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INTRODUCTION

Ever since I first learned that nervous tissues of the 
central nervous system once differentiated will never again 
undergo mitotic division I have been fascinated by the mys
tery lying behind this fact. When I heard a lecture by 
C. W. Bodemer of the University of Washington Medical School 
on regeneration, I began contemplating this particular mys
tery of life. From Doctor Bodemer I learned that animals 
very low on the phylogenetic scale were capable of regenerat
ing complete organisms from a relatively small part of that 
organism; however, this capability decreases as the phylo
genetic scale is ascended. In his experiments, Doctor 
Bodemer used a frog which is normally incapable of regenerat
ing an amputated limb. But when the sciatic nerve of a hind 
limb was packed into the stump of a fore limb, a blastema 
was induced and regeneration of a new limb began. It was 
Doctor Bodemer*s contention that some factor associated with 
peripheral nerves was inducing this regeneration of whole 
limbs, including the innervating nerves.

With this in mind, I pondered the possibility of central 
nervous system neurons also possessing this factor, but for 
some reason had not been discovered or was being inhibited in 
some way. Therefore, I chose this topic for my thesis with 
the thought in mind of some way inducing regenerative



phenomenon in the central nervous system. I soon learned 
that such research has been going on for over two hundred 
years and many positive advances have been made. Nonethe
less, I pursued the subject further to learn more of this 
puzzling mystery and planned an experiment to test some of 
my own ideas. Because of an allergy to the experimental 
rats, I was forced to abandon the project, but I will dis
cuss some of my ideas at the end of this paper.

As I mentioned previously, regeneration in the central 
nervous system of non-mammalian vertebrates is generally 
accepted now. In these lower vertebrates, the spinal cord 
can be replaced by cut axons and "embryonic” neuroblast 
cells from the ependyma. In mammals, on the other hand, there 
are not a large number of potential neuroblast cells. These 
higher vertebrates must depend on regeneration rather than 
neural restoration, as is the case in embryonic and adult 
forms of lower animals.

According to D. Scott and C. D. Clemente, regeneration 
of the spinal cord and return of physiological function are 
divided into two phases. In the first phase, the spinal 
cord neurons enter, penetrate and proceed below the tran
sected site. The second phase of the problem is the ability 
of the neuron, once grown, to make synaptic connections with 
the intemucial neurons associated with motor horn cells and 
thus complete the neurons pathway to the periphery (1).

The important factors in non-regeneration are the absence 
of "embryonic” neuroblast cells to help restore the gray 
matter, and lack of Schwann cells, lack of neurotropism and
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lack of growth pathways (2).



CHAPTER I

HISTORY OF SPINAL CORD REGENERATION 
Until the time of sophisticated histological technique 

and staining, only sporadic and unconfirmed reports on spinal 
cord regeneration in mammals were made.

Studies on regenerative capacity date back to 1795 
when Cruikshank performed an experiment with vagus nerves.
He severed one vagus nerve in a dog, then three weeks later 
severed the other vagus nerve. Death did not result; there
fore, he concluded that the first nerve had regenerated and 
became functional before the second nerve was cut. Since 
Cruikshank and other early experimenters, there has been no 
serious question of the fact that effective regeneration of 
peripheral nerves does occur. However, the mechanism and 
details of the regenerative process are not clear even today. 
( 2 )

Investigations on spinal cord regeneration began and were 
carried on as long ago as 1873 by Dentan; Eichorst and Naunyn 
1374; and Stroebe, 1894. (3)

Ramany Cajal, working in the early part of the century, 
began the trend of the present day attitude toward spinal 
cord regeneration in mammals. In 1906 he found numerous 
intraspinal axons of rats sprouting new processes with cones 
of growth similar to those observed in peripheral nerves.
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After four or five weeks, the number of regenerated fibers 
diminished, and he concluded the processes of regeneration 
were followed by atrophy and absorption. (3). Cajal1s work 
and conclusions were duplicated and supported by Marinesco 
and Minea, 1906; Bielschowsky, 1909; Lee, 1929; and Rossi and 
Gastaldi, 1935 (1). Most of the experiments following Cajal 
were rejected on grounds of incomplete transection or re
growth of spinal nerve roots (3). Gerard and Koppany, 1926; 
Gerard and Grinker, 1931* and Nicholas and Rudnich, 1933# 
have presented evidence of greater regenerative capacity in 
the embryonic or newborn animal (1). These people establish
ed that central neurons sprout new processes, but appear to 
make no effective connections.

In 1940, 0. Sugar and R. W. Gerard undertook an experi
ment to elucidate the factors involved in non-regeneration 
of adult mammalian spinal cord, and to attempt to activate 
the abortive process of regeneration (2). Their positive 
results revived interest on the problems of spinal cord re
generation. Davidoff and Ransohoff, 194&; and Feigen, Geller 
and Wolf, 1951* are among the investigators who have reported 
failure to obtain any type of regeneration in mammalian spinal 
cords. Since these, other researchers have reported func
tional regeneration. The use of drugs and the beginning of 
a new era in spinal cord regeneration began in 1950.



CHAPTER II

TRANSECTION PROCEDURES
In order to test for regenerative capacity, the spinal 

cord must in some way be damaged to stimulate the regenera
tive process. There are two or three ways to accomplish 
this. One method is by laminectomy, whereby the vertebral 
spine and laminae with the articular processes are removed.
A scapel^- can be used to cut the cord and dura when they are 
exposed. An alternate procedure eliminates excessive de
struction of spinal cord neurons. After laminectomies of 
one or two vertebrae, a longitudinal slit about 15 mm long 
is made in the dura. A blunt ended, fine curved probe is 
gently placed intradurally completely under the cord, then 
the cord is cut from the dorsal to the ventral surface.
When the cut is made, the probe is lifted through the in
cision to insure complete transection. Another method is 
used when the vertebra and cord are both cut through the 
area of the centrum. Sugar and Gerald felt this procedure 
produces better results. This will avoid excessive lesions 
and reduce the possibility of missing part of the cord (2).

Transections are usually made between the sixth and

^An x-acto knife which can be purchased at any toy shop 
is ideal. Very sharp blades with various shapes convenient 
for inaccessible places can be obtained.



ninth thoracic vertebra. Section above the fifth interferes 
with forelimb movements and respiratory functions. The cut 
is made above the twelfth thoracic to avoid a large artery 
just caudal to that point. Any transection below the thir
teenth thoracic vertebra lead3 to degeneration of the caudal
stump of the spinal cord and an incapacity to regain urinary

2bladder control.
Nervous tissue is delicately sensitive to interference 

with the oxygen supply. Therefore, spinal cord regeneration 
is greatly affected by tissue vascularity which provides 
oxygen and metabolites. In rats, the cranial stump of a 
transected cord receives a sufficient blood supply from the 
spinal arteries. However, the caudal stump depends on aortic 
branches for its vascular supply. If the cord is cut below 
the thirteenth thoracic vertebra, this supply is disturbed 
and regeneration does not occur.

