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Transections of the chicken spinal cord after the develop- 
mental onset of myelination at embryonic day (E) 13 results 
in little or no functional regeneration. However, intraspinal 
injection of serum complement proteins with complement- 
binding GalC or 04 antibodies between E9-El2 results in a 
delay of the onset of myelination until E17. A subsequent 
transection of the spinal cord as late as El5 (i.e., during 
the normal restrictive period for repair) results in neuroan- 
atomical regeneration and functional recovery. Utilizing a 
similar immunological protocol, we evoked a transient al- 
teration of myelin structure in the posthatching (P) chicken 
spinal cord, characterized by widespread “unravelling” of 
myelin sheaths and a loss of MBP immunoreactivity (my- 
elin disruption). Myelin repair began within 7 d of cessation 
of the myelin disruption protocol. Long term disruption of 
thoracic spinal cord myelin was initiated after a P2-PlO 
thoracic transection and maintained for >14 d by intra- 
spinal infusion of serum complement proteins plus com- 
plement-binding GalC or 04 antibodies. Fourteen to 28 d 
later, retrograde tract tracing experiments, including dou- 
ble-labeling protocols, indicated that approximately 9-19% 
of the brainstem-spinal projections had regenerated 
across the transection site to lumbar levels. Even though 
voluntary locomotion was not observed after recovery, fo- 
cal electrical stimulation of identified brainstem locomotor 
regions evoked peripheral nerve activity in paralyzed prep- 
arations, as well as leg muscle activity patterns typical of 
stepping in unparalyzed animals. This indicated that a tran- 
sient alteration of myelin structure in the injured adult avi- 
an spinal cord facilitated brainstem-spinal axonal regrowth 
resulting in functional synaptogenesis with target neurons. 
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sheath, myelin compaction, CNS, oligodendrocyte, galac- 
tocerebroside (GalC), 04 antibody] 

Myelin-associated proteins have recently been identified that in- 
hibit neurite outgrowth in vitro (Schwab and Caroni, 1988; 
McKerracher et al., 1994; Mukhopadhyay et al., 1994) and in 
vivo (Schnell and Schwab, 1990). We have also reported that 
myelin within the embryonic chick spinal cord inhibits func- 
tional regeneration of axotomized brainstem-spinal projections 
concerned with locomotion (Keirstead et al., 1992). Based on 
several myelin-specific markers (e.g., myelin basic protein, 
MBP; proteolipid protein, PLP; 2’,3’-cyclic nucleotide 3’-phos- 
phodiesterase, CNP; myelin associated glycoprotein, MAG; and 
1~x01 fast blue), the development of myelin within the chick 
spinal cord begins on embryonic day (E) 13 and is completed 
prior to hatching (Bensted et al., 1957; Hartman et al., 1979; 
Macklin and Weill, 1985; Keirstead et al., 1992, unpublished 
observations). The embryonic chick will functionally regenerate 
brainstem-spinal axons if transected prior to the developmental 
onset of myelination (Shimizu et al., 1990; Hasan et al., 1991, 
1993; Keirstead et al., 1992; Steeves et al., 1994). 

In order to test the in vivo inhibitory properties of CNS my- 
elin, we used an immunological method for delaying the onset 
of myelination until later stages of embryonic development 
(Keirstead et al., 1992). Spinal cord transections on embryonic 
day (E) 15 in myelin-suppressed animals resulted in significant 
neuroanatomical regeneration and complete functional recovery 
(Keirstead et al., 1992). Conversely, spinal cord transections on 
El5 in normally developing animals resulted in no repair what- 
soever, rendering the animal incapable of voluntary locomotion 
after hatching. This study confirmed previous in vivo findings 
that myelin is inhibitory to the neuroanatomical regeneration of 
CNS axons (Schnell and Schwab, 1990). It also extended the 
results of Schwab and colleagues by demonstrating that myelin 
suppression could also facilitate functional recovery after CNS 
injury. Finally, it suggested that demyelination of the hatchling 
(i.e., adult) spinal cord might also facilitate repair following tran- 
section. 

In the present study we observed that a similar immunological 
treatment does not result in demyelination, but instead produces 
a severe alteration of myelin structure within the hatchling 
chicken spinal cord (myelin disruption). We have used ultra- 
structural, immunohistochemical, retrograde tract tracing and 
electrophysiological methods to determine whether immunolog- 
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ical myelin disruption facilitates axonal regeneration and phys- 
iological recovery by providing a more permissive extraneuronal 
environment for regenerating brainstem-spinal projections. 

Materials and Methods 
Fertilized White Leghorn eggs were incubated at 37°C in an automatic 
rotating incubator. After hatching, the quality of locomotion and general 
health of each animal was assessed. Only healthy animals with normal 
locomotor capabilities were included in the following experiments. 

Spinal cord transection. Birds between the ages of posthatching day 
(P) 2 and PlO were anesthetized with an intramuscular injection of 
ketamine hydrochloride (30 mgkg) plus xylazine (Rompun, 3 mglkg). 
After removal of one dorsal process of the fused avian vertebral column 
overlying the mid thoracic spinal cord, the spinal cord was transected 
using a sharpened cornea1 blade (Fine Science Tools, North Vancouver, 
British Columbia) of 3.0 mm in diameter, equivalent to the inside di- 
ameter of the hatchling chick vertebral column. The cornea1 blade was 
inserted transversely through the spinal cord to the inner ventral surface 
of the spinal column and rotated from side to side until the entire cord 
was severed. Where the effect of spinal cord myelin disruption on neu- 
ronal repair was being examined, the immunological myelin disruption 
protocol was initiated (within 1 hr) during the same surgical procedure, 
but always after the spinal cord transection (for details see below). 

To ensure complete transection of the spinal cord, hatchling chicks 
were randomly selected immediately after transection and their spinal 
cords fresh-dissected and examined under a dissecting microscope. In 
addition, some hatchling chicks received low thoracic injections of 0.5 
p,l of tetramethylrhodamine-labeled dextran amine (RDA; see “neuro- 
anatomy” below) at the time of thoracic spinal cord transection. These 
control animals were perfused intracardially 21 d later with 0.1 M PBS 
containing 2500 USP units of heparin per 50 ml PBS, pH 7.4 (at 37°C) 
followed by perfusion with 4% haraf&maldehyde in 0.1 M phosphate 
buffer, oH 7.4 (at 4-10°C). Other control animals received lumbar in- 
jections of 0.5 bl of RDA 17 d after thoracic spinal cord transection; 
48 hr later, they were perfused as outlined above. Brainstem and spinal 
cord tissue were then postfixed for 24 hr at 4°C. The dissected brain- 
stems were transferred to 30% sucrose in 0.1 M PBS, pH 9.0 (4°C) for 
24 hr. Each brainstem was sectioned in the transverse plane using a 
Leitz liquid CO, freezing microtome and examined for the presence of 
RDA retrograde-labeling of brainstem-spinal neurons. The dissected 
spinal cords were subsequently embedded in paraffin according to stan- 
dard protocols. Parasagittal 10 p.m sections were cut and examined for 
evidence of the injection site and extent of the transection. 

