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Abstract

The development of artificial microstructures suited for interfacing of peripheral nerves is not only relevant for basic neur-
ophysiological research but also for future prosthetic approaches. Aim of the present study was to provide a detailed analysis of
axonal sprouting and reactive tissue changes after implantation of a flexible sieve electrode to the proximal stump of the adult rat
sciatic nerve. We report here that massive neurite growth after implantation, steadily increasing over a period of 11 months, was
observed. Parallel to this increase was the expression of myelin markers like Po, whereas non-myelin-forming Schwann cells did not
change. Compared to five weeks post-implantation, where both Schwann-cell phenotypes were intermingled with each other,
non-myelin-forming Schwann cells occupied a peripheral position in each microfascicle after 11 months. After an initial increase,
hematogenous macrophages were down-regulated in number but maintained close contact with the implant. However, at no time
were signs of its degradation observed. It is concluded that the introduced flexible polyimide electrode is suitable for contacting
peripheral nerves since it permits substantial neurite growth and offers excellent long-term stability. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

The peripheral nervous system is generally considered
a permissive environment with respect to neurite growth
after injury [1,2]. Complete functional recovery in the
clinical practice, however, is only observed, when nerves
are severed at some distance away from the cell body.
Proximal lesions, like those of the brachial plexus, still
have a poor clinical prognosis [3-6]. This is due, at least
in part, to the irreversible destruction of muscle tissue
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during the prolonged time interval in which regenerating
neurites regrow towards their target tissue [1,7-9]. One
experimental strategy to improve recovery after such
lesions is to restore the neuromuscular junction by graft-
ing of embryonic spinal cord and/or cortical neurons into
the spinal cord or the distal part of the transected peri-
pheral nerve [10-14]. The atrophy of muscle, however,
will only be efficiently counteracted when the neuromus-
cular junction regains controlled activity. Putting such
experimental approaches into practice will therefore not
only require the grafting of neurons but also their electri-
cal stimulation triggering muscle contraction. This
may be achieved by electrodes integrated into the
nerve. A number of groups have followed this approach
of micromachined neural prostheses and a variety of

0142-9612/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0142-9612(00)00420-8



2334 P.M. Klinge et al. | Biomaterials 22 (2001) 2333-2343

different electrode designs, such as cuff, shaft and sieve
electrodes have been introduced [15-18]. Most of these
studies, however, have been difficult to interpret because
of their major focus on electrophysiological issues.
A thorough histological analysis of the electrode’s tissue
integration and the molecular characterization of cells in
the vicinity of an explant has so far not been performed.
Characterizing electrode type-specific responses, how-
ever, is particularly important since it may contribute to
modified surgical procedures and/or electrode designs.
Aim of the present study was to perform a detailed
molecular characterization of axonal sprouting and re-
active tissue changes after short- and long-term im-
plantation of a flexible polyimide sieve electrode. The
proximal nerve stump of the transected adult sciatic
nerve was chosen as a model system, since it is well
characterized with regard to its fiber composition, axonal
sprouting and neuroma formation [19-21]. We used
polyimide [22] since it is relatively flexible and at least as
stable as silicon and has been shown to display good
integration, thus avoiding the risk of secondary damage
[23]. We report here that after long-term implantation,
massive neurite growth took place through the sieve
electrode. The number of neurites penetrating the sieve
electrode steadily increased over a period of 11 months.
Implantation was done without substantial secondary
nerve damage and the implant was stable for at least
11 months. At the sieve electrode-nerve interface, regular
myelinated and unmyelinated microfascicles were ob-
served. After an initial up-regulation, lesion-related
markers as well as hematogenous macrophages sur-
rounding the implant were found to be down-regulated.

