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Objective: We investigated whether implantation of a gelatin sponge, releasing basic
fibroblast growth factor slowly (b-FGF) into a tracheal cartilage defect, would
induce regeneration of autologous tracheal cartilage.

Methods: We created a 1-cm defect in the midventral portion of each of 10
consecutive cervical tracheal cartilage rings in 12 experimental dogs. In the control
group (n = 4), the resulting defects were left untreated. In the gelatin group (n = 4),
empty gelatin sponges were implanted in the defects. In the basic fibroblast growth
factor group (n = 4), gelatin sponges incorporating 100 ug of b-FGF solution were
implanted in the defects. We killed the 4 dogs in each group at 1, 3, 6, and 12
months after implantation, respectively, and examined the implant sites macro- and
microscopically.

Results: In the control and gelatin groups, no regenerated cartilage was observed in the
tracheal cartilage defects, and the width of the gap between the host cartilage stumps had
shrunk. In the b-FGF group, regenerated cartilage was observed in all dogs. The
proportion of the defect in the host cartilage occupied by regenerated cartilage was 13%),
84%, 75%, and 69% at 1, 3, 6, and 12 months, respectively. The regenerated cartilage
was fibrous cartilage covered with perichondrium, which grew from the host perichon-
drium and showed continuity with the host cartilage stumps.

Conclusions: Implantation of a gelatin sponge slowly releasing basic fibroblast
growth factor induces tracheal cartilage regeneration, which subsequently fills a
large proportion of experimentally created tracheal cartilage defects within 12
months after implantation.

he surgical management of tracheal reconstruction is one of the most difficult

problems associated with extensive tracheal resection in patients with ma-

lignant or benign disease. Several approaches have been attempted, includ-
ing tracheal transplantation' and use of prosthetic materials,*> but success has
been limited because of graft ischemia and immune rejection, leading to anasto-
motic dehiscence and stenosis.

We have been investigating the use of artificial organs made of bioabsorbable
materials to induce regeneration of defective or missing host tissues.®® In a previous
study, we focused on inducing regeneration of the trachea to produce an artificial
prosthesis.’
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Abbreviations and Acronyms
AB = alcian blue
b-FGF = basic fibroblast growth factor
BMP = bone morphogenetic protein
HE = hematoxylin and eosin

The normal canine trachea, as is the case in humans, is
composed of a mucosal layer, a submucosal layer, tracheal
glands, a smooth muscle layer, and tracheal cartilage rings.
The chief function of tracheal cartilage is to maintain the
integrity of the tracheal lumen. Therefore, we have inves-
tigated the possibility of tracheal cartilage regeneration us-
ing biodegradable materials as a first step in attempting to
produce an artificial trachea.

Bone morphogenetic protein (BMP)-2 or basic fibroblast
growth factor (b-FGF) promotes the regeneration of chon-
drocytes in articular cartilage defects in vivo.'°"'> However,
to our knowledge, few reports have indicated that these
growth factors induce cartilage regeneration in tracheal car-
tilage defects. We have reported previously that implanta-
tion of gelatin sponge releasing BMP-2 or b-FGF slowly
induces regeneration of tracheal cartilage.'®'® However,
implantation of a gelatin sponge incorporating BMP-2 did
not achieve a sufficient result because regenerated cartilage
was observed only at the ends of the host cartilage stumps.'”
On the other hand, implantation of a gelatin sponge incor-
porating b-FGF resulted in regeneration of cartilage that
occupied 84% of cartilage defects created experimentally,
although the results were based on short-term observations
made over 3 months.'® In the present study, we investigated
the long-term results in dogs receiving b-FGF implantation
for repair of tracheal defects and whether the regenerated
cartilage would be absorbed as a result of foreign body
reaction.

Materials and Methods

Preparation of Gelatin Sponge Incorporating b-FGF
Gelatin as a 5 wt% aqueous solution with an isoelectric point of 5.0
(Nitta Gelatin Co, Osaka, Japan) containing 0.05 wt% glutaralde-

Figure 1. Macroscopic appearance of the gelatin sponge. The
material was hard when in a dry state but was converted to a gel
form when soaked with b-FGF solution.