Transient immunological myelin disruption. Transient immunological 
myelin disruption was performed on two groups of experimental ani- 
mals; the first to characterize myelin disruption alone and the second 
to evaluate the effect of myelin disruption on neuronal repair after a 
spinal cord transection. Birds between the ages of P2 and PlO were 
anesthetized with an intramuscular injection of ketamine hydrochloride 
(30 mg/kg) plus xylazine (Rompun, 3 mg/kg). After removal of one 
dorsal process of the fused avian vertebral column overlying the mid 
thoracic spinal cord, direct spinal cord injections were performed using 
a glass micropipette (tip diameter = 30-40 km; A-M Systems, Everett, 
WA #6045) connected to a Picospritzer 11 pressure injection system 
(General Valve Corp., Fairfield, NJ). Each animal received a total vol- 
ume of 10 p.1, over one to four penetrations of the mid thoracic cord. 
Alternatively, solution was delivered over longer time periods by in- 
serting into the exposed low thoracic spinal cord a canula connected to 
a 7 d (model #1007D) or 14 d (model #2ML2) osmotic mini-pump 
(Alzet Corp., Palo Alto, CA) which was then placed under the skin on 
the dorsal surface of the neck. The osmotic pumps used in these ex- 
periments deliver solution at a rate of 0.5 p,l per hour, or 12 p,l per day. 
Immunological myelin disruption in hatchling chicks was evoked with 
either an IgG, polyclonal GalC antibody (Chemicon International Inc., 
Temecula, California #AB142) at a dilution of 1:5 with 33% guinea pig 
complement (GIBCO BRL, Burlington, Ontario #19195-015) in 0.1 M 

phosphate-buffered saline (PBS), p3 7.4 or an IgM polyclonal 04 an- 
tibody (a nift from Mel&a Schachner, Swiss Federal Institute of Tech- 
nology)‘ at-a dilution of 1:5 with 33% guinea pig complement (GIBCO 
BRL) in 0.1 M PBS pH 7.4. Immunological controls consisted of either: 
(1) guinea pig serum complement proteins only, (2) GalC antibody only, 
(3) 04 antibody only, or (4) vehicle only (0.1 M PBS, pH 7.4). These 
immunological control solutions were delivered by direct spinal cord 
injection or by osmotic pump, as outlined above. In those animals un- 

dergoing both transection and immunological myelin disruption, the site 
of the infusion canula was two segments (3-5 mm) caudal to the tran- 
section site and always inserted during the hour following after tran- 
section. 

To assess the onset of spinal cord myelin disruption, the duration of 
the myelin disruption and the degree of myelin recovery, hatchling 
chicks were perfused at appropriate intervals (see results) as outlined 
above. Spinal cord tissue sections were processed for immunohisto- 
chemistry or electron microscopy as outlined below. 

Electron microscopy. Tissue for electron microscopy was obtained 
from animals sacrificed 5 d after installation of a 7 d osmotic pump. 
Animals were deeply anaesthetized and perfused intracardially at the 
appropriate stage (see Results) with 0.1 M phosphate-buffered saline 
(PBS) containing 2500 USP units of heparin per-50 ml PBS, pH 7.4 
(at 37°C). followed bv 4% oaraformaldvhvde in PBS (ice cooled) and 
postfixed overnight in-the &me fixative..S&all tissue blbcks were irans- 
ferred to 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (at 4- 
lO”C), for 12 hr. The dissected tissue was then washed in 0.2 M sodium 
cacodylate buffer (24 hr), osmicated, dehydrated and embedded in 
Spurrs resin according to standard protocols. Control and experimental 
animals were processed in parallel. Thin sections were cut at 100 nm, 
mounted on copper grids, uranyl acetate and lead citrate stained and 
viewed under a Ziess EM 1OC electron microscope (at 80 kV) at a 
magnification of 10,000X. 

Zmmunohistochemistry. Antigens were localized using indirect im- 
munofluorescence. GalC immunohistochemistry was performed on cry- 
ostat-sectioned tissue. All other antigens were localized on paraffin- 
embedded tissue sections. The rabbit anti-human myelin basic protein 
antibody (MBP; Accurate Chemical Scientific Corp., #AXL746) and the 
rabbit anti-cow glial fibrillary acidic protein (GFAP; Dakopatts Corp., 
#Z334) were used at a dilution of 1: 100 in 1% goat serum in PBS 
containing 3% Triton X-100. The rabbit anti-bovine GalC antibody 
(Chemicon AB 142) was used at a dilution of 1: 10 in 1% goat serum 
in PBS containing 3% Triton X-100. The secondary antibody was a 
goat anti-rabbit FITC conjugated immunoglobulin (Caltag Laboratories, 
#L42001) diluted 1:lOO or a goat anti-mouse FITC conjugated immu- 
noglobulin (Dimension Labs, #30112663) diluted 1:lOO in 1% goat se- 
rum in PBS containing 3% Triton X-100. 

Standard immunocytochemical controls (e.g., omission of primary 
and/or secondary antibodies) were processed alongside tissue sections 
from experimental and control animals. Preadsorption controls were 
conducted by the respective supplier of each antibody. Photomicro- 
graphs were taken on a Zeiss Axiophot using epifluorescent illumination 
with appropriate filters. 

Retrograde tract tracing. Birds were anesthetized 14-28 d after spi- 
nal cord transection and immunological myelin disruption with an in- 
tramuscular injection of ketamine hydrochloride (30 mg/kg) plus xyla- 
zine (Rompun, 3 mg/kg). One dorsal process of the fused avian verte- 
bral column overlying the low thoracic spinal cord (approximately 8 
mm caudal to the previous transection site) was then removed; 0.2-0.5 
p,l of 25% tetramethylrhodamine-labeled dextran amine (RDA; Molec- 
ular Probes Inc., Eugene, Oregon, 10000 MW, #D-1817) or 0.2-0.5 l.~l 
25% cascade blue-labeled dextran amine (CBDA; Molecular Probes 
Inc., Eugene, OR, 10,000 MW, #D-1976) in 2.5% Triton X-100 diluted 
in 0.1 M Tris-buffer (pH 9.0) was directly injected into the spinal cord 
using a glass micropipette (tip diameter = 40-50 pm) connected to a 
Picospritzer 11 pressure injection system. Previous studies indicated that 
this volume of RDA or CBDA remains confined to the spinal cord 
injection site (i.e., does not diffuse rostrally to, or above, the site of 
transection) and within 24-48 hr is retrogradely transported via brain- 
stem-spinal axons to the cell bodies of origin, with no transsynaptic 
transport to brainstem neurons not having spinal projections (Hasan et 
al., 1991; Keirstead et al., 1992; Hasan et al., 1993). After 48 hr, the 
birds were given a lethal intramuscular injection of anesthetic (sodium 
pentobarbital, 75 mg/kg) and then perfused and fixed, with the brain- 
stem and spinal cord tissue processed as outlined above. 

