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Abstrac t t 

AA new method for morphometric analysis of axons in experimental peripheral 

nervee reconstruction is presented. Twelve adult female rabbits were used. In nine 

animalss the saphenous nerve was transected and stitched epineurially. Three ani-

malss functioned as control. After 3, 6 and 12 months, the nerves were harvested, 

fixedd in Kryofix and embedded in Histowax. Transverse sections of 6 urn were cut, 

immunohistochemicallyy stained for NF 90, and counterstained by Sirius Red. 

Quantificationn of nerve fibers in cross sections was performed by using a confocal 

laserr scanning microscope (CLSM), and the images were stored digitally. Data ana-

lyzingg was performed by the Optimas program (5.2). Calculations were done with 

Microsoftt Excel. The total number of axons, the mean axon diameter and the per-

centagee axon area / fascicle area were evaluated statistically. This method for 

morphologicc analysis provides automatically complete registration of axons and 

soo different methods of experimental nerve reconstruction can be compared in a 

fastt and reliable way. 

Microsurger yy 20: 225-232 2000 
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Introductio n n 

Inn peripheral nerve reconstruction, the outgrowth of axons in the distal stump is 

ann important phenomenon studied in experimental procedures. The morpho-

metricc analysis of outgrowth of these axons in animal model experiments following 

differentt surgical interventions is a time-consuming procedure. If only a limited 

cross-sectionall  area of the nerve is analyzed, evaluation of the number of axons 

cann be misleading, for the amount of axons within a nerve and also the pattern of 

thee fascicles varies considerably.1"3 In our experimental animal investigations con-

cerningg the outgrowth of axons in peripheral nerves, we needed a method for stai-

ning,, visualization and counting of axons to provide optimal and fast information 

aboutt architecture and total amount of the fascicles and axons in the nerve. 

Severall  methods are known to stain peripheral nerves in cross sections. In research 

onn experimental nerve reconstruction, osmium tetroxide and silver nitrate stai-

ningg are often used.1'5"13 In addition to these classic methods, immunohistochemi-

call  techniques for staining nerves have gained interest. Whitworth et al. 

describedd an indirect avidin-biotin complex (ABC) staining method, using the 

peroxidasee nickel enhancement procedure. They applied antisera against calcito-

ninn gene-related peptide (CGRP), for studying axon regeneration. CGRP accumu-

latess in the distal part of the axon due to anterograde transport. They also used 

antiseraa against a membrane phosphoprotein (GAP-43), which is involved in axon 

growthh during development and regeneration, and antisera to mark the cytoplasm 

off  Schwann cells (S-100) specifically. Voinesco et al. 5 used monoclonal antibodies 

too neurofilaments. Axon counting is classically performed manually. Vuursteen 

achievedd axon counting in transverse sections impregnated in osmium tetroxide 

forr staining myelin sheaths of the nerve fibers. 
17 7 

Forr quantitative analysis of the cross sections, a special counting device was used. 
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AA photograph of the section was placed on an opalescent plate luminated by four 

TL-lamps.. Counting was performed using a penholder with a resilient steel top, 

activatingg a microswitch by pressure. When axons were marked by piercing the 

photographh at the site of the myelinated axon, the device automatically registered 

thee number of contacts. This method is very time-consuming because in every sec-

tionn the axons must be counted by hand. Ishida et al.18 selected randomly five 

fieldss in toluidine blue stained sections of axons. These five fields were photograp-

hedd and morphologic analysis was performed with a Summa Sketch II digitizer 

(Summagraphics,, Seymour, Connecticut) linked to a Compaq 386 computer using 

Sigmaa Scan software (Jandel Scientific, Corte Mandera, California) to determine 

meann axon diameter and mean fiber diameter. A minimum of 200 fibers in each 

nervee section was measured. Axons were counted in at least 10% of the whole 

nervee area. Whitworth et al. observed just a minimal number of sections and 

extrapolatedd the results by means of a computerized image analysis system. Thus, 

inn this procedure also a very limited amount of axons is counted. In r 5-um longi-

tudinall  sections these investigators quantified the distance of outgrowing of axons 

penetratingg the area of immunoreactivity of the regenerating axons and of the 

immunostainedd Schwann cells. Den Dunnen et al.,19 analyzed the number of out 

growingg axons by means of, amongst others, the N-ratio and the G-ratio. The 

N-ratioo is the ratio between the area of nerve fibers and the total nerve area. The G-

ratioo is the ratio between the axon area and the nerve fiber area. In our investiga-

tion,, we considered post-operative shrinkage not only present in fascicles but also 

inn epineurial connective tissue and in endoneurial connective tissue. Other inves-

tigatorss authors recently applied histomorphological analysis by using automatic 

digitall  image-analysis systems linked to morphometry software.1,6"13 However, 

thesee techniques are based on staining techniques with osmium tetroxide. 

