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The Immunosuppressant FK506 Increases the Rate of Axonal 
Regeneration in Rat Sciatic Nerve 
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The axonal regenerative properties of the new immunosup- 
pressant drug FK506 (tacrolimus) are further explored in 
this continuing study. In an initial report (Gold et al., 
1994a), we described the ability of FK506 to reduce the time 
until return of function in the hind feet of rats following a 
sciatic nerve crush. In the present study, we examined the 
morphological correlate underlying this enhancement of 
functional recovery. In rats receiving daily subcutaneous 
injections of FK506 (1.0 mg/kg) for 18 d following a sciatic 
nerve crush the regenerating axons appeared larger in size 
compared to saline-injected control animals. Morphometric 
analysis of axonal calibers in the soleus nerve demonstrat- 
ed that mean axonal areas for the largest 30% of axons 
were increased over axotomized control values by 93% in 
the FK5Obtreated animals. Next, the rate of axonal regen- 
eration was determined by radiolabeling the L5 dorsal root 
ganglion (DRG) at 9 and 14 d following axotomy. Regres- 
sion analysis of the outgrowth distances for sensory axons 
between 10 and 15 d revealed a 16% increase in regener- 
ation rate. Electron microscopy of intramuscular nerve 
branches in the interosseus muscles confirmed that the ax- 
ons in the FK506-treated animals were further advanced 
toward their targets; in some instances, axons were shown 
to reinnervate muscle spindles. The results are discussed 
in terms of the known ability of FK506 to inhibit the activity 
protein phosphatase 28 (calcineurin). 

[Key words: calcineurin, dorsal roof ganglion, immuno- 
suppressants, neuroregeneration, peripheral nerve, phos- 
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FK.506 (tacrolimus), isolated from Streptomqces tsukuhuensis 

(Kino et al., 19X7a,b), is a new FDA-approved immunosuppres- 
sant. The drug may replace cyclosporin A as the drug of choice 
for organ transplants due to its greater potency and relatively 
diminished side-effects, notably, nephrotoxicity (Starzl et al., 
1987, 1989; Hoffman et al., 1990; see, however, Klintmalm, 
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1994). While neurological complications are prevalent in pa- 
tients given FK506 following liver transplantation (Eidelman et 
al., 1991; Alessiani et al., 1993), these have been attributed to 
systemic illness rather to drug toxicity (Burkhalter et al., 1994). 

In addition to its ability to suppress T-cell activity, FK506 has 
a number of nonimmune effects, including inhibition of the 
growth of the bacterium Sacchorc~myces cet~~isiue (Heitman et 
al., 1993; Schmidt et al., 1994), stimulation of hair growth in 
mammals (Yamamoto et al., 1994), and in humans, liver cell 
regeneration (Carroll et al., 1994) and wound healing (Franca- 
villa et al., 1989). Two recent studies (Gold et al., 1994a; Lyons 
et al., 1994) indicate that FK506 also influences process out- 
growth in neurons. First, Snyder and coworkers (Lyons et al., 
1994) reported that FK506 increases nerve growth factor (NGF)- 
induced neurite outgrowth in PC12 cells and primary cultures 
of DRG sensory neurons. Second, we have presented an initial 
report (Gold et al., 1994a) showing that FK506 enhances recov- 
ery of function following a sciatic nerve crush (axotomy) lesion 
in the rat. 

In the present report, we have extended our initial observa- 
tions (Gold et al., 1994a) on the regenerative properties of 
FK506. The data reveal that the previously observed beneficial 
effects of FK506 on functional recovery is due to an enhance- 
ment in the rate of axonal elongation resulting in a more rapid 
maturation of axonal sprouts. Portions of this work have ap- 
peared previously in abstract form (Gold et al., 1994b; Katoh 
and Gold, 1995). 

