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INTRODUCTION

Since the early observations of Mayer (1881), Vanlair (1888) and Cajal (1928),
the few studies devoted to peripheral nerve regeneration after repeated injuries have
produced confficting morphological and physiological results. Thus, some studies
seemed to indicate that the regenerative effects were lessened (Duncan & Jarvis,
1941, 1943; Sabaino & Solerio, 1952), some that they were unchanged (Holmes &
Young, 1942; Duncan & Jarvis, 1943; Falin, 1961) and some that they were enhanced
(Gutmann, 1942, 1948; Abercrombie & Santler, 1957; Thomas, 1968, 1969, 1970;
Ducker, Kempe & Hayes, 1969; McQuarrie & Grafstein, 1973). These divergencies
prompted the author to undertake a quantitative study of the variations in the
number and size of regenerating myelinated nerve fibres following repeated nerve
injuries.
The present author has reported several quantitative studies of the regeneration

of rat myelinated fibres in the nerve to the medial head of the gastrocnemius muscle
following a single experimental injury to the sciatic nerve. Injuries were produced in
one of five ways: localized crushing, section and immediate suture, section without
suture, resection of a 10mm segment (Mira, 1976b) and localized freezing (Mira,
1972a, 1977a). Normal controls were also studied (Mira, 1976a).

Results were recorded from 10 to 720 days following the nerve damage. After
localized freezing or crushing the number of regenerating myelinated nerve fibres
returned to normal during the fourth week, but only during the second month after
section followed by immediate suture, and during the fourth month after section
without suture. Except for resection, where only 20% of regenerating myelinated
nerve fibres succeeded in bridging the gap, fibre numbers increased up to a mean of
115 % after crush, 124% after freezing, 130% after section without suture and 150%
after section and suture. The mean diameter of all myelinated nerve fibres returned
to control values at the end of the first year after freezing, but did not exceed 80%
after crush, 50-60 % after section and 40% after resection. Fibre size distribution
became bimodal from the sixtieth day after freezing and the ninety seventh day
after crush. It was usually unimodal after section, and always unimodal after
resection. Fibre diameter histograms of regenerating and control nerves were super-
imposable by the 330th day after freezing; they were almost superimposable during
the second year after crush, but never after section and resection.
On the whole, results observed after a single localized freezing were more consistent

than after crush or section. This is why the freezing procedure was chosen for the
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present study of the effects of repeated injuries on myelinated nerve fibre populations.
A preliminary communication was published on this subject (Mira, 1977b).

MATERIALS AND METHODS

Experiments were carried out on 19 albino rats (13 males and 6 females) weighing
from 90 to 220 g at the time of the first freezing, and from 170 to 500 g when they
were killed under general anaesthesia. In all cases, repeated localized freezings were
performed in situ on the left sciatic nerve before it branches out into the tibia],
peroneal and sural nerves. Results were recorded at standardized levels in the nerve
to the the medial head of the right and left gastrocnemius muscles (RGM and LGM
nerves). This nerve is a small branch of the tibial nerve which comes off 30-40 mm
below the point where the lesion was produced in the main nerve.

Surgical procedure
To carry out the freezings, a previously described liquid nitrogen cryode was used

(Mira, 1977 a). The active point of this probe was directly applied to the sciatic
nerve at three successive points on the same nerve circumference and quickly frozen
at about - 180 'C. The site of the virtual circle formed by the three points was
indicated by a suture of non-resorbable flexilon thread (diameter: 1'5 decimal)
placed in the perineurium and marking the approximate centre of the frozen area.
The total duration of freezing and thawing never exceeded 30-40 seconds.

After a single freezing, all the myelinated nerve fibres in the frozen area exhibited
ultrastructural changes indicating local necrosis of axons and disorganization of
their myelin sheaths. However, there was no disruption of the nerve connective tissue
sheaths, the blood vessels supplying the nerve trunk or the basal lamina surrounding
each nerve fibre (Mira, 1971, 1972b).

Periodicity of nerve injuries
In order to determine the optimal period between successive localized nerve injuries,

a single freezing was performed on the sciatic nerve of four rats. Using the Biel-
schowsky-Gros silver impregnation technique the first regenerating nerve endings
were detected in the middle part of the gastrocnemius muscle between the sixteenth
and the eighteenth post-operative days. Consequently, it was decided to freeze at
intervals of 3 weeks.

