characterize
the dose-response effects of FK506 on the rate of
axonal regeneration after a crush injury to the sciatic
nerve of the mouse by testing a wide range of doses.

MATERIALS AND METHODS

Surgical Procedure. Operations were performed
under pentobarbital anesthesia (60 mg/kg intraper-
itoneally) in seven groups of 3-month-old female
OF1 mice (n = 74). The sciatic nerve was exposed at
the midthigh and crushed three times (30 s each, in
succession, with a Dumont No. 5 forceps) at a con-
stant point, 47 mm from the tip of the third digit.37
A 10-0 suture stitch was placed at this point through
the epineurium of the peroneal branch. Immedi-
ately after injury, the distal sciatic nerve was stimu-
lated by light pinching to guarantee that axotomy
was complete. The wound was sutured and disin-
fected with povidone—iodine. In order to avoid au-
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totomy after denervation, animals were treated with
amitriptyline.*® Mice in six of the groups were given
daily subcutaneous injections in the back of different
doses of FK506 (Fujisawa Pharmaceuticals, Inc.,
Osaka, Japan) diluted in saline. The first dose was
given just after operation. Animals were given daily
injections of FK506 at dosages of 0.2 mg/kg (n = 10),
0.5 mg/kg (n =12), 1 mg/kg (n =12), 2 mg/kg (n
= 10), 5 mg/kg (n = 12), or 10 mg/kg
(n =9). A control group (n = 9) received daily in-
jections of an equivalent volume of saline solution.
The experimental procedures were approved by the
ethics committee of our institution and were carried
out in accordance with the European Community
Council Directive (86/609/EEC).

Evaluation. At2, 4, and 7 days after lesioning, three
or four mice from each group were reanesthetized,
and the sciatic and its main branch, the tibial nerve,
were exposed. The regeneration distance of the
leading axons was evaluated by the pinch test. This
sensitive test reliably demonstrates the location of
the most rapidly growing sensory axons and has fre-
quently been used in studies evaluating the rate of
nerve regeneration.”*?* The nerve was successively
pinched with a fine forceps at 0.5-mm intervals from
distal to proximal until a reflex response (contrac-
tion of muscles of the trunk) was elicited; this posi-
tion along the nerve was labeled with one epineurial
10-0 suture. The positive pinch response results from
the activation of the growing tips of regenerating
axons, which are far more sensitive to mechanical
stimulation than more proximal regions of the re-
generated nerve.” The distance between the two su-
ture-labeled points was measured with a microruler
before and after harvesting the nerve. In order to
avoid possible false responses, at 7 days after lesion-
ing the saphenous nerve was cut at the femoral space
prior to performing the pinch test. The pinch test
was performed in all the animals by the same inves-
tigator who was blinded to the treatment group.
Immediately thereafter the sciatic-tibial nerve was
removed, pinned in a Sylgard-coated Petri dish, and
fixed by immersion in Zamboni’s solution. After 24 h
at 4°C, the fixative was substituted with 10% sucrose
in 0.1 M Sorenson solution and kept at 4°C. Longi-
tudinal sections of 80 pm were cut with a freezing
cryotome, and washed free-floating in phosphate-
buffered saline (PBS) with 0.3% Triton-X100 (Fluka,
Buchs, Switzerland) and 1% normal goat serum
(ICN, Costa Mesa, California) for 1 h, then incu-
bated overnight in primary rabbit antiserum to cal-
citonin gene-related peptide (CGRP, 1:1000; Amer-
sham, Buckinghamshire, UK). After washes, sections
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were incubated in secondary antiserum, goat anti-
rabbit cyanine 3.18-labeled immunoglobulin G (I:
200; Jackson Immunoresearch, West Grove, Pennsyl-
vania) overnight at 4°C. Following additional washes,
sections were mounted on gelatin-coated slides, de-
hydrated in ethanol, and mounted with DPX
(Fluka). Samples were viewed with an Olympus BX-
40 microscope equipped for epifluorescence. At
least three sections from each sample were exam-
ined to determine the distance from the crush point
to the front of immunolabeled regenerative fibers to
confirm the values obtained with the pinch test.
CGRP is a neuropeptide present in motoneurons
and in a large population of sensory neurons in the
peripheral nervous system. Heavy CGRP immunore-
activity has been observed on the growth cones of
regenerating neurites after nerve injury, suggesting
that CGRP expression may be involved in the inter-
action between regenerating axons and nonneuro-
nal cells during nerve regeneration.*'

Data Analysis. All results are presented as mean *
SEM. Statistical comparisons between groups were
conducted using a one-way analysis of variance
(ANOVA) followed by Fisher’s post hoc test. Regres-
sion analyses were performed from the regeneration
distance (in millimeters) at each data collection pe-
riod and the number of hours postlesion. A linear
regression was made to assess the slope of the regen-
eration rate from the pinch test measurements in
each group. The delay (or latency time), expressed
in hours, was determined from the intersection of
the regression line with the x-axis. The regeneration
rate (during the first week postlesion) was estimated
from the regeneration distance for each animal at 7
days after lesioning and the hour interval, minus the
mean latency time of the corresponding group. Rate
is expressed in millimeters per day.

RESULTS

The front of regenerative axons reached greater
mean distances in all the groups treated with FK506
compared to the control group. By 7 days the maxi-
mal regenerated distance was found in the groups
treated with 5 and 0.2 mg/kg FK506, with these val-
ues being significantly higher than in control mice.
The rate of axonal regeneration after a crush follows
a two-period course,*®* with an initial slow growing
rate during the first 2-3 days followed by a period in
which regeneration follows a linear rate. Compari-
son of the mean regeneration rate from days 2-7 and
from days 4-7 (Fig. 1) shows a bimodal (double
peak) dose-dependent relationship. Maximal effect
of FK506 on the rate of nerve regeneration was ob-
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FIGURE 1. Regeneration rate in the interval between 2 and 7
days postlesion (dpl) and between 4 and 7 days postlesion in the
control (C) and FK506-treated groups (FK dose expressed in
milligrams per kilogram).

served at doses of 0.2 and 5 mg/kg, whereas no sig-
nificant effect was found at the 1 and 10 mg/kg
doses. The plots of the regeneration distance versus
time were significantly (P < 0.001) fitted to a regres-
sion line in all the groups (Table 1 and Fig. 2). The
slope of the regression line was greatest in the FK506
5 mg/kg group, followed by the FK506 0.2 and 2
mg/kg groups, whereas in the FK506 1 and 10 mg/
kg groups the slope was similar to control mice
(Table 1). From extrapolation of the best-fit regres-
sion line, the initial delay of regeneration was calcu-
lated to be 35.6 h in the control group and between
29.8 and 34.8 h in the FK506-treated groups. The
estimated rate of regeneration during the entire first
week after injury was also significantly greater in the
5 mg/kg (3.09 mm/day) and 0.2 mg/kg (3.03 mm/
day) FK506 groups than in control group (2.79 mm/
day); 0.5 and 2 mg/kg FK506 groups exhibited in-
termediate values.

The longitudinal nerve sections immunolabeled
against CGRP showed an increased density of la-
beled axonal profiles around the crush site from
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Table 1. Linear regression analysis of regeneration distance versus time after sciatic nerve crush and estimated regeneration rate in
mice of the control group and of those treated with different doses of FK506.

