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One of the most devastating effects of damage to the upper spinal cord is the loss of the ability to breathe; patients suffering these injuries
can be kept alive only with assisted ventilation. No known method for repairing these injuries exists. We report here the return of
supraspinal control of breathing and major improvements in climbing after the application of a novel endogenous matrix transfer
method. This method permits efficient transfer and retention of cultured adult rat olfactory ensheathing cells when transplanted into
large lesions that destroy all tracts on one side at the upper cervical level of the adult rat spinal cord. This demonstrates that transplan-
tation can produce simultaneous repair of two independent spinal functions.
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Introduction
Spinal cord lesions above the level of the third cervical segment
sever the continuity of the bulbospinal respiratory pathways,
which carry the descending rhythmic impulses needed to activate
the phrenic motoneuron pool lying in the ventral gray matter
between the third and fifth cervical segments. Clinically, such
patients become dependent on continuously assisted ventilation.
A number of recent studies (Li et al., 1997, 1998; Ramón-Cueto et
al., 2000; Lu et al., 2002) have put forward evidence that struc-
tural and functional repair of the adult rat spinal cord can be
achieved by transplantation of glial cells obtained from the pri-
mary olfactory pathways, and this has been proposed as a model
for clinical application (Raisman, 2001). From a practical point
of view, it would be difficult to study the repair of the supraspinal
respiratory pathways in animals that need to be maintained on
chronic artificial ventilation as a result of complete loss of func-
tion. We therefore sought partial lesions that would consistently
remove a part of the respiratory pathway while sparing a suffi-
cient supraspinal control mechanism to maintain respiratory
function in normal cage behavior. For this purpose we took ad-
vantage of bulbospinal respiratory pathways that are bilaterally
symmetrical. High spinal hemisection abolishes phrenic nerve
and diaphragm function on the side of the lesion but leaves the
opposite side functionally intact.

Endogenous matrix transfer
Our previous results were obtained with injections of cell suspen-
sions into lesions of the corticospinal tract, where the functional
deficits were assessed in a directed forepaw reaching task (Li et al.,
1997). In the present study we used knife cuts to sever the entire
spinal gray and white matter on one side at the level of the second
cervical segment in adult rats. The larger amounts of tissue de-
struction are more comparable with those encountered in clinical
practice. In addition to respiration, the larger lesions enable us to
study a wider range of functions, such as the coordinated move-
ments used in climbing. From a practical point of view, however,
the injection of cell suspensions, which was adequate to repair
small, circumscribed electrolytic lesions of the corticospinal tract,
would be highly inefficient for the large hemisections, which are,
in effect, semicircular cuts, and open along their entire periphery.
To permit retention of the transplanted cells in these larger le-
sions, we have developed a method of transplantation of the pri-
mary cultured cells by scraping off the matrix that cells produce
in culture, and in which they are embedded. Using the matrix of
the cell (i.e., endogenous matrix) for transfer has several advan-
tages. It preserves the two cell types (see below) in the propor-
tions they develop in culture, it avoids the requirement for adding
extraneous material, and additionally, from a practical point of
view, it not only avoids loss of cells during transplantation but
also prevents diffusion of the cells away from the transplant site
after operation.

Note on terminology
The present consensus of terminology refers to the p75-positive,
spindle-shaped (“Schwann-like”) cells of the olfactory nerves as
olfactory ensheathing cells (OECs). A quite distinct cell type that
is fibronectin-positive, and with all of the characteristics of a
fibroblast, is present (1) in intimate relationship with the OECs in
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the olfactory nerves in situ, (2) in the cell cultures derived from
them, and (3) in our ultrastructural analysis of transplants in the
corticospinal tract (Li et al., 1998). We believe that the presence of
both cell types is necessary for the transplants to express their
reparative properties. In our previous publication we called these
two cell types S cells and A cells, respectively. We propose that a
more explicit identification is to refer to the second cell type as
olfactory nerve fibroblasts (ONFs).

