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Abstract

Artificial grafts are promising alternatives to nerve grafts for peripheral nerve repair because they obviate the complications and

disadvantages associated with autografting such as donor site morbidity and limited tissue availability. We have synthesized poly

(2-hydroxyethyl methacrylate-co-methyl methacrylate) (PHEMA-MMA) porous tubes and studied their efficacy in vivo.

Specifically, we studied the short- and long-term stability and biocompatibility of 12mm long tubes for the repair of surgically

created 10mm nerve gaps in rat sciatic nerves.

Prior to implantation, tubes were analyzed in vitro using a micro-mechanical tester to measure displacement achieved with load

applied. These results served as a calibration curve, y ¼ 6:8105��0:0073 (R2 ¼ 0:9750; n ¼ 28), for in vivo morphometric tube

compression measurements.

In vivo, most of the PHEMA-MMA conduits maintained their structural integrity up to 8 weeks, but 29% (4/14) of them

collapsed by 16 weeks. Interestingly, the tube wall area of collapsed 16-week tubes was significantly lower than those of patent tubes.

Tubes were largely biocompatible; however, a small subset of 16-week tubes displayed signs of chronic inflammation characterized

by ‘‘finger-like’’ tissue extensions invading the inner tube aspect, inflammatory cells (some of which were ED1+macrophages) and

giant cells. Tubes also demonstrated signs of calcification, which increased from 8 to 16 weeks. To overcome these issues, future

nerve conduits will be re-designed to be more robust and biocompatible.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Various nerve conduits have been shown to permit
peripheral nerve regeneration (reviewed in [1,2]). How-
ever, they are often not able to facilitate growth over
long gaps due to collapse, scar infiltration, and, as in the
case of biodegradable materials, early resorption [2]. In
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this study, we utilized nerve tubes made from a non-
biodegradable hydrogel material, poly(2-hydroxyethyl
methacrylate-co-methyl methacrylate) (PHEMA-
MMA), to repair rat sciatic nerve injury gaps because
PHEMA has a long history of medical use as evidenced
by over 25 years in soft contact lenses [3] and recently
for drug delivery [4]. Moreover, the PHEMA-MMA
tubes synthesized for these studies were designed to
match the modulus of soft tissue, such as nerve [5], and
to have the appropriate transport properties [6] for
nerve repair. These hydrogel nerve tubes were synthe-
sized by a liquid–liquid centrifugal casting technique
using a redox-initiated polymerization in excess water
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with a total monomer formulation of 33% and ethylene
dimethacrylate crosslinker. The resulting hydrogel tubes
are cross-linked macromolecular networks of hydro-
philic copolymers swollen in water [3].

Hudson et al. [7] listed several important properties
that guidance channels should possess: easily fabricated
with the desired dimensions and topography, implanted
with relative ease, and sterilizable. PHEMA-MMA
possesses these properties [5]. Additionally, conduits
should be pliable enough to glide and bend with the
animal’s limb movements, yet stiff enough not to
collapse in vivo. The ideal polymer should also be
non-immunogenic, causing neither local tissue irritation
nor allergic response [2]. While calcification can decrease
the functional longevity of implanted devices [8] and has
been observed for PHEMA-MMA [9], we chose to use
PHEMA-MMA tubes because previous 8 week in vivo
studies demonstrated that PHEMA-MMA tubes were
biostable, incited minimal tissue reactivity, and sup-
ported nerve regeneration through their lumen [5]. The
objectives of this project were to investigate the
compressive moduli of these tubes in vitro and assess
the stability and biocompatibility of PHEMA-MMA
tubes in situ at nerve injury implantation sites over the
short- and longer-term (up to 16 weeks). Specifically,
several tube dimensional parameters were measured pre-
and post-implantation and a detailed histological
evaluation was conducted, including assessment of
macrophage infiltration and micro-calcification.
2. Materials and methods

2.1. Tube preparation

All chemicals were purchased from Aldrich Chemical
Co. (Milwaukee, WI, USA) and used as received unless
otherwise stated. Hydrogel nerve tubes were manufac-
tured using a technique developed by Dalton and
Shoichet [10]. The PHEMA-MMA tubes utilized in this
study were composed of 33% monomer of which 86%
was HEMA and 14% was MMA by mass.