The arterial distribution varies among species. The 
cat differs from the rat and these differ from man. Any 
disturbance of the anterior artery of man will inhibit regen
eration and will cause paralysis in normal individuals. In 
the rat, damage to this artery leads to no extensive damage 
to the cord.

2Due to operational shock animals temporarily cease 
urinating and urine must be expressed manually, but function returns in several days.



NORMAL EVENTS FOLLOWING TRANSECTION OF SPINAL CORDS
Regeneration may not occur for three reasons reports 

Clemente (3)* First, a pia glial membrane forms over the 
stump. Secondly, a connective tissue blockade may Invade the 
lesion and thirdly, neurons of the central nervous system 
may not have the innate ability to regenerate actively and 
develop a continuing functional fiber below the scar capable 
of conduction normal impulses coming from the intact posi
tion of the fiber. This will be discussed as the paper pro
gresses.

The trauma of operation causes rapid degeneration of 
both parenchyma and stroma of the spinal cord. Generally, 
degeneration is confined to a region 2 m  on either side of 
the cat. The space between the two stumps becomes occupied 
by hemorrhage which, as the healing process continues, be
comes organized and infiltrated by fibroblasts from injured 
tissue around the cord. This fibrous tissue apparently comes 
from the lateral edges of the dura mater. The scar also 
incorporates the meninges. In the first post operative weeks, 
the lesion is more cellular; but, in the days following the 
first month, the scar becomes more dense (more collagen 
fibers) and blood vessels atrophy and eventually disappear.

By the third post operative day, the pia glial membrane 
begins forming. It is continous with the vascular pia mater

CHAPTER III
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and appears to be composed of layers of indifferent cells in 
the various stages of fibroblastic differentiations, and a 
few macrophages and lymphocytes. On its inner surface are a 
number of glial cells which migrate from the spinal cord 
parenchyma. This pia glial membrane is from five to eight 
cells thick after the first post operative week. By thirty 
days the membrane is a compact barrier many cells thick, 
effectively separating the spinal cord parenchyma from the 
fibrous connective tissue replacing the blood clot in the 
scar.

A paper published in 1952 by Windle, Clemente, Scott and 
Chambers (5) stated that the formation of a scar is the main 
inhibitor of neuronal regeneration. But, in 1954* Clemente 
and Windle published a paper (6) stating the primary barrier 
seems to be the glial membrane rather than the collagenous 
connective tissue scar. This difference is not resolved 
in later publications, but from results reported, I would 
agree with the latter statement.

Abner Wolf states (5) that the presence of very serious 
scars does not prevent regeneration in peripheral nerves 
and therefore, other factors are pertinent to successful 
regeneration. This will be mentioned again later.

Clemente performed an experiment on cats (3) which pro
duced some interesting results. Fibers were seen to enter 
the connective tissue raas3, but few emerged on the far side 
of the lesion. Slides showed that some fibers followed 
tortorous, winding paths through the mass, avoiding obsta
cles (such as dense scar tissue), and following surfaces



(positive thigmotropism). Other fibers meet with impassable 
collagenous tissue and reversed directions. So processes 
were never seen more than a short distance below the site of 
the lesion. These observations confirm that the regenera
tive capacity of neurons in the central nervous system is 
less forceful or rapid than that of comparable peripheral 
neurons under similar conditions. The latter can overcome a 
gap of four mm in the cat* "There is at present no satisfac
tory explanation for this apparent difference in regenerative 
power between peripheral nerves as compared to central 
neurons after glial inhibitionl1 (5)

Some reports on peripheral and central neurons may be 
of interest here. After severing a medullated peripheral 
nerve the Schwann cells begin to proliferate rapidly at the 
transected site and migrate and coagulate into strands which 
bridge the gap to the other stump. This provides a conduction 
pathway for the axon growing toward the distal stump. 
Cytochemical studies of peripheral nerves show that marked 
changes occur in the metabolism of nucleoprotein in dividing 
Schwann cells during W&llerian degeneration. This altered 
metabolism may lead to the elaboration of a chemical agent 
that affects the physical state of the growing axon tips and 
facilitates their regeneration*

Feigen, Geller and Wolf speculated why the peripheral 
nerve had a greater regenerative capacity than the central 
nervous system neurons. As far as is known the myelin 
sheaths of the two systems are the same, but the peripheral 
nerves are surrounded by Schwann cells and fibrocytes while



the central neurons are surrounded by glial tissue. These 
Schwann cells may affect regeneration by enzymatic influences 
and they may also provide growth pathways to guide growing 
axon by physical means (7). It has been shown that Schwann 
cells are not essential to fiber regeneration. But such 
cells definitely aid regeneration, at least in peripheral 
nerves. In a few cases, glial cells have been seen to form 
"bonds” along regenerated central axons in a fashion anala- 
gous to that of Schwann cells in the periphery.
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CHAPTER IV
Ir PROCELURES TO INDUCE REGENERATION 

Implants
To attain perfect regeneration and 100$ functional re

covery, each axon must be guided to its original synapse in 
the distal stump. This is never achieved, especially when 
impaired by an intervening connective tissue scar*

Murray and Stout, 1947; Costero and Pomerat, 1951; and 
Hild, 1956, demonstrated the growth and migration of neurons 
in vitro, but migration is slow and occurs during limited 
periods, suggesting that an unknown factor^ may be necessary 
for active and continued growth (1)*

Various implant3 were used on the possibility the neuro
tropic substances may be liberated or a substrate for growth 
would be provided.

* One in vitro experiment by Windle (8) showed that fiber
outgrowth from chick ganglionic cells was stimulated greatly
by adjacent pieces of certain rat neoplasms. The factor was
traced to the microsome fraction of the tumor cells and was

V associated with ribonucleoproteins. The significance of this
finding was not discussed. In 1948, Duncan and Bellegie (6) 
placed bits of rat tumor between the severed ends of a spinal

-̂ See page <?•



cord and found the tumor became invaded by nerve fibers from 
the posterior white columns of the cord and from the dorsal 
roots. They believed from these results that one of the causes 
of lack of regeneration is the lack of suitable substrate for 
advancing axons.

Sugar and Gerard placed muscle and nerve implants be
tween the stumps and found a marked recovery in animals when 
the implants were longitudinally oriented. (Their experiment 
will be described in detail later.)

