The Journal of Neuroscience, February 1993, 13(2): 492-507

Axonal Regeneration Contributes to Repair of Injured
Brainstem-Spinal Neurons in Embryonic Chick

Sohail J. Hasan, Hans S. Keirstead, Gillian D. Muir, and John D. Steeves
Departments of Zoology and Anatomy, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z4

Recent results have demonstrated complete anatomical and
functional repair of descending brainstem-spinal projec-
tions in chicken embryos that underwent thoracic spinal cord
transection prior to embryonic day 13 (E13) of the 21 d
developmental period. To determine to what extent axonal
regeneration was contributing to this repair process, we con-
ducted experiments using a double retrograde tract-tracing
protocol. On E8-E 13, the upper lumbar spinal cord was in-
jected with the first fluorescent tracing dye to label those
brainstem-spinal neurons projecting to the lumbar cord at
that time. One to two days later (on E10-E15), the upper to
mid-thoracic spinal cord was completely transected. After
an additional 7-8 d, a different second fluorescent tracing
dye was injected into the lumbar cord at least 5 mm caudal
to the site of transection. Finally, 2 d later on E19 to postnatal
day 4, the CNS was fixed and sectioned. Brainstem and
spinal cord tissue sections were then viewed with epiflu-
orescence microscopy. In comparison to nontransected con-
trol animals, our findings indicated that there were relatively
normal numbers of double-labeled brainstem-spinal neu-
rons after a transection prior to E13, whereas the number
of double-labeled and second-labeled brainstem-spinal
neurons decreases after an E13-E15 transection. In addi-
tion, at each subsequent stage of development from E10 to
E12, there was a greater number of double-labeled brain-
stem-spinal neurons (indicating regeneration of previously
severed axons) than cell bodies labeled with the second
fluorescent tracer alone (indicating subsequent develop-
ment of late brainstem-spinal projections). Assessment of
voluntary open-field locomotion (hatchling chicks) and/or
brainstem-evoked locomotion (embryonic or hatchling) in-
dicated that functional recovery of animals transected prior
to E13 was indistinguishable from that observed in control
chicks (sham operated or unoperated). Taken together, these
data suggest that regeneration of previously axotomized fi-
bers contributes to the observed anatomical and functional
recovery after an embryonic spinal cord transection.
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Unlike the PNS, the CNS has a very limited capacity for re-

- generation. Damage to adult CNS axons after a spinal cord

injury results in aborted attempts at regeneration, followed by
degeneration (Ramon y Cajal, 1928; Bernard and Carpenter,
1950; Bjorklund et al., 1971). CNS axons do not regrow in the
environment of the adult spinal cord. However, Aguayo and
colleagues have demonstrated that CNS axons will anatomically
regenerate if they are allowed to project through a PNS envi-
ronment (David and Aguayo, 1981). These results dispelled
previous suggestions that the lack of CNS axonal regeneration
in higher adult vertebrates (i.e., birds and mammals) was due
to the irreversible suppression of intrinsic growth programs within
neurons. Itis now generally accepted that, if CNS environmental
conditions are favorable, adult CNS neurons should be capable
of regeneration (e.g., Crutcher, 1989). In addition, a number of
events in regeneration can be thought of as a recapitulation of
development (Holder and Clark, 1988). Therefore, a better un-
derstanding of embryonic spinal cord development and repair
is essential for assessing the conditions necessary for axonal
regeneration in adult spinal cord.

Previous studies have shown that the embryonic chick is ca-
pable of axonal repair after complete transection of the thoracic
spinal cord (Shimizu et al., 1990; Hasan et al., 1991). If the
spinal transection was made prior to embryonic day 13 (E13;
i.e., on E3-E12), the distribution and number of retrogradely
labeled brainstem-spinal neurons were similar to sham-oper-
ated and unoperated control chicks. Transections conducted on
E13 (or later) resulted in dramatically reduced retrograde la-
beling of brainstem nuclei.

The functional repair of descending supraspinal pathways was
confirmed by behavioral observations of the motor functions
of posthatching chicks (Shimizu et al., 1990) and also directly
tested by focal electrical stimulation of brainstem locomotor
regions known to have direct projections to the lumbar cord
(Valenzuela et al., 1990; Hasan et al., 1991). Brainstem stim-
ulation experiments were undertaken on both transected and
control embryos (in ovo) on E18-E20. Leg and wing EMG re-
cordings were used to monitor brainstem-evoked motor activ-
ity. In comparison to sham-operated and unoperated control
animals, complete functional recovery of motor function was
evident for chicks that had their spinal cord transected prior to
E13 (Valenzuela et al., 1990; Hasan et al., 1991). Therefore,
damaged embryonic spinal cord is capable of complete func-
tional recovery after an E12 transection, but anatomical and
functional repair rapidly diminishes with transections on



E13-E14 and is completely nonexistent after an E15 transection
(Shimizu et al., 1990; Hasan et al., 1991).

There are several neuroanatomical responses that could un-
derlie this embryonic repair process, including (1) neurogenesis
of new descending brainstem or spinal neurons, (2) subsequent
projections from late developing brainstem—-spinal neurons, or
(3) true axonal regeneration of previously axotomized brain-
stem-spinal projections. Brainstem-spinal projections to the
lumbar cord develop over a period extending from E4 to E10-E11
(Okado and Oppenheim, 1985; Hasan et al., 1991). It is known
that brainstem-spinal neurons become postmitotic very early
in development, usually prior to ES (McConnell and Sechrist,
1980; Sechrist and Bronner-Fraser, 1991), and well before E12.
Therefore, it is unlikely that the complete functional repair of
an E7-E12 transected cord is dependent on the neurogenesis of
additional brainstem-spinal neurons (Shimizu et al., 1990; Has-
an etal., 1991). By E11 of normal embryonic development, the

distribution and number of retrogradely labeled brainstem-spi- -

nal neurons are equivalent to those labeled in a chick after
hatching (Okado and Oppenheim, 1985; Hasan et al., 1991).
There is apparently no overproduction of locus ceruleus or re-
ticulospinal neurons and subsequently no naturally occurring
cell death of these neurons during development (R. W. Oppen-
heim, personal communication).

Therefore, a mid-thoracic spinal transection at E7-E12 would
disrupt the many descending projections already at lumbar lev-
els. However, it is possible that the subsequent development of
axonal projections, which had not descended to thoracic levels
at the time of transection, may contribute to the functional
recovery even after a transection as late as E11-E12. Since the
development of brainstem-spinal pathways is nearly complete
by E11-E12, it is more probable that the repair process involves
axonal projections sprouting from the proximal ends of previ-
ously axotomized fibers (i.e., regeneration). Needless to say,
these potential repair mechanisms are not mutually exclusive.

Here, we have investigated the contributions of these two
mechanisms to embryonic spinal cord repair. By using two dif-
ferent retrograde fluorescent tracing labels, the first injected into
the lumbar cord prior to thoracic transection and the second
injected after transection, we have established that spinal cord
repair in the latter stages of the permissive period (E10-E13) is
increasingly due to true axonal regeneration.