Thee aim of the study was to develop a method that combines immunohistochemi-
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call  staining with NF-90, which stains nerve fibers, and automatic digital image 

analysiss by way of the confocal laser scanning microscope (CLSM), in an effort 

orderr to provide a fast and reliable method of axon counting in experimental nerve 

reconstruction. . 

Material ss  and method s 

Surgica ll  Procedur e 

Al ll  animal experiments were carried out following the conditions of the Animal 

Experimentall  Law in the Netherlands. Twelve adult female rabbits (New Zealand) 

off  3.5-kg body weight were used. The saphenous nerve, a mainly sensory nerve was 

studied.. Anesthesia was initiated with xylazine and ketamine hydrochloride 

(Rompunn and Ketalar; 10 mg/kg and 50 mg/kg, respectively) administered intra-

muscularly.. Anesthesia was continued by nitrous oxide, oxygen, and Fluothane 

mixturee inhalation. Continuous electrocardiographic (ECG) registration was per-

formed.. All surgical procedures were carried out under normal sterile conditions. 

Fromm three rabbits, the non-operated nerve was dissected out for control. 

Inn nine animals, the nerve was reconstructed. After incision of the skin at the medial 

sidee of the proximal hindleg and cleavage of the facia lata over a length of 2 cm, the 

saphenouss magna vein and the saphenous nerve could be explored. The nerve was 

mobilizedd over 15 mm and cut by microsurgical methods. The nerve stumps were 

justt sutured by four epineurial stitches (Ethilon; 10-1). After nerve reconstruction 

thee fascia and skin of the hindleg were closed. An inflammatory reaction of the skin, 

iff  present post-operatively, was treated by administration of antibiotics. After three, 

sixx and twelve months under general anaesthesia as described above the recon-

structedd nerves of nine rabbits were dissected out for histochemistry. 
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Immunofluorescen tt  Histochemica l Procedur e 

Afterr fixation of the nerve specimen in Kryofix (50% ethanol, 3% poly-ethylene-

glycol),, the nerve was cut into three parts: a nerve part 10 mm proximal, a part 10 

mmm distal to the nerve suture, and a remaining central part (Fig. 1). These parts 

weree embedded separately in paraffin. With the microtome, the central part was 

sectionedd longitudinally (15-um sections), the proximal and distal parts sliced into 

6-umm thick transverse sections (Fig. 1). 

Thee sections were stained immunohistochemically. After a first incubation of the 

sectionss with monoclonal NF-90 antibody (Merck, Tissu Gnost, Darmstadt, 

Germany),, a second fluorescein isothiocyanate (FITC)- labeled anti-NF-90 antibody 

allocatess the green fluorescent label at the available neurofilaments. Sirius Red 

wass used as a conventional counterstain, rendering a red fluorescence to the nuclei 

whenn excited by the same wavelength used for FITC (494 nm). 

Immunohistomorphometr y y 

Thee immunofluorescentstaince-stained antigens stained in the sections were im-

agedd with a confocal laser scanning microscope (CLSM, Bio Rad MRC-600). 

Excitationn of FITC was done at 494 nm, and the emission was detected at 520 nm 

(filterr no. 522 DF 35). Images of the longitudinal (through the center of the nerve 

suture)) and of the transverse sections were automatically stored in the software of 

thee CLSM. For quantification of the fascicles and the axons, the transverse sections 

weree analyzed by means of an image analysis software program (Optimas 5.2). The 

grayy scale threshold was set to 85 nm (from a maximum of 255 nm) in all acquisi-

tions.. In our experience, this is the level at which most of the auto fluorescent and 

otherr disturbing signals are excluded from the pictures. In this way, the following 

couldd be recorded: the number of axons in a fascicle, the transverse area of an indi-