Barnard and Carpenter used several types of nerve im
plants. They used autotransplants of fresh sciatic nerve, 
autotransplants of degenerated 6, 8, 12 and 22 day sciatic 
nerve, homotransplants of fresh sciatic nerve and homotrans
plants of degenerated sciatic nerve. They failed to obtain 
positive results. But, animals that were only partially 
transected recovered to a degree similar to that observed 
by Sugar and Gerard. Barnard and Carpenter suggest that 
Sugar and Gerard's criterion for complete transection was in
adequate (2 mm separation of stumps); they found uncut neurons 
in such a separated site. They do report feeble regeneration, 
probably from the dorsal and ventral spinal root fibers, but 
some may have come from within the cord, Barnard and 
Carpenter claim that the spinal roots lying outside the cord 
have vigorous regeneration power and could easily account for 
nerve invasion in the scar (9).

Brown and McCouch, in 1947* attempted to induce regener
ation of the spinal cord of adult dogs and cats by painting 
emulsions of degenerated cat nerve and fetal cat brain on the
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cut ends of the spinal cord and by inserting grafts of 
peroneal and sciatic nerve in the gap between cord stumps.
They also wrapped the transected ends of the cord with various 
tissue including strips of aorta, gall bladder and amnion to 
inhibit excessive connective tissue infiltration. This 
attempt failed as did the attempts to stimulate axon growth 
with various emulsions. The insertions of peripheral nerve 
grafts was unsuccessful also (6).

Celloidion blocks and elder pith have also been used. 
Blood vessels and capillaries have also served in this capa
city.

Windle comments on the implant experiments as showing 
"that central neurons retain potencies for growth after early 
differentiation is completed and can send out processes 
along guiding paths in cord and brain wounds formed by non- 
nervous cells^, provided they find their way unblocked by a 
glial membrane or a heavy collagenous scar." (&)

Chemicals and Drugs
Schdewald and Rasmussen (8) made lesions in the fasiculus 

gracilis and cuneatus of cats, sprinkling them with sulfanil
amide powder. This method induced proliferation of fibro
blasts which provided a framework for regenerating dorsal 
column axons.

In 1950, Windle and Chambers presented a new aspect of 
regeneration in the use of a drug to prevent connective

^See page £.



tissue scarring and pia gXial barrier. These two men found 
that some pyrogenic bacterial polysaccharides could do just 
this in mammals and thus facilitate the regenerative 
phenomena. Since then intensive studies have been carried 
on by many investigators, notably Windle, Chamber, Clemente, 
Scott, Littrell, Smart and Joraleman.

This pyrogenic drug is called Piromen (sometimes 
Pyromen). Regeneration is in progress at the end of one 
month and continues for six months or more when Piromen is 
injected. Piromen injections (usually intravenous), are 
accompanied by an increase in the number of reticular cells, 
macrophages and other reticulo-endothelial components. The 
sinusoids and capillaries of the spleen enlarged and some of 
the living cells were transformed into hemopoietic elements 
including myeloblasts and erythroblasts. There is an ac
companying Increase in phagocytic activity. The end result 
of these activities is that no scar tissue accumulates in 
the spinal cord lesion. Windle and Chambers say the proli
feration of non-nervous cells at the transected site appar
ently aids regeneration in some way by a yet undiscovered 
symbiotic relationship (10).

Clemente and Windle (6) describe the events more thor
oughly. In Piromen treated rats, there was little invasion 
of the wound tissue by elements of the pia mater which began 
formation of the pia glial membrane in controls. After 
seven days there was no proliferation of fibroblasts from 
the dura mater as was seen in the controls and which were 
precursors to the connective tissue mass. The blood clot



was not isolated in the treated group (as it was by the pia 
glial membrane in the controls), but was in direct contact 
with the spinal cord parenchyma of opposing spinal cord 
stumps* The amount of tissue depended on the width of the 
gap after transection.

Mounting evidence has been accumulated by Scott and 
Clemente (3) suggesting Piromen may be effective in produc
ing a leukocyte response when given in multiple low doses.
For example, they injected two animals with two tenths 
gamma5 per kilogram body weight three times a day. This 
treatment was continued for six weeks since this is the most 
critical period for scar formation. Thereafter, they were 
placed on a "high dosage" program.^

Scott and Clemente (11) reported 25-30# normal spike 
potentials were obtained after Piromen treated animals were 
given time to regenerate neural fibers provided the separa
tion of stumps was not more than 1 mm after transection. 
Separation of more than 2 mm resulted in a considerable in
vasion of connective tissue into the lesion and no regenera
tion resulted. Such an invasion was not observed if close 
proximation of stumps was obtained after the operation. So 
they concluded that both treatment with Piromen and close 
proximation of the two stumps after transection are necessary 
for successful regeneration of spinal neurons, at least in

5 A gamma is 10”^ grams.
6See page 39*



adult cats.
Work by Chambers, Koenig, Windle, Richer and Ginger 

shows that the Piromen action is due to an effect on the 
hypothalmus. The drug affects the pituitary-adrenal axis 
with "ultimate mobilization and activation of the reticulo
endothelial system so that phagocytosis is increased and 
scar formation significantly inhibited” (1). Windle, Clement, 
Scott and Chambers have shown that ACTH will produce a simi
lar effect. Ruth Geiger (3) has reported suppression of 
non-nervous elements in cultures of explants from rabbit 
cerebral cortex with the use of cortisone. This may be of 
some help in controlling the invasion of scar tissue into 
the lesion sites

It is evident to Clemente and Windle that the adrenal 
glands play an important role in regeneration, but they do 
not speculate what this role might be.^

One should bear in mind that Piromen and ACTH treatment 
is not the panacea of all ills. Injection does not insure 
100^ regeneration or recovery, nor does it mean that there 
will be at least some recovery in all treated specimens.
These drugs mean only that chances of regeneration are in
creased, but experiments show that many treated cords are 
abortive in the regenerative process.

^See page 15 for apparent parodox.
^Cannot help but recall a statement in evolution that 

man and his domesticated animals have reduced adrenal glands. 
Could it be there is a cause and effect here concerning 
regenerative capacity.



One might ask how investigators achieved results before 
the discovery of drugs that eliminate the seemingly impas
sable scar and pia glial membrane (as in Sugar and Gerard’s 
experiment). This may be explained by the presence of bac
teria causing urinary tract infections (and these infections 
are common in regeneration experiments)• Such infections 
are often caused by pyrogen producing microorganisms, and 
they could possibly provide the milieu favorable for regen
eration provided the animal survives the infection.^

Some records on spinal cords of human patients have 
recently been reevaluated and some interacting conclusions 
made. One patient exhibited some functional recovery 16 
months after complete spinal cord severance and immediate 
end to end suturing. Examination 19 years after the injury 
revealed a typical spastic paraplegia. Po3t mortem examina
tion 24 years after the accident showed a dense constricting 
scar at the site of the sutured cord stumps. It is suggested 
that these results were due to autotherapy with pyrogen fran 
a urinary tract infection (12)*

Use of the drug Piromen in human subjects with spinal 
cord injuries is limited to lesions of long standing. One 
patient with "nearly" complete severance of the thoracic 
spinal cord was treated with the drug and showed some re
covery of ability to flex the ankles and feel some sensa
tions, but these abilities eventually deteriorated. The

oIt seems as though such a phenomenon would interfere 
with the effectiveness of controls in Piromen and other 
experiments.



fact that a small piece of the dorsal funiculus remained 
intact makes it impossible to reach any conclusion as far as 
regeneration goes in humans.

