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ABSTRACT

Theusefulness of three retrograde fluorescent dyesdomg injured peripheral axons was
investigated. The rat sciatic was transected bd#iyeand the proximal end briefly exposed to aithe
Fast Blue (FB), Fluoro-Gold (FG) or to Diamidinoldesv (DY) on the right side, and to saline on
the left side, respectivelffhe nerves were then resutured and allowed to ezgtn
Electrophysiological tests three months later shibgimilar latencies and amplitudes of evoked
muscle and nerve action potentials between tracepg. The nerves were then cut distathe
original injury and exposed to a second (differelyg. Five days later, retrogradely labelled
neurones were counted in the dorsal root ganglRGE) and spinal cord ventral horn. The number
of neurones labelled by the first tracer was sinfda all three dyes in the DRG and ventral horn
except for FG, which labelled fewer motoneuronebewused as second tracer, DY labelled fewer
neurones than FG and FB in some experimental gEihsatThe total number of neurones labelled
by the first and/or second tracer was reduced byB0% compared to controls. The contributions
of cell death as well as different optional tracembinations for studies of nerve regeneration are

discussed.



INTRODUCTION

The use of various kinds of tracer substancesdmgsbeen one of the fundamental methods
to map connectivity in the nervous system. Theattaristics of the tracers differ in several
respects: uptake mechanism, fibre specificity raxtéon with other tracers, method of
visualization, colour, toxicity, and fading. To abt optimal results, it is important to choose the
tracer best suited for the system studied anchf®specific question asked. The differences in
characteristics between tracers also makes itlgessi combine several dyes in the same
experiment, for instance to identify neurones wiitial projections by applying different retrograde
tracers in the two projection areas and look fartile labelled neurones (Angelov et al., 1999;
Valero-Cabré et al., 2001).

Double labelling models with different retrogradacers have been used to study
regeneration and the topographical accuracy ohegiration after peripheral nerve injury. In one of
the models used, the first tracer is applied inpepheral target before the nerve injury to lahel
original population innervating the area. Afterwveemjury and repair, and at a time point when the
regeneration process is assumed to be complesetoad tracer is applied to find the regenerating
population. Theoretically, if both the first andcead tracer were applied in the same target area,
then the percentage of double labelled neuronesdvameount for the degree of topographic
accuracy in the regeneration process (Hendry e1286; Fritzsch and Sonntag, 1991; Harsh et al.,
1991; Rende et al., 1991; Madison et al., 1996¢ gércentage of single labelled cells with the firs
tracer would be representing the neuronal populdtiat has not regenerated or has been
misdirected out of its original projection areagdhe single labelled cells with the second dye
would indicate regenerating cells misdirected talgahe area of study. Furthermore, if the second
tracer is applied in an area different from thgiol, then double labelling would indicate axons
that were misdirected from their original projegtiarea to another site during regeneration
(Molander and Aldskogius, 1992).

Studies of the kind described above involving loegm survival of the labelled neurones
are based on the assumption that the applicatmeedure, such as injection of the tracer, and the
toxic effects of the chemical dye itself do not fmamd the results by additional axonal damage. If
this occurs, then the ability of the axons to regate, to take up secondary dyes at a later time
point, and to conduct signals may be affected. Lleng fading of the first tracer should also be
minimal. The potential toxicity of tracers has bessessed in several different ways. As to Fluoro-
Gold (FG), one study suggested a toxic effect caagpto True Blue after long-term accumulation
in sensory neurones and spinal motoneurones (Gatrat, 1991) whereas another study showed

progressive FG fading but did not confirm toxigiNovikova et al., 1997). Tracers like fluoro-



green and fluoro-red were considered non-toxic eedhey did not cause necrosis in the injection
area (Dong et al., 1996). The reduced growth dhicedl-labelled cells may also be a wayl&tect
possible labelling toxicity (Onifer et al., 1993hus, by using this approach, some authors have
stressed that Dil is toxic in embryonic neuronds J8hn, 1991) while others have not (Honig and
Hume, 1989). Finally, the absence of functionaralions of labelled cells in vivo has been
considered to be strong evidence for lack of toyjcs was shown by the maintenance of
homeostatic parameters after labelling of magnokeglheuroendocrine cells with Evans Blue
(Weiss and Cobbett, 1992). In addition to toxieef§, the altered metabolism of the neuron after
injury may change the uptake and transport mechmmias has been shown for horseradish-
peroxidase (Peyronnard et al., 1986, 1988).

We have recently suggested that sequential apiplicaf Fast Blue (FB), FG and
Diamidino Yellow (DY) in peripheral innervation tgtsas outlined above may be useful to study
topographical accuracy of sensory reinnervationggRallivol et al., 1998). However, in preparatory
experiments, we noted that previous injection ofré@uced subsequent uptake of DY applied by
capsule in both sensory and motor axons (Puigdékitval., 2000). The question was then raised
that the application procedure by itself, suchassale application or injection, can result in Hiert
damage to the nerve, and that this may be tragemient. These considerations prompted us to
extend our previous methodological studies withaime to find out whether the application
procedure and dye interactions or toxic effectectfthe regenerative capacity and impulse
conduction of injured neurones.

Focusing on the potential usefulness of the retigfluorescent tracers FB, FG and DY for
studying regeneratioafter peripheral nerve transection and repair loyestial application as
described above, the present work has been desigrzsdess:

1. possible differences in the number of neuronedlEbéy FB, FG, and DY when applied to
regenerated axons three months post-injury, distéle location of a previous nerve
transection and epineurial repair. The aim isnd fiut whether the uptake, retrograde
transport and accumulation in the soma differs agrtoarcers after application to axons in
late regeneration phase.

