
Focal application of neutralizing antibodies to soluble
neurotrophic factors reduces collateral axonal branching
after peripheral nerve lesion

M. Streppel,2 N. Azzolin,1 S. Dohm,1 O. Guntinas-Lichius,2 C. Haas,3 C. Grothe,4 A. Wevers,1 W. F. Neiss1 and
D. N. Angelov1

1Anatomical Institute, University of Cologne, 50931 Cologne, FR Germany
2Department of Oto-Rhino-Laryngology, University of Cologne, 50924 Cologne, FRG
3Department of Anatomy, Albert-Ludwig-University, 79104 Freiburg, FRG
4Department of Neuroanatomy, Hannover Medical School, 30625 Hannover; FRG, Joseph-Stelzmann-Strasse 9, D-50931 KoÈ ln,

Germany

Keywords: axotomy, facial nerve, motoneuron, nerve conduit, rat, retrograde labelling

Abstract

A major reason for the insuf®cient recovery of function after motor nerve injury are the numerous axonal branches which often re-
innervate muscles with completely different functions. We hypothesized that a neutralization of diffusable neurotrophic factors at

the lesion site in rats could reduce the branching of transected axons. Following analysis of local protein expression by

immunocytochemistry and by in situ hybridization, we transected the facial nerve trunk of adult rats and inserted both ends into a
silicon tube containing (i) collagen gel with neutralizing concentrations of antibodies to NGF, BDNF, bFGF, IGF-I, CNTF and

GDNF; (ii) ®ve-fold higher concentrations of the antibodies and (iii) combination of antibodies. Two months later, retrograde

labelling was used to estimate the portion of motoneurons the axons of which had branched and projected into three major

branches of the facial trunk. After control entubulation in collagen gel containing non-immune mouse IgG 85% of all motoneurons
projecting along the zygomatic branch sprouted and sent at least one twin axon to the buccal and/or marginal-mandibular

branches of the facial nerve. Neutralizing concentrations of anti-NGF, anti-BDNF and anti-IGF-I signi®cantly reduced sprouting.

The most pronounced effect was achieved after application of anti-BDNF, which reduced the portion of branched neurons to
18%. All effects after a single application of antibodies were concentration-dependent and superior to those observed after

combined treatment. This ®rst report on improved quality of reinnervation by antibody-therapy implies that, in rats, the post-

transectional collateral axonal branching can be reduced without obvious harmful effects on neuronal survival and axonal
elongation.

Introduction

Peripheral nerve injury initiates a complex series of changes.

Approximately 24 h after disconnection, the axons in the distal

fragment begin to lyse. When resorption of debris is complete, the

Schwann cells re-arrange in the chains of BuÈngner (BuÈngner, 1891)

which bridge the interfragmentary gap and form guiding channels for

the regenerating axons to their target(s). This so-called Wallerian

degeneration creates an environment that is highly supportive for

axonal re-growth and ensures that the vast majority of axons will

enter the distal stump (Bisby, 1995). Nevertheless, complete recovery

of function is only rarely achieved. Despite the use of modern

microsurgical techniques for nerve repair, the aberrant reinnervation

of motor targets, e.g. facial muscles, causes abnormally associated

movements and altered re¯exes (Kimura et al., 1975; Anonsen et al.,

1986; Baker et al., 1994).

At the site of injury, this aberrant reinnervation has two

components. First, due to malfunctioning axonal guidance, a muscle

gets re-innervated by a foreign axon which has been simply mis-

routed along the wrong nerve fascicle (Esslen, 1960; Aldskogius &

Thomander, 1986; Brushart & Seiler, 1987). Second, due to the

presence of supernumerary branches from all transected axons

(Shawe, 1954; Morris et al., 1972; Mackinnon et al., 1991), this

given muscle can be re-innervated by branches stemming from

several motoneurons (Ito & Kudo, 1994), a state known as

polyneuronal innervation (Brown et al., 1981; Rich & Lichtman,

1989) or hyperinnervation (Angelov et al., 1996). Though claimed to

be transient (Hennig & Dietrichs, 1994), this aberrant innervation

may persist for extended periods (Mackinnon et al., 1991; Madison

et al., 1999) with deleterious effects on synchronized function.

Whereas numerous aspects of the post-transectional aberrant

reinnervation of muscles have been extensively documented

(Brushart, 1993), little is known how this phenomenon could be

prevented. Attempts to act on the ®rst component of the aberrant

reinnervation, achieving a fascicular or topographic speci®city

(Mackinnon et al., 1986; Evans et al., 1991), have failed; so far, it

is technically impossible to guide correctly the growth cones of

several thousands of axons (and their branches) originating from the

proximal stump of a transected nerve.
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Recently we tested whether application of extracellular matrix

(ECM) proteins and cultured olfactory ensheathing cells at the lesion

site would improve the accuracy of reinnervation. Our results clearly

showed that, in spite of their known effect to support neurite

elongation, both approaches failed to suppress the redundant axonal

branching (Dohm et al., 2000; Guntinas-Lichius et al., 2001).

After studying the expression of neurotrophic molecules in the

lesioned facial nerve, we hypothesized, that the aberrant axonal

branching could, at least in part, be due to the increased expression of

trophic molecules at the lesion site. Accordingly, an inhibition or

blockade of these factors should reduce branching and improve the

accuracy of reinnervation. In the present report we applied

neutralizing antibodies to several neurotrophic agents and checked

whether some of them would reduce the portion of branched axons.

Materials and methods

Adult female Wistar rats (175±200 g; strain HsdCpb : WU; Harlan

Winkelmann, Borchen, Germany) were used. Before and after

experiments, all animals were kept on standard laboratory food

(Ssniff, Soest, Germany) and tap water ad libitum with an arti®cial

light-dark cycle of 12 h light on, 12 h off. All experiments were

conducted in accordance with the German Law on the Protection of

Animals, and the procedures used were approved by the local animal

care committee (Bezirksregierung Koeln, Az. 23.203.2 K 35, 31/97).

