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Abstract. Studies of the effects of competitive reinnervation by left and right
cutaneous nerves were carried out in Rana pipiens in an effort to test for the ex-
istence of left-right biochemical differentiation of neural tissue. The dorsal cuta-
neous nerves were cut, transposed and allowed to regenerate under different con-
ditions of denervation and competition and the resultant reinnervation and reflex
patterns were determined by behavioral and electrophysiological mapping tech-
niques. Contrary to earljer findings, there was no indication in the present investi-
gation that the growth patterns were influenced by the laterality of the fibers.
Other factors such as availability of terminal sites created by complete or partial
denervation and the tendency of fibers to seek terminal connections seemed to over-
ride any qualifications imposed by the existence of lateral specificity on the for-
mation of terminal contacts.

Introduction

Whether the cytochemical differentiation of the nervous system in-
volved in regulating the developmental patterning of nerve fiber path-
ways and connections includes lateral chemical specification of bisym-
metric structures on left and right sides has yet to be determined. The
possible existence of some form of left-right biochemical specificity is
suggested by the discriminative precision with which fibers of ‘the mam-
malian optic nerve divide at the chiasm, and many other patterns of fi-
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ber decussation in central nerve tracts; the innate cerebral asymmetry in
man [GESCHWIND and LEVITSKI, 1968; WiITELSON and PALLIE, 1973], the
lateralization of song control in avjan Species [NOTrEBOHM, 1971] and
certain other anatomical asymmetrieg like that of the habenular nucleus
in anura [BRAITENBERG and KEMaLL, 1970; MORGAN e al., 1973; Scorr,

On the other hand, many studies on nerye development ang regener-
ation involving left-right interchanges have fajled to disclose evidence in
support of such specificity [SPERRY, 1945, 1957, SPERRY and MINER,
1949; Hisparp, 1965; Gazg, 1970; JACOBSON, 1970]. In particular, the

midline [SPERRY, 1963]. :

In view of the foregoing, the Teport of Franziskpr [1959] describing
competitive cutaneous reinnervation experiments in frogs with nerves
from left and right sides is of outstanding interest that it has been taken
to present a definite demonstration of lateral specificity, Ipsilateral
and contralateral nerves. after being cut and surgically deflected into the
same cutaneoug field, were observed to display differential growth effects
depending on the laterality of the competing fibers, In other ifjstances,
fiber outgrowth was found to pe severely retarded when inserted into
neutral tissue of the Opposite side. The present study was an attempt to
confirm FRANZISKET'S findings. Additional related observations on the
growth behavior of nerves deflected into foreign Cutaneous environments
are also included. Tn general, the present findings on Rang Pipiens fail
to confirm the earljer results of FrRaNziskgT [1959] on the closely relat-
ed Rana esculena, A brief presentation of the findings wag made earlier

General Procedures

Adult R, pipiens 7.5.10 cm in length were used throughout, The medial rami
of the dorsal cutaneous nerves of this species Brow out of the fascia ciose to the
midline and lje rather loosely in the dorsal lymphatic sac {fig. 1), a feature facili-
tating lateral crossing of cutaneous nerves, There was no apparent abnormal
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stretch on the nerves as a result of their being deflected into contralateral cuta-
neous. fields. ADRIAN ef al. [1931] estimated that each of these nerve branches is
comprised of about 50 sensory fibers. When describing surgical and electrophysio-
Togcial recording procedurcs in the present investigation, we refer to whole nerve
bundles and not to individual fibers.

Surgery was performed with the aid of a low-powered binocular dissecting-
scope. Each animal was anesthetized in a glass container with ether vapor prior to
surgery. After operation, the animals were housed three to four in 5-gallon terrar-
ia and maintained on a diet of live meal worms offered three times a week.

Drawings traced from enlarged photographs of each specimen showing cuticu-
lar pigmentation, lateral ridges and other distinguishing features were marked with
stimulation points. Wiping reflexes were elicited by touching or local stroking of
the skin with thin bristles exerting 1-4 g force. Behavioral responses were re-
corded two to three times a week after the onset of the first response signalling
contralateral innervation of the skin and were continued until the time of electro-
physiological recording.