Electrophysiological stimulation and recording. Birds were anesthe- 
tized 15-24 d after spinal cord transection and immunological myelin 
disruption with an intramuscular injection of ketamine hydrochloride 
(30 mg/kg) plus xylazine (Rompun, 3 mg/kg). The head was placed in 
a stereotaxic head holder and the calvarium and dura mater resected. 
The cerebral hemispheres and diencephalon were then removed by dis- 
section (i.e., a decerebration; for details, see Hasan et al., 1991, 1993) 
and anesthesia was discontinued. 

Bipolar hook electrodes were implanted in the sartorius (SART) mus- 
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Figure 1. Electron photomicrographs of myelin morphology within 
hatchling spinal cord. A, Untreated normal spinal cord showing normal 
pattern of myelination within mature spinal cord. B, Control injected 
(injected with serum complement proteins alone) showing a similar my- 
lein morphology to untreated control spinal tissue. In short, myelin 
wraps are highly compacted, with no evidence of cellular disruption. C, 
Myelin disruption after intraspinal injection with serum complement 
proteins and anti-galactocerebroside antibodies. Disruption included en- 
largment of the periaxonal space, as well as separation of the myelin 
lamellae. Some short regions of the myelin sheath retain a compacted 
appearance. Some of the myelin around a few small diameter axons 

cle of each leg and each pectoralis (PECT) muscles of each wing. The 
SART acts as a strong hip flexor and weak knee extensor (Hasan et al., 
1993). The PECT acts as a major wing depressor (Hasan et al., 1993). 
Electromyographic (EMG) muscle activity was amplified (1000X), 
bandpass filtered (100-1000 Hz) and recorded on video tape and an 
electrostatic chart recorder. Subsequent to the EMG recording, the 
SART and PECT nerves were exposed and bipolar electrodes were 
hooked onto each nerve. The animal was paralyzed with flaxadil (gal- 
lamine triethoiodide, 1.0 mg/kg) and unidirectionally ventilated (for de- 
tails, see Sholomenko et al., 1991). Electroneurographic (ENG) nerve 
activity was amplified (1000X), bandpass filtered (lOcrSOO0 Hz), and 
recorded on videotape and an electrostatic chart recorder. 

Brainstem regions within the ventromedial mesencephalic, pontine 
and medullary reticular formation were serially probed with a mono- 
polar stimulating electrode. Stimulation was in the form of alternating 
square wave monophasic pulses (pulse duration = 0.5 msec) at 30 Hz. 
Electrical current strengths varied from 10 to 300 p,A. When a stimu- 
lation trial evoked locomotion (wing and/or leg), the lowest effective 
stimulation strength (threshold) was subsequently determined and 
evoked locomotor EMG or ENG patterns were then recorded. Following 
stimulation trials, effective brainstem stimulation sites were marked by 
making a small electrolytic lesion (1 mA DC for 5 set). The hatchling 
chick was then perfused as outlined above. Standard histological tech- 
niques were used for preparation of brainstem tissue sections. 

Results 
Transient immunological myelin disruption and myelin 
recovery 
The transient disruption of spinal cord myelin in the hatchling 
chick was achieved by infusing an immunological “cocktail” 
directly into the low thoracic spinal cord between P2 and PIO. 
The immunological cocktail consisted of serum complement 
proteins plus a myelin/oligodendrocyte-specific, complement- 
binding antibody. Polyclonal galactocerebroside (GalC) antibody 
and polyclonalO4 antibody are myelin/oligodendrocyte-specific, 
complement-binding antibodies (Ranscht et al., 1982; Sommer 
and Schachner, 1982). The subsequent state of spinal cord my- 
elin within both experimental and control animals was assessed 
with myelin basic protein (MBP) immunohistochemistry and 
electron microscopy. When either of the antibodies was com- 
bined with guinea pig serum complement proteins and injected 
or infused into the spinal cord, it usually caused rapid myelin 
disruption within the spinal cord. In 45 of 69 animals examined 
(60 animals with single intraspinal injections and 9 animals with 
7 d osmotic pumps), a loss of MBP immunoreactivity extended 
over the entire cross-sectional area of the cord. The average 
rostrocaudal extent of myelin disruption was 12 spinal cord seg- 
ments (range 2-22 segments), with an equivalent number of seg- 
ments exhibiting a loss of immunoreactivity in either direction 
from the site of injection. In 14 of 69 animals, the loss of MBP 
immunoreactivity was more prominent on one side of the cord 
and in 2 animals there was a distinctly separate region exhibiting 
a loss of MBP immunoreactivity in the cervical spinal cord. 

Electron microscopic examination of five spinal cords exhib- 
iting a loss of MBP immunoreactivity revealed a significant 
structural alteration of inner and outer myelin lamellae. The my- 
elin disruption protocol resulted in “umavelling” of myelin la- 

t 

appears unaffected by the immunological treatment, their associated 
myelin wraps remaining intact. On other pictures, oligodendrocytes are 
visible, appearing normal, with no significant astroglial or mononuclear 
phagocytotic response being observed. The normal appearance of cel- 
lular organelles and the disruption of myelin around both small and 
large diameter axons suggests that immunologically induced myelin dis- 
ruption was not an artifact of tissue preparation. Original magnification 
for all photographs was 10,000X. 
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mella, and a separation of the myelin sheath from the axon (Fig. 
1). Myelin disruption was most evident around large diameter 
axons. However, the myelin lamellae of small diameter axons 
were similarly affected although many small diameter myelin 
sheaths appeared unperturbed within the area of myelin disrup- 
tion. Oligodendrocyte cell bodies were identified by their mor- 
phology within the area of myelin disruption, suggesting that 
oligodendrocyte cell bodies survive the myelin disruption pro- 
tocol. Astrocytes were also identified by their morphology with- 
in the area of myelin disruption, and did not appear to be hy- 
pertrophic. Ultrastructural analysis indicated only a few macro- 
phages containing myelin debris within the area of myelin dis- 
ruption. 