Histological procedure
RGM and LGM nerves were removed from each operated rat under general ether

anaesthesia. They were fixed for I1 hours with 25 0% glutaraldehyde in 0-2M
Sorensen phosphate buffer (pH 7'2-7 4) and post-fixed for 1 hour with 20 osmium
tetroxide in 0-2 M Palade buffer (pH 7 2-7 4). They were then dehydrated in graded
concentrations of ethyl alcohol and finally embedded in Araldite.
For conventional light microscopy, 30-40 semi-serial 1 tm thick transverse

sections of the same nerve were stained with toluidine blue.

Mathematical data
Only perfect transverse sections of each nerve were selected and photographed.

Myelinated nerve fibre counts and measurements were made on the best 2-3 photo-
graphic prints at a magnification of x 1000. Under an oil-immersion objective, each
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Nerve regeneration after repeated localized freezings 79
fibre was simultaneously identified in the corresponding and adjacent transverse
section, special attention being paid to the finest. The total diameter of each fibre
was measured over the contour of its myelin sheath, using a series of graduated
circles printed on rhodoid. These measurements allowed the study of fibre size
distribution for each nerve. The mean diameter of all myelinated fibres was also
calculated. Results presented here are necessarily expressed in highly summarized
form (Tables 1 and 2).

In an earlier work (Mira, 1976a), the number and size of myelinated fibre popu-
lations were determined in RGM and LGM of 24 normal, unoperated rats.
Calculations comprised arithmetical averages (absolute and relative values) and
statistical averages (standard deviation, variance, Student-Fischer test and cor-
relation coefficient). All results were comparable for both sides of the same rat and
no significant differences were observed in any mean values for the number and size
of myelinated nerve fibres; possible sources of errors in measurements were also
discussed.

Groups of operated rats
Repeated localized freezings were performed using the same experimental pro-

cedure as for a single freezing, but in two different ways:
In a first group, the left sciatic nerve in 12 rats was frozen from one to five times

at 23-25 days intervals. Results for each animal were investigated about 1 month
after the final freezing.
On the basis of the results for this group, a second experimental series was initiated

in which the left sciatic nerve of 7 rats underwent three successive localized freezings,
and the animals were killed from 3 to 18 months later.

RESULTS

The number and size of myelinated fibre populations were determined in the nerve
to the medial head of the right (RGM) and left (LGM) gastrocnemius muscles of
the rats operated on the left side only.

Results were nevertheless determined in two different ways. Thus, rats in Group I
underwent from 1 to 5 freezings, and measurements were made about 1 month
after the final one, whereas measurements on Group II animals were carried out 1,
3, 6, 12 and 18 months after the third and final freezing.

Variations in the number and size of myelinated nerve fibres in Group I rats
Controls were made on both RGM and LGM nerves of 12 rats (4 males and

8 females) killed under general anaesthesia 1 month after the last freezing of their
left sciatic nerve. Results are shown in Table 1.

Variations in the number of myelinated nerve fibres
Twenty two and 31 days after a single localized freezing, the relative numbers of

regenerating myelinated nerve fibres reached mean values of 101 0% and 1170%
respectively, i.e. in the LGM regenerating nerve there were 1% and 17% more
myelinated nerve fibres than in the RGM contralateral nerve used as a control.
About 1 month after the last of repeated localized freezings, all regenerating nerves

contained a larger number of myelinated fibres than control nerves. An average of
150% fibres were found 28 days after the second freezing, 212% 30 days after the
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Table 1. Mean values of the number and size of myelinated fibres in the nerve to the
medial head of the right (RGM) and left (LGM) gastrocnemius muscles of rats whose
left sciatic nerve underwent 1 to 5 freezings

* Mean weight at first freezing (FF) and killing (K)

Rats Mean number of Mean diameter
A myelinated nerve fibres (#Zm)

Number Time Mean weight* A

of since Number (g) Mean % Mean
localized the last and of regen- % of
freezings freezing sex FF K RGM LGM eration RGM LGM recovery

1 22 days 2? 95 170 274 277 101 1 79 3 9 49*4
1 31 days 29 215 230 289 337 116-6 8 5 4-3 50-6
2 28 days 26 110 295 271 418 154-2 8&3 3-8 45 8
3 30 days 29 100 260 267 566 212-0 8-1 3-3 40-7
4 .28 days 29 100 280 276 599 217-0 8-4 3-1 36-9
5 34 days 26 110 305 277 605 218-4 9 7 3-5 36-1

200 -

150 -

100 4-

50 -

I I I I

1 2 3 4 5
Numbers of freezings

Fig. 1. Mean values of the number (@) and size (U) of the regenerating myelinated nerve fibres,
as a function of contralateral uninjured nerve values and the number of freezings.

third one, 217 % 28 days after the fourth and 218 % 34 days after the fifth one.
Concomitantly, results for the different animals in this group showed that the cross
sectonal nerve area gradually increased (Figs. 3-8). Graphs for these results are
given in Figure 1.