2. possible differences in the number of neuronedlEbby FB, FG and DY three months
after application to the acutely transected nerve

3. possibleeffects of the previous uptake and accumulatiothefirst tracer on the subsequent
accumulation of a second tracer applied three nsoafier the first tracer.

4. possible effects of the administration of the firater on the rate of neuronal survisad

regeneration. By comparing the results from cogntire neurones labelled at three months



after application to the acutely transected nerith our previous results obtained three days
after application of dye immediately after injuBuigdellivol et al., 2000), our attempt was
to balance out the contribution of factors relatedptake and accumulation of dye, and to
restrict the information to the contribution of fiag and/or possibly cell death during the
first three months

5. whether application of dyes in a capsule on a presly transected nerve cause an additional
axonal damage that can be detected by electropbggial tests.

6. whether nerve injection with saline causes axonatabe that can be detected by

electrophysiological tests.

MATERIALSAND METHODS

Thirty-two adult female Sprague Dawley rats (290-8) were used in the present
study. All animals were obtained from Harlan Indenfia Iberica S.A., maintained in the Animal
Care Service, Faculty of Medicine, University ofrBglona, andreated in compliance with the
ethical guidelines of this center. Anaesthesia wiisted with ether and then continued with
chloral hydrate (300 mg/kg) during all surgical gedures and perfusion. Bilateral experiments

were used in order to reduce the number of animals.

L abelling procedures, questions 1-5

The sciatic nerves were exposed bilaterally atdtiel of the thigh and transected by means
of sharp microscissors. A swab was placed unddrrbatcut nerve to prevent spread of leaked
traceror of saline. The sciatic nerve of the right hintbi was used for questions 2, 3, 4 and 5, and
the sciatic nerve of the left hindlimb for quessdhand 3 (see Introduction and Table ).

The proximal end of the transected sciatic nervéherright hand side was inserted into a
plastic capsule containing 1.5 pl of 5% FB (Sigm=8), 10% FG (Fluorochrome Inc., n=8) or 5%
DY (EMS-Polyloy, n=8) in distilled water and kept this position for 30 minutes. The proximal
end of the transected sciatic nerve on the leftitsiahe was inserted into a plastic capsule
containing 1.5 pl of saline. After 30 minutes, greximal stump was cleaned, reapposed and
sutured to the distal stump using nylon monofilabhighO suture. The skin was sutured and the rats
allowed to recover.

After three months to allow for nerve regeneraton peripheral reinnervation, the animals
underwent electrophysiological studies (see bel@wp to four days later, the sciatic nerves were
bilaterally transected 10 mm distal to the firduse. On the right side, the proximal stump was

inserted into a plastic capsule containing 5% DYhim groups that had previously received FB or



FG (FB-DY and FG-DY groups, respectively), or 5% iRBhe group that had previously received
DY (DY-FB group). On the left side, the proximalistp was inserted into a plastic capsule
containing FB, FG or DY. They were then assignegroups S-FB, S-FG and S-DY, respectively
(Table | and Figure 1). After 30 more minutes bo¢nves were cleaned, the skin was sutured and

the animals were allowed to survive for 5 extrasdagfore perfusion.

Nerve damage by nerveinjection, question 6.

Additional rats (n=8) were used to detect possilgleve damage after nerve injection. The
tibial nerve was dissected at the level of the koee. The tip of a 26 gauge needle attached6 a
pI Hamilton syringe was introduced about 4 mm distahe origin of the gastrocnemius branches,
pushed 1-3 mm in proximal direction and 1 ul ofreabolution slowly injected. After this
procedure, the skin was sutured and the rats alldaeecover. The contralateral side was left

intact. Electrophysiological evaluation was perfeththree months later.

Electrophysiology

Electrophysiological evaluation was performed urgsrtobarbital anesthesia (40 mg/kg),
three months after dye application or nerve ingattDuring the tests, the animals were placed over
a warmed flat coil controlled by a hot water ciatiig pump to maintain skin temperature above
32°C. The sciatic nerve was stimulated by two reetdctrodes percutaneously inserted at the
sciatic notch, applying single rectangular pulse8.05 msec duration up to the voltage required to
obtain a maximal evoked response. Compound mustittngootentials (CMAP), evoked by
stimulation of motor nerve fibres, were recordearirthe medial gastrocnemius (GM), anterior
tibialis (TA), and plantar (PL, from the 3rd metgual space) muscles using monopolar needles
(Navarro et al., 1994, 1996). Compound nerve agimentials (CNAP), elicited by stimulation of
large sensory nerve fibres, were recorded with lsnegddle electrodes inserted near the digital
nerves in the proximal (active electrode) and tisederence electrode) phalanges of the second,
fourth and fifth toes. Compound action potentiatsevamplified and displayed on the oscilloscope
(Sapphyre 4ME, Vickers) to measure the amplitudihn@iegative peak and the latency to the
onset.