Compound action potentials were recorded from the cutaneous nerves monopo-
larly with platinum electrodes during tactual stimulation. Each nerve was lifted
out of the skin through a small transverse slit at the midline and mounted on the
recording electrode. The reference electrode was attached to the forelimb of the
animal. Signals were amplified and displayed on an oscilloscope with simultaneous
audiomonitoring. During recording sessions the animals were anesthetized with
cther and also paralyzed with an intramuscular injection of 50 ul of d-tubocura-
rine. The animals were rcanesthetized at the first indication of arousal.

Experiment 1: Reciprocal Cross of Dorsal Cutaneous Nerves

Surgery

The dorsal cutaneous nerves of the midtrunk were exposed bilaterally
through a longitudinal midline incision. The dorsomedial rami of left
and right spinal nerve V were then sectioned distally where they enter
the integument and the freed ends were crossed to a symmetrical region
on the opposite side of the back (fig. 1b). In one group of five animals,
the cut ends of the nerves were sewn to the subcutaneous fascia with
surgical silk (60 #m diameter). In another group of six, the nerves were
anchored with a tungsten needle in the intended position while the de-
flected skin was carefully replaced, after which the needle was with-
drawn. A similar surgical procedure was performed in a third group of
ten animals except that the freed tips of the crossed nerves in these
cases were inserted intradermally with a fine tungsten needle into the in-
ner layer containing the nerve plexus and blood vessels.
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Fig. 1. a Dorsal cutanecous rami of spinal nerves (4-7) shown in cutout as they
appear after emergence from dorsal musculature. b Reciprocal cross-attachment at
S5. ¢ Detail showing typical regencrated fields of crossed nerves (dashed and dot-
ted lines) and adjacent S6 normal nerves as mapped electrically. Stippled area rep-
resents behaviorally responsive region of left (contralateral) hindlimb prior to
electrical mapping. Analogous region for right nerve has been omitted for simplic-
ity. d Behaviorally responsive region of crossed left nerve from same frog before
(central stippled area) and after elimination of overlapping innervation.

Observations

No difference in reinnervative efficacy was noted for the two nerve-
cross procedures used in the first two groups. In both, the misdirected
wipe responses began to appcar among the residual ipsilateral responses
in the reinnervation area on about the 15th postoperative day. The area
yielding crossed responses enlarged gradually to cover an average area
of 0.18 cm?® where it stabilized toward the end of the fourth week in the
eight cases that survived, four from each group. In the third group of
animals, the crossed responses were obtained earlier, the first ones ap-
pearing as early as 1 week after operation. Also, by the end of the
fourth week, in all eight cases that survived, the region evoking crossed
responses had spread over an area slightly larger than in the previous
two groups averaging 0.28 cm?. Ipsilateral responses were interspersed
among the contralateral responses throughout the reinnervated regions.
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The dimension of the sensory fields for the crossed and neighboring
uncrossed dorsomedial rami were compared by electrical mapping in
eight (four total from groups 1 and 2 and four from group 3) of the 16
survivors 5-7 weeks after surgery. The extent of the crossed fields
mapped electrophysiologically were found in six of these eight frogs not
to differ significantly from those of adjacent rostral and caudal ipsilater-
al dorsomedial rami (fig. 1c). In the remaining two cases, the regenerat-
ed cutaneous fields were approximately one half to three fourths as large
as the adjacent ipsilateral nerves. Although contralateral reflexogenous
zones of group 3 animals were noticeably larger than those of groups 1
and 2, reinncrvated regions did not differ in size between the groups
when measured electrophysiologically. Contrary to the conclusion from
previous studies that fibers of opposite laterality exhibit mutual repul-
sion in growth, extensive overlap of cutaneous fields of indigenous and
deflected contralateral nerve bundles was evident in all the present
cases.

As can be seen in figure 1c, the area innervated by the transposed
nerve mapped electrically was considerably larger than the same area
mapped by behavioral reactions. This discrepancy can conceivably be
explained on the basis that reinnervation was insufficient or somehow
substandard in outer areas for effective spatial and/or temporal summa-
tion in the firing of central neurons; or that some form of central inhibi-
tion (activated, perhaps, by simultaneous stimulation of ipsilateral fi-
bers) suppressed the latent behavioral response.