Millipores
A millipore is another method leading to anatomical 

regeneration of axons in the severed feline spinal cord.
The millipore is a woven nylon tube impregnated with porous 
cellulose acetate. After transection, the two spinal stumps 
and the gaps are enclosed in a millipore sheath. Neural 
fibers regenerated through this device whether Piromen was 
administered or not. Factors favoring neural regeneration 
may be attributed to the physical properties of the millipore 
filter material. Thulin (13) found that the cats with milli
pores demonstrated regeneration just as did Piromen treated 
animals. But, the conduction rates of Piromen treated speci
mens exceeded those of animals not receiving Piromen. He 
also found that Piromen permitted more than twice the re
covery time of millipores, or six months as compared to 
thirteen months.

Recently, the use of mono-molecular filter tubes seemed 
to offer new hopes for increasing the regenerative capacity 
of mammalian spinal cords. However, work by Bassett, 
Campbell, Husby and Windly, although at first seemed pro
mising, is now doubtful due to calcification of the material 
in vivo (1).

Other Factors
The apparent success of regeneration experiments with
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young animals i3 attributed not to greater regenerative 
power, but due to normal growth of uninjured neurons through 
the lesions. Mitosis has been observed in central nervous 
system elements up until twenty days after birth, and this 
may explain the capacity of younger animals to readily re
generate a transected spinal cord. Without the availability 
of new cells, regeneration in the central nervous system of 
adult mammals must depend entirely on the ability of severed 
axons to sprout new processes. New light is cast in this 
statement, in Windle*s article (S) which reports that Ruth 
Geiger has noted mitotic division of nerve cells in the 
cerebral cortex tissue cultures of rabbits. Such possibi
lities may be a key to future regeneration studies.

Postoperative Deaths 
In many regeneration experiments, the test animals die 

before the experiment is concluded. All of these deaths can 
not be attributed directly to adverse transection effects or 
drug effects. For example, most of the rats that die post- 
operatively are a result of bladder disturbances. As was 
mentioned previously, the urine has to be expressed manually 
from one to two weeks after the operation. During this 
time gangrene, edema, cystitis pyelitis, and hydrocephrosis 
may lead to death. Later deaths are usually attributed to 
pneumonia. Some investigators use penicillin to combat these 
infections during an experiment to obtain a higher survival 
* 10 rate.

103UCh a practice would tend to cast some doubt on the results of controlled experiments.



CHAPTER V

METHODS OF TESTING REGENERATION 
Reflexes

The rats have been shown to have a high reflex activity 
within the spinal cord. Feigen and Geller suggest that move
ments in the anterior body may stretch muscles, fascia and 
ligaments which are innervated by the caudal segment of the 
cord, producing proprioceptive impulses which then elicit 
reflex response (7). These reflexes are exhibited in a 
transected rat immediately after coming out of the anesthesia. 
Pinching the foot and tail causes withdrawal and sometimes 
leads to whole leg movements. However, no sensation results, 
that is, no sensory impulses are getting through to the brain 
to cause vocalization or struggling of the forelimbs which 
these stimuli elicit in control animals. Care must be taken 
not to mistake these reflex activities for return of motor 
function due to a regenerated spinal cord. Actually, recover
ed animals have activity medial to reflex animals and normal 
control animals.

Thulin mentions the work of Shurrager and collaborators 
on the complex and coordinated motor patterns exhibited by 
animals with transected cords (13)« Young cats and dogs were 
given the best of care and a chance to exercise and learn 
postoperatively. Such animals, Shurrager claims, can exhibit
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complex behavior of the hind legs, but exhibit no regenera
tion. If this is correct, then proof of regeneration by ob
servations on motor performance is inadequate.

Histological
Many methods of fixation and straining are possible. 

Following is an excerpt from Sugar and Gerard (2) on their 
fixation procedures. The spinal cord was exposed and the 
region of transection including 3 to 4 segments on either side 
were placed in the same fixative for 24 to 48 hours. They are 
then dehydrated with cedarwood oil and embedded in paraffin. 
When the cord end shows poor continuity or is attached to the 
periosteum, the cord with the surrounding bone were removed, 
fixed, and decalcified in 5$ nitric acid in 70$ alcohol for
6 to 9 days. Sections were cut 20 to 25 raicra thick in either 
frontal or sagittal planes, and mounted serially for staining 
with protargol by the silver-on-the-slide method of Bodian, 
Every 10th or 12th section is mounted serially on a separate 
slide for staining with toluidin blue and erythrosin or the

*■
Ehrlich’s hematoxylin and eosin. In some cases, formalin

I fixation is used and blocks of cord above and below the lesion
are sectioned transversely and stained as above or with an 
iron-haematoxylin method for myelin sheaths. There are other 
methods developed for such studies, but this gives an idea 
of the general procedure. Sugar and Gerard say that many 
previous failures to observe regeneration were due to poor 
staining procedures of investigators* They claim that only 
silver will bring out new fibers crossing a scarred transection
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lesion.

Bioelectrical
Barnard and Campbell performed an experiment using a 

#- Harvard Inductorium. They allowed sufficient time for re-
generation to occur, then exposed the cord and stimulated it. 
However, they found that no stimulations passed the transected 
site.

Thulin carried on a more, extensive bioelectrical study 
(13). He put cats under light Nembutal anesthesia (20-30 mg/kg, 
intramuscular). Then the animals were curarized-^ and sus
tained by artificial respiration. Segments of the spinal 
cord above and below the lesion were exposed as was the brain 
stem. All exposed nervous tissue was covered with mineral 
oil maintained at body temperature. Steel insulated needles 
constituted the electrodes for stimulation of the cord and 
brain stem. The strength of the stimuli varied between two 
and five volts, but never more than eight volts. Recordings 
of transmitted action potentials were taken from the dorsal,i
lateral and ventral funiculus with platinum electrodes.

4 Following electrophysiological study, the specimens were
fixed, stained and studied histologically. The results of
Thulin*s experiments will be presented in the next chapter.

C. D. Clemente reports the procedures and results of an
electrophysiological study in his paper on regeneration (3)*

^Curare, a drug to induce paralysis by interfering with acetylcholine function.