Materials and Methods

Fertilized White Leghorn chicken eggs were incubated at 37°C in a
humid incubator (relative humidity, 60%). Complete development to
hatching required 21 d. Embryos were staged according to beak length
(Hamburger and Hamilton, 1951). A small window (1 cm?) was made
in each egg shell in order to access the embryo. Damage to the extraem-
bryonic membranes, although unavoidable, was kept to a minimum.
Embryos were positioned with the aid of a rounded glass probe passed
under the neck.

Anatomical assessments

All animals are referred to throughout this article by the embryonic day
(E) on which they were transected.

Experimental animals. The entire anatomical protocol (see below)
was successfully completed on 31 animals that were either E10 (5), E11
(5), E12 (6), E13 (6), E14 (5), or E15 (4) at the time of spinal cord
transection. Each animal underwent embryonic surgery on three sepa-
rate occasions during development.

On E8-E13, the upper lumbar spinal column (L1-L2) was pierced
with a glass micropipette (tip diameter, 30 um) containing either an
aqueous solution of rhodamine-labeled dextran-amine (RDA; 10,000
MW, lysine fixable, 25% w/v), fluorescein-labeled dextran-amine (FDA;
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10,000 MW, lysine fixable, 25% w/v), or cascade blue-labeled dextran-
amine (CBDA; 10,000 MW, lysine fixable, 25% w/v), which was then
inserted into the spinal cord (Molecular Probes Inc., Eugene, OR). Each
dye was diluted to a 25% concentration in 0.1 m Tris buffer, pH 8.5,
containing 2.5% Triton X-100. Approximately 0.1-0.6 ul of RDA, FDA,
or CBDA was pneumophoretically injected over a 1 min interval using
a Picospritzer II (General Valve Corp., Fairfield, NJ) that was pressur-
ized by nitrogen (3-30 psi). This procedure retrogradely labeled brain-
stem-spinal neurons that had projected to the lumbar cord at that stage
of development (Fig. 14; see also Fig. 34). Note that potentially late
developing neurons (neuron 2 in Fig. 14) have not yet projected to the
level of the lumbar cord where the first tracing dye was injected. Any
late-developing neurons therefore remain unlabeled. The egg was then
sealed with a sterile coverslip using paraffin and returned to the incu-
bator.

One to two days later (on E10-E15), a complete spinal cord transection
was made in the upper thoracic region (T4 + 1 segment) using finely
sharpened forceps (Fig. 1B). Note that some late-developing neurons
(neuron 2 in Fig. 1B) may have not yet projected to the level of the
transection site and therefore may not have been transected. Vertebral
tissue surrounding the spinal cord transection site was also slightly dam-
aged by this procedure. To assure that each transection procedure was
complete, a #00 pin was then passed laterally through the entire spinal
cord at the site of transection. The pin was previously marked for the
depth of the spinal cord at that particular stage of embryonic devel-
opment. The egg was again sealed with a sterile coverslip and returned
to the incubator.

After an additional 7-8 d, a different second fluorescent tracing dye
(RDA, FDA, or CBDA) was injected into the lumbar cord in a manner
identical to the first injection (Fig. 1C). Note that late-developing neu-
rons (neuron 2 in Fig. 1C) have now projected to the level of the lumbar
cord where the second tracing dye is injected. Late-developing neurons
would therefore be retrogradely labeled by only the second tracing dye.
To prevent the second injected retrograde tracing dye from diffusing
rostrally to and above the transection site thereby falsely labeling brain-
stem~spinal neurons, the second tracing dye was injected several spinal
segments (at least 5 mm) caudal to the lesion. In order to maintain
comparable survival periods following spinal cord transection, embryos
transected on E10-E12 received a second injection on E17-E20, while
embryos transected on E13-E15 received a second injection on E20 to
postnatal day 2 (P2). Twenty-four to forty-eight hours after the second
injection, the embryos were removed from their shells, and the om-
phalomesenteric (umbilical) veins and arteries were cut to allow exsan-
guination. Both embryos and hatchlings were then anesthetized with
Somnotol (sodium pentobarbital, 75 mg/kg, i.p.). The embryos and
hatchlings were immediately perfused via the left ventricle over a 30
min period with 50 ml of 0.9% NaCl (containing 1000 IU of sodium
heparin) at 37°C, followed by 50 ml of 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 8.5, 20°C). The brain and spinal cord were post-
fixed for 24 hr and then placed in 0.1 m phosphate buffer saline con-
taining 10% sucrose (pH 8.5, 4°C). After 24 hr, the tissue was transferred
to 30% sucrose in 0.1 M phosphate buffer saline and stored at 4°C for
subsequent histology.

Equivalent results were obtained with all three fluorescent tracing
dyes (RDA, FDA, CBDA) regardless of the order in which they were
injected. When two tracing dyes were mixed and injected together in
order to detect the relative uptake of each dye, approximately equivalent
numbers of brainstem—spinal neurons were retrogradely labeled with
each dye and a maximum of 30% of the labeled cells contained both
tracing dyes.

Control animals. Double lumbar injections of retrograde tracing
chemicals were completed on 26 sham-operated control embryos (4
E10, 4 E11, 5 E12, 5 E13, 4 E14, 4 E15) and 12 unoperated conirol
embryos (2 of each embryonic day from E10 to E15). The surgical
procedures described above were also used for sham-operated controls.
A small window (1 cm?) was made in each egg shell, and the embryo
was positioned for surgery (using a rounded glass probe) without dam-
aging the spinal cord or surrounding tissues. Transected, sham-operated,
and unoperated embryos were treated the same with respect to incu-
bation conditions.

To assess the completeness of the transection procedure, 14 experi-
mental embryos that were transected at different developmental stages
(2 E10, 2 E11, 3 E12, 3 E13, 2 E14, 2 E15), were randomly selected
from each group of eggs that had undergone transection. The spinal
column was immediately removed following the transection procedure,



494 Hasan et al. < Regeneration of Embryonic Spinal Cord

Figure 1. Schematic representation of
experimental procedure for retrograde
double labeling of axotomized brain-
stem-spinal neurons. 4, On E8-E13, the
lumbar spinal cord was injected with
the first fluorescent tracing dye. Note
that neuron I has reached the level of
the lumbar cord but the late-developing
neuron (2) has not yet reached the level
of the lumbar cord where the first trac-
ing dye is injected. Neuron / therefore
becomes retrogradely labeled with the
first tracing dye while the late-devel-
oping neuron (2) remains unlabeled. B,
The mid-thoracic spinal cord was com-
pletely transected 1-2 d later. Note that
the axon of neuron / is transected. The
late-developing neuron (2), however, has
not yet reached the level of the tran-
section site and remains intact. C, After
an additional 7-8 d, the second fluo-
rescent tracing dye was injected into the
lumbar cord, caudal to the site of tran-
section. Note that both neuron / and
the late-developing neuron (2) have now
reached the level of the lumbar cord
where the second tracing dye is injected.
Neuron [ therefore becomes retro-
gradely double labeled while neuron 2
is retrogradely labeled by only the sec-
ond tracing dye.

and histological techniques were used to examine whether the transec-
tion severed all spinal cord pathways.