Materials and Methods
Operation. Eighty-two adult female, inbred AS strain rats were used. The
supraspinal muscles were parted in the midline, the atlanto-occipital
membrane was incised, and one-half of the upper cervical spinal cord was
transected with the use of an operating microscope and a small knife
(model 10072-12; Fine Science Tools GmbH, Heidelberg, Germany),
taking care to avoid damage to the dorsal median blood vessel. This
operation has the advantage that there is virtually no bleeding and no
damage to bone or ligament. It can be repaired by skin suture and causes
minimal if any local operative discomfort.

Protocol for cell transfer. In 40 animals the lesions were filled at the time
of operation with a mixture of �500,000 OECs and ONFs in equal num-
ber that were derived from tissue dissected from the outer nerve and
glomerular layers of the rat olfactory bulb. The cells were trypsinized (1%
trypsin for 30 min at 37°C), plated onto 35 mm dishes coated with poly-
L-lysine, and cultured for 14 –17 d as described by Li et al. (1998). The
initial plating density is critical for the cells to produce a sufficiently firm
matrix to allow transfer into the lesion site. The pooled tissue from six
bulbs yields approximately four dishes. The optimal cell mixture is ob-
tained between 14 and 17 d culture in DMEM-F12 medium with 10%
fetal calf serum (3133-028; Invitrogen, San Diego, CA). At that time, each
dish yields �1.5 million cells, of which �50% are p75-positive OECs and
50% are fibronectin-positive ONFs (Li et al., 1998). They were embedded
in a matrix of their own production and covered the dish to a thickness of
�20 �m. This cell-containing matrix is scraped off the dish with a poly-
thene scraper (3010; Costar, Corning, NY), gathered into a mass of �5
mm, and cut into four to five pieces. Using watchmaker’s forceps, the
pieces are lifted out of the dish and transferred directly into the lesion
area. Each piece is able to fill a hemisection lesion of �4 mm 2, with an
edge separation of �2 mm.

Compared with our previous experiments with injection of a suspen-
sion of cells into corticospinal tract lesions (Li et al., 1997), the present
matrix transfer protocol minimizes loss of cells remaining in the con-
tainer and the micropipette during transfer. In the previous experiments
in which a cell suspension was injected into corticospinal tract lesions
with a volume of �1 mm 3, one dish of cells was needed for each trans-
plant. In the present hemisections, with a lesion volume of �8 mm 3, one
dish of cells was sufficient for up to five transplants (a 40-fold increase in
efficiency). However, the overall advantage over using a cell suspension is
effectively much greater, because the matrix retains the cells in the lesion
site, thereby preventing postoperative loss by diffusion and obviating the
need for introducing any exogenous matrix materials. One day before
transplantation, the cells were transfected with adenovirus harboring
enhanced green fluorescent protein (eGFP) (available from Clontech,
Palo Alto, CA). This labels �50% of the cells and provides a strong
fluorescent label for up to 12–14 d after transplantation (Ruitenberg et
al., 2002).

Electrophysiological recording of respiratory rhythm in the phrenic nerve.
After 2 months of survival, the rats were deeply anesthetized, blood pres-
sure was monitored continuously, the rats were endotracheally intu-
bated, and the phrenic nerve on the operated side was exposed, immersed
in a pool of warm paraffin oil, cut distally, and placed on bipolar tungsten
electrodes (Decherchi et al., 1996). The compound action potential of
�200 �V was amplified (0.5–2 � 103), filtered (50 –3000 Hz), and
summed using an integrator (Neurolog; Digitimer Ltd., Welwyn Garden
City, UK) with a time constant of 50 msec to display the burst analysis.
After recording the activity during spontaneous breathing, the animals
were paralyzed with a neuromuscular blocking agent (Flaxedil; AAH
Pharmaceuticals Ltd, Coventry, UK; 10 mg/kg gallamine triethiodide,

i.v.) and artificially ventilated with a mixture of room air (50%) and
oxygen (50%) at a rate of 40 – 60 per minute (tidal volume, 2– 4 ml). The
purpose of this maneuver is to avoid any possible peripheral input (e.g.,
from the contralateral diaphragm) and thus ensure that any recorded
phrenic rhythm is of central origin. To provoke the brainstem respiratory
centers to their maximal output, recording was continued while the ven-
tilator was temporarily stopped (20 –50 sec). This was to ensure that the
conditions of our experiment did not elicit rhythmic supraspinal respi-
ratory activity in latent crossed pathways in the lesion-alone animals, and
therefore, that any activity observed in the phrenic nerve ipsilateral to the
lesion was dependent on the presence of transplanted OECs.