The extent and degree of spinal cord myelin disruption was 
similar whether the procedure involved a single intraspinal in- 
jection or via infusion with an osmotic pump; the only apparent 
difference was the duration of myelin disruption (see below). 
The extent and degree of spinal cord myelin disruption was sim- 
ilar when the immunological protocol was initiated on either P2, 
P3, P4, P5, P6, P7, P8, or PlO (Fig. 2). Approximately one-half 
of the spinal cords contained occasional “clumps” of MBP im- 
munoreactivity, indicative of myelin debris, distributed random- 
ly throughout the zone of myelin disruption (Fig. 2C). There 
were no noticeable differences in the behaviors of any experi- 
mental animals when compared to normally myelinated control 
animals; nor were any pathological conditions noted. 

On P6, hatchlings used as immunological controls were ad- 
ministered either: (1) guinea pig complement only (n = 12), (2) 
GalC antibody only (n = 12), (3) 04 antibody only (n = 12), 
or (4) vehicle only (0.1 M PBS, pH 7.4; n = 12) on P6. From 
each group of immunological control hatchlings, four animals 
were sacrificed 1, 5, and 12 d after the beginning of each treat- 
ment. MBP immunohistochemistry and ultrastructural analysis 
of their spinal cords revealed no evidence for myelin disruption 
(Figs. lB, 20). Histological examination did not reveal any tis- 
sue damage. 

Using MBP immunohistochemical staining as an indicator of 
myelin integrity, the onset and duration of immunological my- 
elin disruption (without an accompanying transection) was ex- 
amined. Single micropipette injections of complement plus a 
myelin/oligodendrocyte-specific antibody into the spinal cord 
were performed on a total of 102 hatchling chicks (91 animals 
with complement plus GalC antibody and 11 animals with com- 
plement plus 04 antibody). There was no evidence of immuno- 
logical myelin disruption at 6 or 9 hr (n = 4 for each time) after 
the onset of the immunological protocol, however, myelin dis- 
ruption was evident 12 hr after injection, in 4 of 5 animals ex- 
amined. After 1 or 2 d, immunological myelin disruption was 
evident in the majority of cases (38 of 47 animals, including all 
8 chicks treated with complement plus 04). Three days after a 
single intraspinal injection, 20 of 31 animals still exhibited my- 
elin disruption, including all 3 04 treated chicks. Based on MBP 
immunofluorescence in 11 chicks, myelin disruption did not ap- 
pear to be maintained for longer than 3 d after a single injection 
(ie. the myelin disruption was transient). 

Long-term infusion, using 7 or 14 d osmotic pumps, of com- 
plement plus GalC antibody into the spinal cord was examined 
in 23 hatchlings. On the basis of MBP immunohistochemistry, 
toluidine blue staining (not shown), and electron microscopy, 
immunological myelin disruption was clearly evident in all five 
animals sacrificed 5 d after installation of a 7 d osmotic pump. 
Immunohistochemical evidence for myelin disruption was still 

evident in all four animals sacrificed 12 d after installation of a 
14 d pump. No evidence of immunological myelin disruption 
was detected in all six animals sacrificed 21 d, and all eight 
animals sacrificed 24 d, after installation of a 14 d pump, sug- 
gesting that the myelin disruption was transient and did not per- 
sist for a substantial duration beyond the infusion period. In 
summary, the immunological protocol appeared to disrupt my- 
elin within 12 hr of infusion and persist throughout the entire 
infusion period. 

Oligodendrocytes and astrocytes appeared to be unaffected by 
the immunological myelin disruption protocol. Using ultrastruc- 
tural analysis, Oligodendrocyte cell bodies were identified by 
their morphology within the region of myelin disruption. The 
similarity in the immunoreactivity for GalC in unoperated con- 
trol (n = 3) and myelin disrupted (n = 3) hatchling chick spinal 
cords indicated that oligodendrocyte cell bodies survived the 
immunological protocol (Fig. 3A,B). GalC is present on the sur- 
face of oligodendrocyte and myelin membranes (Ranscht et al., 
1982). Immunological myelin disruption was confirmed in ex- 
perimental animals by a lack of MBP immunoreactivity. The 
spinal astrocyte population was assessed by glial fibrillary acidic 
protein (GFAP) immunohistochemistry. The astrocyte number 
and distribution in immunologically myelin disrupted spinal 
cords (Fig. 30) was similar to that of unoperated age-matched 
control tissue (n = 8; Fig. 3C). Immunohistochemical analysis 
of spinal cords from animals sacrificed 1 d (n = 3), 4 d (n = 
2) and 5 d (n = 2) after the injection of complement proteins 
and GalC antibodies on P2 revealed no evidence of astrogliosis. 
Similar findings were noted for animals examined 1 d after in- 
jection of serum complement proteins and GalC antibodies on 
P5 (n = 3). Additionally, individual astrocytes in myelin dis- 
rupted spinal cords did not have a hypertrophic appearance or 
qualitatively express higher levels of GFAP than individual as- 
trocytes from unoperated control tissue at the same age. 

Direct pressure injection of control and experimental solutions 
into the thoracic spinal cord did not result in significant damage 
to the spinal cord tissue. The injected solution did not noticeably 
displace spinal cord tissue or result in a region of necrosis at the 
injection site. Likewise, canula insertion into the spinal cord was 
not followed by necrosis or cavity formation. Three weeks after 
pump installation, the hole in the spinal cord initially created by 
the canula did not exceed the diameter of the canula itself (re- 
sults not shown). 

Spinal transection controls 

As previously noted in embryonic chicks (Hasan et al., 
1991,1993; Keirstead, 1992), and in contrast to mammals, sev- 
ering the hatchling chick spinal cord did not result in the for- 
mation of a cavity or cyst at or near the site of transection. Of 
43 spinal cords examined, 15-24 d after a complete transection, 
the proximal and distal segments were intimately juxtaposed at 
the transection site. Autofluorescent inflammatory infiltrates at 
the transection site were minimal. To ensure complete transec- 
tion of the spinal cord, 12 hatchling chicks were randomly se- 
lected immediately after transection, dissected, and examined 
under a microscope. In all cases a complete spinal cord transec- 
tion was confirmed. 