Fixation, sectioning, microscopic examination

Finally, rats were anaesthetised and a thoracoteasyperformed. An intracardial injection
of 1000 Ul of heparin/kg body weight was followeg feerfusion through the ascending aorta with
100 ml saline and then with 500 ml 4% paraformajdehand 10% sucrose in phosphate buffer



(PB, pH=7.40) for 20 minutes. The lumbar dorsat genglia (DRG) L3-6 and corresponding
spinal cord segments were removed and post fixethfee hours in the same fixative + sucrose
solution. After that, the L4-5 DRGs were cut orryostat in 10 um thick longitudinal sections, and
the spinal cord and L3 and L6 DRGs were cut in 80thick serial longitudinal sections. Sections
were all thaw-mounted on chrome-alum gelatinisé€d)(Slides and coverslipped using an
antifading solution containing 1% paraphenylenedi@nand 10% phosphate buffered saline in
glycerol.

The sections were examined in an Olympus Vanoxdsmence microscope using
appropriate filter combinations (ultraviolet ligfiiters: DM 400 dichroic mirror and UGL1 excitation
filter, which gives 365 nm excitation and 420 nmigsion wave lengths, and violet light filters:
DM 455 dichroic mirror and BP 405 exciter filter igh gives 405 nm excitation and 455 nm
emission wavelengths). Neuronal profiles with aniifiable nucleus were counted in every tenth
DRG section and in every fourth spinal cord secfg®e Figure 2 and Puigdellivol et al.,1998,
2000, for more information on the identificationlabelled neurones). The three tracers can be
easily differentiated by the ultraviolet filterBHs blueish, FG is reddish, and DY is pale yelldnv.
case of double labelling, FB and FG may hide DWé ultraviolet filter is used. This difficulty
was solved by checking the cells also by the viidlter which clearly facilitated the visualisatio
of the DY.The total number of labelled profiles counted inleaase using every tenth section of
DRGs L4-5 and every fouth section in the spinaticas well as means and standard deviations
from total cell counts and percentages are predent€able Il and Fig 3. No corrections were

made for the possibility of counting split cellsiterin different sections.

Statistical analysis

Total cell counts among groups were compared bynmefan ANOVA-test after verifying
the normality of the variable by the Kolmogorov-8maiv test. If different variances were detected
by a Levene’s test, a Kruskall-Walllis test was usksignificant differences among groups were
detected, Student'’s t-tests were used to compHezatices between the different pairs of groups of
the comparison, or Mann-Whitney U test when oceedidifferent variances were found. Paired
Wilcoxon W tests were used to compare mean doablgling percentages between DRG and
spinal cord in the same experiment, and Kruskalié/ahd Mann-Whitney U tests to compare
percentages among groups. Counts of profiles shpthim tracer applied before regeneration and
numbers of profiles labelled with the tracers usier the regeneration period were compared with
those obtained after a control labelling of a sciaerve, in which the tracer was applied in a

capsule and the animal was perfused after five (Ryigdellivol et al., 2000). Average amplitudes



and latencies of CMAP and CNAP among groups wenepesed by means of a Kruskall-Wallis
followed by Mann Whitney U test.

RESULTS
1. Differences in the uptake of FB, FG and DY by negating, previously non-labelled sensory
and motor axons.

When the different tracers were applied at theddrttle regeneration period (90 days;
groups S-FB, S-FG and S-DYf) previously non-labelled nerves, distal to theviisusinjury site,
DY tended to label fewer cells than FB and FG ithiibe DRG and spinal cord ventral horn.
Significant differences were found only between 8t FG (p=0.001) in the motoneuronal

population (Table II,1 and Fig. 3).

2. Differences in the combined contribution of celtip@ccumulation and fading of FB, FG and
DY at three months after application to the trartedmerve (to label the original population before
regeneration).

These results are based on observations in anih@lseceived the first tracer just after
injury, and the second tracer after regenerati@reHonly the first tracer is considered. When
comparing the numbers of cell profiles containing tracers applied before regeneration to label
the original population of the nerve, no significdifferences were found among the groups (FB-
DY, FG-DY and DY-FG) in the DRG (p=0.8894). Differees were found, however, for the
motoneuronal population, where significantly fewernrones were labelled by FG after 90 days
(FG-DY group), compared to FB (p=0.001) and DY (j®801) in the FB-DY and in the DY-FB
groups respectively (Table Il, 2 and Fig. 3).

To obtain an indirect measure of the fading offirs tracer, the percentage of cell profiles
containing only the second tracer (% regardingialjle and double labelled profiles together) was
calculated. It was found to be 2.4%, 5.5%, and%®9ir2the DRGs for the FB-DY, FG-DY, and
DY-FB groups respectively. Corresponding percergagéehe spinal cord motor pool were 1.4%,

27.2%, and 8.1% respectively

3. Possibleeffects of the previous uptake and accumulatighefirst tracer on regeneration
capacity of labelled neurones and on the subsequaake of a second tracer applied three months
after the first tracer.

These results are based on observations in anihetlseceived the first tracer just after

injury, and either DY or FB as second tracer afégieneration. Here, only the second tracer is



consideredin the DRGs, similar mean numbers of DY (secondetralabelled profiles were found

in the FB-DY and FG-DY groups, but tended to bedowompared to cases where FB was used as
second tracer (DY-FB group). Between groups, coispas in the DRG showed that the FB counts
in the DY-FB group were significantly higher thdretDY counts in the FG-DY group (p=0.009),
but not compared to the DY counts in the FB-DY gr@p=0.060), possibly due to the high
variability found in this group. For motoneuronésoasignificant differences were found among
groups (p=0.0076). The number of profiles labeligtth DY in the FB-DY and in the FG-DY

group were significantly lower than the FB coumtshe DY-FB group (p= 0.011 and p=0.001,
respectively; Table 11,3 and Fig. 3).