Histology. The brain and spinal cord were cut at 30 um on a freezing
microtome and the sections placed in 0.1 M phosphate buffer (pH 8.5
at 4°C). Brains were cut coronally and spinal cords were cut sagittally,
Tissue sections were immediately mounted on slides for subsequent
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examination using a Zeiss Axiophot epifluorescent microscope equipped
with standard filter blocks. Sections were photographed using Fuji-
chrome 1600 daylight color reversal film push processed to 3200 ISO
(Fuji). Exposure times ranged from 10 to 30 sec.

The positions of retrograde double-labeled neurons containing both
the first and second injected dyes within the brain tissue section were
mapped by eye onto drawings of brainstem tissue sections. Every third
tissue section was counted. The positions of retrograde single-labeled
neurons containing only the first or second injected dye (i.e., RDA,
FDA, or CBDA) were also mapped. Brainstem nuclei were identified
using several avian atlases (Karten and Hodos, 1967; Youngren and
Phillips, 1978; Cabot et al., 1982; Gross and Oppenheim, 1985; Okado
and Oppenheim, 1985; Kuenzel and Masson, 1988; Webster and Steeves,
1988). To allow comparisons between transected and control animals
(sham-operated and unoperated), cell counts + the standard error (SE),
and numerical range were obtained for each of several brainstem—spinal
nuclei on the right side of each brain. Cell counts were obtained for the
nucleus solitarius, nucleus centralis, nucleus reticularis gigantocellularis
(Rgc), and nucleus raphes in the medulla; the nucleus vestibularis la-

—

Figure 2. Schematic representation of experimental procedures used
for in vivo electrical stimulation (current strength, 15-50 gA) of brain-
stem locomotor regions in transected, sham-operated, and unoperated
1-2 d old hatchling chicks. EMG recordings were utilized to monitor
brainstem-evoked locomotor activity in six muscles of the right leg
including the sartorius (hip flexor, knee extensor), femorotibialis (knee
extensor), iliofibularis (hip extensor, knee flexor), caudioflexorius (hip
extensor, knee flexor), gastrocnemius lateralis (ankle extensor), and ti-
bialis anterior (ankle flexor) muscle. In addition, either the sartorius,
femorotibialis, or the gastrocnemius lateralis muscle of the left leg was
implanted in order to record alternating leg activity. EMG recordings
were also monitored in the PECT wing (wing depressor) muscles (not’
shown). Lower right panel shows diagram summarizing the positions
of effective brainstem locomotor stimulation sites within the ventro-
medial reticular formation of the rostral medulla of sham-operated
hatchlings (solid circles) and hatchlings that had their thoracic spinal
cord transected on E10 or E12 (open circles). IX, N. nervi glossophar-
yngei; R, N. raphes; Rgc, N. reticularis gigantocellularis; Rpc, N. reti-
cularis parvocellularis (medulla); 77D, N. et tractus descendens nervi
trigemini.
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Table 1. Number (mean + SE) of single- and double-labeled brainstem-spinal neurons after temporally separated injections (shown in

parentheses) of two different fluorescent retrograde tracing dyes into the lumbar cord

Nucleus interstitialis

Rgc (medulla) VeL (pons) (mesencephalon)
Tsx Injection Experimental ~ Control Experimental Control Experimental Control
1st (E8) 272+ 5.2 18.3 = 34 68.6 + 7.8 522+ 172 213+ 44 28.1 £ 3.6
E10 2nd (E18) 334+ 33 37.1 £ 6.8 78.9 + 8.1 81.2 + 12.5 96.4 + 8.8 70.0 + 15.0
Double 3.6 £0.38 42+ 1.2 48 =03 78 £ 2.1 53+ 1.6 8.0+ 2.8
% Double 10.8 11.3 6.1 9.6 5.5 11.4
Ist (E10) 17.7 = 3.7 141 £ 1.1 111.8 = 22.8 102.0 = 4.2 88.2 £ 17.8 79.1 £ 9.7
El2 2nd (E20) 27.7 £ 1.0 224 + 3.2 96.1 £ 27.2 72.8 £ 6.5 80.4 £ 7.7 87.6 £ 2.9
Double 82+ 1.1 6.5+ 1.6 20.5 £ 4.5 239+ 74 17.8 £ 0.9 229 + 3.1
% Double 29.6 29.0 21.3 328 22.1 26.1
Ist (E12) 31.7 £ 6.4 289 = 1.8 85.6 + 18.1 89.8 £ 9.9 79.5 £ 7.1 68.2 + 134
El4 2nd (P1) 0.0 = 0.0 36.3 + 24 0.0 £ 0.0 97.6 £ 6.8 0.0 £ 0.0 72.3 £5.6
Double 0.0 £ 0.0 9.6 £ 1.1 0.0 £ 0.0 21.5 £3.9 0.0 £ 0.0 19.5 + 3.1
% Double 0.0 26.4 0.0 220 0.0 26.9

Data are shown for three representative and spatially separated nuclei. The spinal cord of the experimental animals was transected at the thoracic level; n = 5 (E10), 6
(E12), and 5 (E14) for experimentals and n = 4 (E10), 5 (E12), and 4 (E14) for controls. Tsx, experimental age of transection.

teralis, locus ceruleus, nucleus subceruleus, nucleus reticularis pontis
caudalis/pars gigantocellularis (RPgc), and nucleus raphes in the pons;
and the nucleus interstitialis and nucleus ruber in the mesencephalon.
The nucleus paraventricularis magnocellularis and stratum cellulare in-
ternum/externum were also examined for retrograde labeling.

The spinal cord tissue sections were examined for the extent of dif-
fusion of the injected retrograde tracer chemical. There was never any
evidence of the retrograde tracer diffusing rostrally to the level of the
transection site.

Behavioral observations and physiological assessments

A second set of transected, sham-operated, or unoperated animals were
used for the physiological assessments. These animals did not receive
any injections of fluorescent tracing dye.

Hatching of operated chicks and behavioral observations. On E20-E21,
eggs were placed in individual containers in the same incubator. When
pipping occurred, the coverslip and paraffin were removed from the
operated eggs and the chicks were allowed to hatch. Most of the embryos
transected or sham-operated on E10-E12 hatched unassisted. Most em-
bryos transected or sham-operated later in development (E13-E15) only
reached the stage where they pipped the shell with their beaks, but failed
to hatch. This implies that the spinal cord transection itself was not
responsible for the hatching failure. We could successfully assist hatching
by cracking open the egg shell and, if necessary, partially removing the
chick from the shell and shell membranes when the following conditions
were achieved: (1) the chick had pipped and was breathing on its own,
(2) the chorioallantoic membrane had very little blood flow, and (3) the
yolk sac had become enclosed within the body cavity. Locomotor ac-
tivity (volitional walking or running toward a food reward) and con-
scious sensation (vocalization in response to toe pinch) were recorded
in these transected and sham-operated chicks. Proprioception (the abil-
ity to right the body when placed on back) was also examined. These
data were compared to data obtained from normal hatchlings.

Brainstem stimulation. Focal electrical stimulation of identified lo-
comotor regions within the reticulospinal regions of the pontine and
medullary reticular formation were undertaken on 20 (4 E10, 11 E12,
5 E14) spinal-transected and 13 control animals (1 E10, 2 E12, and 2
E14 sham-operates and 8 unoperates) at the ages of P1 or P2. Brainstem
stimulation was used to assess whether the observed anatomical regen-
eration also correlated with the functional repair of brainstem—spinal
pathways. Brainstem-evoked motor responses were categorized on the
basis of visual observations and electromyographic (EMG) recordings
from leg muscles (see below). Detailed methodology is provided in
Valenzuela et al. (1990) and Hasan et al. (1991).

