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Hyaluronic acid has been shown to enhance peripheral nerve
regeneration in vitro. It has been proposed that, during the
fibrin matrix phase of regeneration, hyaluronic acid organizes
the extracellular matrix into a hydrated open lattice, thereby
facilitating migration of the regenerating axons. Hyaluronic
acid solutions and saline control solutions were injected into
a nerve guide spanning a transected gap in the sciatic nerve
of Sprague-Dawley rats (five in each group). Nerve conduc-
tion velocities were measured at 4 weeks by electromyogra-
phy (EMG) before sacrifice of the animals. These studies
demonstrated increased conduction velocities in the hyal-

uronic acid group compared with control animals (P = 0.006).
After the animals were sacrificed, regenerated axon cables
were quantified histologically, and axon branching was de-
lineated by retrograde tracer analysis. In addition, the hyal-
uronic acid group showed an increase in myelinated axon
counts at 4 weeks (P = 0.03). An increase in retrograde flow
was demonstrated in the hyaluronic acid groups compared
with animals receiving saline solution.
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A large gap in the peripheral nerve will not permit effec-
tive regeneration unless a grafting conduit is used to bridge
the defect.1,2 The absence of such a conduit permits in-
growth of fibrous scar tissue, which inhibits the migration of
the reforming axon.3

In the past decade, researchers3–5 have reported on the
use of different materials for fabricating nerve guides. Many
investigators have enhanced the peripheral nerve regenera-
tion process and prevented proximal degeneration by adding
different substances to the lumen of a nerve guide cham-
ber.6–10 Nerve growth factor constitutes one example that
has been used in many studies. Rich et al.6–8 demonstrated
that both the amount of axons and the thickness of the
myelin sheath increase in regenerating nerves with the ad-
dition of a single dose of nerve growth factor at the time the
guide is installed.

Substances added to a nerve conduit exert their effect on
proximal stump regrowth by influencing the microenviron-
ment of the guide’s lumen during one (or more) of the
different phases in the regenerative process.11 We studied
the effects of hyaluronic acid in an injectable nerve guide,
postulating that the addition of this substance immediately

after the deposition of fibrin and fibronectin during the ma-
trix phase (after injury, days 2–6) will result in increased
axon counts, nerve conduction velocities, and retrograde
flow.

Hyaluronic acid is a naturally occurring linear polysac-
charide with repeating disaccharide units composed of gluc-
uronic acid and N-acetylglucosamine. Discovered by Meyer
and Palmer12 in 1934, hyaluronic acid is widely distributed
in the body, notably in synovial fluid and the vitreous body
of the eye, and in loose connective tissues, such as rooster
comb, umbilical cord, and dermis. Hyaluronic acid has been
shown to play a vital role in cell-matrix interactions in pro-
liferating and migrating cells during a number of biological
processes that involve the deposition and remodeling of an
extracellular fibrin matrix. Hyaluronic acid has been shown
to improve the alignment of fibrin, organizing the matrix
into a hydrated, open lattice.13 Because of its fibrin-
organizing properties, hyaluronic acid may facilitate a path-
way for cellular and axonal ingrowth during the acellular
fibrin matrix phase of peripheral nerve regeneration (Fig. 1).

MATERIALS AND METHODS

Experimental Design and Surgical Protocol

The effects of nerve regeneration through two different
hyaluronic acids were compared with saline solution: hyal-
uronic acid-1 group (n4 5), hyaluronic acid-2 group (n4
5), and saline solution control group (n4 5). Sprague-
Dawley female rats, aged 3 months and initially weighing
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225–250 g, were used for all procedures. Aseptic technique
was observed in all of the surgical procedures.

After intraperitoneal sodium pentobarbital anesthesia
was administered (45 mg/kg titrated to effect), the right
sciatic nerve of rats was exposed through a gluteal muscle-
splitting incision. The nerve was transected to create a 1-cm
defect. A 14-mm nerve guide was used to bridge a 10-mm
gap created in the right sciatic nerve. The proximal and
distal stumps were each inserted 2.0 mm into the nerve
guide, and two 10-0 nylon epineural sutures were placed at
each end of the nerve guide to secure the nerve inside the
guide with minimal cuff tension. The muscle was closed
with 4-0 Dexon sutures, and the skin was closed with 3-0
nylon sutures.