Isolation of Reinnervated Zones

The following procedure was undertaken in an effort to test some of
these possible alternatives. All innervation save that from the crossed
nerve was eliminated from a large section of reinnervated skin in each
of the remaining eight frogs, by making an incision through the skin sur-
rounding the area of the test nerve and transecting the adjacent ipsilater-
al nerves. Behaviorally responsive areas determined in this manner with
overlapping ipsilateral innervation eliminated were much expanded and
were comparable to those mapped electrophysiologically. Figure 1d
shows reflexogenous zones mapped from the same animal just before
and a day after surgical isolation of the crossed nerve. The results imply
that the full extent of the reinnervated region as determined electrically
was potentially functional also for behavioral responses. Apparently the
intermixed ipsilateral fibers in the periphery of the reinnervated area
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were responsible for preventing behavioral manifestation by some mech-
anism of reciprocal inhibition. :

Spinal Section

The competitive reinnervative effects described by FRANZISKET
[1959] were obtained in spinal animals. Tt seemed unlikely, but not im-
possible that the disparity between his results and those reported here
were attributable to the effects in his animals of the spinal transection.
Accordingly, the spinal cord was severed in two additional animals at
the level of spinal nerve 1, between the first and second vertebrae, on
the 30th day after nerve crossing. Mechanical stimulation and applica-
tion of 10% AcH to the skin 0.5, 4, 24, 48 and 72 h after spinal surgery
failed to elicit satisfactory localizing responses although the simpler ex-
tensor thrust was well executed. Cutaneous stimulation also failed to
produce good localizing wipe responses in six normal animals after spin-
al section. ‘

On the third day after spinal surgery, electrophysiological mapping of
the transposed and adjacent nerves showed cutancous receptive fields of
these frogs to be essentially identical to those obtained in animals with-
out spinal section. The condition of the spinal animals progressively de-
teriorated and precluded further testing and the animals were given a le-
thal dose of ether on the third day.

Experiment 2: Competitive Reinnervation of Denervated Skin by
Nerves of Opposite Laterality

Surgery

An incision through the skin was made unilaterally in seven frogs
and extended with scissors to isolate a rectangular area of skin approxi-
mately 1.1X2.0 cm covering the dorsolateral trunk between midline and
lateral ridge and including the insertion points of the fourth' and fifth
spinal nerves. The incised skin was elevated and the two attached cuta-
neous nerves were transected where they enter the skin. The anterior
nerve was rejoined to the center of the rostral half of the denervated
patch. Instead of reconnecting the posterior nerve, the corresponding
contralateral nerve trunk was freed through the same incision, sectioned
distally and crossed over to the caudal half of the dencrvated rectangle
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Fig. 2. a Initial operation: section and reattachment of right nerve S4 to anter-
ior half of circumsected skin patch (dashed line), removal of right cutaneous nerve
S5 and its replacement by contralateral S5. Different features of resultant reinner-
vation from three separate animals are shown in b, ¢, and d. b Electrophysiol-
ogical maps for right (dashed line) and left (dotted line) regenerated nerves. Stip-
pled area represents region of contralateral behavioral responses prior to electrical
mapping. ¢ Peripheral stippling indicates residual ipsilateral responses after section
of S4 and S5. d Dashed line circumscribed region reinnervated by ipsilateral S4 as
mapped electrically. Stippling shows reflexogenous zone of regenerated contralat-
eral S5 prior to section of ipsilateral S4. Dotted line indicates expansion of reflex-
ogenous zone after section of ipsilateral S4.

where the cut end was inserted intradermally near the middle of the cau-
dal half. The incised skin patch was then carefully replaced in its origi-
nal position (fig. 2a). The frogs were kept on a moist pad until the reim-
plant seemed secure before being returned to the home terraria. Two
frogs had to be discarded because the patches failed to adhere. Of the
remaining five, the reimplants healed without complication. The aim of
the surgical procedure was to determine the effect on reinnervation of
having a contiguous competitive cutaneous field supplied with regenerat-
ing sensory fibers of opposite laterality.
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Observations

Behavioral testing was carried out daily until the onget of the first
responses, then on every second-fourth day until the time of electrophy-
siological mapping. Sensitivity to tactile stimulation within the isolated
rectangle began to return in all cases 11-12 days after surgery. Normal
and misdirected Tesponses appeared at about the same time from rostral
and caudal zones respectively, and the sensitive arca spread to fill the
incised area by the 30th day. Contralateral reflexes remained confined
to caudal portions of the patch, and normal reflexes were generally re-
stricted to the rostral portion (fig. 2b) except for occasional points along
the caudal and caudolateral incision lines that presumably resulted from
ingrowth of fibers from outside the incision boundary, Contralateral and
ipsilateral behavioral Tesponses were not intermixed within the incised
skin patch except for the above-mentioned peripheral regions. Contralat-
eral responses were occasionally elicited from points caudal to the inci-
sion line in one case.