viduall  axon, mean and standard deviation (S.D.) of the axon transverse area, and 
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eachh fascicle transverse area, Afterwards, the records from the Optimas program 

weree analyzed by means of the Microsoft Excel program. The total number of 

axonss was registered and the following data were calculated: the number of axons 

perr 500-um2 fascicle area per nerve (K), the mean axon diameter per nerve in um 

(L),, the ratio axon area / fascicle area (M) in each nerve stump, and the axon out-

growthh (N), calculated as M in the distal nerve stump/M in the proximal nerve 

stumpp (x 100%). Finally, all the morphological data were statistically evaluated by 
20 0 thee Mann-Whitney test. 

Result s s 

Postoperativ ee Period 

Noo motor disturbances were noticed in any animal at the first postoperative day. 

Afterr 3, 6 and 12 months, the animals were sacrificed and the reconstructed nerves 

weree explored. Connective tissue was scarcely present around the nerve suture. 

Immunofluorescenc ee Histochemica l Studie s 

Thee immunofluorescent staining procedure showed green fluorescent axons. The 

histochemicall  counterstaining gave the nuclei of the Schwann cells and the fibro-

blastss a red color. The total transverse area of the rabbit saphenous nerve contain-

edd about 20 fascicles, although there was some variation interindividually as well 

ass individually between the left and right hindleg. In every image, enlarged x 40 

andd automatically stored by CLSM, all fascicles (one til l three) were investigated. 

Inn the stored images, fluorescent pixels were detected between the gray scales at 

855 nm and 255 nm and were analyzed by the Optimas software program. 

Autofluorescencee is always present in some fascicles of a nerve, therefore not all 
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fascicless per nerve could be analyzed by standard means, but a minimum of 95% 

off  fascicles was always measured. The axons were analyzed between the predeter-

minedd fluorescence levels (Fig. 2), just as other data such as the number of axons 

perr fascicle and mean transverse area of the axon. Minimum and maximum axon 

transversee area and the standard deviations were registered (Table i, Fig. 3). The 

totall  transverse area of the fascicle could be determined by encircling the fascicle. 

Thee data were sorted for further analysis, graphics and statistical analysis with the 

Excell  program. 

Thee ratio of the number of axons/fascicle area was calculated per 50o-um2 fascicle 

areaa (e. g., K in Table 2). The mean axon diameter was obtained by dividing the 

axonn transverse area by JT, taking the square root and multiplication by two (e. g., L 

inn Table 3). Ratio axon area / fascicle area (M) was calculated. All morphometric 

dataa were graphically represented and statistically evaluated with a Mann-

Whitneyy test. The results are listed in Tables 4-6 and Figures 6-9. The axon out-

growthh (N in Table 7), which is the percentage of the ratio axon area / fascicle area 

off  the distal nerve stump with regard to the same ratio in the proximal stump of all 

fascicles,, was registered and calculated. The number of axons of the non-operated 

nervee differs significantly from that of the proximal part and of the distal part of 

thee conventional sutured nerve throughout the tested period. The data for the 

numberr of axons obtained in the proximal and the distal part of the conventional 

suturedd nerve differ significantly at 3 and 6 months, but do not differ significantly 

att 12 months. The data regarding the non-operated nerve do not differ significant-

lyy from the proximal part of the conventional sutured nerve during the whole tes-

tingg period with regard to the mean axon diameter. At 3 and 6 months, the 

non-operatedd nerve differs significantly from the distal part of the conventional 

suturedd nerve with regard to the mean axon diameter, but it does not differ signifi-

cantlyy at 12 months. The proximal and the distal part of the conventional sutured 
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nervee differ significantly at 3 and 6 months, but do not differ significantly at 12 

months.. The ratio axon area / fascicle area (M) differs significantly from the non-

operatedd nerve at all values. The proximal and distal parts of the conventional sutu-

redd nerve do not differ significantly from each other at 12 months. The percentage 

axonn outgrowth increases slightly in the first 6 months. At 12 months, the percen-

tagee is almost 100%. However, the ratio axon area /fascicle area of the proximal and 

thee distal nerve stumps does not reach the level of the non-operated nerve. 