2. Materials and methods
2.1. Design of the sieve electrode

The polyimide (P12611, HD Microsystems) sieve im-
plant (10 um thickness) had a total length of 30 mm with
a ribbon cable 1 mm wide (Fig. 1a and b). The implant
was circular shaped with a diameter of 2mm. The sieve
part of the interface had 657 via holes with a diameter of
40 um (Fig. 1a and b). The interface of the present proto-
type carried three straps (0.5mm wide) at its outer cir-
cumference for epineural fixation onto the nerve stump
(Fig. 1b). In the present study, we used sieve electrodes
devoid of substrate-integrated multi-electrode array
within the sieve interface and the ribbon in order to
facilitate histological processing. The device was manu-
factured using micromachining technologies [18,24]:
spin coating for polyimide resin processing, a polyimide
oven (PB 6-2, YES, San Jos¢, CAS, USA) for curing,
photolithography and reactive ion etching (RIE, PC320,
STS). The three straps were bent and tempered at 340°C
for 1h to remain stable in a 90° position. Since after

(a) (b)

Fig. 1. Graphic scheme of the used poylimide sieve implant. The
implant was 10 um thick and 2 mm in diameter (a, b). The central part of
the sieve interface consisted of 657 via holes with a mean diameter of
about 40 um (a, b). Three straps (0.5 mm wide) for epineural suturing
were oriented perpendicular to the planar sieve interface (b) and dis-
played a distance of 120° to each other.

process technology, the devices displayed some “hydro-
phobic” reaction during handling in physiological saline
solution, they were exposed to oxygen plasma (2min,
120 W, 40 sccm O,) to improve the handling properties.
The effect of plasma treatment was confirmed by contact
angle measurements using drops of deionized water.
Plasma-treated sieve implants displayed a contact angle
of 20° compared to 55° of the untreated sieve implants
after storage in water.

2.2. Experimental design and surgical procedures

The experimental design of the present study included
the transection of the sciatic nerve of the adult rat fol-
lowed by the implantation of the sieve electrode to the
proximal nerve stump. After post-operative periods of
five weeks (short-term), six, and 11 months (long-term),
the sieve electrode-neuroma complex was excised, pro-
cessed for histology, and immunostained using cell type-
specific antibodies. Experimental animals (Institutional
approval, Bezirksregierung Hannover) consisted of 15
female and male Sprague Dawley rats (250-400 g). Ani-
mals were anaesthetized with an intraperitoneal injection
of Ketamine and Xylazine at a dose of 100 and 8 mg/kg
body weight, respectively. The sciatic nerve was unilat-
erally exposed at mid-thigh level, sharply transected
proximal to the bifurcation into the peroneal and sural
nerves, and finally, a nerve segment was removed. The
straps of the electrode were sutured onto the epineurium
using a 10-0 monofilament polyamide thread. After im-
plantation, muscle fascias were coapted prior to the
wound closure. To prevent autotomy of the limb, the rats
were nourished with amytryptilline added to the drinking
water (0.004%) [25]. Animals were killed by an overdose
of ketamine (>200mg/kg) and xylazine (>40mg/kg).
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Lesioned animals that received no polyimide implants
were not included in the present study since neuroma
formation and the occurrence of immune cells after peri-
pheral nerve injury has already been thoroughly
documented by several other groups [26-29].

2.3. Tissue preparation and histological procedures

The isolated tissue was immediately cryopreserved us-
ing liquid nitrogen-cooled isopenthane and embedded in
a cryomatrix. Specimens were stored at —80°C. Sections
(longitudinal and transverse, 5 um thick) were mounted
on poly-L-lysine-coated slides (Sigma) and allowed to dry
for 3-4h before histochemical (hematoxylin/eosin) and
immunocytochemical staining.

2.4. Immunohistochemistry

After drying, sections were rinsed in PBS. For blocking
of endogenous peroxidase activity, sections were treated
with 0.6% H,O, diluted in methanol for 15min. Anti-
bodies were diluted in PBS containing 5% rat serum and
1% BSA. Primary and secondary antibodies were ap-
plied at 4°C overnight and for 1 h at room temperature,
respectively. Dilution of the antibodies was as follows:
antineurofilament undiluted, anti-Po-antibodies 1:500,
anti-27C7-1:50, and anti-10B3-antibodies 1:5. Staining
of macrophages was done using anti-CD11b- (1:50), and
ED2-antibodies (1:500). Staining with anti-CD11b-anti-
bodies required fixation of tissue. Prior to blocking of
endogenous peroxidase, which was done in ethanol in-
stead of methanol, sections were treated with 4% isop-
ropanol. Primary antibodies (s. Antibodies) were either
detected using the streptavidin-biotin complex system
(Dako), or horseradish peroxidase-coupled secondary
antibodies (Dako) according to the manufacturer’s in-
struction with DAB as a chromogen for color develop-
ment. Specificity controls included the omission of the
primary antibodies.