Materials and Methods 
Prrpurafion of’ FK506. FKS06 was isolated from capsules (Fujisawa 
Pharmaceutical, Osaka, Japan), 10 mg suspended in saline (5 ml), the 
suspension centrifuged at 25,000 X g for 10 min at 4°C (2X) and the 
nonsoluble filler contained in the capsules discarded. The solution was 
found by HPLC to contain approximately IO% of the original IO mg 
content of FK506 (Gold et al., 1994a); no spurious peaks were identified 
by HPLC analysis, indicating that the resultant solution contained only 
trace levels of the filler materials. 

Animals and surgical procedures. A total of 24 male Sprague-Daw- 
ley rats was used in this study; the IO rats used for morphological 
analysis were from a previous study (Gold et al., lYY4a). Rats were 
deeply anesthetized with 2% halothane prior to surgery. The sciatic 
nerve was exposed unilaterally and crushed twice (for a total of 30 set 
using a no. 7 Dumont jeweler’s forceps), either at the level of the hip 
(for morphological studies) or at the junction of the L4 and LS spinal 
nerves (for measurement of axonal regeneration rate). A suture was tied 
in the adjacent muscle to mark the crush site. Beginning on the day of 
nerve crush, operated animals received daily subcutaneous injections 
(in the back of the neck) of either FKS06 (I .O mg/kg) or an equivalent 
volume of saline (5 ml/kg) for 18 d. 

Tissue fixation and preparation. At I8 d following axotomy, IO an- 
imals (five per group) were anesthetized with 4% halothane. heparin- 
ized, and perfused through the ascending aorta with 4% paraformalde- 
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Figure 1. Nerves distal to the crush site demonstrate a more advanced stage of regeneration in FK506-treated rats 18 d following axotomy. 
Representative electron micrographs from saline-treated (A) and FK506-treated (B) animals in the medial gastrocnemius nerve. Axons (asterisks) 
are larger in size and are surrounded by thicker (albeit relatively thin for axonal calibers) myelin sheaths in the nerve from the FK506-treated 
animal. Magnification, 3000X. 

hyde in 0. I M sodium phosphate buffer (pH 7.4) for IO set followed 
by I liter of 5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 
7.4). The following tissues were sampled: sciatic nerve, peroneal nerve, 
sural nerve, tibia1 nerve, tibia1 branches supplying the medial gastro- 
cnemius and soleus muscles, and interosseus muscles. Tissues were 
placed in 0.1 M sodium phosphate buffer (pH 7.4), postfixed with 2% 
osmium tetroxide (in 0.1 M phosphate buffer) for 2.5 hr, dehydrated in 
ascending concentrations of ethanol, and embedded in plastic (Spurr’s). 
Thick sections (I pm) were stained with toluidine blue; thin sections 
were stained with uranyl acetate followed by lead citrate, and examined 
in a JOEL electron microscope. 

Morphometric analysis. Analysis of axonal calibers was performed 
in the branch of the posterior tibia1 nerve supplying the soleus muscle. 
For each animal, the entire nerve cross-section (excluding a rare area 
obscured by a grid bar) was photographed at a magnification of 4000X 
(totaling l&l2 fields per nerve). Photographic prints (final magnifica- 
tion 10,000X) were made of between IO&211 axons in each nerve. 
Axonal areas of both myelinated and unmyelinated fibers were deter- 
mined by tracing the axolemma using a Houston Instrument HI-PAD 
digitizing tablet connected to an IBM XT computer with appropriate 
software (BIOQUANT IV, R&M Biometrics, Nashville, TN). Cumulative 
histograms were constructed from these data. Since axonal areas did 
not demonstrate a normal distribution, we selected the largest 30% of 
axons from each nerve for purposes of statistical analysis. Individual 
mean axonal area from this population of axons was determined for 
each nerve. For each group (i.e., FK506 and saline), mean values and 
standard errors were calculated based upon these individual means. 
Mean values for axonal areas were compared using a two-tailed Stu- 
dent’s r test (STATVIEW, Abacus Concepts, Inc., Berkeley, CA). 