Briefly, the monomer mixture was injected into a
silane-treated (Sigmacote, Sigma) glass cylindrical mold,
with an inner diameter of 1.8mm, which was spun
horizontally along its longitudinal axis at 2500 r.p.m. at
room temperature overnight. The resulting tube was
composed of a gel-like outer layer that was formed by
the coalescence of predominantly liquid-like phase-
separated particles [10] and an inner spongy (IS)
macroporous layer which likely comprised predomi-
nantly PHEMA particles.

The hydrogel nerve tubes had an inner diameter of
1.3mm, outer diameter (OD) of 1.8mm, and length of
12mm. Tube cross-sections of 100-mm thickness were
taken from each end of the 12mm long tubes and viewed
under the stereomicroscope (Leica MZ-6, Leica Micro-
systems, Wetzlar, Germany) in order to verify tube
concentricity. The tubes were Soxhlet extracted in water
overnight then sterilized by autoclaving in phosphate-
buffered saline (PBS) as previously described [10] prior
to both in vitro and in vivo testing.

2.2. In vitro micro-mechanical analysis

A micro-mechanical tester (Dynatek Dalta, Galena,
MO, USA) was used to measure the compressive moduli
of the tubes. The displacement was measured for
PHEMA-MMA tubes with applied loads of: 0.5 g
(n ¼ 6), 1 g (n ¼ 5), 2 g (n ¼ 4), 3 g (n ¼ 4), 4 g (n ¼ 4),
and 5 g (n ¼ 5). The displacements of hydrated tubes
were measured in room temperature distilled water and
the equilibrium displacement measured for a given load.
The measured displacement was the difference between
the OD of the tube in the non-compressed state
(displacement of 0.00mm) and that of the tube in the
compressed (at equilibrium) state. Each tube was
compressed once and then discarded after recording
the equilibrium displacement. These results served as a
calibration curve for tube compression, in vivo.

2.3. In vivo implantation

Sterile PHEMA-MMA tubes were filled with an inner
matrix formed from 1.28mg/ml type I collagen as
described recently [5]. Inbred adult male Lewis rats
(250–275 g) were obtained from Harlan–Sprague–Daw-
ley (Indianapolis, IN). All surgical procedures were
performed with the aid of an operating microscope
(Leica M651, Leica Microsystems, Wetzlar, Germany)
in an aseptic manner according to standard microsurgi-
cal techniques, as previously described [11]. Following
gluteal and posterior thigh incisions, the sciatic nerve
was exposed deep to the biceps femoris muscle and an
8mm segment of the nerve was excised which, after
retraction of the nerve ends, resulted in a 10mm nerve
gap. Then a 12mm long PHEMA-MMA tube was
sutured into the resulting gap using two 10-0 nylon
sutures on each side approximately 180� apart (Derma-
lon, Davis and Geck, American Cyanamid Company,
Danbury, CT, USA). Muscle and skin incisions were
then approximated with interrupted 3–0 Polysorb
(Autosuture, Norwalk, CT, USA) and continuous 3–0
silk (Autosuture, Norwalk, CT) sutures, respectively.
Each rat underwent bilateral surgery.

2.4. Morphometric analysis of in vivo tube biostability

To assess tube stability and integrity, several tube
parameters were compared pre- and post-implantation,
morphometrically. Tube repairs were left in situ for 0
(control, n ¼ 5), 4 (n ¼ 3), 6 (n ¼ 3), 8 (n ¼ 6), and 16
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(n ¼ 4) weeks. Following this period, animals were
sacrificed by intracardiac perfusion with saline followed
by 4% ice cold paraformaldehyde. The mid-portions of
the tubes (approximately 4mm long) were removed,
cryopreserved in 30% sucrose for 24 h, and frozen in a
Cryomatrix compound (Shandon, Pittsburgh, PA,
USA). Using a cryostat, 15 mm thick cross-sections were
cut, coverslipped with Permount (Fisher Scientific, Fair
Lawn, New Jersey, USA) without any staining, and
subsequently underwent morphometric assessment. Sec-
tions were viewed (from 40� to 1000� ) under the
Olympus BX51 light microscope (Olympus America
Inc., Mellville, New York, USA) with the Cool Snap-
Pro camera (Media Cybernetics Inc., Silver Springs,
MD, USA). Morphometric parameters measured by
Image-Pro Plus (Version 4.5 for Windows) image
analysis software (Media Cybernetics Inc., Silver
Springs, MD, USA) included: (1) minimum (shortest)
outer tube diameter, (2) the area of the tube wall, and (3)
the area of the tube lumen.

