
ACTA ORTOP BRAS 14(1) - 2006
25

ORIGINAL ARTICLE

USE OF POLUSE OF POLUSE OF POLUSE OF POLUSE OF POLYGLYGLYGLYGLYGLYYYYYCOLIC ACOLIC ACOLIC ACOLIC ACOLIC ACID TUBE ASSOCIACID TUBE ASSOCIACID TUBE ASSOCIACID TUBE ASSOCIACID TUBE ASSOCIATEDTEDTEDTEDTED

WITH FK506 IN REGENERWITH FK506 IN REGENERWITH FK506 IN REGENERWITH FK506 IN REGENERWITH FK506 IN REGENERAAAAATIONTIONTIONTIONTION

OF PERIPHEROF PERIPHEROF PERIPHEROF PERIPHEROF PERIPHERAL NERAL NERAL NERAL NERAL NERVESVESVESVESVES

MÁRCIO PAULINO COSTA
1

, ARMANDO DOS SANTOS CUNHA
2

, CIRO FERREIRA DA SILVA
3

,

TARCÍSIO E. P. BARROS FILHO
4

, MARCUS CASTRO FERREIRA
5

Study developed at the Microsurgery Laboratory of the Discipline of Plastic Surgery, Medical College, USP.

Correspondences to:  Rua Gabriel dos Santos, 759 12 andar - Santa Cecília - CEP: 01231-011  São Paulo Brasil - E-mail: marciopaulinoc@aol.com

1. Assistant Professor of the Discipline of Plastic Surgery, Medical College, USP.

2. Resident doctor of the Discipline of Plastic Surgery, Medical College, USP.

3. Chairman of the Department of Cellular and Development Biology, Biomedical Sciences Institute, USP.

4. Chairman of the Department of Orthopaedics and Traumatology, Medical College, USP

5. Chairman of the Discipline of Plastic Surgery, Medical College, USP.

Received in: 07/19/05; approved in: 08/08/05

SUMMARY

Extensive losses of neural tissue preclude the repair performed by

means of primary anastomosis. In those cases, nerve autograft is

considered as the treatment of choice. The synthetic tube constitu-

ted by polyglycolic acid is an option for nerve graft. The FK506 is

an immunosuppressive agent, which increases the neural regene-

ration rates in vivo and in vitro. The purpose of this study was to

compare, in rats, the degree of neural regeneration, by using histo-

logical analysis, a count of the number of regenerated myelinated

axons, and a functional analysis, obtained by interposing the auto-

genous graft (group A), polyglycolic acid tube (group B) and a

combination of polyglycolic acid tube with FK506 (group C) in 5-

cm defects of the sciatic nerve. Neuroma formation was observed

only in group A. Groups B and C presented similar histological

patterns. The quantitative analysis of the number of regenerated

myelinated axons has determined that: 1) group B presented, in

average, a lower number when compared to the other groups; 2)

there was no significant difference between control group A and

group C. For functional recovery, there was no statistically signifi-

cant change between the three groups, despite the qualitative and

quantitative histological differences seen.

Keywords: Peripheral nerves / surgery; Nerve regeneration; Polyglyco-

lic acid/ therapeutic use; Immunosuppressive Agents/ therapeutic use.

INTRODUCTION

Traumas and tumoral resections generally lead to large neural tis-

sue losses, many times precluding primary anastomosis. In those

cases, nerve graft is considered as the treatment of choice. It

drives the axonal growth and links the ends of distal and proximal

stumps, reducing tension at the suture line, a factor that could

inhibit neural regeneration
(1)

.

When using autografting, some factors must be considered: 1) it

always produces morbidity of the donator area; 2) extensive neu-

ral tissue losses demand large amounts of autologous tissue, so-

metimes insufficient; 3) the use of synthetic materials reduces sur-

gery time
(2,3)

.

Studies on large neural tissue losses and the need of bridges

connecting proximal and distal ends have been conducted during

the second half of Nineteenth Century
(4)

. Some authors used other

materials in replacement of nerve graft, such as vessels
(5,6)

, fas-

cia
(7)

, plastic tubes
(8)

, absorbable tubes, silicone tubes
(9)

, muscle
(10)

and synthetic tubes
(11)

.