The site of transection was reppened after a sufficient time 
to allow regeneration. Nine to eleven vertebrae were removed 
over the transected site. Then the animals were suspended 
from brass rods to avoid artifacts caused by gross respira
tory movements. The dura was opened and the electrodes in
serted in the cord. The site of stimulation in the upper and 
middle thoracic spinal cord was in the lateral funiculus, 
ventral to the dorsolateral sulcus and in a longitudinal 
line 1 mm ventral to the line of the entering dorsal roots. 
Fibers were needed with four properties: 1) rapid conduct- 
elements; 2) fibers with fairly homogenous conducting rates; 
3) fibers which did not supply the masculature of the upper 
and middle thoracic region; and, 4) fibers which gave the 
maximum response in the lower thoracic and upper lumbar 
regions of the cord. By keeping the strength of the stimulus 
low, it was possible to avoid producing an action potential 
in the slower conducting fibers. The electrodes were moved 
around slightly to stimulate an area that gave the best re
sults on a cathode ray oscilloscope. Estimates of the per
centage of fibers that were conducting impulses through a 
lesion were made by inserting an electrode above the lesion 
and at varying distances below the lesion. The spike poten
tial height and the conduction times were compared on the 
oscilloscope screen. The control animals were tested with 
electrodes and the oscilloscope for comparison with operated 
animals. Then the spinal cords of these controls were 
severed between the recording electrodes. Instead of eli
minating an action potential below the lesion as expected,



the peak of the potential was reduced by only of its for
mer height. So there is a small but definite electronic 
spread from the cut end of a spinal cord, but experiments 
show that this reduces with time after transection. The 
operated controls, that is, those cats with transected cords 
but having no postoperative Piromen treatment, were tested 
by the electrophysiological method. When the distance between 
the upper recording electrode and the site of the lesion was 
altered from 12, 3 and .5 mm above the lesion, there was a de
crease in the height of the spike potential as the position of 
the electrode approached the level of the lesion. This sug
gests a retrograde degeneration of the intrinsic fibers above 
the site of the lesion and this supports the results of 
histological examinations.

Feigen and Geller (7) obtained posterior movements when 
the cerebral cortex was electrically stimulated, even as soon 
as four days after transection. Such results could not be due 
to regeneration and is explanable only by a route other than 
the spinal cord. Thi3 experiment suggests that Sugar and 
Gerard's results obtained by stimulation of the cerebral 
peduncle is invalid. But Clemente has obtained these same re
sults and says that this reduces with time after transection.

The source of regenerated fibers observed is important. 
Functional bridging may be due to axons coming from dorsal and 
ventral spinal nerve roots. Such root fibers offer a possible 
conducting path for impulses and also might serve as "trail 
breaks" for intraspinal axons growing by their side. Sugar 
and Gerard (2) feel that the practical success of spinal cord



regeneration is determined by the fibers growing across the 
lesion, apparently irregardless of source.

Thulin figured it was possible for the dorsal roots to 
bifurcate and send processes up and down the cord. Such 
fibers could be responsible for transmitting impulses past 
the lesion. However, direct stimulation of the dorsal roots 
did not give any results, tending to eliminate such a collat
eral pathway.



CHAPTER VI

REGENERATION EXPERIMENTS 
Following are a few experiments that present the usual 

procedures of regeneration experiments and the results of 
some of these experiments. These are not the only men work
ing on this problem by any means, but they have done exten
sive work on this subject and are quoted in almost all the 
literature on regeneration.

Sugar and Gerard 
Hardly any papers were published on spinal cord regener

ation in mammals after 1926 until Sugar and Gerard published 
a paper on this subject in 193&. Their goal was to activate 
the abortive regeneration process in adult rats.

Before they began their work, they carefully ascertained 
the distribution of the anterior spinal artery of the rat.
They did this to avoid cutting any blood vessels during the 
course of a transecting operation and to avoid spinal anemia 
which would result if the transected site was not near a 
vascular supply. To do this, Sugar and Gerard injected blue 
colored gelatin into the heart after the blood was drained 
from the body and allowed to set. When the gelatin had har
dened, they then studied the artery distribution.

When the preliminary studies were completed, the actual 
transecting operation was performed. After cutting the spinal



cord, the ends were either brought back into apposition or 
other tissues were placed in the gap. Among these tissues 
were bits of dorsal raasculature, mashed or intact embryonic 
brain or spinal cord from fetal rats or degenerated sciatic 
nerve.

Transplanted embryonic material in most cases did not 
stay between the cut ends of the cord. When it did it usual
ly formed a dense degenerated mass. However, in two cases, 
Sugar and Gerard reported well differentiated pyramidal neurons 
developed from embryonic implants. These were observed in 
the scar tissue, well separated from either stump and their 
processes could be traced a short distance through the scar. 
These neurons were distinct from normal cord elements and 
definitely developed beyond the embryonic stage at implanta
tion.

Neither nerve cell mitosis nor signs of gray matter 
regeneration were observed. However, in every animal exhibit
ing functional recovery, many new fibers were found in the 
scarred area that followed the usual pattern of regenerative 
growth, that is, random growth avoiding obstacles. Occasion
ally, thin bundles of nerve fibers could be traced across 
the whole scar from one stump to the other. Some of these 
came from spinal roots, but others were definitely from the 
longitudinal columns of the spinal cord.

The nerve and muscle implants definitely served as a 
bridge for axon growth, especially when the implants were 
oriented parallel to the spinal cord. Feigen and Geller



question Sugar and Gerard's ability to distinguish between 
spinal nerve root axons and intraspinal axons in histological 
studies.

Davidoff and Ransohoff
These two men were inspired by Sugar and Gerard1s re

sults with rats, so they set out to determine the regenerative 
capacity of a phylogenetically higher mammal, the cat. How
ever, their purpose was not to obtain functional recovery by 
a bridging of the transection with regenerated nerves. They 
separated the stumps as much as possible in order to better 
observe the regenerative powers of the spinal elements.

Davidoff and Ransohoff devised a technique to eliminate 
invasion of connective tissue and to provide a substrate for 
neuron growth. In some cases, gall bladder sacs were filled 
with blood and inserted over the stumps. Tight fitting gelatin 
capsules filled with blood were used in some specimens. The 
covering was to prevent invasion of the dense connective 
tissue. The blood is present to provide pathways and inter
facial tension for the regenerating neurons to follow. In 
1944, Weiss demonstrated that the cystic spaces in degenerat
ing blood clots provide such interfaces.

They sectioned the dorsal and ventral spinal regions so 
they could in no way contribute to regeneration or obscure 
regeneration of the spinal cord neurons themselves. Davidoff 
and Ransohoff studied six upper stumps and five lower stumps 
in all. Their results after nine weeks showed no regeneration 
at all.

Barnard and Garpernter Initiated an experiment in an
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attempt to replicate Sugar and Gerard’s results. Their experi
ment involved 159 rats from 19 days to one year in age. Their 
conclusion was that very little regeneration occurs in the 
spinal cord. (This experiment was performed before the dis
covery of Piromen).