Regression analysis

Estimated rate

Group n Latency (h) Slope (mm/24 h) Coefficient at day 7 (mm/day)
Control 9 35647 2.68 +0.14 0.989 2.79 £ 0.06
FK506 0.2 mg/kg 10 326 +6.0 288 +0.16 0.986 3.03 + 0.08**
FK506 0.5 mg/kg 12 32.6 £ 6.1 2.80 £ 0.15 0.981 2.89 = 0.11
FK506 1 mg/kg 12 33.3+48 272 +0.12 0.989 2.77 £ 0.09
FK506 2 mg/kg 10 31.7+£49 2.88 £0.15 0.989 2.97 = 0.11
FK506 5 mg/kg 12 348 +3.4 3.01 £0.12 0.992 3.09 + 0.09*1*
FK506 10 mg/kg 9 298+ 44 2.68 £0.12 0.992 2.74 + 0.05

*P < 0.05 vs. control group; P < 0.5 vs. FK506 1 mg/kg; *P < 0.05 vs. FK506 10 mg/kg.

which an array of fibers elongated through the distal
nerve, decreasing progressively in density (Fig. 3). At
day 2, CGRP immunoreactivity was very marked just
proximal to the crush site.*! Bundles of labeled fi-
bers emerged distally, but the ending front of regen-
erative axons was difficult to ascertain at day 2 as
CGRP-labeling was still present in the degenerating
fibers. At days 4 and 7, the enhanced immunoreac-
tivity against CGRP at the crush was lower than that
seen by day 2, and the degenerated distal axons did
not show CGRP immunoreactivity at these time-
points. Thus, the regenerated-labeled axons could
be traced in continuity to their termination (Fig. 3).
This analysis revealed a gradual decrease in density
of reactive axons along the distal nerve segment to
the front of regeneration, some fibers reaching the
suture made to mark the regenerative distance in the
pinch test (Fig. 3). The measurements made in the

immunohistochemical samples showed regeneration
distances that were in agreement with those found
with the pinch test, further corroborating the differ-
ences between treated and control groups.

DISCUSSION

The main finding of this study is that the ability of
FK506 administration to enhance the rate of axonal
regeneration following a sciatic nerve crush in the
mouse demonstrates a bimodal (double peak) dose—
response, maximal activity being found at dosages of
0.2 and 5 mg/kg per day. The best overall regenera-
tion rate was achieved with 5 mg/kg, although doses
of 0.2 and 2 mg/kg yielded a very similar regenera-
tion course through the 7 days after lesioning. In
contrast, intermediate doses (0.5 and 1 mg/kg) and
a higher dose (10 mg/kg) did not significantly in-
crease the regeneration rate from control values.
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FIGURE 2. Regeneration distances after a crush lesion measured by the pinch reflex test plotted against postlesion time in the control
(C) and FK506-treated groups (FK dose expressed in milligrams per kilogram).
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FIGURE 3. Photomontages showing CGRP-labeled axons in the regenerating mouse sciatic nerve at day 4 (a, b) and day 7 (c, d) from
control (b, d) and 5.0 mg/kg FK506-treated (a, c) animals. The crush site is indicated by black asterisks in (a) and (b) and the regenerative
front by white arrows. The samples at 7 days after lesioning correspond to the regenerated tibial nerve from 12.5 mm distal to the crush
site to past the regenerative front. Bundles and individual CGRP-immunoreactive fibers are seen with decreasing density from proximal
to distal. However, CGRP-labeled axons are seen at greater distances from the crush site (more distally) in the nerves from the

FK506-treated animals at both timepoints. Bar = 0.5 mm in all.

This pattern is in general agreement with the dose—
response characterization previously described in
rats,”® in which a dose of 5 mg/kg accelerated axonal
regeneration more than doses of 1 and of 10 mg/kg.
However, in the rat, both the 1 and 10 mg/kg doses
were found to increase regeneration rate signifi-
cantly, albeit not as much as the 5 mg/kg
dose.*>**%% Accordingly, in previous studies after ei-
ther sciatic nerve crush® or resection with autograft
repair,'*'® FK506 treatment with low doses (0.6-1
mg/kg) expedited walking track recovery and in-
creased the number of regenerating axons at mid-
term, although there was no difference with respect
to untreated animals by the end of the study. This is
consistent with an acceleration in the rate of regen-
eration and further indicates that FK506 speeds re-
generation after nerve injuries of different severity.
However, differences in the methodology used to
evaluate regeneration and functional recovery as
well as in pharmacokinetics between species may ex-
plain variations in the magnitude of the effect re-
ported between different studies. In normal animals,
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an estimated regeneration rate of between 2.5 and
4.0 mm/day has been reported in previous studies
using the pinch test,>**** axonal transport label-
ing,”*” or immunohistochemical labeling® to mea-
sure axonal growth in the sciatic nerve of rats and
mice. In this context, the maximally effective dose (5
mg/kg) increased the regeneration rate by only 12%
in the mouse, which is lower than the 34% increase
reported in the rat.>> However, such an increase in
the rat was found by measurements made between
12 and 15 days after lesioning, an interval when the
rate of regeneration is considered faster than at the
earlier times than can be tested in the mouse
nerve.’* In addition, as an acceleration in the rate of
axonal regeneration will give a greater increase in
regenerative distance with time, the net effect is ex-
pected to be less apparent in smaller species of ani-
mals and along the length of shorter nerves.>* Thus,
an appreciable increase in regeneration rate would
be expected to be less significant in the mouse than
the rat sciatic nerve.

The mechanisms influencing the rate of axonal
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regeneration after axotomy mainly include changes
in the neuronal response to the lesion and changes
induced in the local environment of the lesion.'®
Several experimental paradigms that alter either the
neuronal cell body reaction or the local nerve envi-
ronment, such as a conditioning lesion' 73743 and
aging,5’40’49 have been shown to significantly change
the rate of axonal regeneration after a nerve lesion.
Axonal outgrowth requires delivery of materials to
the growth cones mainly following the slow compo-
nent b of axonal transport.”® At the level of the
growth cone, new microtubules are assembled and
stabilized by means of posttranslational modifica-
tions of tubulin and microtubule-associated pro-
teins, which are substrates for phosphorylating en-
zymes, such as growth-associated proteins (GAPs),
particularly GAP-43. Finally, the local environment
surrounding the regenerative growth cones controls
axonal elongation through changes in nonneuronal
cells and production of neurotrophic and neuro-
tropic factors.'®®! In the distal injured nerve,
Schwann cells deprived of axonal contact prolifer-
ate, help inflammatory infiltrating cells to eliminate
debris, and upregulate the synthesis and release of a
variety of neurotrophic factors and basal lamina
components that create an appropriate microenvi-
ronment for regenerating axons. However, it is un-
clear whether an effect on Schwann cells would elicit
a change in rate.