The use of absorbable tube made of polyglycolic acid has been

extensively investigated in literature
(12)

 and no statistically signifi-

cant differences were observed between this approach and the

nerve graft for peripheral nerves repair
(13)

.

Many substances have been assessed for peripheral nerves inju-

ries treatment. Among those, the FK506 (Tacrolimus), an antibiotic

isolated in 1984 for the bacteria Streptomyces tsukubaensis
(14)

.

Used in primary immunosuppressive therapy, it is the drug of choi-

ce as a replacement for cyclosporine in immunosuppression
(15)

.

Its major advantage consists of its high immunosuppressive po-

tential associated to few side effects
(16)

. In 1994, it has been shown

that  FK506 also increased the levels of neural regeneration “in

vivo”
(17)

 and  “in vitro”
(18)

. There are no studies in literature describing

the use of neurotubes associated to this drug.

MATERIALS AND METHODS

Fifteen 8-week-old Lewis rats, weighing 200 g – 300 g have been

used. With a microsurgical technique, 5 mm- extension defects

were created on the sciatic nerve of the right foot. The animals were

divided into 3 groups of five animals each. In animals from group

A (control group), defect repair was performed by suturing the

nerve segment removed (autograft), keeping the original directi-

on. In animals from group B, a 10mm segment of a polyglycolic

acid tube, with 2.3mm diameter (Neurotube, manufactured by Neu-

rogen L.L.C., Baltimore/U.S.A.) was interposed between sectio-

ned segments. In group C, a segment of polyglycolic acid tube

with the same features as used in group B combined to subcuta-

neous injection of FK506 5mg/kg at the dorsal region of the neck,

was interposed. Doses were initiated one hour after injury and then

performed in a daily basis until the day of sacrifice
(19) 

(Table 1).

For the surgical procedure, the animals were submitted to anes-

thesia with sodium pentobarbital (5m/kg) injected intraperitoneally.
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Through the dorsal port on right foot, sciatic nerve was dissected

and 5mm of nerve segment were removed (Figures 1, 2 and 3). In

group A, the removed segment was sutured in its normal position

with 4 epineural separated stitches with mononylon 10.0 (Figure 4).

In group B, the polyglycolic acid tube was positioned at 2.5 mm

from each end, maintaining a 5-mm neural defect (Figures 5, 6 and

7). In group C, the same technique of polyglycolic acid tube interposi-

tion as in group B was

used, and, one hour af-

ter injury, the FK506 (5

mg/kg) was subcuta-

neously injected at the

dorsal region of the

neck; a procedure repe-

ated in a daily basis until

the day of sacrifice
(19)

(Figure 7).

The animals were sup-

plied with water and

food ad libitum and

sacrificed 6 weeks af-

ter surgery for histological analysis

and for counting the number of re-

generated myelinated axons. The

evaluation of the functional recovery

was performed using a technique

that analyzes the impression of pos-

terior feet during walking (“walking

track analysis) pre- and postopera-

tively, on the third week, and at the

moment of sacrifice (6 weeks).

RESULTS

During the 6 weeks of the study, all

animals remained healthy, with no

infection on surgical wound or

plantar neurodystrophic ulcers.

Histological analysis

Microscopic analysis of Group A (autograft) sli-

des showed that the graft was well bounded by an

epineurium formed by fusiform-profile cells. Inter-

nally to the epineurium, there was a large amount

of myelinated axons, with variable diameters and

homogeneously distributed. Tissue reaction

around the graft was greater when compared to

the other groups. An escape of regenerated fi-

bers exceeding epineurium boundaries was de-

tected in the 5 animals of that group. A subtle

amount of axonal bundles was

seen (smaller, if compared to

groups B and C and more signs

of walleriana, if compared to

groups B and C (Figures 8, 9

and 10).

Histological sections of the medi-

al portion of regenerated nerve

(osmium and toluidine blue), in 6

weeks postoperatively.