Windle, Littrell, Smart and Agnew 
These men used pairs of cats of the same weight and sex 

and transected the cord as completely as possible. One cat 
was treated with Piromen (intravenous) and the other was not.
No differences were seen between the two for sixty days. By 
90 days the treated animals showed better tonus, posture and 
brisker reflexes; stepping became spontaneous and was so well 
developed that by 120 days, several were able to execute loco
motion movements, coordinating fore and hind limbs. This re
sulted in walking with only a minimum amount of assistance to 
prevent the cats from falling. These men reported that no 
proprioception or sensory function returned. From 12 to IS 
months after the operation the differences between the treated 
and untreated cats disappeared. Both members of the pair 
became spastic parapAegic animals. Associated with this func
tional regression was the formation of a constriction of the 
soft regenerating cord tissue by a heavy fibrous scar which 
resulted in degeneration of previously regenerated nerve 
fibers. It should be remembered here the danger of considering 
motion alone as evidence of regeneration.



Thulin
The following account is the result of Thulin1s bio

electrical experiment which was mentioned earlier. He placed 
the stimulating electrodes in the lateral funiculus cranial 
to the lesion and placed the recording electrodes at approxi
mately the same position in various sites above and below 
the lesion, Hi3 results showed that fiber bundles capable of 
transmitting impulses which could be recorded were present 
above and below the lesion. Spike potentials were recorded 
as far as 38 ram below the lesion. When the lesion was recut, 
the spike potential could no longer be recorded below the 
lesion, thu3 proving a collateral pathway was not responsible, 
(This differs from Clemente as far as results after the recut 
are concerned). These results were the same for five cats 
and two kittens studied. Histological examination of the 
seven animals showed that fibers entering and traversing 
the lesion are either single or more often in groups. Thulin 
found bioelectrical evidence of regeneration in the ventral 
funiculus in only one cat. No evidence of transmission in 
the dorsal funiculus was obtained in any animal. Although he 
obtained action potentials, there was no evidence of sensory 
function below the lesion and the motor functions were never 
coordinated with forelimb movement.

When the pyramidal, vestibular and reticular region of 
the brain stem were stimulated, no action potential was re
corded below the lesion. There was no evidence to prove that 
regenerated neurons make synaptic connections with internun- 
cial neurons associated with the motor horn cells and thus
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lead to return of motor function* This, combined with the 
fact that there was no evidence of regeneration of long fiber 
tracts between the brain and the periphery suggests the pro- 
priospinal system is responsible for the bioelectrical results* 
This system is supposedly composed of fibers of all sizes 
which arise and end within the cord. This system seems to 
occupy most of the spinal white matter, (at least in cats, 
puppies and monkeys) and do not extend more than 3even seg
ments from origin to termination.

Clemente
Clemente ran three series of cats (both sexes) and com

pared results of electrical activity in the dorsal lateral 
column at the mid-thoracic and upper lumbar levels. One 
series were normal unoperated animals, one sectioned between 
the midthoracic and upper lumbar parts and one series sec
tioned as the group before, but treated with Piromen post- 
operatively for a period of 7 to 17 months. At the end of 
this period, the degree of fiber regeneration was checked by 
electrophysiological and histological methods.

Piromen was administered at regular intervals and at 
dosages proportional to body weight. A "high dosage” was 
maintained for one group consisting of 10 gamma per kilogram 
to 125 gamma per kilogram every other day for 14 days. This 
was followed by a second 14 day period of no injections, then 
a 14 day period of injections. The total period of Piromen 
varied from 60 to 292 days following transection. In the re
maining group of Piromen treated animals that were not



abortive, it was found there was a definite improvement 
in the results of the electrophysiological studies as com
pared to the operated controls. Fibers were found that were 
capable of conducting impulses below the lesion, and spike 
potentials were recorded 12 and 30 mm below the lesion. The 
height of these spike potentials were $3$ of those formed 
just below the lesion and these are in marked contrast to the 
operated controls with a marked decrease in the amplitude of 
the spike within a few millimeters of the lesion site.

Conduction velocites of the treated and control group 
were compared and it was found the Piromen treated group had 
fibers below the lesion comparing in conduction velocity to 
those above the lesion. The animals with the longest post
operative period had the highest conduction velocities.
(This could be due to more time allowing growth of a thicker 
myelin sheath,) Immediately after the electrophysiological 
experiments the spinal cords were fixed and stained and cut 
into longitudinal sections. Histological examination showed 
the Piromen treated cats had a decreased glial formation over 
the cord stump while control groups showed stratified layers 
of pia glial elements completely encasing the severed ends of 
the cord. In the treated cats the spinal cord parenchyma 
merged with the mesenchymal connective tissue scar at the 
site of the lesion. Further study showed that fibers had re
generated through the area where the membrane would form in 
control cats, and on into the connective tissue scar. The 
regenerating fibers of one cat appeared to come from the 
lateral columns of the cord and converge into compact fasicles
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at the site of the lesion. Below the lesion these fasicles 
diverged and lost their compact character, although indivi
dual bundles of regenerating fibers seemed to be in homolo
gous positions above and below the lesion.

The connective tissue of the treated group followed the 
pattern already discussed for Piromen treated animals. The 
fine blood vessels in the treated group may have been guiding 
pathways for regenerating fibers and may have encouraged 
their growth by providing abundant nourishment.

The group demonstrating effective regeneration had large 
numbers of fibers regenerating up to and through the area of 
transection and these animals also had the largest action 
potentials below the lesion site. In the abortive group, the 
regenerated fibers seemed to loose themselves in this mass of 
scar tissue and consequently showed no action potential below 
the lesion.

Regenerating fibers have been seen to reach and cross 
the lesion singly, but more often in groups of many regenerat
ing processes. Further 3tudy shows that the height of the 
action potentials below the lesion parallels the extent to 
which the regenerating nerve processes passed through the 
lesion and entered the distal stump of the cord*

The diameters of fibers of the lateral column from above 
and below the lesion were measured as were their conduction

*

velocities. The evidence gathered indicated regeneration 
primarily among the largest fibers. Berry, Grundfut and 
Heisey, reports Clemente, have shown that regenerating peri
pheral nerve fibers start as thin processes and gradually
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enlarge. Scott and Clemente find that the sane process seems 
to occur in the spinal cord. They also found that the degree 
of myeliniaation was greater among the fibers from the animals 
that had received the longest period of Piromen treatment,

Clemente was concerned with the first phase involving 
growth rate factors, viability and conductile properties of 
regenerating 3pinal neurons.

Lateral column neurons were chosen for study because they 
were readily accessible and gave a potential which, due to 
its high conduction velocity and narrow velocity spectrum, 
could be identified readily and used as an index of the pro
portion of active fibers in the lower cord. To date, the 
best evidence of regeneration has been obtained from this 
area.