At relatively high concentrations of 100 pM,
FK506 has been shown to promote Schwann-cell pro-
liferation in vitro.'® However, at concentrations of 1
BM or higher, FK506 inhibits neurite extension.’
Moreover, although proliferation of Schwann cells
promoted in vitro by FK506 seems related to calcium
ion entrance into the cell,'® this could be detrimen-
tal for axonal regeneration. Although FK506 is a se-
lective suppressor of the cellular immune response,
at high doses it may affect indiscriminately other im-
mune responses, inhibiting also granulocyte and
macrophage responses. FK506, at concentrations 10-
to 100-fold higher than those required to inhibit T
cell proliferation, also suppresses synthesis and se-
cretion of some cytokines from macrophages.'*®
This could also delay the process of wallerian degen-
eration in which infiltrating macrophages play an
important role.***’

Based on our results showing a double peak in
the dose response, it is logical to hypothesize that
FK506 exerts opposing mechanisms of action on the
injured peripheral nervous system that are evoked at
different concentrations of the drug and may be
counterbalanced depending on the concentration.
In this regard, the FK506 0.2 and 2 mg/kg groups
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followed a very similar regeneration course through
7 days after lesioning, whereas intermediate doses
(0.5 and 1 mg/kg) were not effective. The mecha-
nisms by which FK506 accelerates nerve regenera-
tion are not completely known, but it is not unrea-
sonable to propose that different FKBPs (perhaps
involving different cell types)21 mediate different ac-
tions and that this is a function of the dose admin-
istered. One possibility is that low doses act through
binding to FKBP-52, an immunophilin associated
with steroid receptors.'*"*' Higher doses, by binding
to FKBP-12, could activate a wider range of mecha-
nisms. The possible involvement of these two FKBPs
is discussed in what follows.

FKBP-12 interacts with two calcium-release chan-
nels and stabilizes them. A high dose of FK506 is
required for breaking this binding and affecting cal-
cium influx. Two elements of the neurite outgrowth
process (elongation and growth cone motility) have
different calcium requirements.”® This interaction
could play a role in counterbalancing actions under-
lying the inhibitory effects of FK506 observed at high
concentrations of the drug.” Interaction of FK506
with FKBP-12 and the calcineurin inhibition pathway
was the first mechanism proposed.?****? Inhibition
of calcineurin by FK506 prevents GAP-43 dephos-
phorylation and promotes its active state. This pro-
tein plays an important role in growth cone motility
and in the modulation of new synapses.” However,
the most important form of GAP-43 for elongation
of growth cones is the GAP phosphorylated by envi-
ronmental stimuli,’® and phosphorylation of GAP-43
by other mechanisms could be ineffective or even
disadvantageous in promoting regeneration.

At very low doses, FK506 appears to promote neu-
rite sprouting but no axonal elongation in vitro,
whereas at higher doses it enhances elongation and
does not influence neurite branching.'®* When
added to dopamine neurons in culture, immu-
nophilin ligands that inhibit the phosphatase activity
of calcineurin (FK506 and cyclosporine A) en-
hanced elongation of neurites, whereas immu-
nophilin ligands that do not inhibit calcineurin in-
creased branching of neurites and antagonized the
elongation effects of FK506.'" Interestingly, all these
drugs showed bell-shaped dose-response curves''
and, if superimposed, the effects of FK506 on neu-
rite sprouting and on neurite elongation would pro-
duce a two-peak curve. However, whereas both
FK506 and cyclosporine A inhibit calcineurin and
both exert neuroprotective action in vitro and in
vivo, 12 only FK506 enhances nerve regeneration in
vivo.??®2 Moreover, the demonstration that nonim-
munosuppressant derivatives of FK506 do not inhibit
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calcineurin yet speed nerve regeneration,”>* and

that FK506 elicited neurite elongation in hippocam-
pal neurons of FKBP-12 knockout mice,?? provides
strong evidence against the involvement of either
calcineurin or FKBP-12 in mediating nerve regenera-
tion. Furthermore, a non-FKBP-12 binder also dem-
onstrates a bimodal dose response for nerve regen-
eration (B. G. Gold, unpublished observation). This
finding seems to exclude the involvement of FKBP-
12 in the generation of either peak in nerve regen-
eration activity. It is of interest that FKBP-52 contains
two FK506-binding domains.® Thus, it is possible that
both activities of FK506 are dependent on its inter-
action with only one FKBP, namely FKBP-52.'%*!
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Abstract

We examined the effects of FK506 administration on the degree of target reinnervation by regenerating axons (following sciatic nerve
crush) and by collateral sprouts of the intact saphenous nerve (after sciatic nerve resection) in the mouse. FK506-treated animals received
either 0.2 or 5 mg/kg/day, dosages previously found to maximally increase the rate of axonal regeneration in the mouse. Functional
reinnervation of motor, sensory, and sweating activities was assessed by noninvasive methods in the hind paw over a 1-month period
following lesion. Morphometric analysis of the regenerated nerves and immunohistochemical labeling of the paw pads were performed at
the end of follow-up. In the sciatic nerve crush model, FK506 administration shortened the time until target reinnervation and increased the
degree of functional and morphological reinnervation achieved. The recovery achieved by regeneration was greater overall with the 5 mg/kg
dose than with the dose of 0.2 mg/kg of FK506. In the collateral sprouting model, reinnervation by nociceptive and sudomotor axons was
enhanced by FK506. Here, the field expansion followed a faster course between 4 and 14 days in FK506-treated animals. In regard to dose,
while collateral sprouting of nociceptive axons was similarly increased at both dosages (0.2 and 5 mg/kg), sprouting of sympathetic axons
was more extensive at the high dose. This suggests that the efficacy of FK506 varies between subtypes of neurons. Taken together, our
findings indicate that, in addition to an effect on rate of axonal elongation, FK506 improves functional recovery of denervated targets by
increasing both regenerative and collateral reinnervation.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Nerve regeneration; Sprouting; Reinnervation; FK506; Sudomotor; Nociception

Introduction

FK506 is an immunosuppressant drug widely used to
prevent rejection after solid organ transplantation. FK506
and its nonimmunosuppressant derivatives also exert neu-
roprotective and neuroregenerative activities (for reviews,
see Gold, 1999, 2000a, 2000b; Snyder et al., 1998). Several
experimental studies have shown that administration of
FK506 increases the rate of axonal regeneration after axo-
tomy induced by nerve crush (Gold et al., 1995, 1994; Lee
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laterra, Spain. Fax: +34-935812986.
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et al., 2000; Wang et a., 1997) or after nerve transection
and suture or graft repair (Bittemeyer et al., 1995; Doolabh
and Mackinnon, 1999; Fansa et al., 1999; Navarro et d.,
2001). Functional recovery of dista targets, measured by
the walking track or by electrophysiological methods, starts
earlier in rats and mice treated with FK506, although ulti-
mate levels of recovery are close to those of untreated
animals (Doolabh and Mackinnon, 1999; Fansaet al., 1999;
Navarro et al., 2001). In patients with ahand allograft where
FK506 was used to prevent rejection, recovery of sensori-
motor functions was faster than expected, this being attrib-
uted to an enhancement of axona regeneration by FK506
(Dubernard et al., 1999; Jones et al., 2000). However, after
severe nerve injuries in larger species, including humans,
accelerating target reinnervation may be more important for

0014-4886/03/$ — see front matter © 2003 Elsevier Science (USA). All rights reserved.
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reducing the consequences of denervation (muscle atrophy,
loss of sensory receptors, denervation hypersensitivity) (Fu
and Gordon, 1995). In this context, the ability of FK506 to
increase nerve regeneration following a chronic axotomy
(Sulaiman et al., 2002) may be of importance for improving
the chances for functional recovery. However, studies on
the effects of FK506 on target reinnervation are lacking
using any of these models. Furthermore, while FK506 is
presently being used in human hand transplantations (Du-
bernard et a., 1999; Jones et al., 2000) and allograft nerve
repairs (Mackinnon et al., 2001), the dose—response needs to
be characterized in multiple modelsto determine its optimal
dose for use in clinica practice.