Measurement of a.xonal regeneration rate. For measurement of ax- 
onal outgrowth distances, FK506-treated and saline-treated axotomized 
rats were deeply anesthetized with chloral hydrate (400 mglkg, i.p.). a 
laminectomy performed, and the L5 DRG unilaterally injected with 20 
p,Ci of lH-leucine (Amersham, specific activity 150 Ci/mmol) on day 
9 (four animals per group) or day I4 (three animals per group). Body 
temperature was thermostatically maintained at 37°C (Harvard Instru- 
ments) during the period of anesthesia. Twenty-four hours later (days 
10 and 15, respectively), the animals were killed by euthanasia solution 
and the nerves (L5 spinal roots to the distal sciatic nerve branches) 

harvested intact to determine the maximal extent of transported protein- 
incorporated radioactivity (Droz and Warshawsky, 1963). Briefly, the 
nerves were placed in 10% formalin overnight (to remove non-protein- 
bound radioactivity), cut into 3 mm segments, and each segment solu- 
bilized in 0.5 ml of Solvable (NEN Research Products, Boston MA) at 
60°C for 4 hr and the radioactivity determined in a liquid scintillation 
spectrometer (Beckman); data were expressed as disintegrations per 
minute (dpm). For each nerve, dpm were plotted against the distance 
from the crush site and the maximal extent of outgrowth was determined 
from the point of intercept between a line drawn through the front of 
radioactivity collected in the distal portion of the nerve over the 24 hr 
period and the background radioactivity (Ochs and Ranish, 1970). Mean 
values for outgrowth distances were calculated, the values plotted 
against the number of days since axotomy, a regression line generated 
(STATVIEW, Abacus Concepts, Inc., Berkeley, CA), and the slope of the 
line used to estimate the rate of axonal regeneration between the two 
time points of study (i.e., IO and I5 d); sufficient drug was not available 
for examination of a third time point. 

Results 
FK506 accelerates the maturation and extent of elongation of 
regeneration axons 
As previously reported (Gold et al., 1994a), a higher density of 
regenerating myelinated axons was observed at all levels distal 
to the crush site [e.g., soleus (see Fig. 5 in Gold et al., 1994a) 
and medial gastrocnemius (Fig. 1) nerves] in FK506-treated 
compared with saline-treated animals at 18 d following axotomy. 
High-power electron microscopy revealed many premyelinating 
(Fig. 2.4) and early myelinating (Fig. 2B) axons from saline- 
treated animals. In contrast, axons from animals given FK506 
were commonly larger in size and in a more advanced stage of 
myelination (Fig. 2C,D). 

Morphometric analysis of axonal calibers in the soleus nerve 
(see Materials and Methods) demonstrated a shift to larger sized 
axons in the FK506-treated animals (Fig. 3). Mean axonal areas 
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Figure 2. Regenerating axons are in a more advanced stage of myelination in FK506-treated rats at 18 d following axotomy. Electron micrographs 
of representative axons in the soleus nerve from saline-treated (A, B) and FK506-treated (C, D) animals. A, Two premyelinated axons (asterisks) 
surrounded by Schwann cells are still contained within a common basal lamina (Zurge arrowheads). Note that the lips of a Schwann cell process 
have begun to envelope one axon (small arrowhead) prior to forming a mesaxon. B, A myelinating axon. Note inner-most lamellae remain 
uncompacted; one region (small arrowhead) is shown at higher power in inset. A small, nonmyelinated axon (asterisk) is also present. C, An axon 
undergoing early myelination. Membrane fusion begins at hair-pin loop (large arrowhead), as shown at higher power in inset. Note microtubules 
(arrowheads) in Schwann cell cytoplasm. D, A large axon exhibiting a normal appearing, thick myelin sheath. 14,000X; 40,000X (inset in B); 
66,000X (inset in C). 