When the FB counts in the DY-FB group (Table H®l Fig. 3) were compared to the FB
counts obtained after a single application of tiaser at the end of the regeneration period$the
FB-group, Table Il,1 and Fig. 3), no differencesevidund neither for the DRGs (p=0.638) nor for
the motoneurone pool (p=0.612). Howeanresponding counts for DY in the FB-DY and FG-
DY groups tended to be lower than those found aftngle application of DY (S-DY-group) at 90
days postlesion. This did not reach significancn@éDRG (p=0.070), but did so in the
motoneurone pool (p=0.048) where the number of BNs ®btained after a single application of
DY (S-DY) at 90 days was greater thithe number of DY cells in the FG-DY group (p=0.011)

4. Effects of the administration of the first tracer axonal regeneration anaeuronal survival.

The percentage of double labelled DRG cells antbaglouble labelled plus the cells single
labelled by the first tracer was 54% for the FB-Broup, 64% for the FG-DY group, and 82% for
the DY-FB. Corresponding percentages for the matrmrees were 26%, 37% and 66%,
respectively (Table II,4). Significant differencesre found among groups for both the DRGs
(p=0.021) and motoneurones (p=0.027). The ratiooble labelling in the DY-FB group was
greater than in both the FB-DY group (p=0.014 in@®&nd 0.038 in the spinal cord) and the FG-
DY group (p=0.022 and p= 0.014 in DRG and spinadixor he differences in percentage of double
labelling between the DRGs and the motoneuroneipadbke different groups were all statistically
significant (p=0.018, p=0.028, and p=0.028 for FB;[>PG-DY, and DY-FB groups, respectively).

When the mean total numbers of labelled cell fgsfivith either one of the two tracers in
the different groups were compared (Table 11,5 Bigd 3), no differences were found in DRG
among groups (p=0.346) but significant differeneese found in the spinal cord (p=0.0015),
where the FG-DY group showed a lower number ofllabigrofiles when compared to FB-DY
(p=0.008) and DY-FB groups (p<0.0001).
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5. Electrophysiological evaluation.

Nerve conduction tests were carried out at 90 gagsoperation in all groups, before the
application of a second tracer. In three groupsitig sciatic nerve had been exposed to FB, FG
and DY dyes (FB-DY, FG-DY and DY-FB) at the timeagferation while the left sciatic nerve had
been exposed to saline. Finally, muscle and semsome conduction tests were performed in the
group used for saline injection in the right tilbmarve (INJ group) and in the contralateral intact
hindlimb (CONTR). Results of the amplitude and tatgof the evoked CMAP and CNAP are
shown in Table Ill. In all the rats subjected t@tic nerve section and repair there was evideiice o
reinnervation of the muscle and nerve targets ewetly although values for the amplitudes were
significantly lower and values for the latenciesder than control values.

By 90 days postoperation there were recordable EMiA the three muscles tested in all the
experimental animals. The CMAP amplitude rangediab8-65% in GM and 47-58% in TA
muscles with respect to control values, while theas lower, 18-21%, in the distal plantar muscles.
Overall, the six groups compared had achieved dasigegree of motor reinnervation. No
significant differences were found in the finalogery of GM and PL CMAP amplitude and
latency between groups (p>0.05). Contrarily, groeBsDY and S-FB had significantly lower
amplitude for the TA muscle than the other grodfab(e III).

The CNAP amplitude ranged between 24-38% for ticedgital nerve, 16-32% for the 4th
and the 5th digital nerves. The CNAP of the 2ndtaligierve recovered in 7/7 animals in DY-FB
group (100%), 6/8 in FG-DY group (75%) and 5/8 B+rBY group (62%). In the 4th digital nerve
CNAPs were recorded in 1/8 (12%), 7/8 (87%) and(87P%), and in the 5th digital nerve in 4/8
(50%), 7/8 (87%) and 6/7 (85%) rats for groups FB-BG-DY and DY-FB respectively. For
calculations, when no CNAP was recorded, the aog#itwvas given a value of zero and the latency
was considered as missing value (Navarro et 8419

No statistically significant differences for thé\&P amplitudes and latencies were found
between the different groups in the 2nd and 5Stitadigerves tested (p>0.05). In contrast, the FB-
DY group showed a lower mean CNAP amplitude fordtredigital nerve than group FG-DY.

There were no significant differences between d¢selts of nerves with a fluorescent dye applied
and the contralateral nerves with only saline &gt the time of operation for any of the nerve

conduction parameters (Table IIl).

6. Injection of the tibial nerve.
In order to examine if the nerve injection of éuson, a procedure that is commonly used to

inject tracers to intact nerves, has noticeablectgfon the functional properties of the nerve,
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electrophysiological tests were performed threethmpostinjection in an extra group of animals
and compared to control values obtainethancontralateral intact hindlimb. The results i
show significant differences (p>0.05) between @lae injected and the intact nerves for any of

the muscle (GM, TA and PL) and nerve action po&sfidigital nerves).

DISCUSSION
Technical considerations

The uptake, transport and toxicity of the dyes f@ynfluenced by the solution
medium and the concentration of the tracer. Inphiser we dissolved the dyes in water according
to the recommendations in several previous pultinat(Bentivoglio, 1980; Keyzer, 1983,;
Schmued and Fallon, 1986) and because we had sfidbessed them obtaining similar numbers
of labelled neurones after subcutaneous applicgBargdellivol et al, 1998). We used a higher
concentration of FG (10%) as we had found in prelary experiments that this concentration
seems to reduce the problem of fading in the DR&mbnths after tracer injection in the toes
(unpublished).