2.5. Antibodies

Monoclonal antibodies against neurofilament reactive
with the 68, 160, and 200kDa isoforms were obtained
from Linaris (clone E010, Wertheim, Germany), anti-Po
antibody [30] was a generous gift from H.-J. Hartung
and J.J. Archelos (Department of Neurology, University
of Graz, Austria). Monoclonal 27C7- and 10B3-antibod-
ies were generated using viable secondary Schwann cells
as an immunogen and have been described elsewhere
[31,32]. The spatiotemporal distribution of the 10B3
antigen during development and following nerve injury
was found to be identical with tenascin-C (Wewetzer,
unpublished). Macrophage-specific anti-CD11b antibod-
ies (clone MRC Ox42) and ED2-antibodies were from
Serotec (Wiesbaden, Germany).

3. Results
3.1. Sieve electrode fixation

Five weeks, six and 11 months following implantation
of the sieve electrode to the proximal stump of the adult
rat sciatic nerve, the location and fixation of the electrode
within the neuroma formation was found to be generally
consistent (not shown). In some cases only, the electrode
was slightly tilted towards the longitudinal axis of the
proximal nerve stump. However, the sieve interfaces were
each fixed and attached to the nerve tissue. Fig. 2 shows
the electrode/neuroma complex six months after im-
plantation stained by anti-neurofilament antibodies.
Microfascicles crossing the entire face of the sieve elec-
trode can be observed. Comparison of short- and long-
term implantation did not reveal any substantial
differences with respect to the gross morphological
appearance of the sieve electrode-neuroma complex
(not shown).

3.2. The nerve—electrode transitional area

3.2.1. Axonal sprouting and Schwann cell-neuron
interaction

Immunostaining for neurofilament five weeks after im-
plantation demonstrated that microfascicles containing
multiple axons had crossed the sieve electrode (Figs. 3a,

Fig. 2. Low-power photograph of the sieve electrode-neuroma com-
plex six months after implantation. The sieve implant was well integ-
rated and tightly fixed to the proximal nerve stump (P).
Immunostaining for neurofilament revealed that microfascicles crossed
the via holes to a similar extent over the entire width of the sieve
implant. In the distal neuroma (D), microfascicles underwent aberrant
sprouting (D). Arrows indicate the position of the electrode-sieve inter-
face. Magnification 50 x .
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Fig. 3. Immunostaining of longitudinal (a, c, e) and transverse (b, d, )
sections of the sieve electrode-nerve complex five weeks post-operat-
ively with antineurofilament- (a, b), anti-Po- (c, d), and 27C7-antibodies
(e, f). Immunostaining for myelin- (¢, d) and non-myelin-forming
Schwann cells (e, f) revealed that neurites crossing the via holes (a, b)
were accompanied by both Schwann-cell phenotypes. Magnification
98 x ; p: proximal nerve stump, d: distal neuroma.

b and 4a, b). Sprouting of axonal processes was not
confined to a restricted area but was observed over the
entire face of the sieve electrode. Due to the orientation of

Fig. 4. High-power photographs longitudinal (a, c, ) and transverse (b,
d, f) sections of the sieve electrode—nerve complex 5 weeks post-operat-
ively stained with antineurofilament (a, b), anti-Po (c, d) and 27C7-
antibodies (e, f). Myelinated and unmyelinated fibers of varying dia-
meter (a, b) crossed the via holes at their center (a, ¢, €). The number of
myelin-expressing Schwann cells (Po-positive, d) seemed to be slightly
higher than the number of non-myelin-forming Schwann cells (27C7-
positive, f). Magnification 390 x; p: proximal nerve stump, d: distal
neuroma.