Confoca ll  Laser Scannin g Microscop e 

Thee confocal laser scanning microscope also can produce three-dimensional images 

off  the axons in the longitudinal sections. In the suture region, the sprouting of axons 

wass very obvious and the course of the outgrowing axons was clearly visible over a 

longg distance in the 15-um-thick longitudinal sections, as well as the Schwann cells 

andd the fibroblasts in the endoneurium. At 6 months, axon sprouting as many very 

thinn axon fibers was seen distally in the center of the nerve suture (Fig. 4). At 12 

monthss after nerve reconstruction, the axon diameters have reached their normal 

levell  (Fig. 5). It turned out that the sprouting axons were manifested somewhat in 

thee third month and distinctly increased up to the sixth month after reconstruction. 

Afterr 12 months, no sprouting axons were seen any longer in the reconstructed 

nervee at about 10 mm proximal or distal to the nerve suture (Figs. 6-9). 

Discussio n n 

Thesee studies showed a new method for morphometric analysis of axons in experi-

mentall  peripheral nerve reconstruction. In contrast to the staining methods with 

silverr nitrate, osmium tetroxide,412 and the immunohistochemical techniques of 
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Whitworthh et al., our fluorescence antibody staining procedure, in which fluor-

escentt material is labeled to the antigen, produces sections in which the stained el-

ementss are very clear and have distinct colors. 

Immunohistomorphologyy of these sections succeeded in producing reliable data in 

ourr hands. Almost all (>95%) of the transverse area of the nerve could be measured in 

contrastt to the sampling methods of other investigators13,17 or the manual coun-

tingg of Vuursteen. In r 5-um-thick longitudinal sections, the immunohistochemi 

call  staining method produces a very clear image of the morphology of the nervous 

structures,, like outgrowing axons, the nuclei of the Schwann cells, and the fibroblasts. 

Softwaree of the CLSM permits storage of the images for automatic performance. 

Furthermore,, the software programs for image analysis can be used on the images. 

Thankss to this method, it is possible to explore the whole transected area of the 

nerve,, providing an exact measurement of the number of axons and fascicles. A pre-

cisee evaluation of the axons in the total nerve and in the distal nerve stump is per-

formed.. To exclude variability caused by tissue shrinkage, we used the ratio axon 

areaa / fascicle area. Because our method offers the opportunity to analyze about 

95%% of the transected nerve, we measured almost the total number of axons and 

thee total axon area, both expressed in the total axon containing tissue (the fasci-

cles).. Mathematical processing of images, obtained by the CLSM, using the Optimas 

andd the Excel programs shows a fast and easy way to obtain optimal morphological 

dataa and to perform automatic statistical evaluation of the parameters for axon 

growth.. This new technique offers the opportunity of rapid comparison among 

severall  different procedures of nerve reconstruction in experimental models. 

Investigationss of nerve regeneration in particular can be facilitated by means of this 

neww technique of staining, visualization combined with automatically recording, 

softwaree for image analyzing, and statistical evaluation, as compared with the clas-

sicc techniques for axon registration. 
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longitudinall section 
(nervee suture) 

transversall sections 
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Figur ee 1 Nerve cut into three parts, embedded separately in paraffin. 
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Figur ee 2 Transverse section in a reconstructed nerve, 10 mm distal to the distal nerve 

stump.stump. Data registration and analyses of the stained axons by the Image Analyzer 

software.software. NF90 staining, label fluorescein isothiocyanate (FITC), confocal laser scan-

ningning microscopy (CLSM). 
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Tabl ee 1 Axon Areas and Total Fascicle Area' 

Parameter r Value3 3 

Meann axon area 

Standardd deviation 

Averagee absolute deviation from mean 

Minimumm value 

Maximumm value 

Totall fascicle area 

0.032151 1 

0.027124 4 

0.01873 3 

0.0059971 1 

0.15392 2 

98.044500 0 

** Recorded by the Optimas program. Lineair Optimas values must be multiplied by 

1313 to obtain the real values. See Figure 3 for a graphic representation of all the indi-

vidualvidual axon areas within one fascicle. 
aa Column statistics based on 60 rows. 