The second tracer was applied distal to the orig@sdon with the aim to label
regenerating axons selectively. In order to redbegpossibility of proximal spread of tracer to
axons that had not regenerated, we: a) used cagsplieation to a transected nerve instead of
nerve pressure injection, b) we applied the capssifiar distal as possible (at least 10mm away
from the original lesion) without exclusion of bdues, c) we carefully checked by visual
inspection that no tracer spread proximally aldregrierve. We cannot fully rule out, however, that

some of the dye was taken up also by proximal egemerating axons.

Labelling with the first tracer: neuronal death ges tracer fading.

In a perfect sequential double labelling modedttaly regeneration, one of the prerequesites
is that the labelling corresponding to the firscar, applied at the time of injury, should identtie
entire original neuronal population of the nervéhat end of the follow-up period. However, our
data show that the number of labelled cell profdfter 90 days regeneration period is about 20-
30% lower than the number obtained in previous expnts involving doubléabelling of the
normal sciatic nerve with DY and FB using a surlitime of only three days (Puigdellivol et al.,
2000). The most likely explanations for the deceea® dye fading and/or neuronal death.

Progressive fading of FG (up to a 90-95%) in metoones has been previously described
by using 2% FG (Crews and Wigston, 1990; Novikowvale 1997). Our FG-DY group showed that
about 27% of the motoneurones contained only D¥llaig (second tracerpince application of a

tracer in a capsule is likely to label most of tieeve fibres, it is reasonable to assume that the D



12

single labelled cells represent surviving neurdneghich the FG has faded during the regeneration
period rather than cell death due to the lesiorspeor to toxic effects which, however, can not be
ruled out (Naumann et al. 2000). As the same cogmtiethod was used for all three tracers, the
relative magnitude of the decrease should be similan if stereological techniques were used.

Furthermore, the CMAP (for motor axons) and theA®Nfor large sensory afferents)
amplitude and latency were not significantly diéfiet in the FG group compared to those obtained
in the other groups. We find unlikely that normiglotrophysiological parameters is consistent with
extensive cell death as a result of a toxic effédtG, and that a more likely explanation for the
diminished FG counts found in this study was dueGofading.

Some DY reduction was also demonstrated in theHBYgroup. About 19% of DRG cells
and 8% of motoneurones showed only FB, the secawdrtapplied 90 days after DY labellirigs
the labelling can be assumed to be maximal in éiméral situation, yielding more than 90% double
labelled neurones with these two tracers (Puigd®lt al., 2000), the existence of an increased
percentage of neurones single labelled by FB (sktracer) found in this study after three months
suggests that DY (first tracer) had faded. It canb® excluded that the second tracer in some cases
obscured the detection of weak fluorescence frafitht tracer, due to a certain degree of fading.
We did not see fading of DY in neither DRGs norvkatral horn at 60 days after injection of this
tracer in the uninjured tibial nerve (Puigdelliedlal., 2000). This differenaaay be explained by a
prolonged availability of tracer at the injectiategInnocenti et al., 1986, Rende et al., 1991th&
uninjured nerve as compared to capsule applicatidhe transected nerve where the capsule is
removed and the nerve cleaned so that little traderemain available for uptake. In the other
groups (FB-DY in DRG and motoneurones, and FG-DDRG)a small percentage of cells
labelled only by the second tracer applied was mieseAlthough this finding could indicate a
limited fading of FB and FG, it could also be daecértain difficulties of DY to label regenerating
neurones (see below). However, as the numbers ofF6Band DY cells which remain visible after
three months were similar, it is possible thatlaibe tracers were subjected to a comparable degree
of fadingin the DRGs.

The results mentioned above indicate that usiagatio between cells labelled by the first
tracer after three months and the correspondingoeusrobtained in acute control experiments as a
measure of cell survival results in an understiaratf the number of surviving neurones due to
tracer fadingAn alternative approach would be to use the twahber of cells labelled with any of
the tracers in the different groups as the maxue&tctable number of surviving cells, and to
compare with the total profile counts obtaineddanta control nerves (Puigdellivol et al., 2000).

The reduced percentage of FG-DY labelled motoneg¢gabout 63% reduction) may be explained
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by FG fading (see above) but also by tracer intemas (see below). As for the FB-DY and DY-FB
groups, the reduction was about 27 to 39% in DRG4,30 to 32% in motoneurones as compared
to controls. This reduction might also to some dedpe attributed to an inability of the second
tracer to label a certain population of survivireurones, or to fading of the first tracer in non-
regenerating but surviving neurones. Neverthetbgspercentages of cell loss estimated by this
method are similar to the range of neuronal deafdRG after peripheral nerve injury reported in
other studies (Arvidsson et al., 1986; Himes anskleg, 1989; Ygge, 1989; Vestergaard et al.,
1997; Ljungberg et al., 1999).