The animals were divided in three major groups (A, B, and C)

corresponding to the three major experimental sets of this study. The

rats of group A (68 animals) were distributed in subgroups A1±A17

(each of four rats) and served to establish the time course of

expression of: (i) nerve growth factor (NGF), (ii) brain-derived

neurotrophic factor (BDNF) (iii) basic ®broblast growth factor

(bFGF, FGF-2) (iv) ciliary neurotrophic factor (CNTF) (v) insulin-

like growth factor I (IGF-I), and (vi) glial-cell-line derived

neurotrophic factor (GDNF) in the proximal and distal fragments of

a transected facial nerve as well as in its target (vibrissal)

musculature. The rats of group B (12 animals) were used to establish

the sources of secretion of trophic factors at the lesion site.

Longitudinal sections of lesioned facial-nerve branches were pro-

cessed for the detection of NGF mRNA, BDNF mRNA, and bFGF

mRNA by in situ hybridization. The rats of group C (141 animals)

were distributed in subgroups C1±C20 and served to establish the

portion of motoneurons whose axons branched after entubulation of

the facial nerve into a silicone tube ®lled with antibodies to

neurotrophic factors.

Time course of trophic factor expression at the lesion site

Surgery

All procedures were carried out under an operating microscope

(O.G.-L. and M.S.). After an intraperitoneal injection of Ketamin/

Xylazin (100 mg Ketanestâ (Parke-Davis, Berlin, Germany) plus

5 mg Rompunâ (Bayer, Leverkusen, Germany) per kg body weight),

the buccal and marginal mandibular branches of the facial nerve were

exposed. Thereafter the buccal facial branch (BFB) was transected

and 1 mm of its nerve length removed. The marginal mandibular

branch was also transected and its regeneration prevented by a

proximal ligature (Fig. 1A). The latter procedure was necessary for

eliminating the additional nerve supply of the whisker pad

musculature by the marginal mandibular branch (Semba & Egger,

1986). The postoperative survival time was 6, 12, 18, 24, 48, 72, and

96 h, 5, 6, 7, 8, 10, 14, 18, 22, 26, and 30 days. Four animals were

studied at each of these 17 time points.

Tissue processing

Rats were transcardially perfused with 0.9% NaCl in distilled water

for 60 s followed by a ®xation with 4% paraformaldehyde in 0.1 M

phosphate buffer pH 7.4 under deep diethylether anaesthesia. To gain

information about the expression of neurotrophic factors at the lesion

site and in the target musculature, we employed the nerve-muscle-

plate approach. The masseter muscle (with the nerves on it) and the

levator labii superioris muscle (together with the whisker pad) were

removed, post®xed, cryoprotected (in 30% sucrose in 0.1 M phos-

phate buffer, pH 7.4) and cut tangentially in 20 mm thick sections,

which were mounted on 0.01% poly L-lysine coated slides.

Immunocytochemistry

(i) 5.0% (w/v) bovine serum albumin (BSA, Sigma-Aldrich Chemie

GmbH, Deisenhofen, Germany) in Tris-buffered saline (TBS) pH 7.4

for 60 min; (ii) incubation with the primary antibody in TBS plus

0.8% (w/v) BSA (see below) overnight at room temperature; (iii)

5.0% (v/v) normal goat serum (NGS, Alexis Deutschland GmbH,

GruÈnberg, Germany) plus 0.8% BSA in TBS for 15 min; (iv) 1 : 400

matching biotinylated secondary antibody (see below) in TBS plus

0.8% NGS for 1 h; (v) FluoroLinkTM Cy3TM ± Streptavidin (1 : 100;

Amersham Pharmacia Biotech Europe GmbH, Freiburg, Germany).

Steps (ii), and (v) were followed by four, and step (iv) by two 10 min

washes in TBS. Finally, sections were dehydrated with ethanol and

Histoclear (National Diagnostics, Atlanta, Georgia, USA) and

coverslipped with Fluoromount (BDH Laboratory Supplies, Poole,

England).

Primary antibodies. (i) Mouse monoclonal anti-NGF (1 : 50; Roche,

Mannheim, Germany); (ii) mouse monoclonal anti-BDNF (1 : 1000;

R & D Systems, Wiesbaden, Germany); (iii) mouse monoclonal anti-

bFGF (1 : 50; UBI/Biomol, Hamburg, Germany); (iv) polyclonal

goat anti-rat CNTF (1 : 100; R & D Systems); (v) mouse monoclonal

anti-IGF-I (1 : 50; UBI/Biomol); (vi) mouse monoclonal anti-GDNF

(1 : 500; R & D Systems); (vii) rabbit polyclonal anti-S-100 protein

(1 : 1000; DAKO Diagnostika, Hamburg, Germany).

FIG. 1. Schematic drawings of the infratemporal portion of the rat facial nerve indicating the site of transection and removal of 1 mm length from the buccal
branch and the site of transection and ligation of marginal mandibular branch (A), the tracer application sites in the distal parts of the zygomatic, buccal and
mandibular nerves are indicated by the 3 different labels applied, i.e. DiI, FG, and FB, respectively (C), the site of transection and end-to-end suture of the
facial nerve trunk, i.e. facial-facial anastomosis (FFA) in E, and the site of entubulation of the facial nerve trunk after transection (G). (B) Longitudinal
section through the transected buccal nerve showing S100-immunoreactivity in the Schwann cells (red ¯uorescence) at the lesion site 4 days after the lesion.
20 mm thick frozen section. Scale bar, 300 mm. (D) Facial nucleus after application of crystalline DiI to the zygomatic, FG to the buccal, and FB to the
marginal mandibular branches of the facial nerve of an unoperated control rat. Note the myotopic organization of the nucleus; the DiI-labelled motoneurons
(red) are localized in the dorsal, FG-labelled (white) in the lateral, and FB-labelled (blue) motoneurons in the intermediate facial subnucleus. 50 mm
vibratome section. Scale bar, 100 mm. (F) Facial nucleus 8 weeks after FFA and 10 days after triple retrograde labelling identical to that in D. Note the
complete lack of myotopic organization and the presence of double-labelled neurons. (H) Facial nucleus 8 weeks after NGF-neutralization and 10 days after
triple retrograde labelling. 50 mm vibratome section. Scale bar, 100 mm.
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Secondary antibodies (all diluted 1 : 400). (i) Biotinylated goat anti-

mouse IgG (Fab-speci®c; Sigma, Deisenhofen, Germany); (ii)

biotinylated goat anti-mouse IgG (Fc speci®c, Sigma); (iii)

biotinylated rabbit anti-goat IgG (DAKO Diagnostika, Hamburg,

Germany); (iv) biotinylated goat anti-rabbit IgG (DAKO Diagnostika,

No. E0432).