Electrophysiological mapping was carried out on two of the surviving
four frogs 5 weeks after surgery. The results showed that the two test
nerves had each partially invaded the territory innervated by the other
to form a common overlapping field (fig. 2b). As can be seen in fig-
ure 2b, both ipsilateral and contralateral nerves were found to extend
beyond the incision scars to reinnervate regions occupjed by adjacent
nerves. After the recording sessions were completed, both nerves were
cut and behavioral mapping was repeated the next day for residual res-
ponses. The stippled area in figure 2¢ represents the area from which
wipe reflexes were obtained all with the ipsilateral limb. The results
confirm the assumption that ipsilateral fibers from adjacent tissue had
grown across the incision line. Although the terminal fields of the two
regenerated nerves, one from each side of the body, overlapped exten-
sively by electrical mapping, the behaviorally reactive zones for ipsila-
teral and contralateral limbs had been clearly demarcated, excepting for
the above-mentioned regions immediately adjacent to the incision lines,
Unlike the results reported in the first experiment, ipsilateral responses
were not interspersed within the main body of contralateral responses.

The remaining two frogs were used to map the extent of the regener-
ated field of the anterior nerve electrophysiologically. After this was
completed, the rectangular patch was reincised and the ipsilateral nerve
was ablated leaving intact the surgically crossed posterior nerve as the
sole innervation to the incised area. Testing of localizing responses the
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next day revealed that terminal fibers of the contralateral nerve extend-
ing into the overlap territory formerly occupied also by the ipsilateral
anterior nerve were sufficient to trigger wiping reflexes (fig. 2d). Figure
2d also shows the regions from which these misdirected responses were
elicited from the same animal immediately prior to the electrophysiol-
ogical recording session.

Experiment 3: 180° Rotation of Skin Patch
Surgery
A rectangular piece of skin 2.0X2.2 cm extending the width between
the lateral ridges and encompassing the cutaneous fields of the dorso-
medial rami of the fourth and fifth spinal nerves was cut free, rotated
180° and replaced leaving the two pairs of attached nerves intact.

Observations

Mechanical stimulation of the rotated patch elicited contralateral
wiping reflexes on the day following rotation. The reversed reflexes were
obtained consistently from the patch until the attached nerves were sec-
tioned 1-3 months later. From the 26th day onward, normal reflexes
were occasionally elicited along border regions, presumably a result of
fiber ingrowth across the incision scars. Following section of the at-
tached nerves at either 32 (two frogs) or 96 (two frogs) days after oper-
ation, appropriate ipsilateral responses were readily elicited 2-3 mm in-
side all borders of the rectangle. Again it was evident that ipsilateral cu-
taneous fibers had invaded and functionally innervated cutaneous re-
gions of opposite laterality that already were predominantly supplied by
their original contralateral fibers.

After section of all medial ncrve branches supplying the rotated skin
reactive areas were found to persist along the lateral regions of the
patch and were similar to those found in normal animals after elimina-
tion of the same medial cutaneous nerves. Thesc medial branches of the
dorsal cutaneous rami constitute the main nerve supply of the dorsal in-
tegument. However, the dorsolateral branch, another division of the dor-
sal cutaneous ramus, innervating the adjacent side skin around the later-
al ridge, extends medially to overlap somewhat with the dorsal medial
nerves. It was evident that even fibers of the dorsolateral branches had
reinnervated the foreign contralateral patch with what appeared to be
normal terminal connections.
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There was no indication that Tegenerating neurjtes of either dorso-
medial or dorsolateral branches of the dorsal cutaneous rami were inhib-
ited in their growth as they advanced acrosg the incision into contralat-
eral skin to make functional connections in areas already innervated by
nheural tissue of the opposite side,

It is conceivable that nerve ramj originating on one side of the mid-
line restrict their innervation fields mainly to the Same side because of
some growth limitations, €.2., a maximum length particular fibers can at-
tain. To test this hypothesis, a major portion of the dorsum wag unilat-