We recently examined the dose dependency for FK506
on the rate of nerve regeneration in the mouse and found a
novel bimodal response (Udina et a., 2002). The largest
increase in regeneration rate was achieved at a dose of 5
mg/kg, but doses of 0.2 and 2 mg/kg yielded a similar
regeneration course through the first week following sciatic
nerve crush. In contrast, results with intermediate doses of
0.5 and 1 mg/kg were not different from those of controls.
In the rat, the 5 mg/kg dose also maximally accelerates
axona regeneration (Wang et al., 1997), while the 1 mg/kg
was less effective; lower dosages were not examined. The
efficacy of lower dosages has obvious implications for clin-
ica use for nerve regeneration since low doses (e.g., 0.2
mg/kg) would have less risk of toxicity and would presum-
ably not exhibit immunosuppressant activity (Spencer et al.,
1997; Undre et al., 1999).

In the present study, we examined the effects of FK506
on both the speed of axonal elongation and the degree of
target reinnervation. Reinnervation of target tissue is
achieved by either axonal regeneration from injured nerves
or collateral sprouting from intact neurons. In regard to
collateral sprouting, one immunophilin ligand (V-10,367)
has been shown to increase neurite branching in vitro (Con-
stantini and 1sacson, 2000). Therefore, we also investigated
the capabilities of FK506 to promote collateral sprouting in
vivo. Thus, two models were used to study the effect of
FK506 on target reinnervation: nerve regeneration follow-
ing sciatic nerve crush and collateral sprouting following
partial denervation of the mouse hind paw. In both models,
we assessed recovery of different targets over a 1-month
period in mice receiving FK506 at either 0.2 or 5 mg/kg/
day, the two doses previously found as most effective
(Udina et d., 2002).

Material and methods
Surgical procedures

Operations were performed under pentobarbital anesthe-
sia (60 mg/kg ip) in 3-month-old female OF1 mice. For

nerve regeneration assessment, the sciatic nerve was ex-
posed at the mid thigh and crushed three times in succession

with a Dumont No. 5 forceps at a constant point, 45 mm
from the tip of the third digit. The saphenous nerve was also
cut in the femoral space and a long segment of the distal
stump removed to prevent regeneration. The wound was
then sutured by layers and disinfected with povidone-io-
dine. For the study on collateral sprouting and reinnerva-
tion, the sciatic nerve was transected and a 10-mm-long
segment resected to avoid regeneration. In contrast to the
above, the saphenous nerve was left intact. To avoid auto-
tomy after denervation, animals were treated with amitrip-
tyline (Navarro et a., 1994a).

The study consisted of three groups: two treated with
FK506 at 0.2 and 5 mg/kg/day and one control untreated for
each injury model (regeneration and collateral sprouting).
FK506 (Fujisawa Pharmaceuticals, Osaka, Japan) was given
as daily subcutaneous injectionsin the back diluted in saline
solution at a dose of 0.2 mg/kg (FK506 0.2 group; n = 7 for
regeneration and n = 6 for sprouting) or 5 mg/kg (FK506
5.0 group; n = 9 for regeneration and n = 6 for sprouting)
beginning on the day of operation until the end of the study.
For the control injured group (C, n = 10), mice received an
equivalent volume of saline solution. For the histological
study of regeneration, we also used a group of mice with
intact sciatic nerve (Intact, n = 10) to obtain the normal
counts of myelinated and unmyelinated axons. The experi-
mental procedures were approved by the Ethics Committee
of our university and were carried out in accordance with
the European Community Council Directive (86/609/EEC).

Functional evaluation of reinnervation by regenerating
axons

Target organ reinnervation was serialy evaluated after
sciatic nerve crush with a battery of functional tests (Na-
varro et al., 1994b). With animals under anesthesia (pento-
barbital, 40 mg/kg ip) the sciatic nerve was stimulated
percutaneously through a pair of needle electrodes at the
sciatic notch and the compound muscle action potential
(CMAP) recorded from plantar muscles with microneedle
electrodes. For sensory nerve conduction, the electrodes
were inserted on the fourth toe to record the compound
nerve action potentials (CNAP) of the digital nerves. Square
pulses (0.01 ms in duration) were applied at a voltage that
gave amaximal response. The evoked CMAPs and CNAPs
were amplified and displayed on a storage oscilloscope at
settings appropriate to measure the amplitude and the la-
tency time.

Sweat gland (SG) reinnervation was evaluated by the
silicone mold technique. Pilocarpine nitrate (5 mg/kg) was
subcutaneously injected and 10 min later a silicone material
(Elasticon, Kerr) was spread over the plantar surface of the
hind paw. Asthe material hardens, it retains the impressions
made by the sweat droplets emerging from individual SGs.
The number of reactive SGs was determined by counting
the sweat droplet impressions made in the mold under a
dissecting microscope. Recovery of pain sensitivity was
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assessed by pricking with a needle at five distinct areas
(from the most proximal pawpad to the tip of the second
digit on the plantar surface of the denervated paw) under a
dissecting microscope by an investigator who was blinded
regarding the treatment group. A scoreto pinprick (PP) was
assigned from no response (0), reduced or inconsistent re-
sponses (1), to norma reaction (2) in each area tested.
Functional tests of reinnervation were performed before
operation to obtain baseline control values and at 7, 11, 15,
18, 22, 25, and 32 days postoperation (dpo). For normal-
ization, values obtained in each test after operation were
expressed as the percentage of preoperative values for each
mouse. For each parameter indicative of the degree of re-
innervation (amplitude of CMAP and CNAP, number of
SGs, and PP score), we determined the day of the first
response after denervation and the percentage of maximal
recovery achieved during follow-up. The mean values for
each test and an overall mean of the four tests used were
derived (see Table 1).

The walking track test was performed at similar inter-
vals postoperatively to assess recovery of locomotor pat-
tern. The plantar surface of the hind paws was painted
with acrylic paint and the mice were allowed to walk
along a narrow corridor with white paper on its base. The
print lengths and toe spread distances (the total toe spread
distance between the first and fifth toe prints and the
intermediate toe distance between the second and fourth
toe prints) were measured with a precision device on
footprints of the operated and intact paws. The results of
the operated paw were expressed as the percentage of the
contralateral paw at each test.