In Groups B (tAPG) and C (tAPG+FK506), histological findings

were similar. In the 10 animals, tubes had a fusiform appearance,

and contained tissue with a neural stroma pattern inside them, with

a large amount of myelinated axons, of different sizes, grouped in

minifascicles of variable sizes and heterogeneously distributed,

presenting conjunctive tissue between them. Between the tube and

the neural tissue, an intense neoangiogenesis was seen all around

it, with blood vessels

penetrating transver-

sally to the

“meshwork” of the po-

lyglycolic acid tube. The

presence of a large

amount of neoangio-

genesis was shown in-

side regenerated ner-

ve, but this has not oc-

curred in Group A (au-

tograft).

Groups B (tAPG) and

C (tAPG+FK506) were

different because there was less

neoangiogenesis between the tube

and the regenerated nerve in

Group C (tAPG+FK506)  compa-

red to Group B (tAPG). There was

less reactive fibrosis around the

tubes when compared to Group A

(autograft). No escape of regene-

rated fibers out of the tube was de-

tected. (Figures 11,12,13,14,15

and 16).

There was no difference in fibers

diameter and in the degree of mye-

linization presented by Groups A

(autograft), B  (tAPG) and  C

(tAPG+FK506).

COUNT OF THE NUMBER

OF REGENERATED MYELINATED AXONS

The average number of regenerated myelinated

axons, standard deviation and error for each group

are represented on Graph 1 (average and standard

error).

In group A, an average of 7,225.6±617.5 regenera-

ted myelinated axons were counted. In Groups B

and C an average of 4,225.2±376.8 and

6,459.8±630.9 regenerated myelinated axons were

observed, respectively. Variance analysis followed

by multiple comparisons by the

Tukey method (p < 0.05), was used

for evaluating data. No statistically

significant differences were seen

between groups A and C regar-

ding the number of regenerated

axons after 6 weeks of nerve sec-

tioning. Group B presented, in ave-

rage, a higher and statistically sig-

nificant number of regenerated

Table 1 - Experimental groups features

Figure 1 - Sciatic nerve

exposed

Figure 2 - 5 mm-defect being

performed on sciatic nerve

Figure 4 - Group A

(autograft)

Figure 3 - 5 mm-defect on

sciatic nerve

Figure 5- Interposition of

the polyglycolic acid tube

Figure 7 - Group B (tAPG) and

Group C (tAPG + FK506)

Figure 6 -  Polyglycolic

acid tube
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myelinated axons when compared

to groups A and C. Those data are

summarized on Table 2.

FUNCTIONAL STUDY

Figure 17 shows the appearance

of rats’ footprints pre- and posto-

peratively for the four groups.

SFIs observed preoperatively

were: in Group A, an average of -

8.002±5.26; in Group B,

928±13.144; in Group C, -

6.489±7.011. The statistical analy-

sis by Kruskal-Wallis’ method, with

a significance level (p<0.05), did

not show statistically significant di-

fference among the four groups

for the sciatic function index (SFI)

preoperatively.

Mean SFI (sciatic function index)

postoperative values (immediate,

3 and 6 weeks), calculated for each

group are presented on Table 3

(average and standard error).

Immediate postoperative SFIs

were, respectively, in average:

Group A (autograft) -

83.149±4.236; Group B (tAPG) -

73.378 ±1.109;  Group C

(tAPG+FK506) -81.050±6.002

and Group D (tAPG+graft) -

77.891±1.379.

SFIs of 3 weeks postoperatively

were in average, respectively:

Group A (autograft) -

71.017±6.240; Group B (tAPG)    -

53.139±4.681;  Group C

(tAPG+FK506) -72.598±7.665

and Group D (tAPG+graft) -

69,486±0,810.

SFIs of 6 weeks postoperatively were in average,

respectively: Group A (autograft) –51.052±4.994;

Group B (tAPG)  -44.658±2.870;  Group C

(tAPG+FK506) -53.811±3.648 and Group D

(tAPG+graft) -50.298±1.585.

Using the same data presented by the groups re-

garding postoperative SFI and submitting them to

statistical analysis by the variance method with re-

peated measure (time) and factor (treatment), fo-

llowed by multiple comparisons by Tukey’s me-

thod and significance level of (p<0,05), a SFI variation was seen

regarding postoperative time, as we will describe below:

In the immediate postoperative time, there was no statistically sig-

nificant difference among the four assessed groups.