the electrode in the neuroma this was not always appar-
ent from a single section (Fig. 3b) but was verified on
serial sections (not shown). Comparison of longitudinal
(Fig. 4a) and transverse (Fig. 4b) sections revealed that
the neuronal processes crossed the electrode in the center
of each via hole, without touching the polyimide struc-
tures. Distal to the electrode, no parallel orientation of
neuronal processes was found corresponding to the
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Fig. 5. Immunostaining of longitudinal (a, c, e) and transverse sections
(b, d, f) of the sieve electrode-nerve complex 11 months after implanta-
tion with antineurofilament (a, b), anti-Po (c, d), and 27C7-antibodies
(e, f). Compared to one month after implantation, the number of fibers
positive for neurofilament (a, b) and Po (c, d) had considerably in-
creased, whereas the number of 27C7-positive fibers seemed to remain
unaltered (e, f). Immunostaining of longitudinal and transverse sections
demonstrated that non-myelin-forming Schwann cells were located at
the periphery of each microfascicle (f arrow), whereas neuronal pro-
cesses (b) and myelin-forming Schwann cells (d) occupied a central
position. The low magnification of these specimens clearly revealed that
the sprouting of microfascicles occurred over the entire surface of the
sieve implant. Magnification 98 x ; p: proximal nerve stump, d: distal
neuroma.

irregular sprouting in the neuroma (Fig. 3a). Immunore-
activity for the major peripheral myelin protein Po
(Figs.3c, d and 4c, d) and the non-myelin-forming
Schwann cell marker 27C7 (Figs. 3e, f and 4e, f) demon-
strated that neuronal processes were accompanied by
both Schwann-cell phenotypes. Myelin-forming cells,
however, seemed to outnumber the non-myelin-forming
ones (Figs. 3e, f and 4e, f). Both markers were also found

Fig. 6. High-power photographs of longitudinal (a, c, ¢) and transverse
(b, d, f) sections of the sieve electrode-nerve complex 11 months after
implantation stained with antibodies against neurofilament (a, b), Po
(c, d), and 27C7 (e, f). The neuronal processes were of varying diameter
(b) and crossed the via holes in a central position (a). Po-immunostain-
ing (c, d) revealed the presence of myelinated fibers possessing circular
myelin sheaths (d, arrows). Contrary to myelin-forming Schwann cells,
which also occupied a central position, 27C7-positive non-myelin-
forming Schwann cells (e, f) were located in the periphery of each
microfascicle (f, arrow). Magnification 390 x ; p: proximal nerve stump,
d: distal neuroma.

in the neuroma formation distal to the sieve electrode
(Fig. 3c and e).

Eleven months after implantation, the number of
neurofilament-positive processes crossing the sieve elec-
trode had considerably increased. (Figs. 5a, b and 6a, b).
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Fig. 7. Immunostaining of transverse sections of sieve electrode-nerve complex five weeks (a, d), six (b, e), and 11 months (c, f) after implantation with
anti-CD11b (a—c) and ED2 (d-f) antibodies. CD11b-reactive hematogenous macrophages were found in direct contact with the sieve electrode. After
an initial up-regulation after five weeks (a) and six months (b), the number and the intensity of stained cells substantially decreased 11 months (c) after
implantation. The number of ED2-positive tissue resident macrophages did not display a significant alteration during time. Magnification 98 x; p:

proximal nerve stump, d: distal neuroma.