2.5. General histological evaluation

Approximately 4mm long tissue samples from the
mid-portions of the tubes were harvested, fixed with
glutaraldehyde, embedded in plastic, and sectioned on
an ultramicrotome (Sorvall MT6000, Ivan Sorvall Inc.,
Norwalk, CT). These 1 mm thick cross-sections were
stained with Toluidine blue and viewed under the light
microscope. One cross-section from the center of each
sample was taken into consideration for a general
histological assessment with the aid of a light micro-
scope. This was done for 8 (n ¼ 6) and 16 (n ¼ 14) week
samples in an attempt to understand what cellular
events may be occurring within and around the tubes
in vivo. The software program Image Pro-Plus was used
to verify the dimensions of various histological findings
such as cells, nuclei, and capsules.

2.6. Qualitative macrophage analysis

The graft and its contained regenerating tissue (RT)
were analyzed in the proximal and distal segments using
immunohistochemical methods at 4 (n ¼ 3), 8 (n ¼ 8),
and 16 weeks (n ¼ 11) weeks post-implantation for ED1
reactivity, a marker for macrophages [12,13].

For these experiments, rats were anesthetized, per-
fused through the heart, and samples were collected and
processed. Slides were dewaxed in three changes of
xylol, dehydrated in two changes of 100% ethanol, then
rinsed with a solution of PBS, 0.03% hydrogen
peroxide, and 1% sodium azide. Slides were treated
with 0.2% pepsin solution in Tris-Buffered Saline (TBS)
at 37�C for 15min to expose antigens and later rinsed in
tap water. All incubations were done at room tempera-
ture in a humid chamber. Slides were rinsed in PBS and
blocked with 7% normal horse serum for 15min.

The primary antibody, monoclonal mouse anti-rat
ED1 (MAB 1435, Chemicon International Inc., Teme-
cula, CA, USA), was used on longitudinal sections at a
dilution of 1/250 and was incubated at room tempera-
ture for 1.5 h. Sections were washed three times in TBS
and then the secondary antibody (horse anti-mouse
biotinylated IgG, BA 2001) was applied and incubated
for 45min. Sections were washed three times with TBS,
incubated for 40min in a commercial Vectastain ABC
Kit (PK 4000, Vector Laboratories, Burlington, Ontar-
io, Canada), washed three times with TBS, and
chromagen solution (SK 4800, Vector Laboratories)
was applied for 10min. Slides were washed for 5min in
running tap water, lightly counterstained in Mayers
hematoxylin (as described in [14]), and then dried
overnight and coverslipped using Permount (Fisher
Scientific).

2.7. Calcification analysis

In select cases at 8 (n ¼ 6) and 16 (n ¼ 10) weeks, the
proximal and distal sections of the tube, along with the
adjacent tissue and contained RT, were fixed by
immersion in 10% buffered formalin, paraffin em-
bedded, and then longitudinal sections were cut. These
8 mm sections were stained using the von Kossa method
[15] to histologically examine for calcification and to
quantitatively compare the calcification area percentage
between 8 and 16 week tubes. The percent calcification
area was calculated morphometrically at 40X according
to Eq. (1):

Calcification area%

¼
cross-sectional calcification tube area

cross-sectional tube area
� 100%: ð1Þ

These sections were placed onto Superfrost slides and
immersed in 5% silver nitrate solution (Fisher Scien-
tific). The slides were exposed to ultraviolet light for 10–
20min. Untreated silver was removed with the addition
of 5% sodium thiosulfate for 2min and rinsed in
distilled water. Samples were dehydrated, cleared in
xylene, paraffin embedded, and viewed under the light
microscope.
3. Results

3.1. Stability of the tubes/morphometry

With the application of loads, the PHEMA-MMA
tubes followed a linear pattern of displacement with an
R2 value of 0.975 for the best-fit line, y ¼ 6:8105�
�0:0073 (Fig. 1).
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y = 6.8105x - 0.0073 

R2 = 0.975

0.00

1.00

2.00

3.00

4.00

5.00

6.00

0.00 0.20 0.40 0.60 0.80 1.00
Displacement (mm)