For the preparative operation, hatchling chicks were deeply anesthe-
tized with 3% halothane, 97% O, (2 liters/min). Thin, flexible bipolar
hook electrodes were implanted in the sartorius, femorotibialis, iliofi-

bularis, caudioflexorius, gastrocnemius lateralis, and tibialis anterior
muscle of the right leg. In addition, either the sartorius, femorotibialis,
or the gastrocnemius lateralis muscle of the left leg was implanted in
order to record alternating leg activity (Fig. 2). Functions of these mus-
cles are described in Jacobson and Hollyday (1982b). The pectoralis
(PECT) muscles of each wing were also implanted. The PECT muscle
is the major wing depressor (Weinstein etal., 1984). Chicks were allowed
to recover (18-24 hr) before recording.

Prior to the brainstem stimulation experiments, hatchling chicks were
again deeply anesthetized with 3% halothane, 97% O, (2 liters/min).
The head was placed in a stereotaxic head holder. The calvarium and
dura mater were resected and the cerebral hemispheres removed by
suction along a plane extending dorsally from the habenular nucleus to
the rostral extent of the optic chiasm ventrally. Upon completion of the
decerebration, anesthesia was discontinued.

Brainstem regions within the ventromedial pontine and medullary
reticular formation were sequentially probed with a monopolar stim-
ulating electrode. Stimulation was in the form of alternating square wave
pulses (pulse duration, 0.5 msec) at 60 Hz. Electrical current strengths
varied from 15 to 50 pA.

Prior to the assessment of brainstem-evoked leg activity, electrical
stimulation (15-50 pA) of the ventromedial reticular formation had to
first evoke synchronous wing flapping in each experimental and control
hatchling. For experimental animals, the preceding thoracic spinal tran-
section would not have disrupted any descending locomotor pathways
to the cervical cord that controls wing movements. Thus, brainstem-
evoked wing flapping assured that the lightly anesthetized decerebrate
hatchling was a healthy, viable animal and that all stimulation proce-
dures were effective (see below). Consequently, any failure to evoke leg
activity could not be due to the poor condition of an animal, nor could
it be due to faulty experimental techniques. All 20 spinal transected
animals and all 13 control chicks successfully demonstrated wing flap-
ping in response to focal brainstem stimulation and were subsequently
analyzed for evoked leg activity.

When a stimulation trial evoked locomotion (wing and/or leg) on a
moving treadmill (speed, 0.1 m/sec), the lowest effective stimulation
strength (threshold) was subsequently determined and the evoked lo-
comotor EMG patterns were then recorded. EMGs were amplified
(1000 %), bandpass filtered (100-1000 Hz), digitally converted (R. C.
Electronics Inc., Santa Barbara, CA), and stored on computer disk.
Following the stimulation trials, brainstem stimulation sites effective at
eliciting leg movement were marked by making a small electrolytic
lesion (1 mA DC for 5 sec).

At the end of the experiment, the hatchling was killed by decapitation
and the brain and spinal cord were then removed and immersion fixed
in 4% paraformaldehyde for subsequent histological confirmation of
stimulation site. Standard histological techniques were used for prep-
aration of brainstem tissue sections.
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Figure 3. Photomicrographs of retrogradely labeled gigantocellular reticulospinal neurons within the ventromedial reticular formation of the caudal
pons in E20 embryos previously transected on E11. A, Brainstem—spinal projections, present at the time of transection, were previously retrogradely
labeled with a lumbar cord injection of the first label (0.1 ul of FDA) on E9. B, After the thoracic cord transection (E11), the second retrograde
tracer (0.3 ul of RDA) was injected into the lumbar cord on E18. The presence of double-labeled brainstem-spinal neurons indicates regeneration
of previously axotomized fibers, whereas the presence of single-labeled RDA neurons suggests subsequent projections from late-developing brainstem—
spinal neurons. Single-labeled neurons are indicated by open arrows, and double-labeled neurons are indicated by solid arrows. See Figure 4D for
the approximate location of photomicrographs in 4 and B. Scale bar, 50 um.

These results were seen in every nucleus examined except for
the Rgc (see Histology under Materials and Methods). This
result is expected since the number and distribution of brainstem

Results
Anatomical assessments

Results obtained from experimental animals will be discussed
first, followed by results from control animals.

Experimental animals. Complete anatomical protocols were
carried out on 31 animals (see Materials and Methods for num-
ber of experimental animals that were transected at each de-
velopmental stage).

Table 1 is a summary of the number of single- and double-
labeled brainstem-spinal neurons for several nucleiin E10, E12,
and E14 transected animals. Both control and transected data
are shown. See Materials and Methods (Histology) for a com-
plete list of those brainstem nuclei for which cell counts were
obtained.

The mean number, range, and distribution of brainstem-spi-
nal neurons labeled with the first dye (injected on E8-E13) in-
creased for each subsequent stage of development up to El1.

neurons with lumbar projections increases up to E10-E11 (Oka-
do and Oppenheim, 1985; Hasan et al., 1991).

The mean number, range, and distribution of brainstem-spi-
nal neurons labeled with the second dye only (injected on E17-P2)
were not apparently different between animals transected on
El10, El11, or E12. The mean number, range, and distribution
of brainstem-spinal neurons retrogradely labeled with both the
first and second dye (double-labeled neurons), however, in-
creased for each subsequent stage of development from E10 to
E12. These results were seen in every nucleus examined. For
reasons unknown, however, double-labeled neurons in the nu-
cleus ruber were observed in only 3 of 31 experimental animals
and 2 of 38 control animals. The ratio of double-labeled brain-
stem-spinal neurons (indicating regeneration of previously sev-
ered axons) to the number of neurons labeled with only the