Consequently, the number of myelinated fibres in the nerve to the medial head of
the left gastrocnemius muscle gradually increased after the three first freezings of
the left sciatic nerve. The fourth and fifth cold injuries did not seem to bring about
noticeable changes, the number of regenerating myelinated fibres remaining at about
220 % of the control value determined in the contralateral nerve.
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Variations in the size of myelinated nerve fibres
Fibre size distribution. In both RGM and LGM nerves of normal, unoperated rats,

size distribution of myelinated fibres was always bimodal, and two different fibre
populations were constantly detected and characterized by their respective peaks.
The peak of the small myelinated fibres was located at 3-4 ,tm, and of the large ones
at 10-12 ,um. Since these characteristics only varied slightly, both from one animal
to another and within the symmetrical nerves of the same rat, the mean diameter of
all myelinated fibres was used to distinguish between the two populations in a given
nerve. According to this criterion, the average number of myelinated fibres in each
population for most of the rats studied was noticeably similar on both sides (40%
for small and 60 % for large fibres) and, with very few exceptions, histograms for
RGM and LGM nerve fibre diameters were superimposable (Figs. 3, 9).

In the uninjured RGM nerve of the operated rats, used as a control in the
experiments, size distribution of myelinated fibres was always bimodal and averaged
37-5 % for small and 62 5 % for large fibres.

In all LGM regenerating nerves, myelinated fibres were very small and their size
distribution was always unimodal about 1 month after the last freezing of the left
sciatic nerve. Only one myelinated nerve fibre population was found in which the
diameter of most fibres ranged from 3 to 5,um. After one freezing (Figs. 4, 10) or
two freezings (Figs. 5, 11), diameters ranged from 1 to 8 ,um, with a single peak at
3 ,um and there were 1 % large fibres. After three (Figs. 6, 12), four (Figs. 7, 13) or
five (Figs. 8, 14) freezings, fibre diameters varied from 1 to 7 ,um, peak ranges being
respectively 2-5, 2-5 and 2-6 ,um; there were no large fibres.
Mean diameter. In the RGM nerve of unoperated rats, the mean diameter for all

myelinated fibres was 8-1 urm. For large fibres only, it was 105 ,um, i.e. 129X6 % of
the overall value (Mira, 1976a).
One month after a single localized freezing, regenerating myelinated nerve fibres

had already grown to half their normal size (Table 1) (Mira, 1977a).
One month after the last of repeated freezings, a gradual reduction in fibre size

was observed, namely to 50 %, 46%, 41 %, 37% and 36 % after one, two, three,
four and five cold injuries (Table 1); there were no large fibres. The fifth freezing
did not therefore appear to enhance the decrease in fibre size in regenerating nerves.
These results are plotted in Figure 1.

Variations in the number and size of myelinated nerve fibres in Group II rats
Controls were also made in both RGM and LGM nerves of 7 male rats between

3 and 18 months after the third and final freezing of their left sciatic nerve. Results
are shown in Table 2.

Variations in the number of myelinated nerve fibres
One month after the third freezing, the number of regenerating myelinated nerve

fibres reached 212% of the control value (Table 1).
Three, 6, 12 and 18 months after a third and final freezing, these fibre numbers

were respectively 183 %, 182 %,° 188 % and 188 %. Concomitantly, cross sectional
areas of regenerating nerves gradually increased (Figs. 15-18). These results are
plotted in Figure 2.
Between the first and third months after the third freezing, myelinated nerve fibres

therefore decreased in number by about 30 %. From then on, no further changes
6 ANA I29
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Table 2. Mean values of the number and size of myelinated fibres in the nerve to the
medial head of the right (RGM) and left (LGM) gastrocnemius muscles of rats whose
left sciatic nerve underwent 3 localizedfreezings

Mean number of myelinated
Rats nerve fibres Mean diameter (,um)

Time since Number Mean weight* Mean % Mean
the 3rd and of re- % of
freezing sex FF K RGM LGM generation RGM LGM recovery

1 month 2& 100 260 267 566 212-0 8-1 3-3 40-7
3 months 2& 165 345 263 481 182-9 9 0 4-6 51-7
6 months 2& 170 390 269 489 181[8 9.1 5-6 61-5
12 months 2& 185 490 276 519 188-0 9-7 6-5 67-0
18 months 1s 180 460 296 556 187-8 9-8 6-9 70-4

(* See legend to Table 1.)