A longitudinal incision aboyt three dermatomes long was made along
the right lateraj ridge in cight frogs. Transverse cuts to the midline at
both ends of the rostrocaudal incision produced 1 rectangular skin flap
which was folded back to €Xpose the medial dorsal cutaneoys nerves.
All nerves connecting with the flap as far distally and proximally as pos-
sible were sectioned and removed after which the denervated flap was
replaced,

Observations ,

Behavioral mapping carried oyt several hours after operation showed
that the reflexogenous fields of the left dorsal cutaneouysg rami extended
slightly beyond the midline ang were similar to those previously deter-
mined e]ectrophysiologically in normal animals. Between 21 and 25 days
after unilateral denervation it Was possible to eljcit contralaterally mjsdj.
rected cutaneous localizing reflexes with the left limb from most of the
previously denervated flap on the right side. The exception was 3 2-mm
strip along  the lateral ridge where ipsilateral responses predominated
and some Temaining insensitjye loci were occasionally encountered. Re-
cutting around the flap and redividing any nerves from the right side
which were found to have regenerated eliminated qj ipsilateral respon-
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ses. Unresponsive regions were again observed along the lateral margin
after this second operation.

After another period of 3-4 weeks, electrophysiological recording
from the left midline cutaneous nerves indicated that two of every three
nerves from which recordings were made had expanded their terminal
fields across the midline all the way to the opposite lateral ridge to cov-
er the entire dorsum. Behaviorally unresponsive zones remained along
the lateral ridge even though electrophysiology showed that some of
these regions were indeed innervated.

Discussion

No evidence was obtained in the foregoing that would demonstrate
the existence of lateral cytochemical specificity. In all cases regenerating
fibers of left and right cutaneous nerves appeared to grow with equal
readiness into overlapping fields of neighboring nerves regardless of fi-
ber laterality. The differential inhibition of growth exerted by fibers of
one laterality on fibers from the opposite side as described earlier by
FRANZISKET [1959] under very similar experimental conditions was not
found in this investigation. ‘

The disparity between FRANZISKET's results and those obtained here
remains to be explained. As far as can be ascertained, surgical and be-
havioral testing methods employed in the two studies were similar.
FRANZISKET, however, used chronic spinal animals while the spinal ani-
mals used in the present investigation were acute preparations. Perhaps
this factor was critical though it seems unlikely as does the possibility
that such closely related species as R. esculenta and R. pipiens would
have developed such a difference for the patterning of peripheral
connections,

The appropriate pattern of cutaneous innervation at the midline can
conceivably be accomplished during development without reciprocal lat-
eral repression of fiber outgrowth and in fact may argue against such re-
pression. In normal frogs there is considerable right-left overlap of cuta-
neous fibers at the midline although this midline overlap is by no means
of the magnitude found between adjacent dermatomes. One might ask
how cutaneous fibers normally are restricted from growing more exten-
sively across the midline since Experiment 4 has shown that fibers from
one side do have potential for innervating the entire dorsum. The an-
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swer remains to be determined but may conceivably be found in the in-
terplay of such factors as timing of fiber outgrowth, the tendency of
growing fibers to fill nearest areas first, limitation on number of active
terminals per fiber, maximum density of terminal sites per unit area, and
the like, without need to invoke lateral chemospecificity.

The present results are consistent with numerous surgical rearrange-
ment experiments that have indicated an equal interchangeability of
neural structures from one side to the other under many conditions,
None of these experiments, however, including the present, firmly ex-
clude the possible existence of a left-right specificity that may yet be re-
vealed by different kinds or more refined tests. Recent findings on neo-
natal rats and hamsters by Lunp and Lunp [1973] and ScHNEIDER
[1973] during the course of the present investigations seem suggestive
but not definitive and one can only conclude at this point that the ques-
tion still remains open.

Since left and right cutancous nerves normally overlap somewhat
across the midline the observed absence of misdirected reflexes along
the midline and their presence after ipsilateral denervations requires
some explanation. The function of those fibers that have crossed the
midline must be suppressed or inhibited in some way, presumably
through concomitant stimulation of overlapping ipsilateral fibers. Differ-
ential density of fiber terminals from the two sides in conjunction with
central reciprocal inhibition of the weaker of the two conflicting re-
sponse tendencies offers a plausible basis by which the spinal centers de-
termine ipsilateral vs. contralateral responses.
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