for the total population of fibers in the soleus nerve 18 d fol- axons (most likely representing axons not destined for myeli- 
lowing axotomy were significantly (p < 0.005) increased from nation) tended to skew the distributions towards the smaller 
0.6 t 0.08 Frn2 in the saline-treated animals to 1.0 t 0.08 pm* sizes. Since these small axons were more numerous in nerves 
in the FK506-treated animals. The presence of many very small from saline-treated animals, a somewhat larger total number of 
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Figure 3. Axons in the soleus nerve are larger in size from FK506- 
treated animals. Cumulative histograms (five animals per group) show- 
ing the distributions of axonal areas from FK506-treated and saline- 
treated animals; each histogram was constructed from 728 and 809 ax- 
ons, respectively. Inset, Distributions of the top 30% of axonal areas 
(presented as a percentage of the total numbers of axons in this sub- 
population); each histogram was constructed from 216 and 240 axons, 
respectively. In both histograms, axonal areas are shifted to larger sizes 

axons was analyzed in this group (see Fig. 3 caption). Thus, a 
possible explanation for the difference in distribution between 
the two groups is the presence of more small axonal sprouts in 
the control (saline-treated) group. We therefore rank ordered the 
axonal areas based upon their size and compared the distribu- 
tions for the largest 30% of axons from each group. The distri- 

butions for the largest 30% of axons demonstrated a proportion- 
ately similar shift to larger sized axons (compared to the entire 
axonal population) in the FK506-treated rats (Fig. 3, inset). 
Mean values for axonal area for the top 30% of axons were 
significantly (p < 0.005) increased (by 93%) from 1.4 + 0.21 
km2 to 2.7 + 0.24 km* in saline-treated and FK506-treated an- 
imals, respectively. 

Intramuscular nerve branches in the interosseus muscles were 
selected for examination by electron microscopy. This region of 
the nerve was chosen since we anticipated that the two groups 
(i.e., FK506 and saline) would demonstrate the most pronounced 
difference in morphology in this most distal portion of the nerve; 
this assumption was based upon our previous behavioral studies 
(Gold et al., 1994a) which showed that at this time-point (i.e., 
18 d) the development of functional recovery in the toes was 
just commencing in the saline-treated animals, whereas the 
FK506-treated animals demonstrated clinical signs of recovery 
in the toes 2 d earlier (Gold et al., 1994a). Intramuscular nerve 
twigs from the saline-treated animals contained many empty 
bands of Bungner or few axonal sprouts (Fig. 4A); in a rare 
instance, two cilia were observed in a Schwann cell (Fig. 4A, 
inset). In contrast, numerous axonal sprouts (Fig. 4B), including 
a remyelinated axon (Fig. 4B, inset), were found in nerve twigs 
from the FK506-treated animals. 

Since measurement of axonal regeneration rate was deter- 
mined in sensory nerves (see below), we also examined (by 
electron microscopy on skip-serial sections) muscle spindles in 
the interosseus muscles (3-5 spindles per muscle; 2-3 muscles 
per rat) for evidence of axonal reinnervation. Many (ca. 25%) 
muscle spindles examined from the FK506-treated animals con- 

Figure 4. Axonal sprouts have advanced further into the intramuscular nerve branches of interosseus muscles following FK506 administration for 
18 d postaxotomy. A, Representative electron micrograph from a saline-treated animal showing bands of Bitngner containing only an occasional 
axonal sprout (arrowheads). Inset, Two cilia in a Schwann cell from another animal. Note typical neuronal (nonmotile) 9 + 0 arrangement of 
microtubules. B, Representative electron micrograph from an FK506-treated animal showing many large axonal sprouts (asren’sks) within Biingner 
bands. Inset, A small remyelinated axon from another animal. Section is in the paranode as indicated by the marked knuckling of the fiber and the 
presence of several mitochondria in the Schwann cell cytoplasm (arrow). 7500X; 27,000X (inset in A); 7500X (inset in B). 
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Figure 5. Sensory axons have reinnervated some intrafusal fibers in muscle spindles following FK506 administration for 18 d postaxotomy. 
Representative electron micrographs from interosseus muscles. A, Axon (curved arrow) surrounding intrafusal muscle fiber from an FK506-treated 
animal shown at higher power in inset. B, Intrafusal muscle fiber lacking axonal innervation from a saline-treated animal. Note pockets of empty 
basal lamina associated with indented portion of muscle fiber (open arrow) shown at higher power in inset. 10,000X; 20,000X (inset in A); 27,000X 
(inset in B). 