200 -

150 -

ioo1

50 -

1 3 6 12 18
Months after the 3rd freezing

Fig. 2. Mean values of the number (0) and size (i) of the regenerating myelinated nerve fibres,
as a function of contralateral nerve values and the time interval since the third and final
freezing.

occurred and their number remained at about 190% of the normal contralateral
value.

Variations in the size of myelinated nerve fibres
Fibre size distribution. In the uninjured RGM nerve of the operated rats, size

distribution of myelinated fibres was always bimodal and averaged 39 % for small
and 61 % for large fibres.

In the regenerating LGM nerve, the size distribution and number of large my-
elinated fibres varied as the time interval grew following the third localized freezing
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Nerve regeneration after repeated localizedfreezings 83
of the left sciatic nerve. One month afterwards, fibre size distribution was unimodal
and fibre diameters ranged from 1 to 7,um, with a single very high peak at 3 ,um;
there were no large fibres (Figs. 6, 12).
From the third month onwards, fibre size distribution became bimodal. After

3 mouths had elapsed, myelinated fibre diameter ranged from 2 to 9 ,tm, with
a first high peak at 3 ,tm and a second hardly visible peak at 7 ,um; about 1 % large
fibres were found (Figs. 15, 19). At the sixth month, fibre diameter ranged from
2 to 12 ,um, with peaks at 3-4 and 9-10 ,tm, and there were about 18 % large fibres
(Figs. 16, 20). At the twelfth month, fible diameter was between 2 and 14 ,tm, with
peaks at 3-4 and 8 ,um, and 20 % large fibres (Figs. 17, 21). Finally, at the eighteenth
month, fibre diameter ranged from 2 to 16 4tm, with peaks at 3-5 and 12-13 /tm,
and about 29 % large fibres (Figs. 18, 22).
However, for this longest regeneration period in the present experiments, peaks

did not have the same value on both sides (4 and 14 ,um on the right side, and 3-5
and 12-13 ,um on the left), although fibre size distribution in the regenerating nerve
(2-16,tm) was comparable to that observed in the uninjured contralateral nerve
(3-17,tm). In addition, fibre diameter histograms for RGM and LGM were not
superimposable.
Mean diameter. Between the first and eighteenth months after the third and final

freezing of the sciatic nerve, a regular increase in fibre size was observed in the LGM
nerve. It grew from 41 % after 1 month to 52% after 3, 62% after 6, 67 % after 12
and 70 % after 18 months (Table 2). These results are plotted in Figure 2.

In the final stage of this study the mean diameter of all myelinated nerve fibres
remained very much below control value. There were no large fibres after 1 month,
but after 3 months the diameter of such fibres equalled the mean diameter of all
RGM myelinated nerve fibres (100%), and reached 106% at 6 months, 118 % at
12 and 128 % at 18 months. At the latter time, the size of large regenerated myelinated
nerve fibres had practically returned to normal (129 %)

DISCUSSION

When axons are disrupted by a lesion of the nerve trunk they put out numerous
new branches. This applies even when the basal laminae are left intact, as was the
case under our experimental conditions. In the present work we only took into
account the new branches which acquired a myelin sheath, and not those which
remained unmyelinated. Accordingly, we tried to arrive at an accurate quantitative
determination of myelinated nerve fibre regeneration in the rat. Our investigation
was performed on the nerve to the medial head of the right (RGM) and left (LGM)
gastrocnemius muscles after repeated localized freezings of the left sciatic nerve.

Localized freezing was used to study the variations in the number and size of
myelinated nerve fibres after repeated localized nerve injuries. This technique was
selected because anatomical and electrophysiological recovery is faster and more
complete after freezing than after crush or transection.

Thus, after a single localized freezing, nerve conduction is immediately blocked if
stimulation is applied above the site of lesion, and compound action potentials are
recorded below it. Functional recovery is complete about 5-6 months after the cold
injury (Mira & Pecot-Dechavassine, 1971). More recently, the regeneration rate of
myelinated fibres was measured in the sciatic nerve, using a chamber filled with
mineral oil at 37 °C, and containing 70 transversal platinum electrodes 1 mm apart.
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Fig. 5. Male rat (R418) weighing 225 g, subjected to 2 freezings. RGM: 269 myelinated fibres;
LGM: 387. Mean diameters were respectively 7-7 and 3-7 ,im.