In addition, six animals received a lumbar injection of RDA 
at the time of thoracic spinal cord transection. Only a complete 
spinal cord transection would prevent the retrograde axonal 
transport of this tracer to the cell bodies of origin in the brain- 
stem. Twenty-one (21) days after transection and RDA injection, 



The Journal of Neuroscience, October 1995, 75(10) 6967 

Figure 2. Immunological myelin disruption in the thoracic spinal cord of the hatchling chick in parasagittal section (white matter on right side of 
all figures). A, Unoperated (normally myelinated) control posthatching day (P) 2 chick showing extensive myelin basic protein (MBP) immuno- 
reactivity within the spinal cord white matter. Spinal cord myelination is complete prior to hatching and remains relatively unchanged thereafter. 
B, MBP immunofluorescence staining of a P7 hatchling spinal cord 24 hr after a single intraspinal injection of serum complement with galacto- 
cerebroside (GalC) antibodies; note the absence of immunoreactivity. C, MBP immunofluorescence staining of a P7 spinal cord 24 hr after a single 
intraspinal injection of complement with GalC antibodies; note the presence of MBP immunoreactive “clumps” characteristic of myelin debris. D, 
MBP immunofluorescence staining of a P7 spinal cord 24 hr after a single intraspinal injection of GalC antibodies alone; note that myelin is 
unperturbed and comparable to A. Myelin disruption was not evident after the injection of complement alone, or PBS vehicle alone. In all photographs 
the outer edge of the spinal cord lies on the right hand side, with the white matter immediately adjacent. Scale bar, 100 pm. 

these animals were sacrificed and their brains examined for the was complete. In all cases analysis of the spinal cords only re- 
presence of retrograde-labeled brainstem-spinal neurons. In no vealed RDA-labeled cells caudal to the transection site, but no 
case was there any evidence of retrograde transport of RDA to evidence of RDA transport to any region of the spinal cord ros- 
the brainstem (results not shown), confirming that the transection tral to the transection site. 



6966 Keirstead et al. l Effect of Transient Myelin Disruption on Adult Spinal Cord Repair 

Figure 3. Patterns of GalC and glial fibrillary acidic protein (GFAP) immunoreactivity during immunological myelin disruption (white matter on 
right side of all figures). A, Unoperated (normally myelinated) control P7 spinal cord showing GalC immunoreactivity within the white matter. 
GalC is localized in both oligodendrocyte and myelin membranes. B, GalC immunofluorescence staining of a P7 spinal cord 24 hr after a single 
intraspinal injection of serum complement with GalC antibodies; note that GalC immunoreactivity is reduced due to myelin disruption. C, Unoperated 
(normally myelinated) control P6 spinal cord showing extensive GFAP immunoreactivity within the white matter. GFAP reliably identifies astrocytes. 
D, GFAP immunofluorescence staining of a P6 spinal cord 24 hr after a single intraspinal injection of serum complement with GalC antibodies; 
note that GFAP immunoreactivity is comparable to that observed in C, indicating that that the immunological protocol for myelin disruption does 
not appear to change the state of astrocytes. Scale bar, 100 pm. 

Regeneration after spinal transection and transient rnyelin logical solutions) were successfully performed on a total of 48 
disruption hatchling chicks, ranging in ages from P2-PlO. In all cases, 

Spinal cord transections and subsequent osmotic pump instal- experimental or control solutions were administered using a 14 

lations (containing either the experimental or control immuno- d osmotic pump connected via catheter to a canula inserted two 
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spinal cord segments caudal to the transection site. Retrograde 
tract tracing assessments of spinal cord axonal regeneration were 
conducted on all 48 of these animals. Electrophysiological as- 
sessments of spinal cord regeneration (in addition to neuroana- 
tomical assessments) were conducted on eight of these animals. 
In all cases, the spinal cord transection preceded the osmotic 
mini-pump installation by 15-30 min. 

Axonal regeneration was assessed 14-28 d after spinal cord 
transection by counting the number of brainstem-spinal neurons 
labeled by the retrograde transport of RDA injected into the low 
thoracic spinal cord 12-26 d after transection (Fig. 4). The num- 
ber of retrogradely labeled neurons counted within the reticular 
formation of age-matched, unoperated control hatchlings aver- 
aged 1043 + 53.3 (number of retrogradely labeled neurons in 
each individual: 692, 814, 1034, 1035, 1040, 1042, 1045, 1052, 
1130, 1281, 1311; n = 11; range = 692-1311; Fig. 4A). In 
transected, myelin disrupted hatchling chicks the number of ret- 
rogradely labeled neurons within the reticular formation aver- 
aged 148 2 6.6 (number of regenerated neurons in each indi- 
vidual: 71, 98, 116, 131, 136, 136, 137, 141, 141, 144, 148, 149, 
149, 157, 162, 164, 166, 181, 189, 191, 202; n = 21; range = 
71-202; Fig. 4B). This degree of axonal regeneration averaged 
14% of control numbers (range = 6-19%). Comparable ratios 
for regenerated neurons were also noted for several other brain- 
stem-spinal nuclei with projections to the low thoracic and lum- 
bar spinal cord (vestibular nucleus, locus ceruleus, subceruleus 
nucleus and raphe nucleus). For example, vestibulospinal axonal 
regeneration averaged 15% of controls (regenerated numbers: 
221, 278, 299, 320, mean = 280 ? 21.3, or 15%; control num- 
bers: 1650, 1711, 1992, 2100, mean = 1863 -t 108.5; Fig. 
4C,D). Interestingly, rubrospinal axon regeneration was rarely 
obseved, however, rubrospinal projections primarily terminate at 
the cervical level (Webster and Steeves, 1988). The greatest 
amount of axonal regeneration was observed in animals that had 
been infused for 14 d with serum complement and the myelin/ 
oligodendrocyte-specific, complement binding antibody. 

In contrast, transected hatchlings that were intraspinally in- 
fused with control solutions over a 2 week period showed no 
signs of neuroanatomical regeneration after 15-24 d of recovery 
(results not shown). No retrograde-labeled brainstem-spinal neu- 
rons were observed in transected hatchling chicks that were ad- 
ministered: (1) guinea pig complement only (n = 3) (2) poly- 
clonal GalC only (n = 3), or (3) PBS vehicle only (n = 10). 

All available evidence indicates that brainstem-spinal neurons 
have completed all their spinal projections prior to embryonic 
day 12 of development, approximately 2 weeks prior to transec- 
tion (Okado and Oppenheim, 1985; Hasan et al., 1991, 1993). 
However, In order to ensure that the neuroanatomical recovery 
of transected, myelin disrupted hatchling chicks was indeed due 
to true axonal regeneration (and not neurogenesis and/or sub- 
sequent axonal development), a double labeling paradigm was 
adopted (for details see Hasan et al., 1993). On P6, a maximal 
number of brainstem-spinal projections was labeled with a low 
thoracic spinal cord injection of RDA. After 24 hr to allow for 
retrograde transport of the first (RDA) retrograde tracer, the tho- 
racic spinal cord was transected and a 14 d osmotic pump con- 
taining complement plus GalC antibodies was installed; The sec- 
ond retrograde tract tracer (cascade blue labeled dextran amine; 
CBDA) was injected into the low thoracic spinal cord 20 d later. 
Analysis of the brainstem revealed double-labeled neurons with- 
in several regions of the brainstem with projections to the tho- 
racic and lumbar spinal cord including: the reticular formation, 