Functional evaluation of collateral reinnervation

Following sciatic nerve resection, the expansion of in-
nervated territories supplied by thin nerve fibers of the intact
saphenous nerve was evaluated at 4, 7, 14, and 21 dpo by
the pinprick and the silicone mold methods, as described
above. Assessment of sensory and SG reinnervation was
made at the six paw pads and at the proximal and distal
areas of the toes. To confirm the expansion of cutaneous
innervation found by pinpricking, at the end of follow-up, a
solution of Evans blue (50 mg/kg) was injected into the
femoral vein of anesthetized mice (Brenan et al., 1988). Ten
minutes later, the exposed saphenous nerve was suspended
on apair of hook wire electrodes and subjected to electrical
stimulation for 5 min at 10 Hz pulses (1 ms duration and 12
V); this stimulation excites C fibers in the saphenous nerve
inducing neurogenic plasma extravasation, leading to the
accumulation of Evans blue-labeled plasma proteins in the
skin supplied by the nerve (Brenan et al., 1988; Weisenfeld-
Halin et al., 1989). The extent of blue coloration of the skin
of the hind paw was then mapped on scale diagrams of the
foot.

Morphological evaluation of nerve regeneration

At the end of follow-up, the mice were anesthetized, the
operated area was opened, and the regenerated nerve was
harvested and fixed in glutaraldehyde—paraformal dehyde
(3%-3%) in 0.1 M cacodylate buffer (pH 7.4, 4 h, 4°C).
Samples were postfixed in OsO, (2%, 2 h), dehydrated
through ethanol series, and embedded in Epon resin. Trans-
verse semithin sections (0.5 wm) of the entire nerve (sam-
pled at 3 mm distal to the crush site) were stained with
toluidine blue and examined under light microscopy. Im-
ages were obtained using an Olympus DP10 camera to a
PowerMacintosh G3 computer and processed to a magnifi-
cation of 200X (for measurement of the cross-sectiona area
of the entire regenerated nerve) and to 2600X (for myelin-
ated axon counting). Ultrastructural observations were per-
formed on ultrathin sections (90 nm) collected on Formvar
film-coated hole grids, stained with lead citrate, and exam-
ined under a Hitachi 7000 electron microscope at 100 KeV.
Randomly selected fields covering at least 25% of the tibial
branch of the sciatic nerve were used to count the number of
unmyelinated and of myelinated axons at 10,000X.

Immunohistochemical evaluation of reinnervation

To visuadize nerve profiles in the epidermis and in the
sweat glands, we used immunolabeling of protein gene
product 9.5 (PGP9.5), a neuron-specific protein that has
been recognized as a pan-neuronal cytoplasmic marker (Na-
varro et a., 1997; Thompson et al., 1983).

The plantar pads of the hind paw were carefully removed
and fixed in Zamboni’s solution at 4°C overnight. They
were then cryoprotected in 0.2 M Sorenson’s buffered so-
lution (pH 7.2) with 10% sucrose and stored at 4°C. Cryo-
tome sections (80 wm) were washed free-floating in 0.1 M
phosphate-buffered saline (PBS) with 0.3 Triton X-100
(Fluka) and 1% normal donkey serum (ICN Pharmaceuti-
cals) for 1 h, incubated overnight in rabbit antiserum to
PGP9.5 (1:800; Ultraclone), washed in PBS-Triton, and
incubated with goat antirabbit cyanine-3.18-labeled immu-
noglobulin G (1:200; Jackson Immunoresearch) overnight
at 4°C (Verdl and Navarro, 1997). Sections were placed on
agarose-coated dlides, dehydrated, mounted in dextropropo-
xiphene (Fluka), and viewed using an Olympus BX-40
microscope equipped for epifluorescence. For image analy-
sis, three images from three sections for each paw pad were
collected using an Olympus DP10 digital camera. Images
were analyzed using NIH Image software to quantify the
number of intraepidermal nerve fibers and the area of in-
nervation of SGs. A background subtraction procedure was
performed (Vilches et a., 2002).

Satistical analysis

All data are expressed as means = SEM. Statistical
comparisons between groups were made by ANOVA fol-
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Fig. 1. Percentages (compared to uninjured) for the amplitude of the plantar compound muscle action potential (CMAP), the digital compound nerve action
potential (CNAP), the number of reactive sweat glands (SG), and the pinprick (PP) score over time in the groups of mice after sciatic nerve crush.

lowed by a post-hoc Fisher test. Differences were consid-
ered significant at P < 0.05.

Results

Effects of FK506 on nerve regeneration after sciatic
nerve crush

Functional tests performed at 7 dpo demonstrated that all
nerve-mediated functions were abolished in the denervated
hind paw of al animals. The first CMAPs evoked by sciatic
nerve stimulation and recorded from plantar muscles reap-
peared at 15 dpo in most mice and at 18 dpo in two micein
group C. During the following weeks, the latency of the
CMAP shortened to close to normal (data not shown) and
the amplitude progressively increased to reach mean fina
values (relative to preoperative values) of 32, 34, and 40%
in the C, FK506 0.2, and FK506 5.0 groups, respectively
(Fig. 1; Table 1). Digital CNAPs were recorded earlier in

mice treated with FK506 compared to untreated mice. The
amplitude of the CNAPs elicited at the end of follow-up
averaged 22, 26, and 30% in the C, FK506 0.2, and FK506
5.0 groups, respectively (Table 1). Sudomotor responses
returned by 18 dpo in all three groups. The total number of
reactive SGs increased with a similar slope, albeit reaching
significantly higher maximal recovery in the FK506 5.0
group; 87% vs 81% in the FK506 5.0 and C groups, respec-
tively (Fig. 1; Table 1). On the other hand, nociceptive
responses to pinprick were found at the most proximal pad
from day 15 in al mice, increasing with a higher slope in
both FK506 groups than in the C group (Fig. 1).

To alow direct comparison of the differences between
groups for each type of functional nerve fiber assessed, the
onset day of reinnervation and the maximal percentage of
recovery are shown in Table 1. Asfound in previous studies
(Navarro et al., 1994b; Verdl and Navarro, 1997), func-
tional reinnervation was significantly higher for small nerve
fibers (nociceptive and sudomotor) than for large myelin-
ated fibers (sensory and a-motor neurons). FK506 treatment
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Table 1

Onset day of reinnervation and percentage of maximal reinnervation for each distal target tested after sciatic nerve crush in the control group (n = 10)
and in groups treated with FK506 at doses of 0.2 mg/kg (n = 7) and 5 mg/kg (n = 9)

Plantar muscle Digital nerve Nociception Sweat glands Mean

Onset (day)

Control 156 + 0.4 256+ 1.2 150 + 0.0 183+ 0.5 186 + 0.3

FK506 (0.2 mg/kg) 15.0 = 0.0 237+08 15.0 = 0.0 181+ 0.4 180+ 0.3

FK 506 (5.0 mg/kg) 15.0 + 0.0 21.6 + 1.0 15.0 + 0.0 17.7 + 0.6 17.4 + 0.4*
Reinnervation (%)

Control 324 * 3.6 25+25 920+ 6.1 810+ 17 57.1+21

FK 506 (0.2 mg/kg) 344+74 260+ 25 100.0 + 0.0 833+ 14 60.9 + 1.9

FK506 (5.0 mg/kg) 401+ 26 305+ 2.8* 100.0 = 0.0 87.3 £ 2.1* 64.5 + 1.6

* P < 0.05vsgroup C.

produced a dose-dependent, abeit slight, acceleration in the
time until reinnervation and an increase of the mean levels
of maximal reinnervation. For the CNAP recorded at the
digital nerve, the most sensitive parameter to detect differ-
ences in this model (see Navarro et a., 2001, 1994b), the
onset of recovery was shortened in both FK506-treated
groups; values were reduced by 13 and 7.5% in FK506 5.0
and FK506 0.2 groups, respectively, compared to group C.
Furthermore, the percentages of recovery were increased by
35 and 15% in FK506 5.0 and FK506 0.2 groups, respec-
tively.