Figure 2. Operative appearance of a 1-cm gap made in the mid-
ventral portion of each of 10 consecutive cervical tracheal car-
tilages from rings 4 to 13, extending for a total length of about
5 cm. The tracheal mucosa was carefully preserved. (Arrows
show the tracheal cartilage defect.)

hyde (Wako Pure Chemical Industries, Osaka, Japan) was cast into
a Teflon mold, then stored at 4°C for 12 hours to allow complete
chemical cross-linking. The resulting material was immersed in an
aqueous solution of glycine (Nakarai Tesque Inc, Kyoto, Japan) at
37°C for 1 hour to block any residual glutaraldehyde, rinsed in
distilled water, freeze-dried, and finally sterilized by exposure to
ethylene oxide gas. The prepared gelatin sponge was trimmed into
pieces measuring approximately 10 X 50 X 2 mm? (Figure 1). Just
before implantation, 100 ug of aqueous b-FGF solution was dis-
solved in 0.3 mL of saline solution, and the resulting solution was
applied dropwise to the empty gelatin sponge. The sponge was
then left to stand for 15 minutes to allow the b-FGF solution to
soak in completely. B-FGF ionically immobilized on the gelatin
sponge is released slowly for about 2 weeks as it degrades.'”

Operative Procedures

Twelve hybrid beagle dogs aged 2 to 3 years and weighing
between 10 and 13 kg were anesthetized by intramuscular admin-
istration of 10 mg/kg ketamine (Sankyo Co, Tokyo, Japan) and 5
mg/kg xylazine (Bayer Japan, Tokyo, Japan), with 2 ug/kg atro-
pine sulfate (Tanabe Seiyaku Co, Osaka, Japan) added to control
secretions. All dogs were intubated via the trachea and ventilated

Figure 3. Operative appearance of the gelatin sponge, containing
100 g of b-FGF solution, implanted in the tracheal cartilage
defect. The gelatin sponge was fixed by 1-0 silk sutures to
prevent dislodgment.
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Figure 4. Macroscopic appearance of the implant sites in the
trachea in the b-FGF group. When the implant site was observed
from both outside (A) and inside (B), regenerated cartilage
(arrows) connected the stumps of each cartilage ring and filled
the defect hetween them.

mechanically with a mixture of nitrous oxide, halothane, and
oxygen. We created a 1-cm gap in the midventral portion of 10
consecutive cervical tracheal cartilage rings (4th to 13th), taking
care to preserve the tracheal mucosal layer (Figure 2). The gelatin
sponge was fitted exactly into each gap. In the 4 dogs defined as
the control group, the gaps were left unfilled. In the 4 dogs defined

as the gelatin group, empty gelatin sponges were implanted in the
gaps. In the 4 remaining dogs defined as the b-FGF group, gelatin
sponges incorporating 100 ug b-FGF were implanted in the gap.
The implanted gelatin sponges were fixed with 1-0 silk sutures to
prevent dislodgment (Figure 3).

Follow-up Studies

We killed the 4 dogs in each group by bolus injection of a fatal
dose of pentobarbital at 1, 3, 6, and 12 months after implantation,
respectively. The cervical trachea including the implant sites was
resected for macro- and microscopic examination. Initially, we
observed the resected trachea grossly, then made cross sections
through the middle portions of the implant sites to observe the
internal lumen of the trachea. Then we prepared thinly sliced
sections and stained them with hematoxylin and eosin (HE) or
alcian blue (AB) for light microscopic examination. The shortest
straight line distance between host cartilage stumps (defined as
“H-distance”) or regenerated cartilage stumps (defined as “R-
distance”) and the thickest straight line distance of the mucosal
layer in host cartilage defect were measured. The ratio of the defect
of the host cartilage occupied by regenerated cartilage was defined
as: (1 — R-distance/H-distance) X 100 (%).

This experiment was performed in accordance with the “Guide
for the Care and Use of Laboratory Animals” prepared by the
Institute of Laboratory Animal Resources, National Research
Council (published by the National Academy Press, revised 1996)
and “Guide for the Care and Use of Experimental Animals”
prepared by Kagawa University (1999).

Results
All 12 dogs survived without complications until they were
killed as planned.

Macroscopic Findings

In the control and gelatin groups, each tracheal cartilage
defect was filled with soft granulation tissue. Tracheal car-
tilage regeneration was not evident in the cartilage defect.

2.0 mm

Figure 5. Microscopic appearance of the implant site in the
control group. No regenerated cartilage was observed in the
cartilage defect. The mucosal layer in the defect was thicker than
that in the normal portion, and the submucosal layer was occu-
pied by dense collagen bundles (arrows) and fibroblasts (HE stain
x12.5).