The problem of whether or not some motoneuronesftiée peripheral nerve injury has
been debated for a long time. Thus, authors ha@ted a non-significant motoneuronal loss of
about 10% after median and ulnar nerve transeatiadult mice (Pollin et al., 1991), about 15%
after forelimb amputation in mice (Crews and Wigstb990), and about 20% after nerve section in
the rat axillary region (Gu et al., 1997). A logsabout 20 to 30% hypoglossal motoneurones
(Snider and Thanedar, 1989; Térnqvist and Aldskegl®94)and facial motoneurones (Yu, 1988;
Mattson et al., 1998) was described after crargalesection in adult rats. Several authors found a
non-significant loss of about 10% motoneurones aft&tic nerve injury (Vanden-Noven et al.,
1993; Lowrie et al., 1994; Valero-Cabré et al., 20fnd no changes with respect to the
contralateral side was found after section andirgahe rat femoral nerve (Al-Majed et al., 2000)
These varying results may to some extent be dueunting problems, but also to age,
postoperative survival time, and proximity of lesi@ee Lowrie and Vrbova, 1992; Snider et al.,
1992; Fu and Gordon, 1997). By analogy to findimgghe DRGs (Ygge and Aldskogius, 1984;
Arvidsson et al., 1986; Groves et al., 1997), amdased amount of neuronal disappearence in the
motor columns could take place if very long surl/tilmes were studied. Furthermore, the degree of
motoneuronal (Martin et al., 1999) and DRG neur@ialge, 1989) death after axonal injury in
adult mammals was found to be mainly dependenhes¢verity of the injury and on the distance
from the axonal injury to the neuronal body.

Further studies combining tracing with histologyaletection of apoptosis (Groves et al.,
1997, 1999; Wada et al., 1999), and using sterébgounts (Sterio et al., 1984) should be

designed to assess the possibility of motoneumeath with more certainty.

Labelling after regeneration: reduced regenerati@rsus tracer interaction.
When using sequential application of fluorescesutdrs to evaluate axonal regeneration
after nerve injury, the second tracer should accfarrthe regenerating population. The number of

neurones labelled by this tracer could be mislegdipwever, if regenerating neurones change their
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capacity to uptake and transport tracers as cordpaneormal (Peyronnard et al., 1986, 1988), or if
labelling by the first tracer interferes with thatake of the second tracer (Puigdellivol et alQ®0

No significant differences in the numbers of l#@IDRG neurones were found for the three
tracers used in this study after single applicatmthe previously transected nerve after the
regeneration period, indicating that there was agondifference in the uptake, transport or
accumulation capacity between tracers. The S-DYigshowed the lowest number within this
comparison, but not significantly different fromatifound in the double labelling procedure. This
indicates that the reduced DY numbers in DRG instiuential labelling situation was not
attributable to interaction with the previously &g tracer Significantly reduced DY counts were
found, however, in both the single and double laigeimodels for motoneurones. Furthermore, DY
counts in the FG-DY and FB-DY groups were reduceéeémcompared to the S-DY group,
suggesting that the previous application of bothar@ FB somehow affected the subsequent
labelling withDY. We are unable to sayhether this is related to a selective toxic effédhe first
applied tracer, to reduced uptake of DY, or gaggroblems with visualization. Furthermore, we
don’t have an explanation for the apparently salectffection of the DY uptake in the previously
FG labelled motoneurones, but not DRG neuroNesertheless, these findings may reduce the
usefulness of those dye combinations. No significifferences where found among the profile
counts of regenerating cells labelled by FB indbable and single labelling model, indicating that

the previous application of DY did not interferetivFB uptake.

Double labelling as an indication of the index efeneration.

The percentage of double labelling cells shouttbant for the percentage of axons that
have regenerated. This figure is, however, likelgnpromised by the factors described above,
particularly fading of the first tracer and reducgilake of the second tracer by regenerating
neurones. An index of regeneration might be obthlmecomparing the total number of cell
profiles in a control sample to the total numbelabklled profiles in the single labelling model or
the total number of profiles stained with the settracer in the double labelling model (see above).

Because the number of regenerating cells labelfdd¥owere lower than for the other
tracer combinations, only FB and FG are considkezd for this comparison. FB labelled a similar
number of regenerating neurones when applied aloirethe DY-FB group (59-62% in DRG and
45-48% in motoneurones, compared to a controtisaiarve). Similar results were found with FG,
which labelled about 55% of regenerated neuronéseisingle labelled group for both DRG and
motoneurones. However, the percentages given dheutonsidered with caution as stereological

techniques were not used in this study.
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The percentages of labelled regenerating motonesrobtained by single and by the double
labelling procedures were reduced when comparétketpercentages of regenerating DRG cells in
all groups. This seems to bbeagreement with the previously reported reductiomotoneuronal
regeneration as compared to sensory neurones (Setzalk 1998), and to the decreased amount of
target reinnervation by thick motor and sensoryefiflocompared to thin sensory and autonomic
fibers after peripheral nerve injuries (Navarraket 1994; Verda and Navarro, 1997).

We have not explored the use of DY as the firstgirand of FG as the second tracer
because we found that the DY-FB combination appktarevork well. Another reason was that it is
more difficult to detect neurones labelled with &&1 DY through the same filter. It is concluded
that FB seems to be a good candidate to be ussetand tracer following application of DY as

primary tracer

Neuronal labelling and electrophysiological recargs.

When attempting to correlate the counts of retrdgialabelled neurones with the
functional tests several points have to be takemancount. The electrophysiological tests used in
the present study evaluate the conduction of ingsutsy large myelinated () nerve fibers and
not the functional status of thin myelinated anchyalinated fibers. Thus, the CNAP amplitudes
recorded in sensory nerves, such as the digitakagare not directly comparable with the DRG
counts which include all types of affereritfie CNAPs recorded from the nerves in the distitgli
are assumed to be mainly sensory CNAPS, sinces ibban previously described that regenerating
motor axons tend to reinnervate motor branchesN&ahson et al, 1996 for references).