0.15392 2 

axonn area 

0.005997 7 

60 0 
numberr of axons in the fascicle 

Figur ee 3 Graphic representation of axon areas and total fascicle area recorded by the 

OptimasOptimas program. See Table 1 for statistics. 
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Tabl ee 2 Calculations for the Ratio (K) of the Number of Axons per 500-pm2 Fascicle Area* 

Optimass value 
forr each fascicle area No. of axons K 

189.50 0 

62.14 4 

139.17 7 

168.98 8 

215.59 9 

153.13 3 

140.28 8 

23.94 4 

87.25 5 

107.17 7 

147.54 4 

90.94 4 

115.55 5 

76.18 8 

120.14 4 

133.89 9 

97.29 9 

116.12 2 

83.39 9 

88.44 4 

149.62 2 

102 2 

45 5 

112 2 

169 9 

204 4 

100 0 

71 1 

24 4 

31 1 

47 7 

78 8 

48 8 

53 3 

41 1 

53 3 

54 4 

30 0 

80 0 

45 5 

58 8 

182 2 

1.57 7 

2.12 2 

2.35 5 

2.92 2 

2.77 7 

1.91 1 

1.48 8 

2.93 3 

1.04 4 

1.28 8 

1.55 5 

1.54 4 

1.34 4 

1.57 7 

1.29 9 

1.18 8 

0.90 0 

2.01 1 

1.58 8 

1.92 2 

3.56 6 

** An example of a calculation for Rabbit 25: 

K-K- 500 x (number of axons) / 171 x (Optimas value for fascicle area) 
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Tablee 3 Calculations for the Mean Diameter (L) of Axons per Fascicle* 

Optimass value for total 
axonn area per fascicle L 

0.26 6 

0.03 3 

0.43 3 

0.03 3 

0.04 4 

0.03 3 

0.02 2 

0.02 2 

0.02 2 

0.03 3 

0.02 2 

0.03 3 

0.02 2 

0.02 2 

0.02 2 

0.03 3 

0.02 2 

0.26 6 

0.03 3 

0.03 3 

0.03 3 

2.37 7 

2.68 8 

3.05 5 

2.64 4 

2.84 4 

2.71 1 

2.29 9 

2.32 2 

2.11 1 

2.43 3 

2.21 1 

2.53 3 

2.27 7 

2.07 7 

2.30 0 

2.61 1 

2.26 6 

2.38 8 

2.38 8 

2.42 2 

2.63 3 

** An example of a calculation, for rabbit 25 is given: 

LL = 2 x V (Optimas value for total transverse area of the axons x 171/n) 
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Tabl ee 4 Conventional Suturing versus Non-operated Nerve: Mean Number of Axons 

perper Standard Fascicle Area after 3, 6, and 12 Months, 10 mm Proximal and 10 mm 

DistalDistal to the Nerve Suture* 

Monthss Proximal 

Conventionall Suturing (n=3) 

33 2.35 

66 3.53 

122 1.95 

Non-operatedd nerve (n-3) 4.69 

S.D. . 

0.76 6 

0.97 7 

0.79 9 

0.65 5 

Distal l 

1.59 9 

1.91 1 

1.84 4 

S.D. . 

0.69 9 

0.71 1 

0.78 8 

Numberr of axons per fascicle per 500 um2 (= standard area) 

Statisticc value 

Months s 

p p 

3 3 

<0.001 1 

<0.001 1 

<0.05 5 

P P 

6 6 

<0,01 1 

<0.001 1 

<0.001 1 

P P 

12 2 

<0.001 1 

<0.001 1 

N.S. . 

pp conv. sut. - non-oper. nerve 

dd conv. sut. - non-oper. nerve 

pp conv. sut. - d conv. sut. 

pp conv. sut. - conventional sutured nerve 10 mm proximal to the nerve suture 

dd conv. sut. = conventional sutured nerve 10 mm distal to the nerve suture 

non-oper.. nerve = non-operated nerve 

N.S.. = not significant 

'P-values'P-values based on the Mann-Whitney test 
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Tabl ee 5 Conventional Suturing versus Non-operated Nerve: Mean Axon Diameter 

(jjm)(jjm) per Standard Transverse Nerve Area after 3, 6, and 12 Months, 10 mm Proximal 

andand 10 mm Distal to the Nerve Suture* 

Monthss Proximal S.D. Distal S.D. 

Conventionall suturing (n=3) 

33 3.13 

66 2.89 

122 3.10 

Non-operatedd nerve (n=3) 3.10 

p p 

3 3 

N.S. . 