Thewalking track test showed full functional recovery inall
animals during the follow-up. Andysis of the print length
factor indicated a rapid return to near-norma values in the
three groups by 16 dpo. The total toe spread distance (between
the first and fifth digits) and the intermediate toe distance
(between the second and fourth digits), which are dependent
on reinnervation of intrinsic foot muscles, showed a faster
recovery to normal values in the FK506 5.0 group (22 dpo)
than in the other two groups (26 dpo) (Fig. 2).

Morphological results after sciatic nerve crush

Light microscopy revealed a well-formed regenerated
nerve distal to the crush site in all groups. The regenerated
nerves demonstrated a thin epineurium and their origina
fascicular organization was preserved. The density of my-
elinated fibers was lower than that in normal nerves and
there was more connective tissue between the fibers (Fig. 3).
Remnants of degenerating fibers and phagocytic cells were
still present. Table 2 shows the average cross-sectional area
of the nerves and the number of regenerated myelinated
fibers. The number of fibers was significantly increased in
the FK506 5.0 group compared to group C (Table 2); values
were 71, 79, and 84% of those in the normal (uninjured)
sciatic nerve in the C, FK506 0.2, and FK506 5.0 groups,
respectively. The numbers of unmyelinated axons were sig-
nificantly lower in group C compared to those in both
FK506-treated groups (Table 2, Fig. 4); for the FK506-
treated groups, the counts were similar to that found in the
intact nerve (Table 2). The normal ratio of unmyelinated/

myelinated axons in the tibia nerve (1.95 = 0.09) was
dlightly reduced in group C (1.78 = 0.10), but it was
increased in both treated groups (2.34 = 0.26). Compara-
tively the increase in regenerated myelinated axons in
FK506-treated groups was about 15-20%, whereas the in-
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tralateral hindlimb, following crush injury to the sciatic nerve.
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Fig. 3. Semithin transverse sections of sciatic nerves representative of intact mice (8) and regenerated nerves from control (b), FK506 0.2 mg/kg (c), and
FK506 5 mg/kg (d) groups. The density and size of the regenerated myelinated fibers in nerves regenerated 1 month after sciatic nerve crush remain lower
than those in the normal nerve. In mice treated with FK506 (c and d), there are a higher number of regenerated fibers and a more mature appearance than

in the control nerve (b). Bar, 17 um.

crease for unmyelinated axons was about 60% with respect
to the control group.

The immunohistochemical evauation of reinnervated
plantar pads of the hind paw showed the presence of PGP-
immunoreactive fibers in nerve trunks, subepidermal nerve
plexus, epidermal layers, and around SGs, but at lower
densitiesthan those in contralateral normal (uninjured) sam-
ples (Fig. 5). The intragpidermal thin nerve fibers were
mainly located at the apex of the pads and less at lateral
sides. The number of intragpidermal nerve profiles labeled
in the injured groups was about 1/3 of that in normal skin
(Table 2). FK506-treated mice demonstrated a higher num-
ber of profiles (about 25-30% more) than control mice. The
density of PGP-immunoreactive fibers surrounding the SG
tubules was moderate, with some SGs remaining denervated
or only partialy reinnervated. The total areas of SGs occu-
pied by nerve fibers were 34, 72, and 66% of normal values
in the C, FK506 0.2, and FK506 5.0 groups, respectively
(Table 2). These findings indicate that FK506 increases
terminal sprouting and arborization by the regenerating fi-
bersthat reached distal cutaneous targets. Whereas the num-
ber of regenerated fibers in the sciatic nerve increased
mildly (see above), the innervation of targets was notably

superior both FK506-treated groups compared to that of
untreated mice.

Effects of FK506 on collateral reinnervation by the intact
saphenous nerve

Four days after resection of the sciatic nerve, the intact
saphenous nerve innervated an average of 21, 11, and 17
SGs (6, 3, and 4% of the normal number of SGs) in the C,
FK506 0.2 and FK506 5.0 groups, respectively (Fig. 6).
These glands were located in the usual saphenous nerve
territory (Kennedy et al., 1984; Navarro and Kennedy,
1988). The number of reactive SGs increased during the
second and third weeks to a maximum of 54, 38, and 79 in
the C, FK506 0.2, and FK506 5.0 groups, respectively. A
few SGs outside of the saphenous territory started to be
reactive to pilocarpine in some animals. Because the origi-
nal saphenous innervated SGs at 4 dpo widely varied in
number between mice, the increase over time is expressed
as the percentage with respect to the baseline number found
a 4 dpo for each animal. The expansion of sudomotor
innervation by collateral sprouting of the saphenous nerve
followed a higher slope and to larger territory in the FK506
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Table 2

Morphological parameters of the regenerated sciatic nerve and
immunohistochemical results of the innervation of the paw pads 1
month after crush in the control group and in groups treated with FK506
at doses of 0.2 and 5 mg/kg

Group n Sciatic nerve
Nerve area (mm?)  No. myelinated fibers
Intact 10  0.210 + 0.006 4801 + 207
Control 10  0.155 =+ 0.008* 3407 = 95*
FK506 (0.2 mg/kg) 7 0.192 * 0.006** 3784 + 82
FK506 (5.0 mg/kg) 9 0.166 * 0.006* 4008 *+ 136***
Tibial nerve

No. unmyelinated fibers No. myelinated fibers

Intact 10 5948 + 382 3109 + 189
Control 5 3739 + 406 2208 + 118*
FK506 (0.2 mg/kg) 5 5900 = 596** 2521 + 121*

FK506 (5.0 mg/kg) 5 6166 *+ 421** 2680 + 122*%**

Cutaneous innervation

Epidermal fiberssmm Percentage of innervated

SG area
Intact 10 57.7+ 26 378+ 28
Control 10 22.1 + 1.6* 13.0 = 1.6*
FK506 (0.2 mg/kg) 7 27.1* 1.2* 27.3 £ 1.7***
FK506 (5.0 mg/kg) 9 30.4 *£ 1.5*** 249 £ 1.7***

For comparison the results obtained for mice with normal intact nerves
are also shown. Vaues are expressed as means = SEM.
P < 0.05* vsintact nerves; ** vs group C.

5.0 group, reaching a fina increase of 472% compared to
340% in group C; group FK506 0.2 showed an intermediate
course, reaching a value of 382% (Fig. 7).

Positive responses to nociceptive pinprick stimulation
after resection of the sciatic nerve were found in the normal
sensory territory of the saphenous nerve (Brenan et al.,
1988; Kinnman and Aldskogius, 1986). This covered the
first and second toes in all the mice, being more variable in
the medial pads of the hindpaw. From 7 to 21 days, the
responses were more consistent in these areas. Moreover, an
extension of the response was found to medial pads and to
the third toe. The total PP score increased faster during the
second week postdenervation in both FK506-treated groups
(Fig. 7). The fina score for nociceptive responses found at
21 dpo were increased (with respect to baseline values at 4
dpo) by 285, 355, and 378% in the C, FK506 0.2, and
FK506 5.0 groups, respectively.