The animals were housed in a temperature- and humid-
ity-controlled environment with 12-hour on/off light cycles.
They had free access to food and water. Before sacrifice at
4 weeks after operation, all animals were subjected to EMG
analysis. After the EMG studies, all 15 animals were sac-
rificed by transcardiac perfusion with aldehydes to evaluate
the extent of nerve regeneration histologically and by ret-
rograde tracer analysis.

Injectable Nerve Guide

The injection ports,3 manufactured by Dow Corning
Corporation (Midland, MI), have a diameter of 14 mm, a

height of 7.4 mm, and an internal volume of 0.05 ml. The
nerve guide device is made by placing a 1.4-cm polyethyl-
ene nerve guide (Intramedic, Fisher Science, Springfield,
NJ), with an inside diameter of 1.67 mm and outside diam-
eter of 2.08 mm, between the tubing from two filling ports.
The injection tubing is 58 mm, and the exhaust tubing is 49
mm. Two 20-gauge needles were placed through the injec-
tion tubing into and out through the guide and out through
the exhaust tubing on the opposite side. This method created
the holes between the fill and exhaust tubing and the nerve
guide to permit entrance and exit of fluid from the tubings
to the guide.

Hyaluronic Acid

Hyaluronic acid was obtained from two different
sources. Hyaluronic acid from a human umbilical cord was
purchased from Sigma (hyaluronic acid-1, Sigma Diagnos-
tics, St. Louis, MO). The product (white powder) has a
protein content of 1.4% (w/w) and chondroitin sulfate of
7%. The molecular weight was determined to be 1.1 × 106

dalton. The hyaluronic acid provided by Anika Research,
Inc. (hyaluronic acid-2, Anika Research, Woburn, MA) was
purified from rooster comb. It has a molecular weight of
1.44 × 106 dalton and is free from chondroitin sulfate. The
protein content is less than 0.3% (w/w). Ultraviolet spectra
of both hyaluronic acids indicate that hyaluronic acid-2 has
only a baseline absorbance in the 260–280-nm range,
whereas hyaluronic acid-1 has an absorbance of greater than
0.6 at a hyaluronic acid concentration of 2.7 mg/ml. The
concentration of hyaluronic acid was measured using car-
bazole assay14,15and thiobarbituric assay.16 Protein content
was determined by Lowry assay. The molecular weight was
calculated from the intrinsic viscosity, which is measured by
using a Cannon-Ubbelohde semimicrodilution type of vis-
cometer.17 Biological tests performed on hyaluronic acid-2
showed that the material was noninflammatory and nonpy-
rogenic.18,19

Injection Technique

Five ports were injected with saline solution, five with
hyaluronic acid-1, and five with hyaluronic acid-2. Injec-
tions were given with a 25-gauge needle and a 1-ml syringe;
0.3 ml of solution was injected. Additional injections, in the
same amount as the original one, were given every 7 days
until the animals were sacrificed at 28 days (Fig. 2).

Electromyographic Studies

Electromyography (EMG) recordings were made on all
animals before sacrifice. The sciatic nerve was exposed at
the sciatic notch proximal to the repair conduit. A recording
needle was placed in the gastrocnemius muscle 10 mm be-
low the tibial tubercle. The nerve was stimulated supramaxi-
mally with two silver wire electrodes. Compound action
potentials were measured, and the earliest latency and peak

Figure 1. Postulated effect of hyaluronic acid on the acellular matrix.
Theoretically, hyaluronic acid creates a more open matrix with better
alignment of fibrin, thus making an easier path for cellular ingrowth
and subsequent axonal ingrowth. Courtesy of Lahey Clinic.
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amplitudes were recorded. The distance from the sciatic
notch to the gastrocnemius muscle was ascertained through
dissection to have a mean length of 50 mm.