<0.001 1 

<0.001 1 

3.05 5 

2.67 7 

3.23 3 

0.24 4 

P P 

6 6 

N.S. . 

<0.001 1 

<0.001 1 

2.41 1 

2.45 5 

3.06 6 

P P 

12 2 

N.S. . 

N.S. . 

N.S. . 

2.10 0 

1.92 2 

2.73 3 

Statisticc value 

Months s 

pp conv. sut. - non oper. nerve 

dd conv. sut. - non oper. nerve 

pp conv. sut. - d conv. sut. 

pp conv. sut. = conventional sutured nerve 10 mm proximal to the nerve suture 

dd conv. sut. = conventional sutured nerve 10 mm distal to the nerve suture 

non-oper.. nerve = non-operated nerve 

N.S.. = not significant 

*P-values*P-values based on the Mann-Whitney test 
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1.75 5 

1.77 7 

2.05 5 

1.05 5 

1.53 3 

1.86 6 

3.22 2 

1.04 4 

0.96 6 

1.00 0 
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Tabl ee 6 Conventional Suturing versus Non-operated Nerve: Ratio M (Total Axon 

AreaArea / Total Fascicle Area) after 3, 6, and 12 Months, (x10~2) 10 mm Proximal and 

1010 mm Distal to the Nerve Suture* 

Monthss Proximal S.D. Distal S.D. 

Conventionall suturing (n=3) 

33 4.24 

66 4.98 

122 3.46 

Non-operatedd nerve (n=3) 7.13 

Statisticc value 

Months s 

pp conv. sut. - non-oper. nerve 

dd conv. sut. - non-oper. nerve 

pp conv. sut. - d conv. sut. 

pp conv. sut. = conventional sutured nerve 10 mm proximal to the nerve suture, 

dd conv. sut. = conventional sutured nerve 10 mm distal to the nerve suture, 

non-oper.. nerve = non-operated nerve 

N.S.. = not significant 

p p 

3 3 

<0.0O1 1 

<0.0O1 1 

<0.0O1 1 

p p 

6 6 

<0.01 1 

<0.001 1 

<0.01 1 

p p 

12 2 

<0.001 1 

<0.001 1 

<0.001 1 

'P-values'P-values based on the Mann-Whitney test. 
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Tabl ee 7 Percentage Outgrowing Axons (N) after 3, 6, and 12 Months 

Months s % % 

Conventionall sutured nerve (n=3) 

33 39 

66 36 

122 93 

Non-operatedd nerve (n=3) 100 

ComparedCompared are the conventional sutured nerves and the non-operated nerve. 

Figur ee 4 Longitudinal section of a reconstructed nerve in the center of the nerve 

suture.suture. Brightly fluorescent axons and oval structures of the nuclei of Schwann cells 

andand fibroblasts are seen. NF 90 staining, label fluorescein isothiocyanate (FITC), 

confocalconfocal laser scanning microscopy (CLSM), x 600. Bar = 25pm. 
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Figuree 5 Transverse section of a conventional sutured nerve 10 mm distal to 

thethe distal nerve stump. Axons are seen as brightly fluorescent thick round 

structuresstructures between fluorescent oval structures of the nuclei of the Schwann 

cellscells and fibroblasts. NF 90 staining, label fluorescein isothiocyanate (FITC), 

confocalconfocal laser scanning microscopy (CLSM), x 1,400. Bar = 10 um. 
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Figur ee 6 Mean number of axons per standard fascicle area (500 um ) after 3, 6, and 

1212 months,10 mm proximal and 10 mm distal to the nerve suture. Procedures of 

conventionalconventional suturing versus non-operated nerve are compared. 
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Figur ee 7 Mean diameter (um) of the axons per transverse nerve area after 3, 6, and 

1212 months,10 mm proximal and 10 mm distal to the nerve suture. Conventional 

suturingsuturing versus non-operated nerve are compared. 
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Figur ee 8 Ratio M (total axon area / total fascicle area) after 3, 6, and 12 months, 

1010 mm proximal and 10 mm distal to the nerve suture. Conventional suturing versus 

non-operatednon-operated nerve are compared. 
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Figur ee 9 Percentage axon outgrowth N (ratio M distally/ratio A/1 proximally) x 100%, 

afterafter 3, 6, and 12 months. Conventional suturing versus non-operated nerve are 

compared. compared. 
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