M
as

s 
(g

)

Fig. 1. The force–displacement calibration curve was linear

(R2 ¼ 0:975) for the best-fit line, y ¼ 6:8105��0:0073: Error bars

denote SEM (standard error of the mean, n ¼ 426 for each data

point).
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Tube OD decreased with time and this was significant
(po0:05) at 8 and 16 weeks relative to t ¼ 0 (Fig. 2A).
The in vivo displacement was calculated by subtracting
the in vivo tube ODs from that of the mean non-
implanted tube OD (1.75370.017mm). The change in
tube OD (relative to pre-operated controls) increased
with time and was significantly different (po0:05) by 16
weeks. These in vivo OD displacement data were
compared to the in vitro calibration curve (Fig. 1) to
estimate the applied load in vivo (Fig. 2B).

The area of the tube wall, including both the IS and
outer gel (OG) tube layers, was measured at 0, 4, 6, 8,
and 16 weeks (Fig. 2C). The areas of the tube walls were
significantly lower (po0:05) at 8 and 16 weeks
compared to those at t ¼ 0 (Fig. 2C). This suggested
that the tube wall may have thinned with time.
However, none of the in vivo lumenal tube areas at 4,
6, 8, and 16 weeks was significantly different than that at
t ¼ 0 (Fig. 2D).

3.2. Gross appearance of tubes at explantation

At all explantation time points, there was minimal
adherent tissue to the tubes and tube dissection from the
intermuscular plane of the sciatic nerve compartment
was relatively easy. There was no evidence of gross
inflammation or infection in the areas surrounding the
tube. At 16 weeks, a thin glossy delicate film enveloped
the tubes which also appeared to be stiffer.

Most of the tubes had an oval to round shape on
sectioning at surgery. Some tubes displayed signs of
collapse in that some were concave on a single side or
biconcave. By visual inspection post-surgery, the dimen-
sional properties of patent tubes were uniform along
their lengths. Collapsed tubes were equally deformed at
the proximal, mid, and distal levels.
3.3. Eight week PHEMA-MMA tubes

As evidenced in Fig. 3A, the tube was comprised of
two layers: an IS and an OG. The RT tapered relatively
little from the inner aspect of the tube (Fig. 3A). There
was relatively little reactivity along the outer aspect of
the 8-week tubes. The IS layer at 8 weeks was usually
devoid of inflammatory cells and remained relatively
intact. There were several discrete regions in the IS layer
that were invaded by finger-like tissue extensions
emanating from the periphery of the RT (Fig. 3A).
The cells within these projections (based on morphol-
ogy) included myelinated axons, fibroblasts, Schwann
cells, and inflammatory cells (monocytes, lymphocytes,
and macrophages). One of the six (17%) 8 week tubes
had a 90% or more reduction in tube OD compared to
the t ¼ 0 mean tube OD.

3.4. Sixteen-week PHEMA-MMA tubes

Vascularized regenerative tissue was seen in 10/14
(71%) mid-portions of the tubes at 16 weeks (Fig. 3B).
Within the RT, the myelinated axons observed were of a
size, shape, number, and myelin area to indicate that the
polymeric tube permitted axonal regeneration [16]. The
RT was also reasonably abundant with unmyelinated
nerve fibres and blood vessels. As compared to 8 weeks,
the 16-week tubes at mid-level were invaded by many
more finger-like projections originating from the RT.
No cells were found within the gel-like layer of the tube
wall. Four of the 14 samples (29%) at 16 weeks had no
RTs and 75% (3/4) of these tubes collapsed by at least
90% of their original tube OD.

This 16 week bimodal tube response is comprehen-
sively reported elsewhere [17], in which the minority of
tubes that collapsed demonstrated lower values in 10
histomorphometric and four electrophysiological para-
meters, as well as a lower end-target mean muscle mass.

3.5. Chronic inflammation at 16 weeks

The 16-week tube samples were examined histologi-
cally to better investigate whether cellular events had led
to a higher incidence of tube collapse at 16 versus 8
weeks post-implantation. A vascularized fibrous capsule
(FC), densely packed with flattened cells such as
fibroblasts, formed around all of the tubes (n ¼ 14)
which could be seen both grossly during surgery and
microscopically in the tissue sections (Figs. 3B–D). The
thickness of this capsule ranged from 65 to 100 mm in the
16 week, Toluidine blue-stained tube samples. There
were a number of cells that had the histological
appearance suggestive of fibroblast-like cells breaching
the exterior of the tube wall (Fig. 3D).