Regarding the motor system, the percentage ohergéng cells and the CMAP amplitude
may be more comparable, since motoneurones hayemydlinated axons. However, the number
of regenerating motor axons can not be directlyetated with the muscle potentials recorded due
to two well known phenomena; the terminal sproutihgegenerative motor axons that may
increase to 2-8mes the size of their complementary motor uriBtogn et al., 1981), and the
changes in type of motor units after denervatiah i@mnervation (Gordon et al., 1999).

Nevertheless, the question we addressed was whh#reris any tracer combination that
may interfere the electrophysiological recordin@scasional significant differences among groups
were found for the CMAP or CNAP in a particular rolesor nerve, but the differences were not
consistent for most of the amplitudes and lateradyas in the intergroup comparisons. It is worth
to note that there were no overall differencedigrdonduction tests between the right sciatic nerve
labelled with a fluorescent tracer at the timengdiiy, and the contralateral nerve to which saline

had been applied. The only noticeable interfereppeeared in the FB-DY group, in which CNAPs
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were detected in the fourth digit in only one of #ight rats. However, this abnormally low
proportion of reinnervation can be considered eglantal, since all the other parameters in this
group (including CNAPs of the second and fifth tinerves) were not different with respect to
the other five injured groups.

Finally, the group of rats which received onlyadirse nerve injection showed no differences
in the motor and sensory recordings with respetiiéacontrol side, indicating that the injection
itself caused negligible changes in the nerve fonand is unlikely to interfere with
complementary electrophysiological studies. Thisdoot exclude that a mild injury to the nerve

fibers was inflicted.

Use of FB, FG or DY in regeneration studies.

In conclusion, the results of the present studicate that FB, FG and DY might be used to
study nerve regeneration in single or double laiginodels with some limitations: the
considerable FG fading in motoneurones and thecestilabelling efficacy of DY in regenerating
cells (especially when applied as a second trasko)lld be taken into account. Furthermore, the
difficulties in visualizing double DY-FG cells thugh the same filter (Puigdellivol et al., 1998)
makes the DY-FB combination more suitable for aldelabelling model. In that case, a certain
degree of DY fading is to be accounted for whictansethat only a sample of the original
population will be studied. The tracers may be i@ojpby means of a nerve injection with negligible
damage to the nerve. This morphological approachbeacombined with electrophysiological
tests. Either FB and FG appear to be useful ifigeeof a single tracer applied after the regermrati

period is desired.
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Table I. Experimental groups, number of subjeaidisd with morphological (n morph) and
electrophysiological (n phys) techniques, nervegeated (or in case of the tibial, just injectdd},
tracer applied immediately after the sciatic tratisa (0 day) or saline injected into the tibiarve
without nerve transectioand 2nd tracer applied once completed the 90 ddigsvfup period.

Two animals, corresponding to the FG-DY and S-Faugs (bilateral experiments) died during the
second tracer application, after the electrophggichl recordings, explaining why only 6 rats were

analysed morphologically in each of these groups.

Group Nerve n phys n morph  Vehicle 1st Tracer 2nd Tracer
(0 day) (90 days)
FB-DY Right sciatic 8 8 Capsule FB DY
FG-DY Right sciatic 8 6 Capsule FG DY
DY-FB Right sciatic 7 7 Capsule DY FB
S-DY Left sciatic 8 8 Capsule Saline DY
S-FG Left sciatic 8 6 Capsule Saline FG
S-FB Left sciatic 7 7 Capsule Saline FB
INJ Right tibial 8 8 Injection Saline -
CONTR Left tibial 8 8 - - -
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Table Il. Counted profiles in every tenth sectioDiRGs L4-L5 and in every fourth section of the
lumbar spinal cord. Mean values and percentagimut correction for split cells or cells lost by
counting in only some of the sections.

1- Single labelling of regenerating neurones (applicatat 90 days)profiles labelled with FB, FG
or DY, applied at the cut end of the sciatic neatéhe end of the regeneration peridd.abelling
with the first tracer in double labelling experimea profiles single or double labelled with FB, FG
or DY, applied at the cut end of the right sciatézve the first day of the experiment, immediately
after section and before suture repail.&belling with the second tracer in double labeadlin
experimentsDY labelled profiles, single or double labelléu the groups originally labelled with
FB or FG (FB-DY and FG-DY groups, respectively); pifile counts in the group originally
labelled with DY (DY-FB group).4- Double labelling:The double labelled DRGs sensory
neurones and spinal cord motoneurones shown asrages of the total number of neurones
containing the tracer applied to label the origipgpulation of the nerve in the FB-DY, FG-DY and
DY-FB groups after 90 days- Total number of counted profilesingle or multiple labelled, with
any of the tracers in the FB-DY, FG-DY and DY-FBgps after 90 days.



DRG Spinal cord DRG Spinal cord

DRG  Spinal cord

SINGLE LABELLING (LEFT HINDLIMB)

Groups SFB SFG SDY
1 FB FG DY
Mean 880.3 223.1 825.7 281.5 655.7 191.¢
sD 176.0 58.5 235.8 323 202.0 42.3
DOUBLE LABELLING (RIGHT HINDLIMB)
Groups FB-DY FG-DY DY-FB
2 Total FB Total FG Total DY
(FB+FBDY) (FG+FGDY) (DY+DYFB)
Mean 885.9 328.9 788.0 1243 868.6 316.0
SD 430.5 102.8 157.8 29.1 150.4 48.5
3 Total DY Total DY Total FB
(DY+FBDY) (DY+FGDY) (FB+DYFB)
Mean 558.9 91.3 558.8 106.0 9g24.4 238.g+*
SD 436.8 117.1 238.7 59.0 177.4 54.1
4 FBDY/(FBDY+FB) FGDY/(FGDY+FG) DYFB/(DYFB+DY)
Mean 54.1% 26.7% 64.0% 37.3% 82 4%  66.804"
sD 26.2% 31.3% 16.1% 19.5% 7.7% 13.1%
5 FB+DY+FBDY FG+DY+FGDY DY+FB+DYFB
Mean 901.3 333.7 839.8 180.6* 1075.8 343.4
sD 4255 104.0 188.2 53.8 165.8 43.9