Fig. 6. Female rat (R417) weighing 320 g, subjected to 3 freezings. RGM: 262 myelinated fibres;
LGM: 517. Mean diameters were respectively 8-3 and 3-2 ,um.
Fig. 7. Female rat (R416) weighing 230 g, subjected to 4 freezings. RGM: 262 myelinated fibres;
LGM: 543. Mean diameters were respectively 8-4 and 3'1 ,im.
Fig. 8. Male rat (R414) weighing 255 g, subjected to 5 freezings. RGM: 279 myelinated fibres;
LGM: 603. Mean diameters were respectively 9-5 and 3-3 inm.

Figs. 9-14. Nerve fibre diameter histograms of myelinated fibres of the nerve to the medial
head of the right (RGM) and left (LGM) gastrocnemius muscles of rats whose left sciatic nerve
was locally frozen 1 to 5 times every 3 weeks. Full lines: histogram of the RGM contralateral
nerve used as a control; dotted lines: histogram of the LGM experimental nerve.

Fig. 9. Male rat (N25), unoperated. Fig. 10. Female rat (R413), 1 freezing.
Fig. 11. Male rat (R418), 2 freezings. Fig. 12. Female rat (R417), 3 freezings.
Fig. 13. Female rat (R416), 4 freezings. Fig. 14. Male rat (R414), 5 freezings.
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Figs. 15-18. Semi-serial transverse sections of the rat nerve to the medial head of the left
gastrocnemius muscle, removed from 3 to 18 months after the third and final freezing of the left
sciatic nerve. Toluidine blue. x 275.
Fig. 15. Male rat (R437) weighing 280 g and killed after 3 months. There were 248 myelinated
fibres in the right nerve (RGM) and 405 in the left (LGM). Mean diameters were respectively
93 and 4-6,m.
Fig. 16. Male rat (R434) weighing 395 g and killed after 6 months. RGM: 267 myelinated
fibres; LGM: 536. Mean diameters were respectively 9 0 and 5-4 ,um.
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Fig. 17. Male rat (R439) weighing 480 g and killed after 12 months. RGM: 266 myelinated
fibres; LGM: 501. Mean diameters were respectively 9-8 and 6 6g/m.
Fig. 18. Male rat (R441) weighing 460 g and killed after 18 months. RGM: 296 myelinated
fibres; LGM: 556. Mean diameters were respectively 9-8 and 6 9,urm.
Figs. 19-22. Nerve fibre diameter histograms of rat myelinated fibres in the nerve to the medial
head of the right (RGM) and left (LGM) gastrocnemius muscles, removed from 3 to 18 months
after the third and final freezing of the left sciatic nerve. Full lines: histogram of the RGM
contralateral nerve used as a control; dotted lines: histogram of the LGM experimental nerve.

Fig. 19. Male rat (R437) killed after 3 months.
Fig. 20. Male rat (R434) killed after 6 months.
Fig. 21. Male rat (R439) killed after 12 months.
Fig. 22. Male rat (R441) killed after 18 months.
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Electrophysiological data from 12 electrodes surrounding the supposed position of
the regenerating cone were automatically collected and stored in a computer in order
to reduce the duration of recordings to 90 seconds. Between the third and tenth days
after a single localized freezing the rate of regeneration was very nearly 4-4 mm/day
(Jahan & Mira, unpublished observations). These results were confirmed by Legrain
(1977) who studied electrophysiological recovery of rat sciatic nerve after section-
suture, crush and cold injury.

Moreover, electron microscopy of the directly frozen area revealed ultrastructural
changes in all myelinated and unmyelinated nerve fibres immediately after freezing
and thawing. These changes indicate necrosis of the axons and disorganization of the
myelin sheaths, with minimal damage to other nerve components. Thus, the con-
tinuity of connective tissue sheaths, of blood vessels supplying the nerve trunk and
of the basal lamina surrounding each nerve fibre was not disrupted (Mira, 1971,
1972b).

