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Figure 5. Osteophyte formation in the medial portion of tibial carti-
lage of wild-type (WT), Runx2*/~, and Runx2*"Z mice 12 weeks
after induction of joint instability. A, Representative anteroposterior
radiographs. B, Representative histologic features of frontal sections
(Safranin O staining). Boxed areas in the top row indicate the regions
shown at higher magnification in the bottom row. Bars = 200 p.m (top)
and 50 um (bottom). C, Histologic scoring of osteophyte formation
according to the grading system described in Materials and Methods.
D, Histomorphometric measurements of trabecular bone volume
(bone volume/tissue volume [BV/TV]) in the subchondral region of
medial tibial joints. Data in C and D are expressed as the mean and
SEM of 10 samples per genotype per time for wild-type and Runx2*/~
mice, and of 4 samples per time for Runx2**% mice. = = P < 0.01
versus wild-type mice.

phyte formation. Quantification by the osteophyte for-
mation score (10) at 12 weeks confirmed the reduction
by RUNX-2 insufficiency (Figure 5C). The trabecular
bone volume in the subchondral region tended to be
lower in mice with RUNX-2 insufficiency, although not
statistically significant (Figure 5D). These findings dem-
onstrate that RUNX-2 contributes to at least 2 charac-
teristic features of OA: cartilage destruction and osteo-
phyte formation under the unstable joint.

DISCUSSION

Although several studies have examined the ex-
pression of matrix proteins in OA cartilage using exper-
imental models in larger animals, such as dogs and
rabbits (3-7,9), the results have been inconsistent. For
example, in rabbit models 1 study showed no alteration
of CII expression (7), while another showed its up-
regulation at region-specific sites (5). In canine models,
CII expression was higher in OA knee joints, and
expression progressed in one study (4) and decreased in
another one (6). Other matrix proteins, such as aggrecan
and fibromodulin, seem to be altered only at isolated
time points (5,7).

Our previous immunohistochemical analyses us-
ing an experimental mouse OA model (medial model)
showed no substantial change in CII, type IX collagen,
MMP-2, MMP-3, or MMP-9 expression, but up-
regulation of type X collagen and MMP-13 (10). The
present time course analyses using the same model
confirmed up-regulation of type X collagen and
MMP-13 with no alteration of CII, by immunohisto-
chemical and real-time RT-PCR analyses. In this model,
definite increases in RUNX-2, type X collagen, and
MMP-13 were seen at 2, 4, and 8 weeks, respectively,
after surgery (Figures 1 and 2), while cartilage destruc-
tion became visible at 8 weeks (10). In addition,
RUNX-2 insufficiency caused a decrease in cartilage
destruction, along with a reduction in type X collagen
and MMP-13 expression. Furthermore, transgenic mice
expressing constitutively active MMP-13 are reported to
exhibit articular cartilage destruction resembling OA
(28). These findings indicate that induction of these
molecules is the cause, not the effect, of the cartilage
destruction. '

Under physiologic conditions, articular cartilage
does not show chondrocyte hypertrophy, but maintains
the stable phenotype as a permanent cartilage. However,
in OA articular cartilage, pathologic expression of type
X collagen and other differentiation markers, including
annexin VI, alkaline phosphatase, osteopontin, and os-
teocalcin, have been reported (11,12,29-31), indicating
that OA articular cartilage cannot maintain the charac-
teristics of the permanent cartilage, but gains those of
the growth plate cartilage, which undergoes endochon-
dral ossification. MMP-13, which potently degrades car-
tilage matrix with a preference for CII, is known to be
induced in OA articular cartilage (32) and to be func-
tionally involved in OA pathogenesis (28). This protein-
ase has been suggested to be induced in response to
proinflammatory cytokines such as tumor necrosis factor
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a (TNFa), interleukin-1 (IL-1), and IL-6 in articular
cartilage under pathologic conditions, such as OA and
rheumatoid arthritis (RA) (2,33). However, it is suspi-
cious that these cytokines play significant roles in the
development of OA. Our previous study showed that
levels of TNFe, IL-1, IL-6, as well as fibroblast growth
factor 2, in the synovial fluid from knee joints of patients
with OA were much lower than those from patients with
RA (34).