2.0 mm

Figure 6. Microscopic appearance of the implant site in the
gelatin sponge group. No regenerated cartilage was observed in
the cartilage defect. The mucosal layer in the defect was thicker
than that in the normal portion, and the submucosal layer was
occupied by dense collagen bundles (arrows) and fibroblasts. The
distance between the host cartilage stumps had decreased mark-
edly (HE stain x12.5).
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TABLE 1. Microscopic characteristics of the experimental dogs

Ratio of the H.C. defect occupied

Gap length between H.C. stumps  Gap length between R.C. stumps

Group and dog (n)  Survival period (mo) by R.C. (%) (mm) (mm)
Control
1 1 None 5.0 None
2 3 None 3.0 None
3 6 None 6.0 None
4 12 None 10 None
Gelatin
1 1 None 0.7 None
2 3 None 25 None
3 6 None 3.7 None
4 12 None 3.7 None
b-FGF
1 1 13 7.0 6.1
2 3 84 9.0 1.4
3 6 75 6.8 1.7
4 12 69 8.4 2.6

R.C., Regenerated cartilage; H.C., host cartilage.

Similarly, at 1 month in the b-FGF group, tracheal cartilage
regeneration was also not evident in the defect, although the
defect was filled with elastic hard tissue that connected each
of the stumps of the host cartilage ring. In contrast, at 3, 6,
and 12 months in the b-FGF group, tracheal cartilage re-
generation was evident (Figure 4, A and B). The cartilage
defect was filled with regenerated cartilage, which con-
nected each of the stumps of the host cartilage ring.

Microscopic Findings

In the control group, tracheal cartilage regeneration was not
observed in the host cartilage defect (Table 1) (Figure 5).
H-distances were 5.0, 3.0, 6.0, and 10 mm at 1, 3, 6, and 12
months, respectively, and the mean value was 6.0 mm.
H-distance had shrunk in comparison with the original
10-mm length. The submucosal layer was occupied by
dense collagen bundles and fibroblasts in the defect. The
thickness of the mucosal layer was 0.88, 0.65, 0.45, 0.29
mm at 1, 3, 6, and 12 months, respectively, and the mean
value was 0.57 mm. The mucosal layer in the defect was
thicker than that in the normal portion.

In the gelatin group, tracheal cartilage regeneration was
also not observed in the host cartilage defect (Figure 6).
H-distances were 0.7, 2.5, 3.7, and 3.7 mm at 1, 3, 6, and 12
months, respectively, and the mean value was 2.7 mm.
Moreover, the submucosal layer was occupied by dense
collagen bundles and fibroblasts in the defect. The thickness
of the mucosal layer, which was thicker than that in the
normal portion, was 1.6, 0.62, 1.0, and 0.90 mm at 1, 3, 6,
and 12 months, respectively, and the mean value was 1.0 mm.

In the b-FGF group, cartilage regeneration was observed
in all dogs. H-distances were 7.0, 9.0, 6.8, and 8.4 mm at 1,
3, 6, and 12 months, respectively, and the mean value was

7.8 mm. R-distances were 6.1, 1.4, 1.7, and 2.6 mm at 1, 3,
6, and 12 months, respectively. At 1 month, regenerated
cartilage was observed only at the both ends of the host
cartilage stumps (Figure 7). The ratio of the defect in the
host cartilage occupied by regenerated cartilage was 13%.
In contrast, at 3, 6, 12 months, the ratio was 84%, 75%, and
69%, respectively (Figure 8, A and B). The gap between the
regenerated cartilage stumps, which represented the remain-
ing cartilage defect, was occupied by granulation tissue. The
regenerated cartilage was fibrous cartilage, which contained
abundant collagen fibers in a hyaluronic acid-positive matrix,
differentiating from native hyaline cartilage (Figure 9, A). The
presence of hyaluronic acid in the matrix was proved by
positive staining with alcian blue (Figure 9, B). Moreover,
the regenerated cartilage was covered with perichondrium that
had grown from the perichondrium of the host cartilage and
showed continuity with the host cartilage stumps (Figure 10).