tained at least one intrafusal fiber surrounded by an axon (Fig. 
5A). In contrast, in no instance were axons found to reinnervate 
intrafusal muscle fibers of saline-treated animals (Fig. 5B). 

FK506 Increases the rate of maximal axonal advance in 
regenerating sensory nerves 

Nerve outgrowth was determined by measuring the distance 
traveled by fast axonally transported radiolabeled proteins in 
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Figure 6. FK506 increases axonal outgrowth distance at 15 d follow- 
ing nerve crush. Plots showing the average distribution (three animals 
per group) of radiolabeled proteins 24 hr after radiolabeling the L5 
DRG. The front of each transport profile indicates the maximal extent 
of the growing axonal sprouts which is further advanced along the 
nerves from the FK506-treated animals. Arrow indicates crush site. Bars 
are SEM. 

sensory axons at 10 and 15 d following axotomy (see Materials 
and Methods). Radiolabeled profiles showed that the maximal 
extent of outgrowth was further advanced along the sciatic nerve 
in FK506-treated compared to saline-treated rats at 10 d (not 
shown) and 15 d (Fig. 6). Regression analysis based upon these 
two time points (see Material and Methods) demonstrated that 
the rate of axonal regeneration was significantly (p < 0.05) in- 
creased (by 16%) from 3.8 mm/d in saline-treated rats to 4.4 
mm/d in FK506-treated animals (Fig. 7). 
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Figure 7. FK506 increases the rate of axonal regeneration. Plots show- 
ing mean transport distances measured at 10 (four animals per group) 
and 15 (three animals per group) d following nerve crush. By regression 
analysis, regeneration rate (slope of the line) between these two time 
points is significantly @ < 0.05) increased in the FK506-treated animals 
by 16%. Bars are SEM. 
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Discussion 

The major tinding of the present study is that the immunosup- 
pressant FK506 increases the rate of axonal elongation in the 
rat sciatic nerve, the morphological correlate of this alteration 
being an increased caliber of regenerating axons. Using radio- 
labeling procedures to most accurately measure axonal out- 
growth distances, we demonstrate that daily subcutaneous injec- 
tions of a I mg/kg dose of FK506 increases the rate of regen- 
eration for sensory fibers by 16%; it is important to note that 
our mean value for the rate of axonal regeneration in normal 
(untreated) rat sciatic nerve is consistent with those previously 
reported (see, for example, Jacob and McQuarrie, 1991, 1993). 
While the magnitude of the effect is small, albeit significant, its 
advantage over other agents reported to enhance nerve regen- 
eration is twofold. First, the present study shows that qstemic 
injections of FK506 enhance the rate of axonal regeneration. To 
our knowledge, this is the first agent in which systemic expo- 
sures have been demonstrated to increase regeneration rate. Sev- 
eral other agents (e.g., insulin growth factor II) have been shown 
to increase axonal regeneration following continuous infusion 
directly to the nerve injury site (Clazner et al., 1993) only. Al- 
though systemic administrations of the ACTH analog Org 2766 
increase functional recovery from a nerve crush injury (De Kon- 
ing and Gispen, 1987; Sporel-Gzakat et al., 1990) rate deter- 
minations have not been reported. Second, FK506 is not struc- 
turally related to any known growth-promoting factor and it is 
therefore likely to accelerate regeneration via a novel mechanism 
(see below). Knowledge of its mechanism of action may shed 
new light on how regeneration is achieved in neurons. Before 
discussing how FK506 may speed regeneration, it is important 
to recognize the limitations of our findings. 