Climbing. Two weeks after the operation, rats were tested by allowing
them to climb twice up an inclined, 1-m-long grid at an angle of 15° to the
vertical. Climbing the grid is a spontaneous response acquired easily, and
requiring neither compulsion nor reward. The climbing test was repeated
three times a week for 7 successive weeks. Unoperated animals climb
readily, with all four paws locating and grasping the bars without fault. In
all operated animals, the forepaws and the hindpaws on the operated side
showed varying degrees of difficulty in locating the grid bars. As a result,
the forepaws overshot the bars to a depth varying from the wrist to the
axilla. The rat sensed the overshoot, the paw was withdrawn, and the rat
explored until it made contact with the bar, which was then grasped as
normal and used as an anchor for the propulsive phase of the climb. In
the disadvantaged paws, the propulsive force needed for climbing ap-
peared normal, and the strength of the grasp (assessed by pulling the rats
off the grid) was equal on the two sides. To distinguish between lesion-
alone and the lesion plus transplant groups of animals, the last of the
three weekly tests was video-recorded for each of the 6 successive weeks
from the third to the eighth week postoperatively. The faults in the fore-
paw on the operated side were scored by a 1/25th split-frame video anal-
ysis of all records, with a score of 1 for overshooting through the grid to
the level of the wrist, 2 to the elbow, and 3 to the axilla. This method of
scoring is objective, based on permanent records, and gives consistent
values for different observers.

Histology. After the 6 weeks of serial functional testing for climbing, for
terminal electrophysiology of the phrenic nerves, or both, the rats were
perfused with 0.1 M PBS, and the extent of the lesion in each animal was
assessed by reconstruction from 20-�m-thick serial longitudinal cryostat
sections taken through the entire width of the spinal cord at the level of
the lesions/transplants and fixed on slides with acid–alcohol; alternate
sections were stained with aqueous thionin or immunostained for neu-
rofilament (Anti-Pan, 1:1000; Sternberger, Lutherville, MD) and coun-
terstained with propidium iodide (Li et al., 1998).

Results
Hemisection produces consistent lesion with minimal damage to
surrounding intact tissue, and the extent of the lesion in each
individual was assessed by reconstruction from serial section his-
tology. The hemisections, even those transecting the central canal
and reaching beyond the midline, healed with minimal scarring,
and no cyst formation or persistent macrophage invasion (Fig.
1A,B). The matrix transplant method resulted in highly effective
retention of the transplanted cells in the lesion site (Fig. 2). Com-
parison of Figure 2A and B shows no diminution or diffusion of
the transplanted cell mass from 3 to 10 d, by which time the cells
show clear rostrocaudal alignment and migration into the host
fiber tracts.

Immediately after the operation, all animals showed an un-
steady gait and reduced responses to pinch of the contralateral
hindpaw. In both lesion-alone and lesion plus transplant ani-
mals, all symptoms improved over the first week after operation.
This improvement was markedly more rapid in the transplanted
animals, but by 2 weeks, both groups had reached a level of cage
behavior that was indistinguishable from each other and from
that of unoperated rats.
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Breathing
A series of 23 hemisected animals was used to investigate the
effects of lesions (Fig. 3) on the supraspinal control of the respi-
ratory rhythm in the phrenic nerve after 2 months of survival.
Serial section thionin and neurofilament histology showed that
14 of these animals had complete hemisections that destroyed the
entire half of the spinal cord, reaching at least as far as the midline
(Fig. 3B). In a terminal procedure under anesthesia, the electrical
activity of the phrenic nerves was recorded (Fig. 3D). All 14 ani-
mals with complete hemisection had total unilateral loss of the
supraspinal respiratory rhythm in the phrenic nerve on the oper-
ated side both during spontaneous breathing and also on a ven-
tilator after curarization (to block any peripheral input) and brief
asphyxial stress (to maximize the discharges in the descending
supraspinal pathways). In nine animals in which the histological
analysis showed that the hemisections were incomplete, the le-
sions had severed the lateral and dorsal parts of the cord but had
spared the ventral funiculus (Fig. 3A). In all of these cases, the
respiratory rhythm was present in the phrenic nerve of the oper-
ated side. This is in agreement with published evidence for a
ventrolateral location of the descending bulbospinal respiratory
pathways (Feldman et al., 1985; Ellenberger and Feldman, 1988;
Castro-Moure and Goshgarian, 1996).