After 3 weeks postoperatively, there was a statistically significant

difference between Group B (tAPG) and the other groups (Group

A (autograft) and Group C (tAPG+FK506). There was no statisti-

cally significant difference between groups A and C. Those data

are summarized on Table 4.

In the postoperative period of 6

weeks, there was no statistically

significant difference among the

four assessed groups.

DISCUSSION

In cases of peripheral nerves in-

jury with tissue loss, where the ex-

tension of the defect precludes pri-

mary suture, the best method for

repair seems to be the auto-

graft
(2,20)

. Some factors regarding

this topic are relevant, as follows:

1. the need to remove autologous

tissue always produces morbidity

to donator area; 2. large injuries

require the removal of an extensi-

ve amount of autogenous tissue,

sometimes unavailable; 3. the use

of artificial materials does not re-

quire the time spent for removing

the autograft
(2)

; 4. results achieved

with the autograft are not fully sa-

tisfactory
(22)

.

The interposition of tubular con-

ductors as a bridge between

stumps of an injured nerve is sho-

wing encouraging experimental

and clinical outcomes. For fixing

small defects, where the nerve dis-

tance is not sufficient to allow che-

motactic and chemotrophic attrac-

tion exerted by the distal stump on

the axonal growth region, the re-

sults achieved are comparable to

those of the autograft 
(2,9,12,13,23)

.

Recent studies have been de-

monstrating the polyglycolic acid

tube as an alternative for nerve

graft
(12,24,25)

.  Synthetic tubes made

of absorbable material showed better results

when compared to non-absorbable ones
(26,27)

.

Absorbable materials cause little fibrotic reaction

and the absorption of them do not preclude ner-

ve diameter to grow
(26)

, as opposite to what oc-

curs with those made of non-absorbable materi-

als.

The use of substances associated to tubing cham-

bers shows an important role in the development

of better functional results after peripheral nerve

injury. The FK506 is a new immunosuppressive agent
(15,28)

  10 to

100 times more powerful than cyclosporine
(29)

. It presents fewer

side effects
(19)

 and is being used successfully in heart, kidney and

liver transplants
(15,30,31)

. Some explanations have been suggested

by biochemists for understanding neurons regeneration and gro-

wth process with the FK506.  This antibiotic causes an immunosu-

ppressive effect, inhibiting calcineurine activity (it plays an impor-

tant role in the T-cells proliferation regulation). In addition, the FK506

bonds to the immunophilin  FKBP-12 enhancing “Gap-43” (asso-

Figure 8 - Group A (autograft): axons

of the neural stroma on autograft

(200X).

Figure 9 - Group A (autograft):

large amount of myelinated axons

on autograft, with variable

diameters and homogeneously

distributed (400X).

Figure 10 - Group A (autograft):

regenerated fibers escaping out of

the autograft epineurium

boundaries (200X).

Figure 11 - Group B (tAPG):

fusiform-like tube, containing tissue

with neural stroma pattern inside it

(50X).

Figure 12 - Group B (tAPG): large

amount of myelinated axons, with

variable diameters, bundled in

minifascicles of multiple sizes

(200X).

Figure 13 - Group B (tAPG):

myelinated axons bundled in

minifascicles (400X).

Figure 14 - Group C

(tAPG+FK506): fusiform-like tube,

containing tissue with neural

stroma pattern inside it (50X).

Figure 15 - Group C

(tAPG+FK506): myelinated axons,

bundled in minifascicles of multiple

sizes (400X).

Figure 16 - Group C

(tAPG+FK506): transition between

tube and neural tissue (200X).
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Table 4 - Statistical analysis of 3-week postoperative SFI by the

variance method with repeated measurement (time) and one factor

(treatment) followed by multiple comparisons by Tukey’s method and

significance level of (p<0.05).

ciated growth protein 43) phosphori-

lation, activating it. “Gap-43” plays a

relevant role in the axonal elongation

process
(18)

. Therefore, the FK506

could hasten axonal regeneration

through a direct effect over axonal

buds growth.