-

Figure 4. Photomicrographs of retrogradely labeled gigantocellular reticulospinal neurons within the ventromedial reticular formation of the caudal
pons in hatchling chicks. 4 and B. Double-exposed photomicrographs of P1 hatchling brainstem—spinal projections retrogradely labeled with a
lumbar cord injection of the first label (0.1 ul of RDA, red) on E10 followed by a lumbar cord injection of the second label (0.3 ul of CBDA, blue)
on E20. A is from a nontransected control, and B is from an embryo transected on E12. The presence of double-labeled brainstem—spinal neurons.
(pink) indicates regeneration of previously axotomized fibers, whereas the presence of single-labeled CBDA neurons might suggest subsequent
projections from late-developing brainstem-spinal neurons. Note the similar distribution and number of retrogradely double-labeled brainstem—
spinal neurons in 4 and B (see also Table 1). A few representative single-labeled neurons are indicated by open arrows, and a few representative
(but not all) double-labeled neurons are indicated by solid arrows. C, Double-exposed photomicrograph of P3 hatchling brainstem-spinal projections
retrogradely labeled with a lumbar cord injection of the first label (RDA) on E12 followed by a lumbar cord injection of the second label (CBDA)
on Pl in an embryo transected on E14. The absence of single- or double-labeled brainstem-spinal neurons containing the second tracer (CBDA)
indicates a lack of regeneration of previously axotomized fibers. D indicates the location of photomicrographs in A-C. Cb, cerebellum; NV, nervus
trigeminus; RPgc, N. reticularis pontis caudalis, pars gigantocellularis. Scale bar, 50 pm.
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second fluorescent tracer (potentially indicating subsequent
axonal development of late brainstem—spinal projections) is ex-
pressed as a percentage and is an index of regeneration by sev-
ered brainstem-spinal axons at that particular stage of embry-
onic development. We used the ratio of double-labeled
brainstem-spinal neurons to the number of neurons labeled with
only the second fluorescent tracer instead of the first fluorescent
tracer because the number of neurons labeled with the first tracer
increased in controls for each subsequent age of development
up to E11. The number of neurons labeled with only the second
fluorescent tracer, however, did not significantly differ between
animals since the second dye was injected late in development
(E17-P2). The mean percentage for brainstem-spinal neurons
increased from 5.1% for animals transected on E10 to 21.7%
for animals transected on E12. The index of regeneration was
recalculated using the sum of neurons labeled with the first dye
only plus neurons labeled with the second dye only in the de-
nominator. The resultant change in the ratios from E10 to E12
were not apparently different from those reported above (see
Table 1). In addition, very few labeled cells were found in the
diencephalon of embryos transected on E10-E12.

The mean number, range, and distribution of brainstem—spi-
nal neurons labeled with the second dye (injected on E17-P2)
were much lower in animals transected on E13-E15 when com-
pared to animals transected on E10-E12. The mean number,
range, and distribution of brainstem—spinal neurons labeled with
the second dye were clearly decreased in animals transected on
E14 compared to animals transected on E13 since there were
no double-labeled cells in animals transected on or after E14.
The mean number of brainstem-spinal neurons double labeled
with both the first and second dye also decreased with increasing
age at transection. These results were consistent for all nuclei
examined. The mean percentage of double-labeled neurons in
all nuclei examined decreased from 2.9% for animals transected
on E13 to 0.0% for animals transected on E13.

Figure 3 shows photomicrographs of retrogradely single- and
double-labeled RPgc neurons within the ventromedial reticular
formation of the caudal pons in an E20 embryo previously
transected on E11 (during the permissive period). Figures 4 and
5 show double-exposed photomicrographs of brainstem sections
from hatchling chicks retrogradely labeled following a transec-
tion during the permissive period (B), the restrictive period (C),
and in a nontransected control embryo (A4). Figure 6 schemat-
ically summarizes these results. The presence of double-labeled
brainstem—spinal neurons indicates regeneration of previously
axotomized fibers, whereas the presence of single-labeled neu-
rons suggests subsequent projections from late-developing
brainstem—spinal neurons. The absence of double-labeled brain-
stem~spinal neurons following a restrictive period transection
indicates a lack of regeneration of previously axotomized fibers.
The absence of brainstem—-spinal neurons containing the second
tracer alone indicates a lack of late-developing brainstem-spinal
projections contributing to repair.

Control animals. The extent of our spinal cord transection
procedure was histologically confirmed in 14 randomly selected
embryos operated on different days of embryonic development.
In all cases, regardless of developmental stage, the spinal cord
was completely severed at the thoracic level (see Hasan et al.,
1991, their Figs. 24, 34). Since the same surgical procedure was
undertaken on all experimental animals, we are confident that
our surgical technique resulted in a complete transection of each
embryo’s spinal cord.

It was also necessary that we confirm that the injection of the
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first and second retrograde tracing chemical was confined to the
caudal lumbar spinal cord. If the second fluorescent tracing dye
(RDA, FDA, or CBDA) were to diffuse directly to the transec-
tion site (or perhaps even to more rostral spinal levels), then it
could falsely label brainstem-spinal projections that had not
descended caudal to the level of the transection site (i.e., had
not regenerated). Histological examination of all spinal injection
sites confirmed that the injected retrograde tracer was confined
to within one or two segments of the rostral lumbar cord and
did not diffuse rostrally to the transection site which was at least
5 mm away (see Hasan et al., 1991, their Figs. 2D, 3).

It was also critical that we discount the possibility that the
first injected tracer remained in the spinal cord long enough for
late-developing brainstem-spinal neurons to take up and ret-
rogradely transport both the first and second fluorescent tracing
dye simultaneously. A total of 12 embryos were used for this
control experiment. Three E10 embryos received a lumbar in-
jection of 0.2 ul of CBDA followed by an immediate spinal cord
transection rostral to the injection site. The transection served
to prevent the retrograde transport of the first tracing dye to the
cell bodies of origin in the brainstem. The same animals then
received an injection of 0.3 ul of RDA caudal to the transection
site on E18. The presence of RDA-labeled neurons indicated
repair of brainstem—spinal axons subsequent to the E10 tran-
section. The lack of CBDA-labeled brainstem-spinal neurons
indicated that this dye did not diffuse rostral to the site of
transection, and that it did not remain viable for cotransport
with RDA by axons projecting caudal to the site of transection
(Fig. 7). An identical experiment (with three E10 embryos) was
conducted in which the order of the dyes was reversed. That is,
RDA was injected on E10 and CBDA was injected on E18. In
this case, as expected, CBDA labeled neurons were present while
RDA labeled neurons were not present.

Three E14 embryos received a lumbar injection of 0.1 wul of
CBDA followed by an immediate spinal cord transection rostral
to the injection site. The same animals received an injection of
0.2 ul of RDA caudal to the transection site on P1. The total
lack of RDA-labeled neurons indicated little or no repair of
brainstem-spinal axons subsequent to the E14 transection. The
absence of CBDA-labeled brainstem—-spinal neurons indicated
that this dye did not diffuse across the site of transection. An
identical experiment (with three E14 embryos) was conducted
in which the order of the dyes was reversed. In this case, as
expected, the same results (i.e., lack of RDA- or CBDA-labeled
neurons) were obtained. Note that these experiments also ensure
that the spinal cord was completely severed at the time of tran-
section and that the first injected tracer did not directly diffuse
rostrally to the site of transection.

Retrograde tracers were injected into the lumbar spinal cord
of 26 sham-operated (4 E10,4 E11,5E12,5E13,4 E14,4 E15)
and 12 unoperated (2 animals at each embryonic day from E10
to E15) control animals. This was undertaken to determine the
maximum number and distribution of double-labeled brain-
stem-spinal neurons with lumbar projections for each devel-
opmental stage. The numbers and distribution of retrograde
single- and double-labeled neuronal cell bodies found in iden-
tified brainstem nuclei were equivalent to the experimental an-
imals that received a thoracic spinal cord transection on E10-E12.

Behavioral observations and physiological assessments

Behavioral observations of hatchling motor function. Of 20 em-
bryos transected on E10-E12, 15 embryos hatched unassisted
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Table 2. Number of animals showing evoked stepping activity in response to focal electrical

stimulation of a brainstem locomotor region on P1 or P2

Control locomotor

Experimental (transected on) activity
E10 E12 El4 Sham Intact
Brainstem-evoked
stepping (coordinated) 2 11 0 3 8
N 4 11 5 5 8

N, total number of animals.