vestibular nucleus, locus ceruleus, subceruleus nucleus and ra- 
phe nucleus (n = 3; Fig. 5A,B). Less than 10 cells per nucleus 
were double labeled. Cells labeled exclusively by the first or the 
second tracer were present in every brainstem analysed. The low 
number of double labeled brainstem-spinal neurons may in part 
be due to the requirement that an axon must be severed or per- 
meabilized with detergent for uptake and retrograde transport of 
fluorescent-conjugated dextran amine dye (cf. Heimer and 
RoBards, 198 1; Hasan et al., 1993). Severing or permeabilizing 
the same brainstem-spinal axon during both retrograde tracer 
injection procedures could not be assured. Thus, these results 
are probably an underestimate, but definitely not an overestimate 
of the degree of brainstem-spinal regeneration after myelin dis- 
ruption. Previous studies have indicated that, even in an untran- 
sected chick, the maximal number of double-labeled neurons 
obtainable from the intraspinal injection of two different retro- 
grade tract tracers is 30% of the number labeled by either tracer 
alone (Hasan et al., 1993). 

Prior to sacrifice, hatchling chicks that had undergone tran- 
section and myelin disruption did not show any voluntary signs 
of locomotor recovery. From the first day of recovery after spi- 
nal cord transection, all animals remained incapable of standing 
or supporting their weight. Spinal reflexes recovered within 1 d 
posttransection and all animals subsequently exhibited stretch, 
flexion and crossed-extension reflexes. Spontaneous alternating 
leg movements were often observed throughout the 15-24 d 
recovery period. A decrease in the size of leg muscles (i.e., 
disuse atrophy) was always observed. 

More invasive physiological assessments of motor capabilities 
were then undertaken on a few transected and myelin disrupted 
hatchling chicks (n = 3, as well as control-treated (PBS alone 
or GalC alone) animals (n = 5). All of these animals were in- 
cluded in the neuroanatomical analysis outlined above. Three 
weeks after spinal cord transection and the initiation of immu- 
nological myelin disruption via a 14 d osmotic pump, focal stim- 
ulation of a brainstem locomotor region in a decerebrate, hatch- 
ling chick evoked rhythmic motor activity both above (pector- 
alis, PECT) and below the site of transection (n = 3). Electro- 
myograms (EMG) from the sartorius muscles (SART, major hip 
flexor) exhibited alternating activity in the right and left legs 
(Fig. 6), typical of stepping movements. It is possible that brain- 
stem-evoked wing movements might have contributed to gen- 
erating the alternating leg activity observed. Therefore, follow- 
ing EMG recording, the animals were paralysed and unidirec- 
tionally ventilated to prevent all body movements (see Sholo- 
menko et al., 1991). The effective current stimulation strength 
necessary to evoke activity within the SART nerve was higher, 
but bursting activity could still be obtained during each subse- 
quent brainstem stimulation trial (results not shown). Neverthe- 
less, the pattern of evoked SART nerve activity in paralysed 
preparations was not characteristic of stepping. The change be- 
tween SART muscle and nerve activity patterns could be due to 
one or more differences between unparalysed and paralysed 
states, not the least of which is the lack of rhythmic sensory 
feedback in paralyzed preparations. In transected control ani- 
mals, treated with GalC only (n = 2) or PBS only (n = 3), focal 
stimulation of brainstem locomotor regions resulted in rhythmic, 
in phase PECT activity above the transection site (i.e., wing 
flapping), but no evoked EMG or nerve activity was present 
below the transection site. 
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Figure 4. Neuroanatomical regeneration of brainstem-spinal projections after transection and immunological myelin disruption of the hatchling 
thoracic spinal cord. Photomicrographs of retrograde-labeled neurons within the brainstem in P28 chicks. Brainstem-spinal neurons were labeled 
by the retrograde axonal transport of tetramethylrhodamine-labeled dextran amine (RDA) injected into the lumbar spinal cord on P26 and allowed 
2 d for transport. A, Retrogradely labeled gigantocellular reticulospinal neurons within the ventromedial reticular formation of the caudal pons in 
an unoperated (normally myelinated) control P28 chick. B, Retrogradely labeled gigantocellular reticulospinal neurons within the ventromedial 
reticular formation of the caudal pons in a P28 hatchling chick 24 d after thoracic transection and immunological myelin disruption; note the 
number of retrogradely labeled neurons is less than A. C, Retrograde-labeled vestibulospinal neurons within the lateral vestibular nucleus of the 
dorsolateral pons in an unoperated (normally myelinated) control P28 chick. D, Retrogradely labeled vestibulospinal neurons within the lateral 
vestibular nucleus of the dorsolateral pons in a P28 hatchling 24 d after transection and immunological myelin disruption; note the number of 
retrograde-labeled neurons is less than C. The percentage of retrogradely labeled brainstem-spinal neurons in transected, myelin disrupted hatchling 
chicks averaged 14% (range 6-19%) of controls. Comparable neuroanatomical regeneration was evident for other brainstem regions having direct 
axonal projections to the caudal cord, including the locus ceruleus, subceruleus, and raphe nuclei. Scale bar, 50 km. 
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Figure 5. Evidence for true axonal regeneration following spinal cord transection and immunological myelin disruption in the hatchling chick. 
Photomicrographs of double-labeled reticulospinal neurons within the ventromedial reticular formation of the caudal pons. Brainstem-spinal neurons 
were labeled first by retrograde axonal transport of RDA injected into the low thoracic spinal cord on P6. The thoracic spinal cord was transected 
on P8. The infusion of serum complement with GalC antibodies into the adjacent cord was begun thereafter via an osmotic pump for the next 14 
d. On P28, the second retrograde tracer, cascade blue-labeled dextran amine (CBDA), was injected into the low thoracic spinal cord and the animal 
was sacrificed 2 d later on P30. A, Gigantocellular reticulospinal neurons labeled prior to spinal transection with the first retrograde tracer, RJIA. 
B, Gigantocellular reticulospinal neurons subsequently labeled with the second tracer, CBDA, after immunological myelin disruption and spinal 
transection. Note that some of the same brainstem-spinal neurons (arrows) are double-labeled with both RDA and CBDA. Scale bar, 50 km. 