Parallel to this increase was the number of intensely
labeled myelin-forming Schwann cells as shown by anti-
Po-immunostaining (Figs. 5c, d and 6c, d). Compared to
short-term implantation (Fig. 4d), Po was more fre-
quently found in association with mature circular myelin
sheath figures (Fig. 6d, arrows). The number of non-
myelin-forming Schwann cells seemed to stagnate (Figs.
Se, f and 6e, f). However, the relative distribution of these
cells was altered. Compared to short-term implantation
where non-myelin-forming Schwann cells, like Po-posit-
ive Schwann cells and neurites were located within the
center of each via hole (Figs. 3f and 4f), 11 months after
implantation, non-myelin-forming Schwann cells were
predominantly found at the periphery of each microfas-
cicle (Fig. Se, f, arrow, Fig. 6e, f, arrow), implying that
a sort of segregation of both fiber types had occurred.
Immunstaining for neurofilament and Schwann cell
markers six months after implantation revealed an inter-
mediate state with regard to neurite growth through the
sieve electrode. Due to limitations of space these data
have not been included in the present report.

3.2.2. Reactive tissue changes

To test the biocompatibility of the sieve electrode
during long-term implantation, we focused on those cells
that established direct contact with the polyimide im-
plant. As described above, neurites and accompanying
Schwann cells were only rarely found in contact with the
sieve electrode but crossed the via holes in their center
(Figs. 3a, b, 4a, b, 5a, b, 6a, b). To confirm our speculation
that the cells adhering to the sieve electrode might be
macrophages, we used anti-CD11b- and ED2-antibodies
reactive with hematogenous and tissue resident macro-
phages, respectively. Whereas the number of tissue-resi-
dent macrophages was not altered following
implantation (Fig. 7d-f) hematogenous macrophages dis-
played a numerical increase after five weeks and six
months (Fig. 7a and b) and were down-regulated after 11
months (Fig. 7c). Higher magnifications revealed that
hematogenous macrophages covered the implant and
maintained an intimate contact with it during the time
period studied (Fig. 8a-c). However, at no time point
were any signs of degradation of the implant observed.
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Fig. 8. High power photograph of transverse sections of the sieve electrode-nerve complex five weeks (a, d, g), six (b, e, h) and 11 (c, f, i) months after
implantation stained with anti-CD11b-antibodies (a—c), hematoxylin/eosin (d-f), and the 10B3 monoclonal antibody. CD11b-reactive hematogenous
macrophages (a—c) covered both the proximal and the distal face of the sieve electrode. Hematoxylin/eosin-counterstaining (d—f) revealed that after six
and 11 months (e, f), hematogenous macrophages (e, f, arrows) resided inside hyaline acellular areas (e, f, arrows), which were strongly stained by the
10B3 monoclonal antibody reactive with a tenascin-C-like antigen (h, i). Staining of these structure drastically decreased from six (h) to 11 months (i).
Contrary to long-term implantation (h, i), 10B3 immunostaining after five weeks was associated with fibers crossing the via holes. Magnification 390 x ;
p: proximal nerve stump, d: distal neuroma.
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Comparison with hematoxylin/eosin-stained sections
(Fig. 8d-f) showed that the CD11b-positive macrophages
after six and 11 months resided inside hyaline, acellular
areas (Fig. 8¢ and f, arrows). These structures were
stained by a monoclonal antibody (Fig. 8h and i) reactive
with the tenascin-C like antigen 10B3 (Wewetzer et al.,
1996; Wewetzer, unpublished). The 10B3 antigen after
five weeks was strongly expressed and associated with
fibers crossing the via holes as well as with structures
surrounding the implanted electrode (Fig. 8g). Six months
after implantation, the expression of 10B3 was still strong,
but instead of an association with fibers crossing the via
holes, the immunoreactivity was now found to be conden-
sed in the cell-free structures surrounding CD11b-positive
cells (Fig. 8h, f). Eleven months after implantation, 10B3
immunoreactivity had almost vanished, its localization,
however, remained unchanged (Fig. 8i).

4. Discussion

Since integral electrodes of the peripheral nerve may
be used for stimulation of grafted neurons thereby in-
creasing their regenerative capacity, they hold great
promise for the development of bioartificial nerve grafts
improving the recovery of the peripheral nervous system
after injury [15-17]. However, groups implanting such
electrodes have predominantly focused on elec-
trophysiological issues and there is only little data avail-
able concerning tissue-specific reactions in response to
the electrode implantation at molecular terms [33-35].
Such a characterization is highly relevant for the
subsequent use of electrodes since it might provide
experimental evidence contributing to modified surgical
procedures and/or electrode designs. In the present study
we have aimed at a detailed qualitative analysis of axonal
sprouting and reactive tissue changes after short- and
long-term implantation of the electrode to the proximal
stump of the transected adult rat sciatic nerve using cell
type-specific antibodies.