Retrograde Labeling Technique

Retrograde tracers were used to evaluate the extent of
axonal branching in all animals, including the control ani-
mals. The fluorescent retrograde axonal tracer true blue (Dr.
Illing GmbH & Co., Makromolekulare und Pharmazeuti-
sche Chemie, Gross-Umstadt, Germany) was dissolved in
sterile water to obtain a 0.2% solution. Seven days before
sacrifice of the animals, 0.2 ml of the true blue solution was
injected into the right gastrocnemius muscle and peroneus
longus muscle of all animals. After a transit time of 7 days,
the animals were transcardially perfused with aldehydes,
and the dorsal root ganglia from L4 to L6 on the right and
the enlargement of the spinal cord were dissected, sectioned
serially at 32mm, and prepared for fluorescent micros-
copy.20

Axon Counts

The regenerated cable was removed from the guide,
fixed in 2.5% glutaraldehyde and 2% osmium, and embed-
ded in Epon resin. Thin sections were cut, mounted on
slides, and stained with toluidine blue dye. Axon counts
were obtained using a Nikon Optiphot microscope (Nikon,
Japan) interfaced to an Electrohome ECM1312U color dis-
play (Electrohome Ltd., Ontario, Canada) image processor
(IM-LC, Matrox Electronic Systems Ltd., Quebec, Canada;
and Neat 202, New England Affiliated Technology, Inc.,
Lawrence, MA), and a 486, 66-mHz IBM clone (Universal
Imaging Corp., West Chester, PA).

Statistical Analysis

All data were analyzed with BMDP7D statistical soft-
ware on an IBM PS2 model 50 computer with an 80287
math coprocessor. Statistically significant results were fur-
ther analyzed by the Scheffe method to determine signifi-
cant pairs.

RESULTS

Histologic Analysis

The hyaluronic acid-2 group had significantly greater
midregenerate axon counts at 4 weeks compared with the
saline group, and axon counts in the hyaluronic acid-1 group
were approximately 26% greater than in the saline group
(Fig. 3).

Electromyographic Studies

Electromyographic studies at 4 weeks showed signifi-
cantly faster conduction velocities in the hyaluronic acid-1
(P 4 0.03) and hyaluronic acid-2 (P 4 0.006) groups than
in the control group (Fig. 4).

Retrograde Tracers

The qualitative test showed an increase in retrograde
flow of the tracer in the groups receiving hyaluronic acid-1
(P 4 0.05) and hyaluronic acid-2 (P 4 0.01) at 4 weeks,
implying earlier synapse formation and reinnervation
(Fig. 5).

DISCUSSION

These studies revealed a statistically significant increase
in conduction velocity of the peripheral nerve of animals
treated with both formulations of hyaluronic acid. We be-
lieve this fact demonstrates an enhancement of peripheral
nerve regeneration in this model compared with results us-

Figure 2. The injectable nerve guide. Note the direction of fluid flow
from injection (syringe at top) through exhaust outlet (needle tip),
bathing the lumen. Courtesy of Lahey Clinic.

Figure 3. Sciatic midcable myelinated axon counts are shown. The
hyaluronic acid-2 group had significantly greater midcable axon
counts at 4 weeks compared with the saline solution group.
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ing saline solution. Axon counts were interesting in that the
numbers of myelinated axons in the hyaluronic acid-1 and
hyaluronic acid-2 groups were greatly increased at 4 weeks.
That the purer hyaluronic acid-2 demonstrated a more sig-
nificant effect on nerve regeneration than hyaluronic acid-1
suggests that the enhancement of nerve growth should be
attributed to hyaluronic acid and not to extraneous ingredi-
ents.

Our retrograde fluorescent tracer data, which showed an
increase in labeled cells at 4 weeks, also support the notion
that regeneration and reinnervation in the groups receiving
hyaluronic acid occurred at an accelerated pace.