Controls. Omission of the primary or secondary antibody yielded

blank sections. Incubation of sections with nonrelevant biotinylated

secondary antibodies (e.g. goat anti-rabbit IgG for recognition of

mouse primary antibodies) also yielded blank sections.

Fluorescence microscopy

The immunopositive (CY3-positive) structures were observed

through Zeiss ®lter set 15 (excitation BP546/12, beamsplitter

FT580, emission LP590).

Estimation. Both, localization of reaction product and intensity of

¯uorescent immunostaining were estimated separately and

independently by two observers (N. Azzolin and D.N. Angelov). A

scale with a minimum of 0 and maximum of 40 was used for

graphical representation of the results (Figs 2B, 3E and 4E).

According to this scale sections with no ¯uorescence received zero

points and those with very strong ¯uorescence, 40 points. The levels

between these extremes were evaluated between 5 and 10 points for

very faint ¯uorescence, 15±20 points for faint ¯uorescence, and

25±30 points for ¯uorescence.

Sources of secretion of trophic factors at the lesion site

In situ hybridization was performed on free-¯oating 40 mm thick

cryostat sections from the nerve-muscle plate (24 h to 5 days

postsurgery) as previously described (Haas et al., 1999). In brief,

sections containing the proximal and distal stump of transected

FIG. 2. Pattern of expression and sources of secretion of NGF. (A) Longitudinal section through the transected buccal nerve showing NGF-
immuno¯uorescence in the periphery of small cells with long and slender cell processes running parallel to the long axis of the nerve. Immunopositive
structures are observed in both proximal (Prox) and distal nerve segments 5 days after lesion. Scale bar, 200 mm. (B) Time course of the expression of NGF-
immunoreactivity in the proximal and distal stumps of the transected buccal branch. Both, the presence as well as the intensity of the ¯uorescent
immunostaining were estimated by two independent observers, who were blind to the previous treatment of the rat. A scale with a minimum of 0 and
maximum of 40 was used. (C) NGF mRNA expression 5 days after transection of the buccal branch. In situ hybridization histochemistry with digoxigenin-
labelled cRNA probes revealing reaction product in longitudinally arranged swollen Schwann cells which ®ll the proximal stump. Scale bar, 100 mm. (D)
Sense control of the same animal as shown in C. Scale bar, 100 mm.
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buccal facial branch were proceeded through the following steps: (a)

collection of sections in 2 3 SSC (1 3 SSC = 0.15 M NaCl, 0.015 M

sodium citrate, pH 7.0); (b) pre-treatment of sections in a 1 : 2

mixture of 2 3 SSC-hybridization buffer (50% formamide,

4 3 SSC, 50 mM NaH2PO4, 250 mg/mL heat-denatured salmon

sperm DNA, 100 mg/mL tRNA, 5% dextran sulphate, and 1%

Denhardt's solution) for 15 min; (c) pre-hybridization of sections in

hybridization buffer for 60 min at 45 °C (for NGF mRNA and BDNF

mRNA) and for 120 min at 55 °C (for bFGF mRNA); (d) all

digoxigenin-labelled cRNA probes were generated by in vitro

transcription using either plasmids or a polymerase chain reaction

(PCR)-generated templates. A mouse NGF full-length cDNA inserted

in pBluescript SK and a rat BDNF cDNA inserted in pBluescript SK

(kind gift of R. Heumann, Bochum, Germany) were used to generate

digoxigenin-labelled cRNAs. The following probe concentrations and

hybridization temperatures were used: NGF, 100 ng/mL at 45 °C

overnight (Haas et al., 1999); BDNF, 100 ng/mL at 45 °C overnight

(Haas et al., 1999); bFGF, 12.5 mg/mL at 55 °C overnight (Grothe

et al., 2001); (e) washing of sections in 2 3 SSC at room

temperature; (f) washing in 23 SSC plus 50% formamide; (g)

washing in 0.1 3 SSC and 50% formamide; (h) washing in

0.1 3 SSC. Steps (f) to (h) were performed at a temperature 10 °C

above the respective hybridization temperatures; (i) immunological

detection of DIG-labelled hybrids with anti-DIG-AP was performed

as recommended by the manufacturer (Roche Diagnostics,

Mannheim, Germany); (j) colorimetric detection was performed

using Nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl-

phosphate (BCIP); (k) development of the colour reaction was

performed in the dark at room temperature and stopped after 30 min

by transfer into 10 mM Tris/HCl, pH 8.0, 1 mM EDTA; (l) Sections

were embedded in Moviol (Hoechst, Frankfurt/Main, Germany). Both

antisense and sense (control) sections were used in all hybridizations.

Because it has previously been shown that the rat central nervous

tissue also expresses antisense transcript (Grothe & Meisinger, 1995;

Li & Murphy, 2000) a tubulin sense probe of similar length (324

bases) was used instead of the bFGF sense probe.

Estimation of axonal branching

Triple retrograde labelling

After an intraperitoneal injection of Ketamin/Xylazin the zygomatic,

buccal, and marginal mandibular ramus of intact rats were transected

and instilled with crystals of DiI (1,1¢-dioctadecyl-3,3,3¢,3¢-tetra-

methylindocarbocyanine perchlorate, Molecular Probes, Leiden, The

Netherlands), Fluoro-Gold (FG; Fluorochrome Inc., Denver,

Colorado, USA), and Fast Blue (FB; EMS-Chemie GmbH, Grob-

Umstadt, Germany) respectively as shown in Fig. 1C. Ten days later,

these animals (subgroup C1) were ®xed by perfusion, their brains cut

in 50 mm thick vibratome sections, and all retrogradely labelled

motoneurons in the brainstem counted (see below; Table 1).