1: p=0.001 # vs S-FG

2: p=0.001 #: vs FB-DY, p=0.0001 *: vs DY-FB
3: p<0.05 #: vs FB-DY, *: vs FG-DY

4: p<0.05 #: vs FB-DY, *: vs FG-DY

5: p<0.0001 #: vs FB-DY, *: vs DY-FB

23
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Table Ill. Amplitude and latency of CMAPs recordeoim medial gastrocnemious (GM), anterior
tibialis (TA) and plantar (PL) muscles and of CNARsM the digital nerves of the 2nd (2 dig.n),
4th (4 dig.n) and 5th (5 dig.n) toes in the diffarexperimental groups evaluated. In three groups
the right sciatic nerve was cut and exposed toF&Band DY (FB-DY, FG-DY and DY-FB

groups) and the left sciatic nerve exposed to s§fFB, S-FG and S-DY groups), 90 days before
evaluation. All the parameters obtained 90 dayer aferve section in all the injured groups are
significantly different from the controls (CONTR).
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FB-DY FG-DY DY-FB SFB SFG SDY CONTR
CMAP amplitude (mV
GMm 25.8+1.5 26.4+1.4 26.1+0.4 28.4+1.2 29.3+1.0 26.0+0.5 43.520.8
TAm 19.9+1.2 24.4+18  23.1+0.9 18.6+0.9 24.4+1°1  23.3+1.¢° 42.0+0.6
PLm 1.6+0.2 1.6+0.2 1.7+0.1 Ex ol 1.8+0.2 1.7+0.1 8.0£0.5
CMAP latency (msec)
GMm 1.80+0.14  1.83%0.17 1.41+0.03  1.5840.1 1.51+0.09  1.41+0.03 1.28+0.04
TAm 1.81+0.05  1.80+0.04 1.92+0.06 1.58+0.051.64+0.05 1.85+0.09" | 1.34+0.03
PLm 3.7520.10  3.67+0.13 3.85+0.08  3.79+0.193.52+0.08  3.51+0.09 | 2.50+0.08
CNAP amplitude (uV)
2dig. n 6.54+2.01 6.65+1.66 6.49+0.48  5E@5 6.77+1.49  4.35%1.27 17.79+0.77
4dig. n 0.82+0.82 6.25+1.43 3.36+1.21 | 5.50+1.73 6.67+1.06  4.66x1.32 20.31+1.23
5dig. n 4.86x1.74 6.67+1.06 5.47+0.42  5UB7 5.18+1.59  4.27+1.16 20.53+1.19
CNAP latency (msec)
2dig. n 3.77¢0.14  3.94+0.21 3.75+0.13 83@®30  3.44+0.08  3.41x0.10 1.75+0.03
4dig. n 4.44+0.00  3.78+0.17 425+0.29 332  3.77#0.16  3.72+0.30 1.83+0.05
5dig. n 3.41+0.11  3.73#0.20 3.66+0.19 3028  3.48+0.14  3.57x0.24 1.75+0.04

p<0.051: vs FB-DY, 2: vs FG-DY,3: vs DY-FB,%: vs S-FB,2:vs S-FG
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Figure 1. Experimental design: on day 0 the sciaiwve was sectioned bilaterally and one of thifferdnt tracers “ " { Formatat: Esquerra: 0,5 cm, Dreta:
. . X . o . . . . . 0,5 cm, Distancia de la capgalera des
(FB in blue, DY in yellow and FG in reddish) wengpdied in each group on the right side, while salivas applied de la vora: 1,25 cm, Distancia del peu

des de la vora: 1,25 cm

on the left side. The injured nerves were repdigduture after thirty minutes. On day 90, DY wppleed in the
groups previously labelled by FB or FG, while theup previously labelled by DY received FB (rigitey. On the
left side, the same tracers as those used daytedaft side were applied.

Right  Left Right  Left

E‘ Right Left H
o B i

Day O: Bilateral - tracer - bilateral Day 90: Bilateral - tracer
section  application suture section application

S —
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Figure 2.

_ _ - 7| Formatat: Tipus de lletra: Times, No
’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ revisis I'ortografia ni la gramatica

A. Ultraviolet filter. Group of motoneurones singlédédied with FG in the S-FG group.

B. Violet filter. Group of DRG cells single labelledtiv FB, DY or double labelled -FBDY-the
DY-FB group. The DY accumulated in the cell bod@msmonths may appear as yellow granules evenly
distributed in the cytoplasm (arrowheads) in soslksc

C. Violet filter. Group of DRG cells single labelledttvDY in the S-DY group. When applied at the erid o

the regeneration period, the DY tends to concaentatithe periphery of the nucleus and less intehsin

the cytoplasm, without forming granules.
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Figure 3. Number of cells single labelled by thstf{1st tracer), the second tracer (2nd tracad,btth tracers

(double labelled) in each group. The first panehehithe DRG and the second the spinal cord.
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