In group A, the use of an autograft is

considered as the treatment of choice

for the repair of neural defects with tis-

sue loss
(2,32)

.  In group B, the po-

lyglycolic acid tube has already been

used as an alternative for nerve graft

in primates when tissue loss is less

than 30 mm
(12,24,25,33)

. In group C, the

tube was associated to a drug enhan-

cing neural growth 
(17,34,35)

.  The deve-

lopment of neuroma was seen only

in rats submitted to autografts
(36)

.

No tube collapse was observed in

groups B and C, although this

complication has been descri-

bed
(2,12)

.

In group A, fibers out of the epi-

neurium boundaries and neuroma

formation along suture lines were

observed. Those changes have

previously been mentioned by

other authors
(9,36)

. No fibers out of

the boundaries of the epineurium

were seen in the groups using tu-

bes.

Regarding histological aspects,

groups B and C presented with

similar patterns. It is known that

FK506 increases axonal regenera-

tion rates
(17,19.35,37)

.  When adminis-

tered during different periods, it

proportionally increases the number

of myelinated fi-

b e r s
( 1 9 , 3 7 , 3 8 )

,

more extensi-

ve axons
(19,37)

,

longer fibers
(37)

and a more

advanced ma-

turation peri-

od
(17,37,38)

.

Hypotheses in-

tending to ex-

plain those properties are focu-

sed on a reduced level of rege-

nerative buds destruction
(19)

 and

on an increase of the myelinizati-

on process, leading to the for-

mation of thicker fibers and an

increased speed towards target

organs
(37,38)

.

Graph 1 - Number of Axons

Graph 1- Number of regenerated myelinated axons

compared to the kind of treatment employed

 ≠ denotes a statistically significant difference

Table 2 - Variance analysis with one factor (treatment), followed by

multiple comparisons by Tukey’s method and with a significance

level (p < 0.05) of the number of regenerated myelinated axons.

Figure 17 - Rats’ footprints appearance at pre-operative and

post-operative periods in the three groups.

Despite FK506’s properties related to

neural regeneration described in lite-

rature, a great difference between

groups B and C was not seen. The

variation of the fiber diameter, distri-

bution in variable-sized minifascicles

heterogeneously located, neoangioge-

nesis, degree of Walleriana degenera-

tion, absence of escape, cicatricial re-

action, and the amount of axons bun-

dles behaved similarly regarding the

presence of myelinated axons. The di-

fference between groups B and C was

a lower degree of neoangiogenesis be-

tween the tube and the regenerated

nerve in group C.

The average number of regenerated

myelinated axons in group B

was the lowest. The combina-

tion of FK506 with the po-

lyglycolic acid tube increased

the average number of rege-

nerated myelinated axons, but

did not show a statistically sig-

nificant difference when com-

pared to control group. This

potential to increase the avera-

ge number of regenerated

axons corroborates literature

findings
(37,38)

.

Regarding functional evaluati-

on, there were no differences

between the immediate and the

late postoperative periods.

However, in the 3-week peri-

od, the SFI average for group

B was the best, if compared to

other groups, and there was

no difference between groups

A and C. The di-

fference betwe-

en functional

findings and

axons counts

may be explai-

ned by the im-

portance of re-

e s t a b l i s h e d

connect ions

accuracy of the

regenerated axons with target

organs and not to the total

number of fibers verified 
(40,41)

.

Expectations are indeed very

good for further researches

with the neurotubes, conside-

ring more adequate and chea-

per materials to be used in lar-

Table 3 - Postoperative SFI (immediate, 3 and 6 weeks) according to the kind of treatment

employed.
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ge scale yielding better functional outcomes, as well as the search

for substances that might hasten neural regeneration and iatroge-

nic effects prevention processes.

CONCLUSIONS

The combination of FK506 to a polyglycolic acid tube did not

cause changes to histological patterns when compared to the

polyglycolic acid tube alone. Furthermore, there was no significant

increase of the number of myelinated axons when compared to

control group. In the group where the polyglycolic acid tube alone

was used, in average, a lower number of regenerated myelinated

axons were seen if compared to the other two groups, but there

wasn’t any statistically significant functional difference among the

three groups.