Technical considerutior~s 

An important limitation of the present study is that the dose 
dependency for the effect of FK506 on regeneration rate was 
not examined. As already stated (see Materials and Methods), 
only a single dose of FK506 (I mg/kg) was studied due to the 
limited availability of the drug. Thus, it is possible that FK506 
may have a greater effect on regeneration rate than that reported 
in our study. Moreover, in addition to the need for further studies 
to determine the optimal dose of FK506 for promoting axonal 
regeneration, it would be important to examine the ability of 
newly synthesized FK506 analogs (Holt et al., 1993; Batchelor 
et al., 1994; Luengo et al., 1994) to alter axonal regeneration. 

Morphologically, the nerves from the FK506-treated animals 
contained larger axons. This could be due to a greater number 
of small (unmyelinated) axons in the saline group leading to the 
presence of more axons in these nerves (see Materials and Meth- 
ods). However, analysis of the top 30% of axons revealed that 
the shift in the distribution of axonal areas from the entire pop- 
ulation resulted from the presence of a larger caliber axons in 
the FK506 group. Thus, it is unlikely that FK506 merely reduces 
the number of small-caliber axons in regenerating nerves. In- 
stead, we believe that by accelerating target reinnervation, 
nerves from FK506-treated animals contained fewer abortive re- 
generating sprouts at this time. This is to be supported by the 
greater level of radiolabeled material in nerves from FK506- 
treated animals ruling out the alternative possibility of fewer 
axons advancing at a faster rate. Thus, the presence of larger 
sized axonal sprouts in the nerves to the soleus and medial gas- 
trocnemicus nerves most likely represents the morphological 

correlate of the greater levels of radiolabeled protein in the distal 
portion of the nerve. While it is possible that FK506 may also 
promote myelination, thereby contributing to the production of 
larger axonal calibers (de Waegh et al., 1992; Cole et al.. 1994). 
such an effect would not negate our conclusion that FK506 ac- 
celerates axonal elongation. 

FK506 utd axond regenerution 

How might FK506 elicit its effect on axonal elongation? It is 
well established from studies of T-cells that FKS06 activity is 
mediated by a family of proteins termed FK506-binding-proteins 
(FKBP); the I2 kDa receptor, FKBP-I2 (Harding et al., 1989; 
Siekierka et al., 1990) is a ubiquitous protein that has been 
highly conserved throughout evolution (Siekierka et al., 1990) 
and appears to be the FKBP most likely involved in FK506 
activity (Liu et al., 1991; see Sigal and Dumont. 1992). In the 
nervous system, Snyder and coworkers (Steiner et al., 1992; Ly- 
ons et al., 1995) have recently found that FKBP is also present 
in neuronal tissue (Steiner et al., 1992) and that mRNA levels 
for the FKBP increase in peripheral (facial) neurons following 
axotomy (Lyons et al., 1995). Moreover, brain regions contain- 
ing high levels of FKBP correspond with high levels of calci- 
neurin (Steiner et al., 1992). a calcium-dependent phosphoseri- 
ne/phosphothreonine protein phosphatase (also known as PP-2B) 
which is the FK506-FKBP target in T-cells (Siekierka et al., 
1990; Dumont et al., 1992; for review, see Walsh et al., 1992) 
and in brain (Mukai et al., 1993). 