The areas of the plantar skin labeled by extravasation of
Evans blue corresponded in al cases to the areas where
functional nociceptive responses were previously found,
except for the pads, which show little or no extravasation
(Weisenfeld-Hallin et al., 1989). However, because the ex-
travasation of the dye gives a lower and less homogeneous
stain in the plantar skin than in the dorsal hairy skin, quan-
titation was not attempted.

Discussion

The present study reveals that FK506 administration
enhances the reinnervation of target organs both by regen-
erating axons following a nerve crush and by collateral
sprouts of an intact nerve induced to expand following
denervation of its nearby territory. The recovery achieved
by regeneration and by collateral sprouting was greater
overall with the 5 mg/kg dose than with the dose of 0.2
mg/kg of FK506. Nevertheless, the 0.2 mg/kg dose till
produced better results than those found in untreated, con-
trol mice.

FK506 enhances nerve regeneration and reinnervation

In agreement with previous reports (Gold et al., 1995,
1994; Lee et a., 2000; Udina et al., 2002; Wang et .,
1997), FK506 administration accelerated the rate of axonal
regeneration and shortened the time until target reinnerva-
tion after sciatic nerve crush. We have recently reported
(Udina et al., 2002) that FK506 exerts a bimoda dose—
response enhancement on the rate of axonal regeneration
following sciatic nerve crush in the mouse, the best regen-
eration rate being achieved at 5 mg/kg/day, although doses

it Nl i,

Fig. 4. Ultrathin sections of regenerated nerves 3 mm distal to the crush
from (&) untreated control, (b) FK506 0.2 mg/kg and (c) FK506 5 mg/kg
mice. Note the increased density of unmyelinated axons in the nerves from
both FK506-treated animals. Original magnification, X 10,000.
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Fig. 5. Immunohistochemical images of PGP 9.5 immunoreactivity in intact (a) and in reinnervated mouse foot pads representative of control (b), FK506 0.2
mg/kg (c), and FK506 5 mg/kg (d) groups 1 month after sciatic nerve crush. (a) Nerves in control footpad form a dense network around SGs. Large trunks
extend through the central areato form a subepidermal plexus, from which numerous fibers emerge to innervate the epidermis and Meissner’s corpusclesin
the tufts of papillary dermis. (b) Immunofluorescence is greatly reduced in the SGs, and few nerve fibers enter the epidermis. (c and d) The density of
immunoreactive profiles is considerably increased in the SG area and in the epidermis in mice treated with FK506. Bar, 100 um.

of 0.2 and 2 mg/kg yielded a very similar regeneration
course through the first week postlesion. The more marked
effect found in this study with the dose of 5 mg/kg than with
the low dose of 0.2 mg/kg arises from two differences from
the previous model employed. First, the present model en-
abled a doubling of the distance examined for regeneration;
in the previous study, the regenerative front at 7 days post-
crush was always found proximal to the ankle, whereas in
the present study regeneration was assessed further distally
(at the toes). Second, the present model allowed us to also
assess the effect of FK506 on terminal branching and re-
connection of regenerating axons with postsynaptic targets.
Using immunohistochemical methods, different types of
nerve fibers have been found to exhibit similar regeneration
rates until they reappeared within corresponding targets
(Verdl and Navarro, 1997). In contrast, differences of afew
days were found in the time lapse between the reappearance
of axonal profiles and recovery of detectable functional
responses (Verdu and Navarro, 1997). Peripheral reinner-
vation by terminal branching and synaptogenesis appears to
be dependent on different factors in the regenerating tissue
that those regulating axonal elongation (see below).

The most striking effect of FK506 observed is its ability

to increase target reinnervation and functional recovery by
regenerating axons. Previous studies using either a sciatic
nerve crush (Gold et al., 1995, 1994; Lee et a., 2000; Wang
et a., 1997) or nerve section with autograft repair (Doolabh
and Mackinnon, 1999; Fansa et a., 1999) found that FK506
treatment (0.6—10 mg/kg) expedited walking track recovery
and increased the number of regenerating axons at early
times, but there were no differences with respect to un-
treated animals by the end of the study. This lack of effect
on final outcome may be due to the insensitivity of the
methods used. The neurophysiological tests employed in
this study to assess reinnervation by different types of nerve
fibers alow serial evaluation in the same animal at desired
intervals (Navarro et a., 1994b). Together with the immu-
nohistochemical labeling of regenerated fibers into the skin
(Navarro et al., 1997; Verdl and Navarro, 1997), these
assessments provide more sensitive measurements of recov-
ery than walking track and counts of nerve fibers over only
short distances from the lesion.

Differences were observed in the response to FK506 by
different neuronal populations. The mean amplitudes of the
compound action potentials were increased from controls by
6 and 15% for CMAP and by 15 and 35% for CNAP in
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Fig. 6. Distribution and number of sweat glands innervated by the saphenous nerve at 4 days (top panels) and at 21 days (bottom panels) after resection of
the sciatic nerve in the three groups of mice. Shadings represent the percentage with respect to the preoperative number of reactive sweat glands found at

each area of the paw.

FK506-treated animals given the 0.2 and 5 mg/kg dosages,
respectively. In contrast, nociceptive and sudomotor rein-
nervation increased by |ess than 10% with FK506 treatment,
despite the stronger effect of FK506 on the regeneration of
unmyelinated than of myelinated fibers. This difference can
be explained by the normally higher percentage of recovery
for sweating and pain sensitivity than for muscle action
potentials found after nerve lesion and regeneration, thereby
minimizing differences between experimental and control
groups,; the difference is attributable to a greater capacity of
unmyelinated axons for terminal sprouting and functional
reinnervation compared to large myelinated axons (Navarro
et a., 2001, 1994b; Verdl and Navarro, 1997).

The density of reinnervation found by immunohisto-
chemical labeling of target tissues was lower than that in
normal (uninjured) nerves, despite the fact that a crush
lesion should have provided optimal conditions for regen-
eration. Although nociceptive and sudomotor functional re-
covery reached levels similar to preoperative controls, the
number and extension of immunolabeled profiles in the
epidermis and the SGs remained below normal (see also
Navarro et a., 1997; Verdl and Navarro, 1997). Despite
this defect in the density of nerve profiles in the epidermis,
nociceptive response can be close to normal because free
nerve endings reaching deep layers of the epidermis may
respond to mechanical stimuli. Regarding the SG reinner-
vation, a reduced number of sudomotor axons may achieve
secretion in a normal number of SGs due to their large

capability for collateral sprouting and to the fact that SGs
secretion return even if partialy reinnervated (Navarro et
al., 1997; Verdd and Navarro, 1997). One month following
nerve crush, a time when steady levels of cutaneous rein-
nervation are achieved, the number of axonal profilesin the
epidermis was increased about 35% and the density of SG
innervation about 100% in FK506-treated mice relative to
controls. This can be explained by the fact that FK506
clearly promotes regeneration of unmyelinated axons,
achieving values similar to those from intact nerves. In
addition, the immunohistochemical observations suggest
that FK506 may exert a promoting action on terminal
sprouting and target reinnervation.