We injected hyaluronic acid into nerve guides at day 7,
the beginning of the fibrin matrix phase, and continued to do
so throughout the cellular migration phase. Although not
directly tested here, a proposed mechanism for the enhance-
ment of nerve regeneration we observed is that hyaluronic
acid modifies this fibrin matrix into a porous, lubricated
structure more accessible to ingrowing neurites.3 Hyaluron-
ic acid has been shown to influence the motility of growing
cells by way of its cell surface interactions with extracellu-
lar matrix fibroblasts during a number of diverse biological
processes. The mechanism for enhancement of peripheral
nerve regeneration observed here may be analogous to the
effect hyaluronic acid has on cells during neural develop-
ment, embryogenesis, limb regeneration, and wound heal-
ing.13

The influence of hyaluronic acid on a developing or
regenerating cell’s migration through the extracellular ma-
trix has been demonstrated in studies of neural development
and limb regeneration. Recent work suggests that chick em-
bryo neural crest cells depend on hyaluronic acid to opti-
mize migration,21,22 as do neural cells involved in the mi-
gratory events of the rat brain.23 Increased levels of hyal-
uronic acid have been observed in the developmental stages
in the rat, which correlate with axonal development.24 In

addition, limb regeneration studies have shown that hyal-
uronic acid can modify a number of aspects of cell behavior
involved in limb morphogenesis, particularly those con-
cerned with cell motility.25–27

Hyaluronic acid has also been implicated in wound heal-
ing for many years. The literature on fetal and adult wound
healing reveals that hyaluronic acid plays a fundamental
role in tissue construction.13,28,29Recent experimental and
clinical evidence has shown that, unlike in adults, tissue
repair of the fetus occurs rapidly in the absence of acute
inflammation, and collagen is deposited in a highly orga-
nized, scarless manner.30 Fetal wounds are characterized by
the persistent presence of hyaluronic acid-stimulating activ-
ity that underlies the prolonged presence of hyaluronic
acid.31 Concurrent to the fetal wound healing process is,
invariably, the early appearance and prolonged maintenance
of an extracellular matrix rich in hyaluronic acid. Although
the mechanisms of fetal wound healing remain enigmatic,
the correlation between scarless wound healing and the pro-
longed presence of hyaluronic acid is unequivocal.

Hyaluronic acid of the same molecular weight as studied
here has been shown to distort the fibrin matrix that forms
during the early phase of adult wound healing, thus permit-
ting formation of a more porous microenvironment, which
may facilitate infiltration of cells responsible for tissue re-
modeling.13,27Like wound healing, peripheral nerve regen-
eration represents a biological process that necessitates the
deposition and remodeling of an extracellular fibrin matrix
that serves to support and guide the ingrowth of proliferat-
ing functional and supporting neural cells.

Hyaluronic acid may also be associated with other as-
pects of nerve regeneration in addition to those involving
the remodeling of the pathway for the migration of support
cells and axons. That hyaluronic acid has also been shown
to influence cell proliferation in these various biological
processes leads to speculation that hyaluronic acid may also
contribute to the stimulation of the cellular ingrowth seen in
the subsequent cellular phase of peripheral nerve regenera-
tion, as suggested by expression of perisynaptic glial and
Schwann cells in models of developing central and periph-
eral nervous system tissue.32,33In addition, other investiga-
tors34 have suggested a role for hyaluronic acid in synap-
togenesis.

Studies are currently under way in our laboratory to
examine the role of hyaluronic acid after peripheral nerve
injury. As data accumulate regarding the biophysical effects
of hyaluronic acid on extracellular matrix fibrin and on the
interactions of hyaluronic acid and supporting cells and re-
generating axons, we will soon be able to test the validity of
our proposed mechanism for enhanced nerve regeneration.
More precise manipulation of the microenvironment of
nerve conduits may also soon be possible.

Figure 4. Electromyographic studies at 4 weeks showed signifi-
cantly faster conduction velocities in the hyaluronic acid-1 and hyal-
uronic acid-2 groups than in the saline solution group.
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