Facial-facial anastomosis (FFA)

Transection and immediate end-to-end suture of the right facial nerve

(facial-facial anastomosis, FFA) was performed in nine animals

(subgroup C2). Following an intraperitoneal injection of Ketamin/

Xylazin, the main trunk of the facial nerve was exposed and

transected close to its emergence out of the foramen stylomastoideum

but distal to the posterior auricular branch (Fig. 1E). The proximal

stump was then microsurgically reconnected to the distal stump with

two 11±0 atraumatic sutures (Ethicon, Norderstedt, Germany).

Finally the wound was closed by three 4±0 skin sutures (Ethicon).

Triple retrograde tracing followed 8 weeks later.T
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Entubulation of the facial nerve trunk

Under anaesthesia, the main trunk of the facial nerve was transected

and both stumps inserted into an empty silicone precision tube

(subgroup C3). The tube had an inner diameter of 1.47 mm and outer

diameter of 1.96 mm (Aromando Medizintechnik, DuÈsseldorf;

Germany; Fig. 1G). To prevent tension, both nerve ends were

attached to the tube through epineural sutures with an interstump

distance of 5 mm ± literature data have shown that rat axons are able

to bridge gaps of up to 10 mm through an arti®cial nerve conduit

(Lundborg et al., 1982; Labrador et al., 1998).

In the following experimental subgroups C4±C20 the space between

the proximal and distal nerve stumps with a volume of approximately

8 mL (5 mm 3 0735 mm 3 0735 mm 3 p2) was ®lled with col-

lagen type I (for subgroup C4) or with collagen gel containing

antibodies to trophic factors (see previous chapter for commercial

sources) in neutralizing concentrations: C6, 40 mg/mL anti-NGF

(Bedi et al., 1992; Diamond et al., 1992; Ro et al., 1996); C7, 160 mg/

mL anti-BDNF (Tonra et al., 1998); C8, 100 mg/mL anti-bFGF

(Tuttle et al, 1994; Murai et al., 1996); C9, 30 mg/mL anti-IGF-I

(Zheng et al, 1997); C10, 3 mg/mL anti-GDNF (Vega et al., 1996);

C11, 100 mg/mL anti-CNTF (Ding et al., 1994; Tokiwa et al., 1994).

The facial nerves of the animals in the following ®ve subgroups

(C12±C17) were transected and inserted into tubes with antibodies in a

concentration 5-fold higher than the neutralizing one (Table 3). In

groups C18±C20 the silicon tube contained combinations of the same

antibodies to NGF, BDNF, and bFGF in neutralizing concentrations

(Table 4).

We consider the entubulation of the facial nerve in a gel with

160 mg/mL mouse non-immune IgG (Sigma, Deisenhofen, Germany)

as the most important control (group C5) for the effect(s) of the

antibodies; with the exception of anti-CNTF all of them were mouse

monoclonals (see above).

The collagen gel was obtained from a collagen stock solution

(Serva, Heidelberg, Germany) which was mixed with 310 PBS and

0.1 M NaOH till the pH reached 7.4. To polymerize in a 3-

dimensional gel the collagen/antibody mixture was left at 37 °C for

2 h (Guidry & Grinnell, 1987; Mauch et al., 1988).

Fluorescence microscopy

Sections were observed with a Zeiss Axioskop 50 epi¯uorescence

microscope through a custom-made Bandpass-®lter set for Fast Blue

(AHF Analysentechnik, TuÈbingen, Germany), which allows recogni-

tion only of FB-labelled motoneurons (appearing blue). Observations

through a custom-made HQ-Schmalband-®lter set for Fluoro-Gold

(AHF Analysentechnik) visualized all motoneurons containing FG.

Observations through a ®lter set 15 of Carl Zeiss (Excitation BP 546/

12, Emission LP 590) revealed the red ¯uorescence of those

motoneurons retrogradely labelled by DiI. The ¯uorescence cross-

talk between the tracers was restricted with this ®lter combination ad

maximum: (i) no DiI-labelled cells were visible through the Bandpass

and HQ-Schmalband ®lter sets; (ii) no FG-labelled cells could be

observed through ®lter set 15 or the Bandpass ®lter sets and (iii) no

FB-labelled motoneurons could be observed using ®lter set 15.

Image analysis

Employing a CCD Video Camera System (Optronics Engineering

Model DEI-470, Goleta CA USA) combined with the image

analysing software Optimas 6.5. (Optimas Corporation, Bothell,

Washington, US.A), separate colour images of retrogradely labelled

facial motoneurons were created through the different ®lter sets. All

images of DiI-labelled motoneurons were used to create `DiI-masks'

by the Optimas: frames were binarized, dilated, and the outlines of

each DiI-labelled cell depicted. Using the arithmetic options dialogue

from the image menu, the generated masks were superimposed over

the FB- or FG-picture. In this way, all cells stained by DiIonly, FGonly,

FBonly, as well as all those double stained by DiI + FG or DiI + FB

could be readily identi®ed and were manually counted on the

computer screen (Dohm et al., 2000).

Counting

Employing the fractionator principle (Gundersen, 1986) all retro-

gradely labelled motoneurons with visible cell nucleus in the 50 mm

thick sections were counted in every third section through the facial

nucleus on the operated and on the unoperated side. Details for this

sampling technique were described previously (Guntinas-Lichius &

Neiss, 1996). All counts were performed by two observers (S. Dohm

and D. Felder) who had no information about the respective treatment

of the rats.

Statistical evaluation

For an overall evaluation separate one-way ANOVA tests were used to

compare the numbers of single- (DiIonly) and double- (DiI + FG and

DiI + FB) labelled neurons in the facial nucleus. For a more detailed

analysis we checked with the posthoc Bonferroni test differences

between the numbers of labelled motoneurons in the different groups.

A level of signi®cance of P < 0.05 was used for all analyses. All

computations were performed using SPSSâ-software.

Results

NGF, BDNF, bFGF, IGF-I, and GDNF are differentially
expressed in the proximal and distal stump of the transected
buccal branch of the facial nerve

Current knowledge indicates that, with the exception of CNTF, which

is synthesized by myelinating Schwann cells (Sendtner et al, 1994),

most other factors are target-derived. They are taken up at the

synaptic terminals and reach the neuronal somata via retrograde

axonal transport (Taniuchi et al., 1988). Accordingly, it has been

shown that sections through the intact facial nucleus of rats do not

contain mRNA for BDNF, CNTF, and GDNF (StoÈckli et al., 1991;

Baumgartner & Shine, 1997). In spite of that, we had to analyse the

expression of neurotrophic factors under different conditions, i.e.

using the nerve-muscle-plate approach and the selected neutralizing

antibodies, which were also our therapeutic agents.