(4 E10, 11 E12). All animals were healthy, ate and drank well,
and showed no signs of discomfort. The E10-E12 transected
chicks were able to walk, run, hop, and roll over in a manner
that was indistinguishable from E10-E12 sham-operated con-
trol hatchling chicks. Of the four embryos sham-operated on

E10-E12, three embryos hatched unassisted (one E10, two E12)..

Vocalization in response to toe pinch was the same for both
groups. All E10-E12 transected, sham-operated, and all un-
operated chicks exhibited similar goal-directed movement (voli-
tional walking or running) toward a food reward.

Of the 12 embryos transected on E14, five embryos survived
an assisted hatching. Of the five embryos sham-operated on
E14, two embryos survived an assisted hatching. This suggests
that disruption of the shell and chorioallantoic membranes and
experimental movement of the embryo during any embryonic
surgery after E12 may require that the embryo be assisted during
hatching. Chicks transected on E14 had difficulty maintaining
an upright standing posture. These chicks also had difficulty
maintaining lateral stability and were only capable of taking a
few stumbling steps. Conversely, chicks sham-operated on E14
showed normal posture, volitional walking, and running. After
behavioral observation, all of the transected and control hatch-
ling chicks were examined for brainstem-evoked locomotion
(see below).

Brainstem stimulation. All embryonic brainstem stimulation
experiments were performed on P1-P2. Focal electrical stim-
ulation of discrete brainstem locomotor regions was undertaken
on 20 experimental animals and 13 control hatchlings. The
identified brainstem locomotor stimulation sites (Fig. 2; see also
Steeves et al., 1987; Valenzuela et al., 1990) within the medial
reticular formation correspond to RPgc and Rgc, both of which
have direct axonal projections to the lumbar spinal cord (Okado
and Oppenheim, 1985; Steeves et al., 1987) and are identical
to those brainstem regions showing retrogradely double-labeled
brainstem—spinal neurons after a thoracic transection performed
prior to E13 (see results above and Figs. 2-6). There were no
significant differences in the motor responses evoked from the
different brainstem stimulation sites. There were no significant
or consistent differences in the evoked motor responses of em-
bryos transected on E10 as compared to those embryos tran-
sected on E12.

Table 2 summarizes the number of chicks that had brainstem-

—

evoked stepping (based on visual observations and EMG re-
cordings of coordinated, rhythmical alternating activity from
leg muscles). To differentiate between any spontaneous spinal
generated activity and true brainstem-evoked leg locomotor ac-
tivity, the leg movements had to commence with the onset of
electrical stimulation and terminate with the offset of stimula-
tion. Brainstem-evoked coordinated stepping ranged from a low
of 0% (0 of 5) of the E14 transected embryos to a high of 87%
(13 of 15) of the E10-E12 transected embryos. The percentage
of E10-E12 transected animals that responded with coordinated
stepping was comparable to the 85% average (11 of 13) for
control hatchlings.

The thresholds for evoking coordinated locomotor activity
were comparable in all animals (experimental and control) and
averaged 25 uA (range = 15-50 pA). When a brainstem loco-
motor region was effective in evoking locomotion on P1-P2,
the muscle activity patterns were not significantly different among
experimental hatchlings transected on or before E12, sham-
operated, and unoperated control chicks (Fig. 8). In addition,
the relationships between muscle burst duration and step cycle
duration were similar for corresponding muscles in hatchling
chicks transected on E12 and control chicks (Fig. 9). The step
cycle duration for transected animals ranged from 0.1 to 1.6
sec, comparable to step cycle durations in control animals of
0.1-1.8 sec. Simultaneous brainstem-evoked stepping and wing
flapping could also be evoked in E10-E12 transected chicks,
and the EMG patterns of activity were similar to those evoked
in control hatchlings. Finally, we found that in both the EI0-E12
transected and control animals, an increase in the brainstem
stimulation current strength evoked a faster stepping frequency
(see Hasan et al., 1991). This further substantiates that the evoked
stepping in the spinal transected and control groups was due to
functional brainstem-spinal projections.

Discussion

The anatomical and physiological experiments reported here
examined whether (and to what extent) axonal regeneration con-
tributes to the recovery of brainstem-spinal projections after
complete spinal cord transection at various stages of embryonic
development. When compared to control animals, our results
demonstrate complete anatomical repair/regeneration and func-
tional recovery of descending brainstem—spinal projections in

Figure 6. Drawings summarizing the representative distribution and number of double-labeled brainstem-spinal neurons at four different levels
of the brainstem: A4, rostral medulla; B, caudal pons (at the level of the vestibular nuclei); C, rostral pons (at the level of the locus ceruleus); D,
mesencephalon (at the level of the red nucleus). For each level (4-D), I is an E20 control embryo, 2 is an E20 embryo transected on E11, and 3
is a P2 hatchling transected on E13. Note in all cases that the distribution and number of retrogradely double-labeled brainstem-spinal neurons
are similar in a control and E11 transected embryo, but the number of retrogradely double-labeled neurons diminishes after a thoracic transection
on E13 (see also Table 1). Small circles represent one retrogradely double-labeled brainstem-spinal neuron/tissue section; large circles in the nucleus
interstitialis represent five retrogradely double-labeled brainstem-spinal neurons/tissue section. For abbreviations, see Appendix.



502 Hasan et al. » Regeneration of Embryonic Spinal Cord

Cb

\

Y \\\\ NV
RPgc )\

Figure 7. Double-exposed photomicrograph of retrogradely labeled gigantocellular reticulospinal neurons within the ventromedial reticular for-
mation of the caudal pons in an E20 control embryo following an injection of 0.2 ul of CBDA into the lumbar cord at E10 and an immediate
spinal cord transection rostral to the injection site. The same animal subsequently received an injection of 0.3 ul of RDA caudal to the transection
site at E18. 4, The lack of CBDA-labeled brainstem-spinal neurons indicates that this dye did not diffuse across the site of transection and that it
did not remain viable long enough to be cotransported with RDA by axons crossing the site of transection. B indicates the location of photomicrograph
in 4. Cb, cerebellum; NV, nervus trigeminus; RPgc, N. reticularis pontis caudalis, pars gigantocellularis. Scale bar, 50 um.




embryos that underwent thoracic cord transection as late in
embryonic development as E12. Our data also suggest that re-
generation of previously axotomized fibers increasingly con-
tributes to the observed anatomical and functional recovery
after an embryonic spinal cord transection prior to E13. Em-
bryos transected on E13-E15 showed only minimal anatomical
repair/regeneration and functional recovery.

Anatomical assessments

There are a number of potentially confounding factors that must
be considered before accepting our axonal regeneration results.
These factors include (1) the completeness of the transection,
(2) direct diffusion of the second tracing dye across the transec-
tion site, (3) the possibility of the first injected tracing dye
remaining viable long enough for late-developing brainstem—
spinal neurons to retrogradely transport both the first and second
dye simultaneously, (4) the variability in the quality or number
of neurons labeled with each tracing dye, and finally, (5) tran-.
synaptic labeling of brainstem-spinal neurons via intrinsic spi-
nal neurons. The first three issues have been addressed in the
Results (see Anatomical assessments) and can thus be dismissed
as significantly confounding factors.