FK506 enhances reinnervation by collateral sprouting

Following peripheral nerve lesion, reinnervation of de-
nervated targets may occur by means of two different mech-
anisms: regeneration of injured axons and collateral sprout-
ing of neighboring undamaged axons. These two growth
responses have different characteristics. Axonal regenera-
tion after peripheral nerve damage depends on the presence
of a suitable pathway for growth (the degenerated nerve)
and occurs whether or not appropriate target tissue is avail-
able. In contrast, collateral sprouting is a characteristic of
normal undamaged nerves in response to elimination of
other axons within the same target tissues (Diamond and
Foerster, 1992). In adult mammals, large myelinated fibers
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Fig. 7. Plot of the percentage with respect to the baseline values found at
4 days of reactive sweat glands (SGs) and of the pinprick (PP) score
achieved by collateral reinnervation from the saphenous nerve during
follow-up after resection of the sciatic nerve. Bars represent the SEM. *P
< 0.05 vs group C.

readily regenerate after axotomy. However, unlike thinly
myelinated and unmyelinated axons, uninjured sensory
large fibers fail to sprout collateral branches and make
functional reinnervation into denervated territories (Devor
et a., 1979; Jackson and Diamond, 1984). The extension of
the peripheral territory innervated by collateral sprouting of
thinly myelinated and unmyelinated sensory (Brenan et a.,
1988; Doucette and Diamond, 1987; Kinnman and Aldsko-
gius, 1986; Nixon et al., 1984) and sympathetic nerve fibers
(Gloster and Diamond, 1992; Kennedy et al., 1988; Navarro
and Kennedy, 1988) does not have the temporal and spatial
congtraints that affect sprouting of large fibers, either low-
threshold sensory (Jackson and Diamond, 1984; Kinnman et
a., 1992) or a-motor neurons (Brown et a., 1980; Torigoe,
1985).

In agreement with previous reports (Devor et al., 1979;
Navarro and Kennedy, 1988; Wiesenfeld-Hallin et al.,
1989), the nociceptive and sudomotor saphenous nerve ter-

ritories readily expanded after sciatic nerve resection, in-
creasing the responses in areas normally supplied by the
saphenous herve and extending to neighboring sciatic areas
of the paw. Since collateral sprouting becomes functionally
evident for mechanosensitive nociceptors (Nixon et a.,
1984) and for sympathetic sudomotor fibers (Navarro and
Kennedy, 1988) at about 7—10 days of denervation, we
compared the normal saphenous map to that found in each
animal at 4 dpo. This analysis revealed that collateral rein-
nervation by both types of axons was enhanced by treatment
with FK506. The cutaneous field expansion followed a
faster course between 4 and 14 days in both FK506-treated
groups than in the control animals. However, during the
subseguent week the slopes were less different (see Fig. 7).
Collateral sprouting of nociceptive axons was similarly in-
creased with both FK506 dosages (0.2 and 5 mg/kg). In
contrast, collateral reinnervation of SGswas more extensive
with the high dose, suggesting that the effects of FK506 on
neural responses to injury may vary between neuronal sub-

types.
Possible mechanisms of action and implications

The mechanisms influencing axona regeneration and
collateral sprouting after denervation display also distinct
features. In the regenerative growth cone, new microtubules
are assembled and stabilized by means of posttrand ational
modifications of tubulin and microtubule-associated pro-
teins, which are phosphorylated by growth associated pro-
teins (GAPs). Thelocal environment surrounding the regen-
erative growth cones influences axonal elongation through
changes in nonneurona cells, including infiltrating macro-
phages and reactive Schwann cells, and production of neu-
rotrophic and neurotropic factors (Fu and Gordon, 1997,
Verdl and Navarro, 1998). On another hand, terminal
sprouting of regenerative axons seems to have more in
common with target-related collateral sprouting of intact
axons than with regeneration aong peripheral nerve trunks.
This is supported by the findings that anti-NGF serum
administration does not affect regeneration of injured sen-
sory and sympathetic nerves (Diamond et a., 1992a;
Gloster and Diamond, 1992), but does prevent terminal
arborization of sympathetic regenerative axons (Bjerre et
a., 1974) and collateral sprouting of nociceptive and sym-
pathetic axons into denervated skin (Diamond et al., 1992b;
Doubleday and Robinson, 1992; Gloster and Diamond,
1992). Administration of NGF and other neurotrophins in
vivo leads to potentiation of collateral sprouting within the
denervated skin (Diamond et al., 1992b) and in the spinal
cord (Schnell et a., 1994); NGF, by inducing a dynamic
reorganization of the cytoskeleton, promotes generation of
axon collateral branches (Gallo and Letourneau, 1998). In
contrast, application of NGF does not affect the rate of
axonal elongation after axotomy but delays the onset of
regeneration (Gold, 1997), probably by reducing the neuro-
nal body response to injury (Mohiuddin et a., 1999). Taken
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together, the present findings indicate that FK506 increases
reinnervation of NGF-independent (nerve regeneration) and
NGF-dependent (collateral sprouting) processes.

With respect to the possible mechanisms of action pro-
posed to explain the regeneration-promoting effects of
FK506, binding of FK506 to FKBP-12 and subsequent
calcineurin inhibition was the first mechanism proposed
(Gold et a., 1994, 1998; Lyons et a., 1994). Inhibition of
calcineurin by FK506 prevents GAP-43 dephosphorylation
and promotes its active state. Axonal elongation during
development and regeneration correlates with the expres-
sion of GAP-43 (Benowitz and Routtenberg, 1997). In-
creased expression of GAPs, such as GAP-43 and GAP-23,
also promotes spontaneous nerve sprouting at the neuro-
muscular junction (Caroni, 1997). However, GAP-43 is not
increased in motor neurons induced to sprout by muscle
inactivity or by partial denervation (Bisby et al., 1996),
further indicating that the control of sprouting is largely a
target-dependent phenomenon, responsive to increased pro-
duction of neurotrophic factors in the denervated tissue
(Mearow et a., 1993).

The effect of FK506 in accelerating collateral sprout-
ing would, therefore, be inconsistent with a mechanism
involving GAP-43 phosphorylation via interaction with
FKBP-12. Thus, the present in vivo findings are consis-
tent with the demonstration that FK506 promotes neurite
elongation in neuronal cultures from FKBP-12 knockout
mice (Gold et al., 1999), indicating that the neurotrophic
effects of FK506 are not mediated by FKBP-12. Further-
more, nonimmunosuppressant derivatives of FK506 do
not inhibit calcineurin yet speed nerve regeneration
(Gold et al., 1997; Steiner et al., 1997). Instead, we
suggested that the ability of FK506 to increase both nerve
regeneration and collateral sprouting is mediated by
FKBP-52 (Gold et al., 1999). Binding to FKBP-52 leads
to dissociation of the mature steroid receptor complex,
and several downstream effectors may be involved in
enhancement of axonal growth, including increased ex-
pression of c-jun and GAP-43, stimulation of the MAP
kinase (ERK) pathway, and interaction with cytoskeleton
components (Gold, 1999, 2000a).
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