NGF-immunoreactivity

The use of the nerve-muscle-plate showed the presence of NGF-

protein in both proximal and distal stumps of the transected BFB. In

the proximal nerve stump, NGF was ®rst detected at 3 days post

axotomy (DPA), reached a maximum at 5 DPA and declined at

6 DPA. In the distal nerve stump, NGF-immunoreactivity appeared at

1 DPA, reached a maximum at 4±5 DPA, and was no more evident at

12 DPA (Fig. 2A and B). A parallel immunostaining for S-100

protein (Fig. 1B), considered as a general marker of Schwann cells,

showed that the majority of the cells which expressed NGF were

Schwann cells. NGF-protein was also found in the target musculature

of the whisker pad at 4±5 DPA.

BDNF-immunoreactivity

BDNF-immunoreactivity was detected in the Schwann cells of the

proximal nerve stump at 3±4 DPA, reached a maximum at 5 DPA

and steeply declined after 6 DPA. In the Schwann cells of the distal
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nerve stump, BDNF-immunoreactivity became evident at 4 DPA,

reached its maximum at 5 DPA and was no more evident at 12 DPA

(Fig. 3A, B and E) These ®ndings support, though indirectly, earlier

observations that the retrogradely transported BDNF prevents injury

induced death of facial motor neurons in neonatal rats (Hughes et al.,

1993; Koliatsos et al., 1993; Yan et al., 1993). No BDNF-

immunoreactivity was detected in the target musculature of the

whisker pad.

FIG. 3. Pattern of expression and sources of secretion of BDNF. Longitudinal sections through the transected buccal nerve showing BDNF-
immuno¯uorescence in the Schwann cells of the proximal (A) and distal (B) nerve stump 4 days after the lesion. 20 mm thick frozen section. Scale bar,
200 mm. (C) BDNF mRNA expression 5 days after transection of the buccal branch. In situ hybridization histochemistry with digoxigenin-labelled BDNF
cRNA probes reveals reaction product only in the peripheral cytoplasm of multivacuolated longitudinally arranged Schwann cells of the distal stump. Scale
bar, 100 mm. (D) Sense control of the same animal as shown in C. Scale bar, 100 mm. (E) Time course of expression of BDNF-immunoreactivity in proximal
and distal nerve stumps of the transected buccal branch estimated in a way identical to that described for Fig. 2B.
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ã 2002 Federation of European Neuroscience Societies, European Journal of Neuroscience, 15, 1327±1342



BFGF-immunoreactivity

bFGF-immunoreactivity was detected in the proximal stump at

1 DPA, reached a ®rst peak at 2 DPA and declined at 4 DPA in three

out of four rats. At 5±6 DPA there occurred a second peak in the

bFGF-immunoreactivity (in four out of four rats), which was

followed by a gradual decline to zero at 8 DPA. Identical changes

in the bFGF-immunoreactivity were detected in the Schwann cells of

the distal nerve stump (Fig. 4A, B and E). There was a faint bFGF-

FIG. 4. Pattern of expression and sources of secretion of bFGF (FGF-2). Longitudinal sections through the transected buccal nerve showing bFGF-
immuno¯uorescence in the Schwann cells of the proximal nerve segment (A) and around the neuro®lamentous swelling of the distal nerve stump (B) 5 days
after the lesion. Scale bar, 200 mm. (C) bFGF mRNA expression 4 days after transection of the buccal branch. In situ hybridization histochemistry showing
abundant and intensively dark reaction product in the cytoplasm of swollen Schwann cells from the distal stump. Scale bar, 100 mm. (D) Tubulin sense
control of the same animal as shown in C. Scale bar, 100 mm. (E) Time course of expression of bFGF-immunoreactivity in the proximal and distal nerve
stumps of the transected buccal branch depicting a characteristic double peak.
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immunoreactivity in the target muscles of the whisker pad. Similar

®ndings have been reported by Chen et al. (1999).

IGF-I-immunoreactivity

IGF-I-immunoreactivity followed a pattern of expression identical to

that of bFGF. However, the IGF-I-immunoreactivity in the target

muscles (detected at 1 DPA) was stronger and persisted till 5 DPA

(data not shown). This result is in line with earlier data about IGF-I

immunoreactivity mainly in Schwann cells until 1 week after the

lesion, when strongly IGF-1 positive macrophages invade the

lesioned nerve (Glazner et al., 1994; Ishii et al., 1994; Cheng et al.,

1996).

GDNF-immunoreactivity

GDNF-immunoreactivity in the proximal nerve stump appeared at

1±2 DPA, reached a maximum at 5 DPA, and disappeared at

6 DPA. In the distal nerve stump, GDNF-immunoreactivity

appeared at 3 DPA, reached a maximum at 5 DPA and was no

more evident at 6 DPA (data not shown). These results are in

accordance with those in an earlier report about retrograde

transport of GDNF to facial motoneurons (Yan et al., 1995).

There was no GDNF-immunoreactivity in the target musculature

of the whisker pad.

CNTF-immunoreactivity

There were no detectable amounts of CNTF in the whole nerve-

muscle-plate after transection of the BFB (not shown). This ®nding is

consistent with previous results showing that the expression of CNTF

mRNA and protein in the peripheral nerve decreases following nerve

lesion (Friedman et al., 1992; Sendtner et al., 1992; Smith et al., 1993).

Blood-borne macrophages and Schwann cells are the major
sources of NGF, BDNF, and bFGF at the lesion site

It is well known that the level of plasma NGF is very high in stressed

animals (Alleva et al., 1996). To consider the trauma-induced

appearance of NGF after surgery, we needed to establish the exact

sources of trophic factors secretion at the lesion site. This is why free-

¯oating 40 mm thick cryostat sections from the nerve-muscle plate

were processed for detection of NGF mRNA, BDNF mRNA, and

bFGF mRNA by in situ hybridization.