4.1. Axonal sprouting through the sieve electrode

Immunostaining for neurofilament after short- and
long-term implantation clearly demonstrated that the
implanted sieve electrode permitted substantial axonal
sprouting. Interestingly, the number of neurites crossing
the via holes steadily increased from 5 weeks to 11
months (Table 1). The consistent sprouting through the
electrode over the duration of 11 months is most likely
due to a continuing fiber recruitment from the proximal
nerve stump. The fact that axons crossed the sieve elec-
trode is not intriguing and has already been shown by
several other groups [36,35]. What was surprising, is the
extent to which axons crossed the sieve electrode. After
11 months, between 20 and 40 neurites were observed to

Table 1

Temporal expression of cell type-specific markers five weeks, six, and 11
months after implantation of the polyimide sieve electrode. Expression
of the neuron- (neurofilament) and the myelin-specific (Po) markers
steadily increased whereas the number of non-myelin-forming Schwann
cell marker was not altered. Like 10B3, the expression of CD11b as
a marker for hematogenous macrophages was high at five weeks and six
months and decreased after 11 months. The expression of ED2 re-
mained constant

Antigen 5 weeks 6 months 11 months
Neurofilament + + + 4+ +
Po + + + + 4+ +
27C17 + + +

10B3 ++ + ++ +
CD11b + 4+ + + 4+ + +

ED2 + + +

cross each via hole. Multiplying this number by the total
number of via holes (657), it is speculated that approxim-
ately 19,000 neurites penetrated the sieve implant, which
is the majority of the fibers found in the normal adult rat
sciatic nerve [37,19,20]. Thus, we consider the “capacity”
of the used electrode for ingrowing neurites sufficient for
contacting peripheral nerves in a “physiological” man-
ner. The present data are unable to show how many of
these neurites were axonal branches known to be formed
following transection injuries [38] and how many orig-
inated from distinct neurons. The possibility of retro-
grade sprouts re-entering the electrode from the distal
neuroma can be considered negligible [26].

In order to characterize in more detail the fibers
crossing the sieve electrode, we used cell type-specific
antibodies against myelin-forming (Po) [30] and non-
myelin-forming Schwann cells [31]. From the earliest
time point studied (five weeks), both markers were found
to be expressed by Schwann cells crossing the electrode
and by cells of the distal neuroma (Table 1). Since expres-
sion of Po is dependent on axonal contact [39], it can be
concluded that there was an intact neuron-Schwann cell
interaction. Comparison of the staining pattern after
short- and long-term implantation revealed two interest-
ing features. Firstly, the number of myelin-forming
Schwann cells was considerably increased, whereas the
number of non-myelin-forming Schwann cells did not
change. Secondly, five weeks after implantation, both
Schwann-cell phenotypes were found intermingled with
each other, whereas after 11 months, unmyelinated nerve
fibers were localized to the periphery of each via hole.
The numerical increase in Po-positive Schwann cells,
paralleled by an increase in neurite number, together
with the observation that the number of non-myelin-
forming Schwann cells did not undergo further changes
suggests that neurites were successively recruited
from the proximal stump. The delayed recruitment of
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Po-positive fibers might also explain the altered spatial
distribution of myelinated and unmyelinated fibers
observed after long-term implantation. Fine structural
studies have revealed that myelinated and non-myel-
inated nerve fibers are not randomly associated in space
but that there is a preferential relationship between
groups of unmyelinated and myelinated fibers during
development [40,27,41].

The expression of Po steadily increased over a period of
11 months. Fully differentiated Schwann-cell phenotypes
with regular circular myelin sheath figures, however, were
only observed after long-term implantation. It is known
that Po during development is first detected in myelinat-
ing Schwann cells displaying 2-3 wrappings around the
axonal processes [42]. We therefore conclude that myel-
ination is initiated one month after implantation but not
completed until 11 months following implantation.