In addition, the freezing procedure performed in situ in our experiments was
perfectly controllable and reproducible, and all its results are much more consistent
than those for crush and transection (Mira, 1976b-1977a; Legrain, 1977). Since
a preliminary study showed that regeneration after a single localized freezing took
place within 3 weeks in the middle part of the gastrocnemius muscle, the individual
freezings in each of the present series were separated by approximately 3 weekly
intervals ensuring that muscle re-innervation had just begun at the time of the next
freezing.
When measurements were completed about 1 month after the last of repeated

freezings (Group I), a regular increase was observed in the number of LGM
regenerating myelinated nerve fibres, from 20% after the first freezing to 1200%
after the third, fourth or fifth ones. On the other hand, the size of these fibres
diminished from 51 0 to 360% of the control value. This mean increase was far
greater than after all the various types of single nerve injury performed in previous
experiments, for which it was only 240 after a single freezing, 15 00 after crush,
3000 after section without suture and 500% after section and immediate suture. In
the present work, a gradual increase was observed in the cross section area of the
LGM regenerating nerve, indicating a growth in the latter's internal volume.
When measurements were made 1-18 months after a third and final freezing

(Group II), fibre numbers reached a mean value of 21000 after 1 month, i.e. the
increase recorded was ll0 %O in relation to the contralateral value. A drop of about
300 occurred between the first and third months, followed by stabilization at about
190% of control value. Concomitantly, fibre size gradually increased, but did not
exceed 700 of the control value at the eighteenth month. Here too, a progressive
increase was observed in the cross section area of the LGM regenerating nerve.
A similar growth in the cross section area of regenerating nerves has been reported

previously by others and variously attributed to an increase in the quantity of nerve
fibres, growth of the cell population in the nerve trunk and expansion of endoneurial
spaces. Cell proliferation occurs mainly in the Schwann cells, but a contribution from
mononuclear blood cells is not impossible (Gutmann, 1942; Abercrombie & Santler,
1957). Thomas (1968, 1969, 1970) confirms a gradual increase in the number of
nuclei ( x 8) and in nuclear density ( x 4) following the ninth crush of rabbit peroneal
nerve. There was an approximately linear relationship between the changes in the
nuclear counts and the number of crushes. Proliferation was mainly observed in
Schwann cells. Moreover, following repeated experimental Wallerian degeneration
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with intervening regeneration, nerve transverse sections showed extensive nerve
fibre systems composed of groups of several myelinated and unmyelinated axons
with associated Schwann cells and collagen fibrils. Each of these clusters was the
product of a single Bungner band which gradually grew larger and was subdivided
by the repeated degeneration and regeneration of multiple axonal sprouts. These
clusters resemble those sometimes observed in chronic neuropathy associated with
repeated axonal degeneration and regeneration. Similar 'hyperneurotization' of
Bungner band was also noted by Schroder (1968) in sciatic nerves of rats with experi-
mental izoniazid neuropathy. A large increase in the endoneurial collagen content
was also observed after repeated tourniquet injuries which strongly impeded axon
and myelin regeneration (Dyck, 1969; Pleasure & Towfighi, 1972). By contrast,
Duncan & Jarvis (1941, 1943), who studied regeneration of the motor branches of
the cat facial nerve, reported that recovery was apparently achieved about one month
after each of five successive sections, eight successive crushes and nine successive
chemical treatments (e.g. destruction of nerve fibres with 10 % benzyl alcohol in sweet
almond oil). Moreover, 3 months after the last nerve injury the number of fibres
peripheral to the site of lesion was greatly reduced in the sectioned nerves, slightly
reduced in the crushed nerves, and definitely increased in chemically treated nerves.
Duncan & Jarvis concluded that, by the methods they employed, small motor
branches were capable of repeated regenerations without reducing the vigour of
the reaction and without demonstrable effects on parent cell bodies.
Holmes & Young (1942) considered that the power of a central stump to send out

new fibres was not reduced if it was injured a second time, either within a week of
the first lesion or after an interval as long as a year. Gutmann (1948) found that
repeated injury of the same nerve did not hinder axonal regenerative capacity;
repeated crushes ( x 6-8) of a nerve led to functional recovery, the rate of regeneration
being almost normal even after the eighth crush. Gutmann concluded that the nerve
cell was able to regenerate and reinnervate the muscle repeatedly and successfully.
Gutmann & Holubar (1951) observed that secondary crushing of the central stump of
a sectioned nerve maintained the nerve in better condition, because conduction
velocity and height of the action potential were greater than on the control side.
Accordingly, the number of nerve fibres and the thickness of their myelin sheaths
were greater in the central stump where the crush had been performed.