General features

(i) Twenty-four and 48 h after removal of 1 mm length from the

buccal branch of the facial nerve, the only cells which expressed

NGF-, BDNF-, and bFGF mRNA at the lesion site were blood-borne

cells, presumably monocytes/macrophages. Con®rming the results of

a very recent work (Barouch et al., 2001), this ®nding is also in

accordance with earlier data stating that BDNF was synthesized

neither by motoneurons nor by the Schwann cells during the early

postlesion period (Ernfors et al., 1990; Meyer et al., 1992; Funakoshi

et al., 1993). (ii) The motor target (whiskerpad musculature) showed

no mRNA expression for NGF, BDNF, and bFGF.

NGF mRNA. Three days after the lesion, the Schwann cells of both the

proximal and the distal nerve stump expressed NGF mRNA. Five days

after the lesion only rows of swollen Schwann cells of the proximal

nerve stump contained NGF mRNA (Fig. 2C). The distal stump was

negative. These results are in line with those in earlier reports about a

compensatory increase in the expression of NGF by non-neuronal

(Schwann) cells at the site of lesion (Heumann et al., 1987a; Lindholm

et al., 1987; Raivich et al., 1991; Meyer et al., 1992).

BDNF mRNA. Starting from 3 days after the lesion, the only cells

that contained BDNF mRNA were the Schwann cells of the distal

nerve stump. Thus, the onset of gene expression is in agreement with

the ®ndings of Meyer et al. (1992) and Funakoshi et al. (1993). At

present we have not established whether the expression of BDNF

mRNA gradually increased over a 3±4-week period as previously

described (Meyer et al., 1992; Funakoshi et al., 1993) ± we were

interested in the sources of trophic factors during a relatively short

period (24 h to 5 days) after axotomy. The proximal stump remained

negative (Fig. 3C and D).

BFGF mRNA. Three days after lesion, the Schwann cells of both,

proximal and distal nerve stumps expressed bFGF mRNA, a result

which is consistent with earlier observations (Grothe et al., 1997,

2001; Huber et al., 1997). At 4 days after lesion, the bFGF mRNA in

the proximal nerve stump was down-regulated. Thus, the major

source of cells which contained bFGF mRNA were the Schwann cells

of the distal nerve stump (Fig. 4C and D).

Application of neutralizing antibodies to trophic agents reduces
post-transectional axonal branching and improves the quality
of reinnervation

Unoperated rats

In intact rats, the zygomatic branch of the facial nerve contained the

axons of 306 6 81 motoneurons located in the dorsal facial

subnucleus, the buccal branch of 1422 6 39 motoneurons in the

lateral subnucleus, and the marginal mandibular branch of 288 6 42

motoneurons in the intermediate subnucleus (group C1 in Table 1). No

double-labelled motoneurons were observed (Fig. 1C) and all

motoneurons projecting through the zygomatic branch contained

only DiI. No ¯uorescent perikarya were ever found in the medial or

ventromedial facial subnucleus, the motoneurons of which project

through the posterior auricular and cervical branch, respectively; these

nerves were not transected or labelled.

General features in the facial nucleus after transection of the facial nerve

Eight weeks after unilateral FFA/entubulation and another 10 days

after triple retrograde labelling, three general changes were detected in

the lesioned facial nucleus. First, the myotopic organization into

subnuclei was no longer observed, i.e. all retrogradely labelled

motoneurons were scattered throughout the facial nucleus (Fig. 1F and

H). Second, as a rule there were always more retrogradely labelled

motoneuronal cell somata than in unoperated animals (Tables 1±4).

The reason for this is the postoperative hyperinnervation of targets

(Angelov et al., 1996), i.e. labelling of motoneurons which, under

normal conditions, do not send axons into the three facial fascicles

under study. After transection of the facial nerve, however, these

motoneurons develop axonal branches, which adjoin the wrong

fascicles and thus reach the sites of tracer application. Third, numerous

double-labelled motoneurons occurred after the lesion (appearing

pink-orange or purple in Fig. 1F and H) which demonstrates that twin

axons projected into more than one branch of the facial nerve. All

double- and single-labelled motoneurons labelled were counted. The

mean values were statistically analyzed (Tables 1±4).

Analysis of the total number of neurons projecting through the marginal

mandibular branch (FB-only)

Controls. With the exception of C5, the values for the surgically

treated control groups (C2±C4 in Table 1) did not differ from those

obtained after application of antibodies in neutralizing concentrations

(Table 2). All numbers, however, were signi®cantly lower than those
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obtained after treatment with 5-fold higher concentrations of

neutralizing antibodies (Table 3) and after combined treatments

(Table 4).

Neutralizing concentrations of the antibodies. All values were lower

than those obtained after treatment with 5-fold higher concentrations

and after combined treatments (compare the values in the right

column of Table 1 to those in Table 3 and Table 4).

Analysis of the total number of neurons projecting through the buccal

branch (FG-only)

Controls. With the exception of group C3 each of the other operated

controls (C2, C4, and C5) showed a value that was signi®cantly higher

than that obtained for intact rats (Table 1). Compared to the number

obtained after application of antibodies in neutralizing concentrations

(Table 2), the value for C2, C4, and C5 was signi®cantly higher.

Compared to those obtained after 5-fold higher concentrations

(Table 3), and after combined treatments (Table 4), these numbers

were signi®cantly lower.

Neutralizing concentrations of the antibodies. All values were

signi®cantly lower than those after treatment with 5-fold higher

concentrations (Table 3) and after combined treatments (Table 4).

Analysis of the total number of neurons projecting through the zygomatic

branch (DiI, DiI + FG, DiI + FB)

We selected the zygomatic branch as a representative of the whole

facial nerve plexus to evaluate the degree of axonal branching after

surgery. The reason for this was the relatively small number of

motoneurons projecting through the zygomatic branch before and

after surgery. Thus, the distribution of the tracer DiI was of special

interest and we carefully differentiated the portions of motoneuronal

perikarya labelled by DiIonly, by DiI + FG, or by DiI + FB. Each

percentage is indicated below the absolute mean number in the ®rst

four columns of all tables. A bene®cial effect of a particular treatment

was recognized only if a given value was close to the distribution

pattern in intact rats (®rst row in Table 1).