Regardless of which currently available anatomical tracing
technique is used and no matter how rigorously standardized
the methodology, it is well known that there can be variability
between animals in the quality or number of neurons labeled
by a retrograde tracing dye (Heimer and RoBards, 1981). Count-
ing retrogradely labeled cells can lead to mistaken estimates
(usually underestimates) about the number of neurons project-
ing to the injection site. By calculating the mean and SE of
labeled cell numbers in control embryos and hatchlings, we were
able to estimate the degree of variability inherent in our labeling
technique and thus make comparisons between control and
transected animals. The mean number of brainstem—spinal neu-
rons labeled with the first injected dye (injected on E8-E13)
increased for each subsequent stage of development up to E11.
These results confirm our previous findings (Hasan et al., 1991)
and those reported by Oppenheim and colleagues that brain-
stem-spinal projections complete development to the lumbar
cord between E10 and E11 (Okado and Oppenheim, 1985; Shi-
mizu et al.,, 1990). By calculating the ratio of double-labeled
brainstem—spinal neurons (indicating regeneration of previously
severed axons) to the number of neurons labeled with the second
fluorescent tracer alone (potentially indicating the subsequent
development of late brainstem-spinal projections), we deter-
mined an index for the extent of regeneration of severed brain-
stem~spinal axons at that particular stage of embryonic devel-
opment. This ratio can be expressed as a percentage. The mean
percentage increased from 5.1% for animals transected on E10
to 21.7% for animals transected on E12. The extent of regen-
eration decreased, however, for animals transected on or after
E13. Note that these percentages are at best a conservative mea-
sure of the degree of axonal regeneration since the transport of
both retrograde tracers in a brainstem-spinal axon required that
the axon be damaged (see below) at the time of each injection.
This could not be guaranteed.

We also considered the possibility that the labeling of brain-
stem—spinal neurons with the second retrograde tracer following
spinal cord transection was due to transynaptic labeling via
intrinsic spinal neurons that had descended below the transec-
tion site and contacted the second retrograde tracer. This can
sometimes be a problem if the postinjection survival time is
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Figure 8. Summary of temporal relationships for leg muscle activity
patterns during overground walking. Horizontal axis is time normalized
for the duration of the step cycle. Two complete step cycles are presented
in each diagram. Bars represent the proportion of the step cycle that
each muscle is active: solid bars represent stance phase activity and open
bars represent swing phase activity. Lines at the ends of each bar rep-
resent the SE for the onset/offset time for each muscle. 4, Mean muscle
activity pattern in control hatchlings (n = 6). The onset of activity of
the sartorius muscle (S4, hip flexor, knee extensor) has been shown to
occur just prior to the onset of the swing phase of the step cycle (Jacobson
and Hollyday, 1982a) and was considered here to be the beginning of
the step cycle. The sartorius muscle continues to be active for most of
the swing phase. The femorotibialis (FT, knee extensor) and iliofibularis
(IF, hip extensor, knee flexor) muscles are also active during the swing
phase. The iliofibularis muscle is active twice during each step cycle,
once during the swing phase and once during the stance phase. The
caudioflexorius (CF, hip extensor, knee flexor), and gastrocnemius la-
teralis (GL, ankle extensor) muscles alternate with sartorius muscle and
are active during the stance phase. B, Mean muscle activity patterns in
hatchlings that underwent spinal cord transection at E12 (z = 6). There
were no significant differences from muscle activity patterns recorded
in control hatchlings. The similarity of the muscle activity patterns of
E12 transected hatchlings to those of control hatchlings supports the
observation that E12 transected chicks show complete functional re-
covery. :

long, as the dextran-amine dyes are transported transynapti-
cally, although poorly. Since our postinjection survival time
(following injection of the second retrograde tracer) was rela-
tively short (48 hr), it is unlikely that transynaptic labeling con-
tributed to the observed results. Furthermore, it has been shown
that uptake of the fluorescent dextran-amines is very dependent
on axon damage. Thus, they are not taken up by intact axons
en passant, and uptake by terminals is much less efficient than
by damaged axons (Glover et al., 1986). Finally, the distribution
of brainstem—spinal neurons retrogradely labeled with the sec-
ond tracer in E10-E12 transected embryos was the same as that
seen in intact embryos, hatchlings, and adult birds (Okado and
Oppenheim, 1985; Webster and Steeves, 1988; Hasan et al.,
1991).

Transynaptic labeling within the brainstem was also ruled
out. Only those brainstem nuclei with direct projections to the
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Figure 9. Linear regression of leg muscle activity (burst) duration versus step cycle duration for gastrocnemius lateralis (ankle extensor, stance
phase) muscle (4 and B) and sartorius ¢hip flexor, knee extensor, swing phase) muscle (C and D) during brainstem-evoked locomotion of hatchling
chicks. Typical of birds (Jacobson and Hollyday, 1982a), as cycle duration increases, the burst duration of the lateral gastrocnemius muscle increases
(4 and B) while the burst duration of the sartorius muscle remains constant (C and D). Control hatchlings (4 and C) display the same relationships
between burst duration and cycle duration as do E12 transected hatchlings (B and D), as indicated by the lack of significant difference between the
slopes of the regression lines in 4 and B and between the slopes of the lines in C and D. The similarity of the burst duration versus cycle duration
relationships between control animals and E12 transected animals supports the observation that E12 transected chicks show complete functional

recovery. R? = 0.49, 0.06, 0.65, and 0.13 for A4, B, C, and D, respectively; n = 6 for controls and n = 6 for E12 transects.

lumbar spinal cord were labeled with the first, second, or both
retrograde tracing dyes. No other brainstem nuclei (e.g., the
nucleus vestibularis medialis) were retrogradely labeled. Very
few labeled cells were found in the diencephalon of embryos
transected on E10-E12. Experiments by other researchers (Web-
ster and Steeves, 1988) confirm these results.

Physiological assessments

The physiological results also demonstrate complete functional
repair of descending brainstem-spinal projections in hatchlings
that underwent thoracic cord transection as late in embryonic
development as E12. The extent of the functional repair was
diminished or altogether absent in those hatchlings transected
on E14. In order to ensure that any failure to evoke leg activity
was not due to the poor condition of the animal or to faulty
experimental techniques, brainstem-evoked wing flapping was
assured prior to. examining evoked leg activity as an internal
control for each animal.

After an embryonic spinal cord transection, brainstem-evoked
leg activity can be accepted as a reliable indicator for the func-

tional repair of brainstem-spinal projections if the following
criteria are satisfied: (1) the leg activity must commence with
the onset of brainstem stimulation and terminate with the offset
of stimulation, (2) the leg activity must be evoked in response
to current strengths that would not directly activate the spinal
cord, (3) the pattern of leg muscle activity evoked in a transected
hatchling should be similar to the pattern of evoked leg muscle
activity in an unoperated or sham-operated control hatchiing,
(4) the relationships between muscle burst duration and step
cycle duration should be similar for corresponding muscles in
transected and control hatchlings, and (5) an increase in the
brainstem stimulation current strength should evoke leg move-
ments at a faster frequency. The present results satisfy all of the
above criteria (see above and Figs. 8, 9).