In addition, ‘‘finger-like’’ extensions of tissue from the
RT were reaching into the IS layer of the tube in the 10
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Fig. 2. (A) The minimum ODs of the tubes decreased with time in vivo and were significantly smaller (po0:05Þ at 8 and 16 weeks relative to t ¼ 0: (B)
The applied in vivo loads were estimated by comparison to the in vitro calibration cure (Fig. 1) at: 0.6370.33, 0.6470.29, 2.5270.52, and

4.2270.51 g for 4, 6, 8, and 16 weeks, respectively. (C) The cross-sectional tube wall area at mid-level decreased significantly (po0:05) after 8 and 16

weeks relative to earlier time points. (D) The in vivo tube lumenal areas at 4, 6, 8, and 16 weeks were not significantly different from the pre-operated

tubes at t ¼ 0: The tube lumenal area at 16 weeks was significantly less (po0:05) than that at 6 and 8 weeks, but not as compared to earlier times.
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samples that exhibited an RT at 16 weeks (Fig. 3E). There
was also evidence of a granulomatous inflammation in
which multinucleated foreign-body-type giant cells were
observed at the interface between the RT and the inner
tube layer (Fig. 3F). Large vacuoles were observed within
these giant cells and some of these giant cells were ED1+.

3.6. ED1 macrophage and von kossa calcification

examination

There were very few ED1+ macrophages in the 8
week tube samples; most of them were near the IS layer
(Fig. 4A). The outer edges of the tube wall (TW) at 8
weeks and in discrete areas within the RT showed some
evidence of calcification as did isolated regions of the IS
layer (Fig. 4B).

At week 16, the ED1+ macrophages predominated in
the center of the RT while a smaller number of reactive
macrophages were located in the IS layer and external
edges of the tube (Fig. 4C). No ED1+ cells were found
within the gel-like layer of the tube. Most of the IS layer
of the 16-week tubes exhibited considerable calcification
(Fig. 4D). Furthermore, a thin film (5–10 mm) of micro-
calcification was noticeable on the exterior edge of the
tubes (Fig. 4D). The percent calcification of the total
tube wall cross-sectional area at 16 weeks was signifi-
cantly higher (29.5376.69%) than at 8 weeks
(7.4470.44%) according to an independent sample t-
test.
3.7. Comparison of 16-week collapsed and non-collapsed

tubes

To gain greater insight as to why 29% of the 16 week
tubes collapsed, a gross histological inspection of
Toluidine blue-stained tubes was performed and re-
vealed that the collapsed tubes had either little or, in
most cases, no IS layer (compare Figs. 5A to B). Unlike
the 16-week patent tubes, no cells invaded the inner
walls of the 16 week collapsed tubes (Fig. 5B). There was
no noticeable difference with inflammation on the outer
tube wall between collapsed and non-collapsed tubes.

The IS layer area was significantly (po0:05) smaller in
collapsed tubes (0.157670.0195mm2) versus the patent
tubes (0.557870.0488mm2). Similarly, the entire tube
wall areas (including both inner and outer layers) of
collapsed tubes (0.750670.0234mm2) were significantly
less (po0:05) than those of non-collapsed ones
(1.305370.0520mm2). The OG like area in collapsed
tubes (0.593070.0311mm2) was lower than that in
patent tubes (0.747470.0438mm2) but the difference
was not significant.

In vitro, the PHEMA tubes followed a linear force–
displacement curve, y ¼ 6:8105��0:0073: Using this
curve, the loads applied in vivo at 4, 6, 8, and 16 weeks
(based on tube morphometry at explantation) were
estimated to be 0.6370.33, 0.6470.29, 2.5270.52, and
4.2270.51 g, respectively. For four of 14 or 29% of
nerve conduits, the minimum tube OD progressively
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Fig. 3. (A) Low-power photomicrograph of a representative 8 week tube in cross-section, comprised of IS and OG layers, with its contained RT. (B)