Discussion 

Our findings demonstrate that immunological myelin disruption 
within the hatchling chick (i.e., mature avian) spinal cord shortly 
after a thoracic transection facilitated partial neuroanatomical re- 
generation (6-19%) of axotomized brainstem-spinal projections 
in vivo. Furthermore, this partial neuroanatomical regeneration 
was accompanied by functional synaptogenesis, such that focal 
electrical stimulation of a brainstem locomotor region in thorac- 
ic-transected, myelin disrupted chicks elicited alternating step- 
ping activity. Transected animals that received intraspinal infu- 
sion of immunological control solutions (serum complement 
alone, GalC antibody alone, or PBS vehicle alone) showed no 
signs of myelin disruption, axonal regeneration or physiological 
recovery. These studies support and extend the available evi- 
dence that CNS myelin is inhibitory to the regeneration of in- 
jured CNS axons (Schwab et al., 1993; McKerracher et al., 
1994; Mukhopadhyay et al., 1994). To our knowledge, however, 
this is the first demonstration that the disruption of myelin in a 
mature region of the CNS results in functional synaptogenesis 
by regenerating CNS axons. 

Transient myelin disruption of the spinal cord was initiated 
by the direct intraspinal infusion of heterologous serum comple- 
ment proteins plus a myelin/oligodendrocyte-specific, comple- 
ment-binding antibody. The immunological myelin disruption 
protocol that we utilized appears to: (1) caus’e severe structural 
alteration of myelin, (2) have a rapid onset (within 24 hr), (3) 
persist for a few days beyond the duration of infusion (longest 

treatment period to date is 14 d), (4) depend on complement- 
mediated damage to myelin membranes, and (5) result in sub- 
sequent myelin repair within the region of myelin disruption 
(beginning within 7 d of the cessation of infusion). 

None of the immunological control infusions produced spinal 
cord myelin disruption, indicating that both serum complement 
proteins and myelin/oligodendrocyte-specific, complement-bind- 
ing antibodies are necessary for immunological myelin disrup- 
tion. Similar immunological methods have been previously used 
to: (1) suppress myelin development in vitro (Dubois-Dalq et 
al., 1970; Fry et al., 1974; Hruby et al., 1977; Dorfman et al., 
1979; Dyer and Benjamins, 1990), (2) suppress myelin devel- 
opment in vivo (Keirstead et al., 1992; Rosenbluth et al., 1994), 
and (3) reversibly alter CNS myelin stucture in vivo (guinea pig 
optic nerve: Sergott et al., 1984; Ozawa et al., 1989; cat optic 
nerve: Carroll et al., 1984; Carroll et al., 1985; rat spinal cord: 
Mastaglia et al., 1989). 

The antibody-mediated, complement dependent nature of im- 
munological myelin disruption may account for its rapid onset. 
Within minutes of treatment, complement fixation by cell-sur- 
face binding antibodies has been shown to compromise the ionic 
homeostasis of many different cells in vitro (Mayer, 1972; Mor- 
gan, 1989). GalC-mediated, complement-dependent myelin dis- 
ruption in the guinea pig optic nerve in vivo (Sergott et al., 1984) 
was also detected within l-2 hr of treatment. Due to the high 
concentration of GalC antigen within myelin membranes, and 
the observed “unravelling” nature of myelin disruption, we sug- 
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Figure 6. Focal electrical stimulation of a brainstem locomotor region evoked alternating stepping activity in a P27 chick 18 d after thoracic 
transection and immunological myelin disruption. Electromyographic (EMG) recordings are from the left and right sartorius @ART; major hip 
flexor) and right pectoralis (PDT; major wing depressor) muscles. Brainstem stimulation at 50 yA (upward arrow indicates stimulus onset) evoked 
motor activity in both the wings and legs. In this trial, the wings were held to prevent movement artifacts from appearing in the leg EMG records. 

gest that the GalC-mediated myelin disruption results from an 
antibody-directed attack of complement against myelin mem- 
branes. GalC is expressed by oliogodendrocyte cell bodies as 
well as myelin membranes (Ranscht et al., 1982); however, oli- 
godendrocytes have also been observed to survive serum com- 
plement attack of oligodendrocyte membranes in vitro (Scolding 
et al., 1989). 

Ultrastructural analysis (Fig. 1) and GalC immunostaining of 
myelin disrupted spinal cords confirmed that oligodendrocytes 
also survive the present immunological protocol (Fig. 3). The 
rapid onset of myelin recovery following immunological myelin 
disruption is also consistent with the survival of oligodendocy- 
tes. Recent Northern blot analysis of MBP gene expression in 
our laboratory has also indicated that oligodendrocytes survive 
the developmental suppression of myelination in the embryonic 
chick spinal cord (Keirstead et al., 1992, unpublished observa- 
tions). 

Immunological myelin disruption within the hatchling chick 
spinal cord differs considerably from the developmental sup- 
pression of myelin produced by a similar immunological pro- 
tocol in the embryonic chick spinal cord. Intraspinal injection 
of serum complement proteins plus a myelin/oligodendrocyte- 
specific, complement-binding antibody into the embryonic cord 
prior to myelin formation results in a delay of the developmental 
onset of myelination (Keirstead et al., 1992). In vitro studies 
indicate that GalC antisera cause an influx of extracellular cal- 
cium when applied to ramified oligodendrocytes in culture, re- 
sulting in disassembly of microtubules and a concomitant re- 
traction of oligodendrocyte processes (Dyer and Benjamins, 
1990). The subsequent removal of GalC antisera then results in 
reextension of oligodendrocyte processes from the surviving cell 
bodies. It is likely that the complete suppression of in vivo my- 

elin development in the embryonic chick is the result of a di- 
rected immunological attack against differentiating oligodendro- 
cytes and their newly forming processes. Due to the high con- 
centration of GalC in mature myelin membranes, we hypothesize 
that complement-mediated immunological attack in the hatchling 
chick spinal cord is directed to the myelin lamellae, resulting in 
the observed alterations of myelin structure described here. The 
“unravelling” of myelin lamellae has also been reported in the 
rat spinal cord following implantation of anti-GalC hybridoma 
cells (Rosenbluth et al., 1992). 

The alterations of myelin structure revealed by ultrastructural 
analysis were accompanied by a loss of immunoreactivity for 
MBP (Figs. 1, 2). We have also observed a loss of MAG and 
PLP immunoreactivity in immunologically treated spinal cords. 
This indicates that a lack of immunoreactivity for myelin mark- 
ers does not necessarily indicate a loss of myelin. It is also 
conceivable that the loss of MBP immunoreactivity following 
myelin disruption was a result of excess GalC or 04 antibodies 
“coating” the myelin membranes, effectively masking other epi- 
topes. This is unlikely, however, as GalC immunoreactivity was 
present within myelin disrupted tissue and MBP is an internal 
myelin membrane antigen. It is perhaps more plausible that the 
gross alterations of myelin structure, as revealed by ultrastruc- 
tural analysis, were accompanied by alterations in protein struc- 
ture. Nevertheless, the presence or absence of specific myelin 
proteins within disrupted myelin should be confirmed with ap- 
propriate Western blot analysis. 