Factors contributing to the permissive period of spinal cord
repair

A number of intrinsic mechanisms may be contributing to the
observed functional repair/regeneration of descending brain-
stem-spinal neurons after spinal cord transection prior to E13.



The possibilities include (1) neurogenesis of new descending
brainstem or spinal neurons, (2) subsequent projections from
late-developing brainstem—spinal neurons, or (3) true axonal
regeneration of previously axotomized brainstem-spinal pro-
jections.

Neurogenesis is not a likely mechanism for the repair ob-
served following a thoracic spinal cord transection on E10-E12
because the brainstem-spinal pathways of birds become post-
mitotic on or before E5 (McConnell and Sechrist, 1980; Sechrist
and Bronner-Fraser, 1991).

Our results in this and previous studies (Hasan et al., 1991)
together with the work of Okado and Oppenheim (1985) suggest
that brainstem-spinal projections have completed their projec-
tions to the lumbar cord by E11 and are equivalent in number
and distribution to those observed in the hatchling chick. In
other words, significant descending brainstem-spinal fibers are
present within the thoracic cord at the time of an E10-E12
thoracic transection. It is highly unlikely, therefore, that the
repair observed following a thoracic spinal cord transection on
E10-E12 is exclusively due to subsequent projections from late-
developing neurons. Also, the number and distribution of brain-
stem-spinal neurons retrogradely labeled with the second dye
were similar in both E10-E12 transected and control’ chicks.
This would not be the case if projections from late-developing
neurons were substantially contributing to the repair process in
E10-E12 transected chicks.

The presence of double-labeled brainstem~-spinal neurons fol-
lowing a transection as late as E12 suggests that regeneration of
previously axotomized fibers contributes to the observed ana-
tomical and functional recovery. Terminal sprouting, or axon
regrowth from the proximal cut end, has been implicated in the
regeneration and restitution of function for brainstem-spinal
projections in many lower vertebrates (Bernstein and Gelderd,
1970; Forehand and Farel, 1982; Clarke et al., 1988; McClellan,
1988, 1990; Davis et al., 1989; Lurie and Selzer, 1991). Ana-
tomical evidence for regeneration has also been reported for
brainstem-spinal projections in mammalian spinal cord (Bern-
stein and Bernstein, 1971; Goldberger, 1973; Goldberger and
Murray, 1974; Puchala and Windle, 1977; Martin et al., 1979;
Bregman and Goldberger, 1982; Bregman and Bernstein-Goral,
1991).

Factors contributing to the restrictive period of spinal cord
repair

The diminished anatomical repair/regeneration of descending
brainstem-spinal neurons in embryos transected on E13-E15
is unlikely to be attributed to a shorter posttransection recovery
period. Care was taken to ensure that both E10-E12 transects
and E13-E15 transects were allowed equivalent posttransection
survival times (7-8 d). There is a possibility that animals tran-
sected late in development (e.g., on E14 or E15) could have a
slower axonal regrowth rate compared to animals transected
earlier (e.g., on E10 or E12). However, when the injection of
the second dye was delayed as long as 3 weeks following an E14
transection, there were still no double-labeled neurons found in
the brainstem (data not shown). Therefore, it is unlikely that a
decrease in axonal regrowth rate is responsible for the lack of
regeneration seen after an E14 or E15 transection.

Glial scarring may have acted as a physical barrier to prevent
the subsequent growth or regrowth of brainstem—spinal neurons
following a spinal cord transection on E13-E135. Like others, we
were unable to detect any notable glial scarring upon histological
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examination of spinal cord sections following thoracic transec-
tions at different stages of embryonic development (Shimizu et
al., 1990).

A spinal cord transection on or after E13 may have restricted
blood supply to the spinal cord below the transection site. This
is highly unlikely since physiological evidence (i.e., normal reflex
activity) suggests that spinal neurons below the transection site
remain viable after surgery (Okado and Oppenheim, 1984). This
would suggest that the spinal vascular system must have been
spared any permanent disruption.

Schnell and Schwab (1990) have recently provided anatomical
evidence for axonal regeneration in the adult rat spinal cord
produced by an antibody (IN-1) against certain myelin-associ-
ated proteins that inhibit the growth of neurons (Caroni and
Schwab, 1988a,b; Schwab and Caroni, 1988). These results
demonstrate the capacity for CNS axons to regenerate after the
neutralization of myelin-associated neuron growth inhibitors.
Owing to the difficulty of defining a clear function for the cor-
ticospinal tract in rats, one limitation of the Schnell and Schwab
(1990) study was the inability to assess whether functional re-
covery of corticospinal projections was improved by IN-1 treat-
ment. The chick embryo is presently the only higher-vertebrate
animal model providing evidence for both anatomical regen-
eration and functional recovery after complete spinal cord tran-
section.

We are currently investigating different ways in which to in-
hibit myelin growth in an effort to enhance regeneration of dam-
aged spinal cord neurons in the embryonic and adult chicken.
The myelination of spinal cord fiber tracts in the embryonic
chick begins at E13, coincident with the transition from per-
missive to restrictive repair states (Bensted et al., 1957; Macklin
and Weill, 1985; Cameron-Curry et al., 1989). When a mono-
clonal antibody to galactocerebroside is injected into the E9-E12
thoracic spinal cord along with a source of serum complement,
the onset of myelination is delayed until late in development
(E17). This phenomenon has been referred to as dysmyelination.
In such a dysmyelinated embryo, a subsequent transection of
the thoracic cord as late as E15 then resulted in complete an-
atomical and functional recovery, demonstrating that the per-
missive period for spinal cord repair had been extended. These
preliminary results support the suggestion that myelination is
inhibitory to CNS repair and is the first demonstration that the
suppression of myelin leads to functional recovery of transected
spinal cord (Keirstead et al., 1992).

Appendix

Anatomical abbreviations

Cb Cerebellum

oT Tractus opticus

Medulla

IX Nucleus nervi glossopharyngei

X Nucleus motorius dorsalis nervi vagi
10 Nucleus olivaris inferior

MLF Fasciculus longitudinalis medialis

Cav Nucleus centralis medullae oblongatae, pars ventralis
Rgc Nucleus reticularis gigantocellularis

Rpc Nucleus reticularis parvocellularis (medulla)
R Nucleus raphes (medulla)

TTD Nucleus et tractus descendens nervi trigemini
Pons

VI Nucleus nervi abducentis

La Nucleus laminaris

MLF Fasciculus longitudinalis medialis
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NV Nervus trigeminus

N VI Nervus abducens

N VIII Nervus octavus

VeM Nucleus vestibularis medialis

Vel Nucleus vestibularis lateralis (Deiters’)
R Nucleus raphes (pons)

RP Nucleus reticularis pontis caudalis
RPgc Nucleus reticularis pontis caudalis, pars gigantocellularis
LoC Locus ceruleus

Scd Nucleus subceruleus dorsalis

Scv Nucleus subceruleus ventralis
Mesencephalon

III Nucleus oculomotorius

A" Ventriculus

ICo Nucleus intercollicularis

Is Nucleus interstitialis

N III Nervus oculomotorius

Ru Nucleus ruber
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