Low-power photomicrograph of a tube at 16 weeks with a contained RT and IS and OG layers. The tube was enveloped by a vascularized fibrous

capsule (FC). (C) Photomicrograph of the dense external vascularized FC at 16 weeks, partly comprised of fibroblasts, and the cellular invagination

in the OG layer. (D) Medium power photomicrograph of the outer aspect of a 16 week tube, possibly being invaginated by fibroblasts. (E) A ‘‘finger-

like’’ tissue extension from the RT that contained some inflammatory cells (arrowheads). (F) A multi-nucleated foreign-body-type giant cell found in

the IS layer of a 16 week tube, near the RT. Arrows point to some of the nuclei within these cells. Scale bars in (A) and (B) are 200 mm, (C) 100mm,

(D) and (E) 20mm, and (F) 10mm.
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decreased over time in vivo signifying tube collapse. The
tube wall area at 8 and 16 weeks was significantly lower
than that of earlier time points. Interestingly, the tube
wall area of collapsed 16-week tubes was significantly
lower than that of their patent counterparts.

The RT within the nerve guides tapered relatively
little from the inner aspect of the tubes. Eight week
tubes were largely biocompatible, however, by 16 weeks,
vascularized fibrous capsules enveloped the tubes from
the exterior and a substantial number of ‘‘finger-like’’
tissue extensions containing inflammatory and giant
cells invaded some of the tubes from the interior. ED1+
macrophages appeared mainly in the center of the RT.
The amount of calcification of the conduits almost
quadrupled from 8 to 16 weeks.
4. Discussion

The nerve conduit tubes follow a linear in vitro load–
displacement curve as illustrated by the high R2 value of
0.975 indicating the highly reproducible nature of the
tube manufacturing process [10,18]. Since the gel layer is
primarily responsible for the tubes’ mechanical proper-
ties [6], there may exist differences in the spongy layer
that are not accounted for during the in vitro micro-
mechanical testing. In the in vivo experiments, by 8
weeks post-surgery, five of six tubes remained patent
and one of six (or 17%) of the tubes collapsed whereas
by 16 weeks post-surgery, a bimodal population of tubes
was observed in which a majority of the tubes (71%)
remained patent while the other 29% collapsed.
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Biological events that unfolded over time may have
played key roles in causing tube collapse; however,
because these were different tubes, a clean correlation is
not possible, and there may have been differences in the
tube inner layer morphology that resulted in different
tissue regeneration/response. All systematic biases re-
lated with tube implantation that could be identified
Fig. 5. Photomicrographs of mid-graft cross-sections of (A) patent

tube at 16 weeks and (B) collapsed tube at 16 weeks. Scale bars are

200mm.
were ruled out as the cause of tube collapse (such as rat
side, surgical techniques, date and time of implantation,
rat mass, and post-surgery collaring of certain rats).

From the in vitro force–displacement calibration
curve and the in vivo morphometric tube OD measure-
ments, compression was translated into calculated load.
However, this load is really an estimate because there
are several differences between the in vitro micro-
mechanical tester and the in vivo environment. For
example, the temperature, pH, and osmolality of the
solution in which tubes were examined in the apparatus
were not physiological. The tubes, in vitro, were not
Fig. 4. (A) There were relatively few macrophages found in the 8 week

tube samples immunostained with ED1, most of which were near the

IS layer of the tube wall (TW) at the periphery of the RT. (B)

Calcification was observed along the outer edges of the TW at 8 weeks

and in discrete areas within RT and at the wall’s inner layer using the

von Kossa staining method. (C) At 16 weeks, ED1+ macrophages

were present mostly in the center of the RT and some in the RT’s

periphery by the IS layer. Processing has artifactually caused the tube

wall to physically separate from the rest of this sample here and in

panel D. ED1 stain. (D) A serial longitudinal von Kossa-stained

section of (C). The inner aspect of the 16 week tube wall was heavily

calcified with modest calcification along the outer tube wall edge. Scale

bars are 200mm.
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sealed whereas, in vivo, they were sutured to each
stump. In vitro, a single compressive load was used to
test each tube whereas in vivo, the loads were likely
applied constantly or repetitively and potentially from
multiple angles. Since the in vivo morphometric
measurements were based on tubes that, at 8 and 16
weeks, had significantly thinner walls than the in vitro
tubes, the calculated load values represent a maximum
estimate of the actual in vivo load (assuming a thinner
tube compresses more at a given load). Therefore, the
in vitro test provides an approximate upper limit of how
much the tubes need to be strengthened to withstand
in vitro loads and perhaps in vivo loads.