Controls. There were no differences in the total number of neurons,

whose axons projected through the zygomatic nerve among the

surgically treated control groups (C2±C5) of the present study

(Table 1). All control values were signi®cantly lower than the

numbers obtained after treatment with 5-fold higher concentrations of

some neutralizing antibodies (Groups C12, C15±C17; Table 3).

Neutralizing concentrations of the antibodies. Compared to the

values in the control groups (C2±C5) and to the combinations of

antibodies (C18±C20) the treatment with neutralizing concentrations

of all antibodies caused no reduction in the total number of neurons,

whose axons projected postoperatively through the zygomatic branch

of the facial nerve (Tables 1, 2 and 4) These values were, however,

signi®cantly lower than the numbers obtained after treatment with 5-

fold higher concentrations of some neutralizing antibodies (C12, C15±

C17; Table 3).

Analysis of the number of double-labelled motoneurons projecting

through the zygomatic branch (DiI + FG and DiI + FB)

Controls. With the exception of the control group C5 (where 86% of

all motoneurons had branched) there were no signi®cant differences

in the number of DiI + FG and DiI + FB-labelled perikarya amongT
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the groups C2±C4 (Table 1). In general, all control values were

signi®cantly lower than the numbers obtained after treatment with 5-

fold higher concentrations of all neutralizing antibodies (Groups C12±

C17; Table 3) and after combined treatment (groups C19, C20;

Table 4).

Neutralizing concentrations. This treatment did not reduce the

number of double-labelled (i.e. branched) neurons (DiI + FG and

DiI + FB) when compared to the values in groups C2±C4. All values

(Table 2), however, were signi®cantly lower (i.e. showed reduced

branching) than that in the control group C5 (Table 1) and than those

after treatment with 5-fold higher concentrations of all neutralizing

antibodies (Groups C12-C17; Table 3) and after combined treatments

(Groups C18-C20; Table 4).

Analysis of the number of single-labelled motoneurons projecting through

the zygomatic branch (DiI-only)

There were no differences among the surgically treated control

groups (C2±C5). In general, treatment with neutralizing concentra-

tions of NGF, BDNF, IGF-I, and GDNF (Groups C6, C7, C9, C10;

Table 2) signi®cantly increased the number of motoneurons sending a

single axon only through the zygomatic branch, i.e. this treatment

reduced axonal branching.

Discussion

Our present data show for the ®rst time that collateral axonal

branching from the proximal stump of the lesioned peripheral nerve

can be experimentally reduced. Focal application of neutralizing

antibodies to neurotrophic factors in suitable dose diminished the

number of axonal branches without any notable harmful affect on

neuronal survival and axonal elongation.

Neurobiological importance of post-transectional axonal
branching

When an axon is severed, the proximal cut end rapidly closes with a

membrane seal (Fishman et al., 1990; Spira et al., 1993) and soon

afterwards forms a terminal swelling or end-bulb (Friede &

Bischhausen, 1980; Fried et al., 1991). Within the following 3 h

numerous axonal branches begin to emerge from the end-bulb and

start to elongate (Bisby & Pollock, 1983) at a rate of approximately

4 mm/day (Tetzlaff & Bisby, 1989; Fawcett & Keynes, 1990). Under

ideal conditions only one of these branches should reach its original

target.

The navigation of these immature axons is under the control of

short-range acting guidance cues, most of them deriving from the

distal nerve stump. Thus, postlesional axonal branching is considered

to represent the search of axons for local guidance cues necessary for

their navigation (Al-Majed et al., 2000). In general, however, exactly

these actively searching axons not only choose a wrong way, but also

branch and project simultaneously along several different fascicles

(subdivisions, rami) of a transected nerve trunk (Angelov et al.,

1999). Thus, the process of branching, which is originally aimed at

both neuronal- and target-survival, turns out to be responsible for the

failure of axons to re-innervate solely their original domain (Fu &

Gordon, 1997).

In a recent set of experiments, we conceptually divided the overall

process of axonal re-growth into axon elongation and axonal

branching. We hypothesized that accelerated axonal elongation

through extracellular matrix proteins fostering neurite outgrowth

might reduce axonal branching and improve recovery of function.

The subsequent neuron counts showed that, despite their known

effect to support neurite elongation, the tested extracellular matrix

proteins failed to suppress axonal branching in the facial nerve plexus

(Dohm et al., 2000). In the present study we approached the problem

in a completely other, actually in an exactly opposite way, i.e.

blocking the entire process of neurite re-growth we hoped to achieve

a reduction in axonal branching.

We succeeded to do this only using antibodies to neurotrophic

factors in neutralizing concentrations (groups C6±C12) whereby the

numbers of neurons projecting through each of the investigated

branches was very close to those in intact rats. Three groups of

substances, however, the mouse IgG (group C5), the 5-fold higher

concentrations (groups C12±C17) as well as the combinations of

antibodies (groups C18±C20) were probably nonsupportive to neurite

elongation. Massive axonal branching followed.

Possible role(s) of trophic factors in axonal re-growth and
effect of their neutralization

Most of the neurotrophic agents are produced by the target tissue and

reach the intact facial motoneurons via retrograde axonal transport.

Accordingly, after axotomy trophic factors are taken up by regen-

erating axons to keep the neurons trophically satis®ed until the axons

regain their target-derived source (Di Stefano et al., 1992; Unsicker

et al., 1992; Yan et al., 1992; Friedman et al., 1995; Sendtner et al.,

1997).

Apart from this central effect on neuronal cell bodies (promoting

survival), however, numerous reports show another peripheral effect

of the trophic factors. Accordingly, the synthesis of receptors for

NGF, BDNF, bFGF, GDNF, CNTF, and IGF-I is up-regulated at the

lesion site following axotomy (Meyer et al., 1992; Raivich &

Kreutzberg, 1993; McMahon & Priestley, 1995; MacLennan et al.,

1999). However, it should be reminded that the expression of p75NTR

in Schwann cells following facial nerve surgery was not found

necessary for motoneuron survival or prompt regeneration (Ferri

et al., 1998). This, in turn, was a major reason for our attempt to

neutralize the trophic agents themselves and not their receptors.

The quantitative changes in post-transectional axonal branching

after neutralization of this peripheral effect were the main object of

this study. In the following sections we will try to interpret the results

and correlate them with other already established events at the lesion

site.