4.2. Tissue-specific reactions at the nerve-electrode
transitional area and the biocompatibility of the sieve
implant

Cells that establish direct contact with the implant are
of particular importance since they may contribute to
degradation and therefore affect the stability and bio-
compatibility of the implant. Moreover, cells covering
the implant may isolate neurites from the integral
electrode array and therefore negatively affect both re-
cording and stimulation properties of the electrode. As
described above, myelinated and unmyelinated fibers
were only rarely found in close contact with the sieve
electrode but passed each via hole in its center. Previous
studies on the biocompatibility of polymers have shown
that macrophages adhere to the implant due to the hy-
drophilic or hydrophobic properties of the material [43].
It was shown that polyimide, as a typical hydrophilic
polymer, is often associated with giant cell accumulations
[44,45]. We therefore used anti-CD11b- and ED2-
antibodies for localization of hematogenous and tissue-
resident macrophages, respectively.

Hematogenous macrophages were found to be
crowded at the proximal and distal surface of the sieve-
interface five weeks and six months after implantation.
This is not surprising since these so-called “crush macro-
phages” expressing the complement receptor I1I are usu-
ally found at the lesion site of transected or crushed
nerves [28]. The accumulation of macrophages, there-
fore, is most likely a general reaction to nerve injury
rather than a specific response to the implanted elec-
trode. After long-term implantation, these macrophages
were considerably down-regulated (Table 1) in number
and were found in direct vicinity of the implant between
via holes. Although CD11b-positive cells were in direct
contact with the polyimide implant, no signs of phago-
cytotic activity or degradation either after short- or after
long-term implantation of the implant were observed.

We observed hyaline, cell-free structures between he-
matogenous macrophages adhering to the sieve electrode
and nerve fibers crossing the electrode six and 11 months
after lesion. To further characterize these structures, we
used monoclonal antibodies raised against Schwann cells
[31,32]. The monoclonal antibody 10B3 was found to
label these structures. 10B3 immunoreactivity after five
weeks was associated with processes crossing the elec-
trode and was subsequently observed in association with
the cell-free areas. After 11 months, only residual im-
munoreactivity was observed, whereas the structures
were still visible in hematoxylin/eosin staining. The 10B3
antigen displays an identical spatiotemporal distribution
pattern as tenascin-C. The effects of tenascin-C with
regard to the modulation of neurite growth are still
controversial [46]. A number of studies have shown that
domain-specific stimulation of neurite growth can be
observed [47]. The present data might be interpreted as
an indirect evidence for such a neurite growth-promoting
activity of tenascin-C. During the initial phase of axonal
sprouting (five weeks), strong expression of 10B3 was
noted in Schwann cells and possibly fibroblasts invading
from the epineurium. The fact that there was substantial
down-regulation between six and 11 months (Table 1),
although the number of crossing axonal processes further
increased, may suggest that expression of tenascin-C-like
antigens in Schwann cells is only necessary during the
early phase. This, in turn, may add weight to the idea,
that late sprouting myelinated fibers may use early grow-
ing fibers as guidance structures and therefore do not
require the same expression level of growth-promoting
molecules. The altered cellular distribution of 10B3 dur-
ing this time might be explained by an initial presenta-
tion of the molecule on the surface of myelinating
Schwann cells (one month), and the subsequent conden-
sation at extracellular sites (six, 11 months) triggering
removal of the antigen by macrophages.

In summary, our data clearly demonstrate that the
introduced sieve electrode does not only permit substan-
tial neurite growth but also displays a high degree of
stability and biocompatibiltiy. Most relevant for the use
of the electrode in electrophysiological experiments was
the observation that the number of neurites and, there-
fore, the thickness of the microfascicles steadily increased
over a period of 11 months whereas the number of
macrophages covering the sieve electrode decreased. In
future experiments we will use the introduced polyimide
sieve electrode for the stimulation of neurons grafted to
the peripheral nerve thereby increasing their regenerative
potential.
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