In 24 animals, cells were transplanted into the hemisections.
Subsequent histology confirmed that all of these hemisections
completely destroyed the ventral funiculus. [The absence of in-
complete lesions in the group of lesion plus transplant animals is
the result of the additional damage caused by inserting the trans-
plants (Fig. 3C, also see Fig. 4C for the same effect).] On terminal
examination after 2 months of survival, 19 of these lesion plus
transplant animals showed a clear respiratory rhythm in the
phrenic nerve during spontaneous breathing, and in 17 of these,
the rhythm was maintained during curarization and asphyxia
(Fig. 3D).

Climbing
During the period from 10 to 20 d after surgery, an improvement
in climbing skill was observed, with the animals in the trans-
planted group clearly recovering more rapidly than those with
lesions alone. From 3 weeks onward, individual scores for each
animal in both groups showed a stable weekly fault score with
neither improvement nor deterioration over the 6 weeks of the
tested period. For 14 lesion-alone rats in which the subsequent
histology indicated that the lesion had completely destroyed the
dorsal columns (Fig. 4B,D), the average fault score for the six

Figure 1. Horizontal sections through the mid-dorsoventral level of the spinal cord (top is
rostral, left edge is the lateral edge of the spinal cord). A, Thionin; arrows indicate midline. B,
Confocal image of the boxed area in A from an adjacent section stained with neurofilament
immunohistochemistry ( green) and counterstained with propidium iodide (red). Section thick-
ness is 20 �m; survival time, 2 months. Scale bars: A, 250 �m; B, 100 �m.

Figure 2. Transplanted OECs labeled with an adenoviral GFP construct form a large and
dense meshwork in the lesioned area at 3 d ( A) and 10 d ( B) after operation, by which time the
cells have adopted an elongated shape, aligned rostrocaudally. This shows that the cells are
efficiently retained and remain clustered in the transplant site. Confocal image, green fluores-
cence, OECs; counterstain propidium iodide, red. Section thickness, 100 �m. Scale bar, 100 �m.
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weekly totals was 226 � 18. In five lesion-alone animals in which
the subsequent histology showed that lesion had spared a major
part of the dorsal columns (Fig. 3A), the climbing deficit was less
severe (group mean, 79 � 15; Student’s t test � 6.3; p � 0.0001).

The group of 23 lesion plus transplant animals all had lesions
that completely destroyed the dorsal columns. In the climbing
test, the 23 lesion plus transplant group animals had a mean score
of 55 � 7 (Fig. 4C,E; Student’s t test for comparison with lesion-
alone including dorsal columns � 8.89; p � 0.0001). Of these,
apart from one exception, the remaining 22 rats all had consid-

erably lower fault scores than the lesion-alone group. None of the
transplanted animals reached the performance level of unoper-
ated animals (2 � 0.2; n � 6).

Discussion
General condition
In evaluating functional outcomes in general, it is important to
realize that rat spinal injuries do not produce the same degree of
incapacity as human injuries, and also that in both rats and hu-
mans, major functional improvements occur spontaneously, and
can be greatly enhanced by rehabilitative measures, without any
reparative interventions in the spinal cord. The transplantation
of cells is by no means the only cause of recovery in lesioned
animals. In their general cage mobility, all lesioned animals with
or without transplants improved greatly during the first 10 d after

Figure 3. The extent of the hemisections is plotted in gray on the left, with the medial
boundary of the lesions marked. Each line represents a different animal. A, Lesions that spare
the ventral white columns (**) also spare respiratory rhythm in the ipsilateral phrenic nerve. B,
Lesions that abolish the rhythm. C, Transplanted lesioned rats in which the hemisections are
equal to or larger than those in B, but the rhythm is present because of the presence of the
transplants. Scale bar, 1 mm. D, Electrophysiological recording of the rhythmic compound ac-
tion potential from the phrenic nerve in unoperated animals (“intact controls” shows two rep-
resentative cases). The rhythm is abolished in animals with complete hemisections that include
the ipsilateral ventral funiculus ( B); “lesions alone” shows a representative 5 of this group of 14.
The rhythm is present in 19 animals (C shows 5 representative cases) that have equally complete
or even larger lesions but that also received transplanted OECs (“lesions with transplants”). Left
column shows recordings made during spontaneous breathing. Right column shows recordings
after curarization and 20 –50 sec of asphyxia.