Discussion

Mature cartilage tissue has limited capacity for regenera-
tion, because of its avascular nature and relatively low cell
density. In the present study, cartilage regeneration was not
observed in control dogs with untreated tracheal defects or
in dogs whose tracheal defects had been filled with plain
gelatin. This result suggested that cartilage regeneration
does not occur if the defect is left untreated and also that
implantation of empty gelatin sponge does not induce car-
tilage regeneration. On the other hand, cartilage regenera-
tion was observed in all dogs treated with slow-release
b-FGF. Therefore, we concluded that implantation of a
gelatin sponge slowly releasing b-FGF induced tracheal
cartilage regeneration, which filled 69% to 84% of the
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Figure 7. Microscopic appearance of the implant site at 1 month
in the b-FGF group. Regenerated cartilage (arrows) was observed
only at the both ends of the host cartilage stumps with a con-
centric pattern (HE stain x12.5).

experimentally created tracheal cartilage defects, and had
connected the stumps of the host cartilage with granulation
tissue at 3, 6, and 12 months after implantation. It has been
reported that various growth factors induce cartilage regen-
eration.”?! However, the mechanism by which cartilage
regenerates in vivo, involving complex biologic interac-
tions, has been unclear. In the present study, regenerated
cartilage was covered with perichondrium that had grown
from the perichondrium of the host cartilage, and showed
continuity with the host cartilage stumps. Perichondrium is
known to have chondrogenic potential®? and to be a possible
source of regenerated cartilage at sites of defects in adults.?
A number of experimental studies have demonstrated car-
tilage regeneration by using perichondrial grafts.?** Duyn-
stee and colleagues®? reported that perichondrium consisted
of an inner cambium layer, which was the source of new

Figure 8. Microscopic appearance of the implant site at 6 (A) and
12 (B) months in the b-FGF group. Regenerated cartilage (arrows)
filled the defect completely and bridged the host cartilage stumps
with granulation tissue (HE stain x12.5).

Figure 9. Regenerated cartilage in the b-FGF group contained
abundant collagen fibers in a hyaluronic acid—positive matrix (A).
Hyaluronic acid in the matrix was positively stained with alcian
blue (B) (A: HE stain %100, B: AB stain x100).

cartilage, and an outer fibrous layer, which was a fibrous
supportive tissue, and that b-FGF was expressed during the
process of cartilage regeneration in vitro. Therefore, we
speculated that the regenerated cartilage observed in our
study originated from perichondrium, as a result of stimu-
lation by slow release of b-FGF from the gelatin sponge.

Figure 10. Regenerated cartilage was covered with perichon-
drium (arrows), which had grown from the perichondrium of the
host cartilage (HE stain x100).
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We used a biodegradable gelatin sponge to allow b-FGF
to be released slowly. Because of the short half-life of
b-FGF in the body, it cannot be expected to efficiently
induce tracheal cartilage regeneration if administered as a
solution. The distances between the host cartilage stumps
were markedly reduced in the plain gelatin group compared
with the control group. This suggested that implantation of
the gelatin sponge alone had induced a foreign body reac-
tion and accelerated the process of gap shrinkage. Addition-
ally, inflammation caused thickening of the mucosal layer in
the gelatin group. In contrast, in the b-FGF group, H-
distance was relatively well maintained compared with the
gelatin group, despite the implantation of the gelatin
sponge. We speculated that this maintenance of the H-
distance in the b-FGF group was due to the fact that regen-
erated cartilage, rather than collagen bundles, had occupied
the defect, unlike the situation in the control and gelatin
groups. Regenerated cartilage prevented shrinkage of the
distance between the stumps.

The regenerated cartilage was fibrous cartilage consist-
ing of chondrocytes and a small amount of their territorial
matrix in combination with dense collagen fibers. Because
native tracheal cartilage is hyaline cartilage, regeneration of
hyaline cartilage is more ideal. However, regeneration of
fibrous cartilage is sufficient for maintaining the integrity of
the tracheal lumen. In fact, in the present study, regenerated
cartilage maintained the integrity of the tracheal lumen
without resorption during the 12-month observation period,
and the experimental dogs survived without problems such
as tracheal collapse. We speculated that the regenerated
cartilage was not absorbed because it was covered with
perichondrium.

We have therefore demonstrated that slow release of
b-FGF from a bioabsorbable gelatin sponge induces carti-
lage regeneration in the trachea. This regenerated cartilage
repaired the host tracheal cartilage defect and maintained
the integrity of the tracheal lumen.
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