Collapse of nerve tubes is not a new phenomenon and
has been observed since the early tubulation experiments
and shown to obstruct nerve regeneration [19–23]. The
area of the tube wall is an important factor in tube
biostability [24]. The area occupied by the IS layer of 16
week collapsed tubes was significantly less than that of
16 week patent tubes, which suggests that either the
spongy layer was degraded over the 16 week period or
the layer was missing in those tubes that collapsed. The
former argument is supported by an apparent ‘‘thin-
ning’’ of the tube wall as evidenced by a decrease in the
mean tube wall thickness over time (Fig. 2C). The tube
wall area may have decreased due to repetitive
compressive forces [4], loss of material due to phagocy-
tosis and chronic wear and tear forces [25], or simply
because the regions of considerable contortion where the
collapsed tubes are most deformed visibly account for
less area (as in the lower tube cusp in Fig. 5B). The latter
argument (that is, missing spongy layer) is supported by
a lack of RT which was likely enhanced by the greater
surface area of the spongy layer. Without a spongy
layer, the tissue may not have been able to regenerate.
Alternatively, as the sciatic nerves of the rats regener-
ated over time, associated with improved rat lower limb
function, the nerve tubes may have experienced higher
mechanical stresses possibly leading to the increased
number of collapsed tubes.

Ratner et al. [4] reported that relatively smooth
surfaces such as those on breast implants (and the outer
surface of our tubes) were invaginated with macro-
phages, while rougher surfaces such as those on
expanded poly(tetrafluoroethylene) (ePTFE) vascular
prostheses (and the lumenal surface of our tubes) elicited
a foreign-body-type reaction composed of macrophages
and giant cells. Likewise, high surface area-to-volume
ratio implants (such as fabrics) have higher ratios of
macrophages and giant cells at the implantation site
than smooth surface implants which have fibrosis as a
significant component at the site. This is also similar to
the histological findings of the inner and outer 16-week
nerve tube surfaces, respectively. Thus, there may be
some phagocytosis of the IS layer that accounts for the
overall reduction in tube wall area.
The vasculature within the RT may be the source of
macrophages as the location of these cells was pre-
dominant in the center of this tissue rather than in the
periphery (Fig. 4C). The histological findings of
inflammation in this report are similar to those observed
by others who have implanted PHEMA. For example,
subcutaneously implanted collagen-PHEMA hydrogels
in rats evoked an acute and then a chronic inflammatory
response by 6 months characterized by the migration of
macrophages and foreign-body giant cells while an
11 mm thick fibrous capsule formed around the implant
after 1 month [26]. No necrosis, tumorigenesis, infec-
tion, or other adverse tissue reactions were observed at
the implant site, indicating that the hydrogels were well-
tolerated, non-toxic, and biocompatible. Others have
found PHEMA orbital implants in rabbits to be well-
tolerated despite the presence of fibroblasts and
inflammatory cells [27]. We also found that our
PHEMA tubes were biocompatible, although not totally
inert given the presence of a fibrous capsule (65–100 mm)
and some foreign-body-type giant cells.

The regions where most inflammatory cells were
observed in the mid-tube cross-sections were the same
where calcification was observed, that is, at or near the
IS layer. The extent to which immunologic processes
contribute to calcified tissue is poorly known [8]. Some
studies on atherosclerosis have shown an association of
inflammation and calcification, but the causal connec-
tion is very complex [28,29] and still controversial.
Several studies have reported inflammatory cells in areas
of ectopic bone protein expression [30,31]. It is widely
accepted that mechanical stress stimulates calcification
[8,32,33]. This may explain why there is more calcifica-
tion in 16-versus 8-week tubes as the tubes may slide and
bend chronically within the intermuscular pocket.
5. Conclusion

PHEMA-MMA tubes were manufactured in a highly
reproducible manner as evidenced by the linear in vitro
force–displacement curve. These tubes maintained their
structural integrity and biocompatibility over 8 weeks
with a minority of the tubes collapsing by 16 weeks
possibly due to either a decreased (or missing) inner
spongy layer or degradation, chronic inflammation, and
calcification. In ongoing studies, we are investigating
methods to improve the long-term stability and bio-
compatibility of nerve guidance channels.
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