The ciliary neurotrophic factor (CNTF) increases the rate of axonal

elongation, axonal sprouting, number of re-innervated muscle end-

plates and improves functional recovery (Gurney et al., 1992; Curtis

et al., 1993; Sahenk et al., 1994; Ulenkate et al., 1994; Newman et al.,

1996; Oyesiku & Wigston, 1996). Treatment with 100 mg/mL anti-

CNTF (group C11) decreased the number of double-labelled neurons

when compared to the mouse IgG control, but not vs. the other

controls (Table 2). Based on these results we cannot ascribe any

obvious effect of the anti-CNTF-treatment (100 mL/mL) on the

branching of axons stemming from a transected rat facial nerve.

The glial-cell-line derived neurotrophic factor (GDNF) has a

marked stimulatory effects on neurite outgrowth (Ebendal et al.,

1995; Rosenblad et al., 1996; Sinclair et al., 1996; Wang et al., 1996;

Wilby et al., 1999). It has been shown that its neutralization inhibits

branching and reduces sprouting (Batchelor et al., 2000). Our present

results, however, do not support these earlier data. Treatment with

3 mg/mL anti-GDNF (group C10) caused a signi®cant increase in the

total number of motoneurons projecting through the zygomatic

branch of the facial nerve when compared to the values obtained after

FFA (group C2) and after neutralization of bFGF (group C8; Table 2).

This suggests that the neutralization of GDNF potentiated, rather than
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inhibited axonal branching from motoneurons This in turn, dimin-

ishes the value of the otherwise very important large number of

DiIonly labelled cells, which were signi®cantly more than those after

FFA (group C2), mere entubulation (group C3), entubulation in

collagen (group C4), and entubulation in mouse IgG (group C5).

The insulin-like growth factors (IGFs) control Schwann cell

viability (Meier et al., 1999; Syroid et al., 1999), promote neurite

outgrowth of motoneurons (Caroni & Grandes, 1990; Lewis et al.,

1993; Vergara et al., 1993) increase regeneration rate in vivo after

lesions of the sciatic nerve (Sjoberg & Kanje, 1989; Pu et al., 1999),

and enhance axonal regeneration in chronically injured neurons

(Houle et al., 1996). It has been shown that their neutralization causes

a sustained reduction in the regeneration rate (Glazner et al., 1993) as

well as inhibition of epithelial cell proliferation (Zheng et al., 1997)

and spontaneous regeneration (Kanje et al., 1989; Near et al., 1992).

In our experimental set, treatment with 30 mg/mL anti-IGF-I (group

C9) decreased the number of double-labelled neurons when compared

to the mouse IgG control (Table 2). Based on these data we can state

that the neutralization of IGF-I with 30 mg/mL anti-IGF-I reduced the

post-transectional axonal branching.

The basic ®broblast growth factor (FGF-2) stimulates in vivo

neurite outgrowth from the proximal stump of transected peripheral

nerves and contributes to the enlargement of axon calibre (Aebischer

et al., 1989; Unsicker et al., 1993; Laquerriere et al., 1994; Fujimoto

et al., 1997). Its neutralization causes a signi®cant decrease in the

number of regenerating axons (Chen et al., 1999). Our results,

however, fail to con®rm these recent data. Treatment with 100 mg/mL

anti-bFGF (group C8) decreased the number of double-labelled

neurons only when compared to the mouse IgG control. There was

really a reduction in the number of DiIonly labelled cells, however,

only when compared to the values obtained after treatment with 3 mg/

mL anti-GDNF (group C10). Thus, we may conclude that an

inhibition of bFGF employing therapeutic neutralizing concentrations

of antiserum had no signi®cant effect on the post-transectional

branching of motoneurons.

The brain-derived neurotrophic factor (BDNF) in¯uences the

dynamic branching of axonal arbours (Sawai et al., 1996; Inoue &

Sanes, 1997; Cohen-Cory, 1999; Lom & Cohen-Cory, 1999) and

effectively promotes axonal outgrowth (Novikov et al., 1997;

Novikova et al., 1997; Bamber et al., 2001). Its neutralization

reduces the arborizations of axons (Cohen-Cory & Fraser, 1995),

retards the length of regenerated nerves (Zhang et al., 2000) and

decreases the average axon length (Ghosh et al., 1994; Nawa et al.,

1994). Our present results are in line with these ®ndings. Treatment

with 160 mg/mL anti-BDNF (group C7) decreased the number of

double-labelled neurons when compared to the mouse IgG control.

When compared to FFA there was a signi®cant increase in the

number of DiIonly labelled cells. These values were not accompanied

by an increase in the total number of neurons projecting through the

zygomatic nerve (Table 2).

The nerve growth factor (NGF) can preserve the Schwann cells,

whereupon they facilitate regeneration from the proximal stump and

modulate neurite outgrowth and axon branching (Aloe et al., 1985;

Heumann et al., 1987b; Lindsay, 1988; Snider & Johnson, 1989;

Gloster & Diamond, 1992; Kimpinski et al., 1997; Galo &

Letourneau, 1998; McAllister et al, 1999; Mohiuddin et al., 1999).

When applied to silastic nerve bridges between the ends of transected

sciatic and facial nerves NGF increases the regeneration rate (Chen

et al., 1989; Derby et al., 1993; Spector et al., 1993). Its

neutralization by neutralizing antibodies or antisense oligonucleotides

reduced the maladaptive axonal branching and the detrimental

sprouting (Yip et al., 1984; Mearow & Kril, 1995; Krenz et al.,

1999). The results of our work con®rm these earlier data. Treatment

with 40 mg/mL anti-NGF decreased the number of double-labelled

neurons when compared to the mouse IgG control. When compared

to FFA, mere entubulation, and entubulation with mouse IgG there

was a signi®cant increase in the number of DiIonly labelled cells.

These values were not accompanied by an increase in the total

number of neurons projecting through the zygomatic nerve (Table 2).

Taken together our present results show that treatment of a

transected rat facial nerve with anti-NGF or anti-BDNF in

neutralizing concentrations signi®cantly reduces the post-transec-

tional axonal branching. In this way focal intraoperative antibody-

treatment, that should be carefully controlled in human patients, may

open new perspectives in the surgical strategies to improve the

quality of reinnervation.
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