Figure 4. The extent of the hemisections, represented as in Figure 3. A, Lesions that give a
lower climbing fault score (79 � 15) and spare the region (***) of the dorsal columns and
corticospinal tract. B, Lesions that are complete hemisections and give the highest fault scores
(226 � 18). C, Transplanted lesions with complete hemisections in which the fault score (55 �
7) is reduced by the presence of the transplants. Scale bar, 1 mm. D, E, Faults in the use of the
ipsilateral forepaw for climbing. The total fault score for two measured test climbs (average of 6
weekly tests) for the 14 individual animals in the lesion-alone group (D, gray bars) and the 23
individual animals in the lesion plus transplant group (E, black bars) is shown; inset compares
group means � SEM for lesion-alone (LES, gray), lesion plus transplant (TRA, black), and nor-
mal, unoperated ( N).
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operation. Possible factors contributing to this improvement in-
clude reduction of edema, clearing of debris, vascularization,
sprouting of new connections in denervated areas, and repro-
gramming of existing connections. Our observations show that
after the initial period, however, the lesioned animals have per-
sistent deficits in important complex functions, such as breathing
and climbing.

Breathing
Nantwi and Goshgarian (2001) have extensively studied the
“crossed phrenic phenomenon” in which activation of a latent,
crossed-descending supraspinal respiratory pathway by section
of the contralateral phrenic nerve, or by administration of alky-
lxanthines, restores function in the phrenic nerve and hemidia-
phragm ipsilateral to a high cervical hemisection. Under the cu-
rarization and brief asphyxial conditions of our experiment, no
activity appeared in the ipsilateral phrenic nerve in any of the 14
rats with complete hemisections involving the ventral funiculus.
The return of supraspinal respiratory rhythm in our 19 trans-
planted animals with complete hemisections is therefore abso-
lutely dependent on the presence of the transplanted OECs.
Whether this recovery is caused by regeneration of severed ipsi-
lateral supraspinal connections across the C2 lesion or by activa-
tion or sprouting of crossed pathways (Goshgarian et al., 1991)
remains for further study. But whichever the mechanism may be,
a significant difference is that whereas the crossed phrenic phe-
nomenon is elicited only under conditions of respiratory stress,
the transplants restore the ipsilateral rhythm (O’Hara and Gosh-
garian, 1991) during spontaneous breathing under unstressed
conditions, requiring no drug administration, and the repair is
presumably maintained and permanent.

Climbing
An overall improvement in hindlimb function during climbing
has been reported in animals with OECs transplanted into com-
plete midthoracic spinal cord transections (Ramón-Cueto et al.,
2000). These animals, however, are severely disabled, and require
intensive postoperative maintenance. The present study indicates
that more precisely quantifiable climbing deficits can be consis-
tently produced and studied in the ipsilateral forepaw after upper
cervical hemisections, which leave the animals in overall much
better condition, and demonstrate reliable and robust improve-
ment after transplantation. This provides a simpler experimental
model for studying the effects of different candidate reparative
cell types and molecular interventions (Thallmair et al., 1998;
Tang et al., 2001; Bradbury et al., 2002).

The histological analysis of the incomplete lesions indicates
that the return of breathing reflects repair of damage to ventrally
located tracts, and the return of climbing reflects repair of dam-
age to dorsally located fiber tracts. These beneficial effects of the

transplanted OECs could be attributable either to regeneration of
cut fibers (as reported in other studies (Li et al., 1997, 1998) or to
sprouting of uncut fibers (Thallmair et al., 1998), in either case
restoring access to neural information otherwise made unavail-
able by the lesion. The demonstration that transplantation can
simultaneously repair two quite independent spinal functions is
encouraging for the future use of autografts in human spinal cord
injuries.
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