In our experiments, the increase in the number of regenerating myelinated nerve
fibres was extensive and relatively stable. However, even when the number of
freezings increased, the quantity of nerve fibres did not grow indefinitely, and their
size diminished concomitantly. These observations may be explained by the sim-
ultaneous action of central, local and/or peripheral factors, even if, at the present
time, it is impossible to determine the precise part played by each of them. It is well
known that all regenerating fibres result from the sprouting of the normal proximal
part of the initial fibres. It is quite possible that the sprouting power of myelinated
fibres may be affected by repeated nerve injuries. This power can be limited by the
relatively confined space in which axonal sprouts grow, by the degeneration of some
sprouts, and by the relative depletion in motoneurons of the metabolic components
necessary for regeneration. The axon is dependent on the trophic influence of the
nerve cell body, the source of which is located in the perikaryon. In fact, the neuronal
cell body is absolutely necessary to the maintenance of the axon, and its own integrity
may be affected by repeated removal of a considerable part of its distal processes.
Gutmann & Holubar (1951) suggested that 'prophylactic' crushing of the central
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stump of an interrupted nerve stimulates the nerve cells to greater metabolic activity
during nerve fibre regeneration within the peripheral stump. Ducker et al. (1969)
indicated that axonal growth proceeds faster after the second lesion than after the
first, provided there is a 2-3 weeks interval between the lesions; however, in the
spinal cord, the neuron cannot respond a second time with maximal metabolic
effort. McQuarrie & Grafstein (1973) reported that the growth-enhancement of the
priming lesion was due to changes in the perikaryon and its environment, but their
contribution to the enhancement of axonal outgrowth remains to be evaluated.
Moreover, in the double lesion, the onset of outgrowth did not significantly change.
Consequently, while the rate of regeneration may be centrally controlled, its initiation
may depend on local changes at the site ofthe lesion (alteration ofplasma membranes.
mobilization of lysosomes, etc). Droz & Leblond(1962, 1963) were the first to indicate
that protein synthesis in neurons appeared to be confined to the perikaryon.
Accordingly, there is a marked increase in proteosynthesis in neuronal cell bodies of
injured nerve fibres to ensure their survival and provide the metabolic environment
necessary for them to regenerate and sprout one or more new distal axons. Though
the exact upper limit of the perikaryal metabolism is still not known, the number of
distal axonal sprouts which regenerate after repeated nerve injuries may exceed the
metabolic capacity of motoneurons. Thus, a certain number of axonal sprouts may
degenerate secondarily. Moreover, some regenerating nerve fibres may fail to make
an effective connexion with their end organs, and this fact should also lead to
a reduction of the axonal branches. On the other hand, the degree of nerve fibre
myelination peripheral to the site of lesion is dependent on the fibres' axonal size.
After repeated localized freezings, it is much below the normal value and the thick-
ness of the myelin sheath formed around small axonal sprouts from Schwann cells
will consequently be less than normal. These considerations may explain the
'plateau' observed after the third freezing (Group I) and the 30 % drop in the
number of fibres recorded between the first and third months after the third freezing
(Group II). Finally, from the site of lesion to the periphery, the internal volume of
the nerve trunk may increase, but its dilation will still be limited by its environment
and collagenous sheaths. Accordingly, a very large increase may appear in the
number of myelinated fibres in regenerating nerves, but an accompanying reduction
in their size will be observed concomitantly.
One month after the last localized freezing (Group I) only small myelinated fibres

were found in the LGM regenerating nerve. This is not surprising if one remembers
that the regenerating fibres had just begun their myelination before again being
interrupted by the next cold injury. In the case of a single freezing, axonal sprout
myelination in fact begins on the eighth to ninth day afterwards in the directly
frozen segment of the sciatic nerve, before it branches out into the tibial, peroneal
and sural nerves (Mira, 1972b). In the proximal part of the nerve to the medial head
of the gastrocnemius muscle, at the point where the present measurements were
made (30-40 mm below the site of lesion), the first regenerating myelinated fibres
were observed between the twelfth and fifteenth days. In addition, the first regen-
erating nerve endings were detected in the middle part of the muscle itself from the
sixteenth to eighteenth days, using silver impregnation. Consequently, one month
after the last of repeated freezings of the sciatic nerve all myelinated fibres in the
LGM nerve were still far from having accomplished their myelination and were thus
small in diameter.
When measurements were made between 1 and 18 months after a third and final
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freezing (Group II) the data were comparable, although regeneration time was not
confined to 1 month but was sometimes as much as 18 months. Myelination and
maturation of regenerated fibres were progressive and an increase in the number of
fibres paralleled an increase in the cross sectional area of the nerve. Nevertheless,
even at the eighteenth month, the number of large myelinated nerve fibres was far
below the normal contralateral value, and only 29 % were found in the LGM nerve
compared to 61 % in the RGM control nerve; the mean diameter of all LGM
myelinated fibres was about 70% compared to that of the RGM nerve; by contrast,
the mean diameter of small and large myelinated fibres had nearly returned to normal
(48 % instead of 49 % and 128 % instead of 129 % respectively).