One of the major protein targets for calcineurin in neurons is 
GAP-43 (see (Skene, 1990) which plays an important role in 
axonal elongation (Skene and Willard, I98 I a,b; for review. see 
Skene, 1989). GAP-43, a major phosphoprotein in growth cones 
(Meiri et al., 1986; Skene et al., 1986) and a calcineurin sub- 
strate (see Skene, 1990), may provide the biochemical link be- 
tween the phosphatase activity of calcineurin and motility of the 
growth cone. Thus, one attractive possibility is that FK506 ac- 
celerates axonal regeneration by a direct effect at the level of 
the growing axonal sprouts; that is. inhibition of calcineurin 
leading to the subsequent increase in the phosphorylation state 
(and consequently the activity) of GAP-43. This hypothesis ap- 
pears to be supported by the recent finding that FK506 increases 
the phosphorylation of GAP-43 in vitro (Steiner et al., 1991). 
In addition, two preliminary reports (Steiner et al., 1993; Gold 
et al., 1994b) indicate that FK506 also increases, in a concen- 
tration-dependent fashion, stimulus-evoked secretion (a GAP- 
43/B50-dependent process) in a variety of cell types. In light of 
the evolutionary linkage between vesicular release of ncuro- 
transmitter and membrane addition (Steinhrdt et al., 1994) 
FK506 may alter neuronal functions via a generalized ability of 
activated (i.e., phosphorylated) GAP-43 to promote membrane 
fusion (see Benowitz and Routtenbert, 1987; Skene. 1989; Cam- 
pagne et al., 1992). 

The possibility that inhibition of calcineurin activity acceler- 
ates axonal regeneration is apparently supported by the recent 
in vitro demonstration that agents which inhibit protein kinase 
C impuir regeneration of frog sensory neurons (Ekstrom et al., 
1992). Taken together, these complementary findings suggest 
that opposing actions of kinases and phosphatases regulate ax- 
onal elongation. 

Several additional mechanisms by which FK506 may increase 
axonal regeneration can be proposed. FK506 could increase 
growth cone motility by altering CaL+ levels (Kater and Mills, 
1991) via an inhibition of calcineurin-dependent dephosphory- 
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lation of Ca” channels (Armstrong, 1989; Timerman et al., 
1993). In addition, the drug may have an indirect effect on ax- 
onal regeneration by increasing the sensitivity of sensory neu- 
rons to NGF (Lyons et al., 1994). In this context, it appears that 
transforming growth factor-p (TGF-P), which stimulates NGF 
synthesis by glial cells (Lindholm et al., 1990) is a natural li- 
gand for FKBP (Wang et al., 1994). Since NGF has been sug- 
gested to play a role in axonal elongation (Taniuchi et al., 1988), 
FK506 could increase regeneration indirectly via an increase in 
NGF efficacy (Lyons et al., 1994). However, recent evidence 
does not support a physiological role for NGF in nerve regen- 
eration (Diamond et al., 1992) and, in fact, NGF appears to 
reduce the extent of axonal regeneration upon intrathecal infu- 
sion (B. G. Gold, unpublished observation). An alternative pos- 
sibility involving the TGF-P pathway by which FK506 may in- 
directly enhance axonal regeneration is suggested by the recent 
tinding (Guenard et al., 1995) that TGF-P increases expression 
of neuronal-cell adhesion molecules (i.e., N-CAM and Ll) on 
the surface of Schwann cells known to promote neuritic out- 
growth in culture (Bixby et al., 1988; Seilheimer and Schachner, 
1988). Clearly, additional studies are necessary to provide in- 
sight into the underlying mechanism(s) by which FK506 acts to 
speed axonal elongation. 

In summary, we have shown that FK506 increases the rate of 
axonal regeneration for sensory neurons. Together with our pre- 
vious behavioral data showing accelerated recovery of motor 
function (Gold et al., 1994a), it seems likely that FK506 en- 
hances axonal regeneration rate in motor as well as in sensory 
fibers. We are currently conducting studies to measure the mag- 
nitude of the rate change for axonal regeneration in motor neu- 
rons. The possibility that inhibitors of the phosphatase calcineu- 
rin can be employed to enhance functional recovery from pe- 
ripheral nerve injury should be explored. 
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