Looseness of the structure of connective tissue and the 
degree of vascularity appeared to play some role in provid
ing more suitable pathways for the regenerating fibers. 
Vascular supply would provide additional metabolites and 
facilitate regeneration says Clemente. (Which has been 
covered before).

McMasters
McMasters used 532 albino rats at the age of 5* 6 and

7 days. Fifty-eight controls were injected intra- 
peritoneally with sterile water. Piromen was injected into 
376 rats. The first weeks dosage was .25 gamma per 100 grams 
of body weight per day and this was doubled and maintained 
from the 7th day until sacrafices. Ninety-eight rats were
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treated with ACTH in dosages identical with that of Piromen.
Twenty-two out of 376 Piromen treated rats regained 

function while 5 out of 96 ACTH treated rats regained complete 
function. The first evidence of functional return usually 
appeared during the 2nd or 3rd postoperative week. This func
tion was manifested by squealing, biting and attempts to 
escape after painful stimulation of the distal extremities.

Motor function first appeared about one week after the 
first signs of sensory recovery appeared. This motor recov
ery was evidenced by spontaneous movements of the distal 
joints which approached a walking-like movement within 3 or
4 day®. This activity was observed both spontaneously and 
after painful stimulation. (Recall what has been said before 
on this reflex action).

Both sensory and motor return increased rapidly over the 
following two week period, McMasters reports, but after that 
the animals either regressed and developed urinary incontinence 
or remained static with no further improvement.

Recovery may be accounted for in four ways says McMasters: 
1) by spinal walking (which was discussed before); 2) partici
pation of anterior and posterior roots; 3) Incomplete section; 
or, 4) true regeneration. The first possibility was excluded 
in four of the recovered animals by a procainization experi
ment. In these animals the cord was exposed 3 to 4 cm cranial 
to the original site of transection and kept in a horizontal 
position. Procaine was applied to the cords at this level 
causing paralysis of the lower extremities for about 5 minutes.



If functional recovery was due to impulses being sent through 
an alternate route, a collateral, extramedullary pathway, then 
a stimulation above the procaine block would result in a 
response in the lower extremities. Such was not the case, 
however, indicating that fibers at the transected site are 
responsible for conduction of nerve impulses. Recovery 
might be attributed to reflex action in the isolated caudal 
section of the cord, but this would not explain the responses 
accompanying painful stimulation which were inhibited by pro
caine.

Contributions to a spinal cord by the dorsal and ventral 
spinal nerve roots might be an important part of regeneration 
McMasters claims. Any route participating in bridging the 
lesion and making neural connections with either stump means 
regeneration in the sense of new growth within the pia glial 
barrier. Thus, the second method of recovery is considered.

The possibilities of incomplete transection were eliminat
ed by not counting doubtful results and with supporting exa
mination of specimens.

Examination of the gross anatomy of a fixed cord reveal
ed a thin walled, fluid filled cyst which separated the 
cranial and caudal segments of the transected cord. This 
cyst separated^the two stumps by a distance no greater than
5 nan. A thin membrane which appears continuous with the pia 
mater surrounds the cyst and connects the two cord stumps.
Small caliber nerve fibers are randomly arranged throughout 
the connecting membrane. However, very few nerve fibers 
appear to connect the two stumps by means of this membrane.



The membrane itself consists of pia and glial elements.
No gross or histological difference in appearance of 

cords from ACTH or Piromen treated rats could be noticed.
On the basis of statistical comparison, McMasters feels that 
animals treated with ACTH are more likely to regain function 
than those treated with Piromen. He also found that the older 
the rat used in his experiment (varying from five to seven 
days) the better were its chances of recovery.^

McMasters feels that the results of his experiments 
could reasonably be due to neural regeneration within the 
spinal cord. The regeneration is not of a nature in which 
perfect regrowth of the cord occurred, but only a growth of 
fibers in the outer cyst area in the membrane surrounding 
the cyst. The physiological and functional recovery, he 
feels, is due to the inhibition of the pia glial membrane scar 
barrier. Piromen and ACTH are proven to be successful chemi
cals in producing this effect. Work by Chambers, Koenig, 
Windle, Richer and Ginger show that Piromen action is due to 
an effect on the hypothalmus.^

Clemente and Windle 
These two gentlemen, using rats, injected 10 or 25 

gammas per kilogram of body weight every other day and in
creased to 100 or 125 gamma per kilogram over a two week

12See page 20. 
13see page 17.



period, then no injections for two weeks. This four week 
plan was followed throughout the experiment. This is the 
"high dosage" group referred to earlier.

A low dosage group received two to three .6 gamma per 
kilogram injections daily throughout the experiment. Another 
group received a low dose injection for six weeks, then they 
were put on a high dose program.

Controls and treated animals were sacrificed at various 
intervals and the tissues fixed and stained by various methods. 
Retrograde regeneration of many nerve fibers adjacent to the 
cut was observed. By seven days they were almost completely 
fragmented. The tips of axons still connected to cell bodies 
underwent peculiar transformation into balls of argentophilic 
material called "retraction bulbs". These were seen on the 
2nd day and persisted into the 2nd postoperative month. Early 
degeneration observations were similar in control and treated 
groups. During the 1st month a noticeable difference in 
lesions between the two groups was seen. Macrophages were 
more numerous in the treated group which persisted as long as 
seven months after the operation. However, they were not 
visible in control animals after two months.

Differing from Cajal, who reported maximum neuronal 
sprouting in the 6th to 8th postoperative day, Clemente and 
Windle reported peak activity on the 15th day* By this time 
many of the tips of nerve fibers (which earlier showed bulbs 
of retraction) were sprouting thin processes terminating in 
cones of growth* Often a single fiber gave rise to several
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regenerating processes. Sprouts were observed growing from 
small, medium and large diameter regenerating fibers, but the 
diameter of the original fiber did not seem to influence the 
diameter of the sprouts. Most of these sprouting fibers were 
found 1.5 mm cranial to the lesion and growing toward the le
sion. There were sprouts descending the cord in the lateral 
and ventral funiculus above the lesion as well as ascending 
fibers in the dorsal columns below the lesion. The critical 
point of crossing the lesion site had not been reached.

On the 15th day however, the observations of sprouting 
nerves were the same in both control and treated groups.
By the 30th day, the fibers in control animals had undergone 
atrophic changes or had been destroyed. Fibers had grown up 
to the lesion, but were impeded by the scar from further 
neurological growth.

In the Piromen group many fibers entered the connective 
tissue area and used blood vessels; other regenerating fibers 
used rows of macrophages as substrates to direct growth. In 
this group, the connective tissue was loose in nature as 
described in an earlier section. The sprouting neurons did 
not seem inhibited in growth by the presence of this tissue. 
The scar gradually became denser until the seventh month 
after which there was little change. However, the macrophages 
began to decrease at this time.