Studies in detail of the muscular changes induced in the gastrocnemius and soleus
muscles by the different nerve injuries performed in our experiments will be published
soon after this report appears. A preliminary communication has been published
already (Mira & Fardeau, 1978). Moreover, in addition to the present quantitative
study of myelinated nerve fibre regeneration, a parallel investigation of variations
in axonal size, myelin sheath thickness, and unmyelinated nerve fibre population
has been commenced.

After various experimental injuries to the rat sciatic nerve, our conclusions
regarding changes in the number and size of myelinated fibres in the nerve to the
medial head of the gastrocnemius muscle may be summarized as follows:

After a single localized freezing or crushing the results are very different from
those observed after section or resection, and much more constant. However,
anatomical recovery is more complete after freezing than after crush. Thus, using
the contralateral nerve as a control, the number of regenerating myelinated fibres
averaged 1 15 % after crush, 124% after freezing, 130% after section without suture,
150% after section and immediate suture and only 20% after resection of a 10 mm
nervous segment. Mean fibre diameter gradually returned to normal after freezing,
but remained much below it after crush (80 %), section (50-60 %) and resection
(40 %). In regenerating nerves, size distribution of myelinated fibres was mostly
unimodal after section, but became bimodal after crush and freezing. Nerve fibre
diameter histograms of regenerating and control nerves were superimposable after
freezing, and to a smaller extent after crush, but never after section. In all cases the
population of small myelinated fibres was larger than the normal contralateral value
( + 5% after freezing, + 15 % after crush and + 50-60 % after section; after resection,
all fibres were small).

After repeated localized freezings the results may be separated into two different
series. When measurements were made 1 month after the last of two to five freezings,
the number of regenerating myelinated fibres increased considerably after the three
first operations, reaching 220 % of the normal value, but did not vary much after
four or five freezings. Mean fibre diameter diminished after each freezing and dropped
to only 36 % of the normal value after the fifth operation; all the myelinated fibres
were small and their size distribution remained unimodal in all the nerves studied.
When measurements were made betwen 1 and 18 months after a third and final
freezing, 210% myelinated fibres were found in the regenerating nerves at the end
of the first month; afterwards, only 190 % were found. Mean fibre diameter increased
with the regenerative period, but did not exceed 70% of the normal value. Fibre size
distribution became bimodal from the third month, but, even at the eighteenth
month, small myelinated nerve fibres were very numerous (71 % instead of 39 %).
These observations show that repetition of an experimental nerve injury causes
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a large and lasting increase in the number of myelinated fibres, but an accompanying
reduction in their size. Moreover, localized freezing seems the only experimental
nerve injury allowing full anatomical and physiological recovery, because this
technique affords particularly favourable conditions for nerve fibre regeneration,
and recovery of former fibre terminations at the periphery.

SUMMARY

The number and size of myelinated nerve fibres were determined in the nerve to
the medial head of the gastrocnemius muscles of rats whose left sciatic nerve was
repeatedly frozen (one to five times at three weekly intervals). The contralateral nerve
was used as a control. Results varied according to the number of freezings performed
and, for a given number of freezings, according to the period of regeneration.
When measurements were completed 1 month after the last of several localized

freezings, the number of regenerating myelinated nerve fibres increased regularly up
to the third freezing, reaching to about 220% of the control value, but no higher
values were recorded after four or five freezings. The nerve fibre distribution was
unimodal in all the nerves studied. The mean diameter of all myelinated fibres
decreased with the number of freezings from 50 % of the control value after the first
to 36 % after the fifth.
When measurements were made 1, 3, 6, 12 and 18 months after the third and final

freezing, the number of regenerating myelinated nerve fibres decreased by about
30% between the first and third month and then stabilized at 190% of the control
value. Nerve fibre distribution became bimodal from the third month onwards, and
the mean diameter of all myelinated fibres increased regularly. However, by the
eighteenth month, the size of regenerated myelinated nerve fibres had only reached
70% of the normal contralateral value.

The author wishes to express his sincere gratitude to Professor Rene Couteaux
and to Doctor Michel Fardeau for their guidance, support and constructive criticism
during this investigation and the preparation of the manuscript.
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