The partial neuroanatomical regeneration and physiological 
recovery of brainstem-spinal projections following axotomy in- 
dicates that demyelination is not required to render the CNS 
extraneuronal environment permissive for axonal regeneration. 
Immunological myelin disruption may alter myelin proteins oth- 
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er than MBP. Myelin-associated proteins that have been shown 
to inhibit axonal growth and regeneration (Schwab and Caroni, 
1988; McKerracher, et al., 1994; Mukhopadhyay et al., 1994) 
may also be altered by immunological myelin disruption. We 
cannot, however, discount the possibility that immunological 
myelin disruption facilitates axonal regeneration indirectly by 
altering the expression or release of other cellular factors within 
the spinal cord. 

The neuroanatomical regeneration of brainstem-spinal projec- 
tions in transected, myelin disrupted hatchlings did not result in 
any overt behavioral signs of locomotor recovery. After spinal 
cord transection, all animals remained incapable of standing or 
supporting their own weight. It is known that adult birds sup- 
ported on a treadmill are capable of locomotion, mediated by 
the intrinsic activity of neural networks confined to the lumbar 
spinal cord (Sholomenko and Steeves, 1987; Steeves et al., 
1987). Although spontaneous alternating leg movements were 
often observed in the present study, this activity could have been 
initiated by either intrinsic spinal circuits or descending supra- 
spinal projections. Our brainstem stimulation experiments dem- 
onstrated that at least some of the regenerating brainstem-spinal 
axons were capable of forming functional synapses with target 
spinal neurons, which could then be activated in a behaviorally 
appropriate manner (i.e., brainstem-evoked stepping). Although 
these physiological experiments provide unequivocal documen- 
tation that transient immunological myelin disruption facilitates 
at least some functional axonal regeneration, they do not allow 
us to determine whether the brainstem-evoked nerve and muscle 
activity within the lumbar cord is only due to direct synaptic 
connections onto lumbar locomotor interneurons and motoneu- 
rons or also via regenerating propriospinal projections from 
more rostra1 regions of the cord. After embryonic spinal cord 
transection, neurophysiological studies on regenerating brain- 
stem-spinal projections indicated that both routes are evident 
(Sholomenko and Delaney, unpublished observations). The most 
likely reason for the lack of voluntary locomotion in transected, 
myelin disrupted hatchlings may have been the significant mus- 
cular atrophy that occurred over the approximately 3 week re- 
covery period. We cautiously speculate that without the ob- 
served disuse atrophy, it is possible that the degree of CNS 
axonal regeneration and functional synaptogenesis observed in 
our experimental animals might have been sufficient for volun- 
tary locomotion. 

There are also some notable differences between birds and 
mammals regarding pathological tissue changes after spinal cord 
injuries. Following complete transection, the proximal and distal 
segments of the severed hatchling chick spinal cord remained 
intimately juxtaposed. Fifteen to 21 d after spinal cord transec- 
tion, light microscopic analysis of sectioned spinal cords indi- 
cated a lack of cavity formation at the transection site and an 
absence of autofluorescent inflammatory infiltrates separating 
the proximal and distal segments (Keirstead et al., unpublished 
observations). In contrast, transection of mammalian spinal cord 
often results in cavity formation at the lesion site (Reier and 
Houle, 1988; Dusart and Schwab, 1994) that is associated with 
a robust inflammatory response. This difference does not appear 
to be due to the fused nature of the avian thoracolumbar verte- 
bral column (i.e., lack of vertebral distraction), because spinal 
injury within unfused avian vertebrae (e.g., cervical cord) also 
shows no subsequent cavity formation (McBride and Steeves, 
unpublished observations). Thus, the secondary cell damage dif- 

ferences between birds and mammals may be due to species 
differences in the immune response to CNS injuries. 

The degree of axonal regeneration and functional recovery 
differs significantly between myelin-suppressed chicks transect- 
ed during late embryonic development (Keirstead et al., 1992) 
and the present study where animals were transected as hatch- 
lings; an age in these precocial animals when the spinal cord 
and brainstem is adultlike in all known respects (Sholomenko et 
al., 1991; Steeves et al., 1994). It is most likely that develop- 
mental changes contribute to the differences in regeneration and 
in recovery. For example, the dramatic functional recovery not- 
ed in the myelin-suppressed, transected embryos may be due to: 
(1) an enhanced intrinsic ability for axonal growth in embryos, 
(2) differences in the abundance of adhesion molecules and 
growth factors, and/or (3) a relative paucity of growth-inhibitory 
factors. Although immunological myelin disruption in the hatch- 
ling chick severely alters the structure of myelin surrounding 
large and small diameter axons, some small diameter axons re- 
tain compacted myelin. Thus, functional myelin-associated pro- 
teins that inhibit neurite outgrowth could still exert some of their 
influence. 

The available data from both classes of higher vertebrates 
(Schwab et al., 1993; McKerracher et al., 1994; Mukhopadhyay 
et al., 1994; Steeves et al., 1994) clearly suggest that myelin has 
a prominent role in determining the regenerative success of ax- 
otomized embryonic and adult CNS neurons. In the present 
study, only those animals subjected to transient myelin disrup- 
tion after spinal cord transection showed signs of axonal regen- 
eration and physiological recovery. Functional recovery has also 
been observed following spinal cord injury in species having an 
unmyelinated CNS such as the lamprey (McClellan, 1990; Lurie 
and Selzer, 1991). Consequently, the more robust functional 
CNS regeneration observed after injury in both immature birds 
and mammals may be due to embryonic neurons being relatively 
insensitive to glial-derived inhibitory molecules. This is also 
supported by the tinding that undifferentiated embryonic neu- 
rons differentiate more robustly than adult neurons when grown 
on peripheral nerve substrates irt vitro (Bedi et al., 1992) or 
within adult CNS (Schwab et al., 1993). 

Finally, why has a system developed that prohibits regenera- 
tion following CNS injury? The inhibitory nature of CNS myelin 
for neurite outgrowth may have evolved for developmental rea- 
sons that incidently affect regenerating neurons. It is possible 
that the presence of myelin suppresses aberrant axon collateral 
sprouting in the mature CNS, thereby acting as a stabilizing 
influence on completed neural pathways. This hypothesis is sup- 
ported by the observation that the developmental onset of CNS 
myelination for any CNS pathway in higher vertebrates only 
occurs after axonal outgrowth and target recognition have been 
accomplished. In the embryonic chicken, for example, the de- 
velopmental onset of spinal cord myelination takes place on El 3 
(Bensted et al., 1957; Hartman et al., 1979; Macklin and Weill, 
1985; Keirstead et al., 1992), after all descending and ascending 
projections have completed axonal development and functional 
synapse formation (Okado and Oppenheim, 1985; Hasan et al., 
1991, 1993; O’Donovan et al., 1992). 
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