The increased vascularization was evident even into the 
7th and 19th postoperative month. Thus a substrate for 
growth was provided. The scarring seemed similar in animals 
maintained on the high or low dosage program. The number of



nerve fibers in any one region and the extent of regeneration 
varied. Besides the regenerated fibers derived from intrinsic 
neurons, 3ome came from dorsal and ventral spinal nerve roots. 
These fibers followed the usual pattern of growth when encount
ering obstacles or surfaces to follow. Few fibers pursued 
straight courses in the early stages of regeneration, but 
later on, as more regeneration occurred, the course of new 
fibers straightened out and fasicles or tracts were reestab
lished.

These men found that the greatest barrier to regeneration 
was the connective tissue scar, being greater when the gap 
after transection was longer. When the gap was less than 2 
mm, the regeneration was greatest, and fibers grew through 
the lesion into the opposite stump. Close apposition of the 
stumps had no effect in control animals.

Clemente and Windle found that the majority of regenerat
ed fibers were from the lateral funiculus. Large bundles of 
regenerating nerve fibers were also observed in the ventral 
funiculus. In no instance did they find effective regenera
tion in the dorsal funiculus.

In their report, Clemente and Windle claim that previous 
failure of regeneration can be blamed on lack of neurilemma 
cells. Also, the fibers within the brain and spinal cord have 
no nucleated 3heath of Schwann and the conducting path which 
the cells of this sheath fora in peripheral nerves is absent. 
But they noted both unmyelinated and myelinated fibers of 
intramedullary origin penetrating and traversing the lesion



and growing into fiber tracts, certainly lacking neurilemma 
cells. However, they have not definitely proved neurilemma 
cell3 were absent. The first regenerating neurons appeared 
to follow the processes of indifferent or reticular cells 
and it is possible these cells acted as neurilemma-like 
structures. They report that other experiments have been 
performed which seem to show that neurons can regenerate 
without benefit of neurilemma. This is true also in sub
mammalian species and in tissue cultures. However, some 
guiding principle is necessary here. In their article, Clemente 
and Windle state that MThe specific need of neurilemma sheaths 
for continued nerve fiber growth can be questioned in the 
light of the results of our experiments. Outgrowth of peri
pheral neurons into substrates in which neurilemma cells 
were absent supports the view that mammalian nerve fibers 
can regenerate without a specific relationship with neuri
lemma cells.

Non-medullated Fibers
Both myelinated and unmyelinated components are present 

in the spinal cord, but regeneration is best for the myelinated 
nerves. Evans and Murray (14) say it has been proved that 
non-medullated fibers of a crushed vagu3 nerve could regen
erate, but the efficiency of reinervating and rejoining

^Recently, with the aid of electron microscopes, 
neurilemma (Schwann) cells have been viewed around non- 
medullated as well as medullated neurons. Whether this has 
any effect on regenerating nerves reported by these two 
scientists as not having such cells is not discussed in any literature I have come across.
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function is dependent on medullated axons or their components 
to provide guiding bridges. In non-medullated fibers, the 
3heath forms a continuous network composed of trabeculae of 
varying length and breadth. The protoplasm of the Schwann 
cells contained within the trabeculae thus forms a syncytium. 
Around the trabeculae is a thin but resistant membrane which 
corresponds to the neurilemma. Unlike medullated fibers, the 
non-medullated fiber Schwann cells do not proliferate after 
severing and thus would not provide a conducting bridge for a 
growing axon. One should keep in mind that these observa
tions are in a peripheral nerve, but could possibly be applied 
to the central nervous system.
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CHAPTER VII

PERSONAL FEELINGS 
Considering work by Bodemer and others, it seems there 

is some chemical factor that induces neural regeneration in 
peripheral nerves. Further work in this field may uncover 
a substance that can be used to facilitate central nervous 
system regeneration, Bodemer Induced regeneration of a 
whole limb in frogs by packing the stump with peripheral 
nerves* It would be interesting to note the results of an 
experiment where peripheral nerves were in some way placed 
in contact with a transected site in the spinal cord.

Since vascular supply seems to be an important factor 
in regeneration, it is possible that the presence of metabolites 
may facilitate the process. In my own experiment I injected 
blood serum of rats into the lesion site of experimental 
rats,3-̂ However, this may have no effect as the cell bodies 
of the axons are usually far distant from this site in 
another area of the central nervous system. As I mentioned 
before, the project was abandoned, which makes it impossible 
to make any conclusion on this hypothesis,

•^Cortisone was also injected to prevent scarring and 
pia glial membrane formation.



CHAPTER VIII 

CONCLUSION
Histological studies show regeneration occurs in the 

rubrospinal tract as well as in the ventral funiculus, in
cluding the vestibulo-spinal tract. The most extensive 
regeneration occurs in the lateral funiculus. The greatest 
regenerative capacity seems to occur in tracts with the large 
neurons. These facts combined with the bioelectrical data 
obtained are in keeping with the morphological characteris
tics of the propriospinal system.

One may have noticed that various mammals are used for 
regeneration experiments. It should be kept in mind that 
there is a scale of regenerative ability among mammals just 
as there is a scale concerning vertebrate classes. Sugar and 
Gerard (2) say that the rat seems to occupy a position on the 
phylogenetic scale slightly above the rabbit and definitely 
above the opposum (which is not considered in this paper), 
but definitely below the dog, cat and monkey, Therefore, 
results obtained from the latter three mammals would have 
more significance when extrapolating to human regeneration 
capabilities.

To restate the fundamental problem, there are four 
reasons for lack of more forceful and continued regeneration

loSee footnote 9* page 18.
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of central neurons in adult mammals. One reason is the 
absence of embryonic or different elements. Another is the 
absence of neurilemma cells.^ Finally, damage to vascular 
supplies and formation of glial membranes and connective 
tissue scar also inhibit regeneration of central neurons.

A statement by Windle (13) pretty much sums up this 
paper. "Although long considered virtually an impossibility, 
at the present time it is clear that regeneration can occur 
in the mammalian central nervous system. Three mechanisms 
have been demonstrated: 1) in the very young mammals, out
growth can occur from neuroblasts undifferentiated at the time 
of making the lesion; 2) in adults, regeneration often takes 
place from severed axons of cells of the central nervous 
system or of ganglia outside the neurons; and 3) sprouting 
of new processes from intact central axons after damage and 
degeneration of adjacent neurons has been demonstrated."

More knowledge needs to be obtained regarding the means 
of creating conditions favorable to axon growth in spinal 
cord lesions. More and more i3 being learned all the time and 
eventually something may turn up that will benefit the plight 
of humans who have been incapacitated in some degree by spinal 
cord injuries.

^See Footnote 14, page 42.
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