Furthermore, a recent study using a mouse OA
model similar to ours (35) showed that mice lacking
IL-1, IL-1B~converting enzyme, stromelysin 1, or induc-
ible nitric oxide synthase unexpectedly exhibited an
acceleration of cartilage destruction, implying that these
proinflammatory factors do not stimulate, but rather
inhibit, cartilage destruction. Instead, we propose that
chondrocyte hypertrophy is important for MMP-13 in-
duction in cartilage. There are well-ordered expression
patterns of type X collagen and MMP-13 in the growth
plate cartilage; only the highly differentiated cells in the
type X collagen—positive hypertrophic chondrocytes are
able to express MMP-13 (10,36,37). This sequence of
expression may be essential for endochondral ossifica-
tion that needs prior degradation of the cartilage matrix.
The present time-course study also showed that
MMP-13 expression occurred later than hypertrophic
differentiation of OA chondrocytes, suggesting the prin-
cipal role of chondrocyte hypertrophy in the develop-
ment of OA.

Although several signaling molecules, including
Indian hedgehog and parathyroid hormone-related pep-
tide, have been shown in mouse genetics studies to
regulate chondrocyte hypertrophy, RUNX-2 is known to
be the only transcription factor that is necessary for
hypertrophy, based on several lines of evidence.
Runx2™/~ mice show no hypertrophic chondrocytes in
some skeletal elements (15,16), and expression of a
dominant-negative Runx2 mutation inhibits chondrocyte
hypertrophy and ossification in vivo (18). Constitutive
expression of RUNX-2 in prehypertrophic chondrocytes
leads to premature and ectopic chondrocyte hypertrophy
(17-19). In addition, endogenous RUNX-2 is known to
be expressed mainly in prehypertrophic chondrocytes
during endochondral ossification in skeletal develop-
ment and growth (15,19). The present analysis also
showed that RUNX-2 expression reached a maximum at
2-4 weeks and decreased at 8 weeks, suggesting that
RUNZX-2 is expressed in prehypertrophic chondrocytes
that undergo hypertrophic differentiation and apoptosis
thereafter in the OA cartilage as well.

The fact that type X collagen was induced shortly
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after RUNX-2 during OA progression is consistent with
a recent finding that type X collagen is a direct tran-
scriptional target of RUNX-2 by transactivation of the
promoter (20). However, the time lag between RUNX-2
and MMP-13 expression was inconsistent with previous
reports showing the direct activation of MMP-13 tran-
scription by RUNX-2 (26,27). RUNX-2 may therefore
induce type X collagen expression directly, and then the
hypertrophic chondrocytes express MMP-13 during the
development of OA.

The mechanism whereby mechanical instability
induces RUNX-2 expression in articular cartilage re-
mains unclarified. RUNX-2 was recently reported to be
a target of mechanical signals, mainly in osteoblasts,
causing anabolic action in bone. Low-level stretching, as
well as extracellular nucleotides released in response to
mechanical stimuli, up-regulates not only RUNX-2 ex-
pression, but also its DNA binding activity in cultured
osteoblasts (38,39). This effect in bone was shown to be
modulated by activation of ERK MAPK and protein
kinase C.

In contrast, more complicated mechanorespon-
sive mechanisms appear to evolve in chondrocytes.
Although tensile strain increased RUNX-2 expression,
hydrostatic pressure decreased it somewhat in cultured
primary chondrocytes (40). In fact, our preliminary
experiment using the culture of chondrocytes isolated
from the growth plate of wild-type and Runx2*/~ mice,
as described previously (41), failed to show induction of
RUNX-2 by stretching stimulation using the Flexercell
culture system (data not shown). Since we also could not
find RUNX-2 induction in OA superficial chondrocytes
earlier than 2 weeks after surgery (data not shown), it is
likely that the induction is not directly from mechanical
instability, but occurs by way of changes in other mole-
cules. Establishment of a chondrocyte culture system
that accurately reproduces the in vivo environment of
OA articular cartilage induced by joint instability will be
essential to elucidate the molecular network mediating
RUNX-2 expression.

Accumulation of mechanical loading and the
subsequent cartilage destruction were confined to the
medial portion of the tibial cartilage in the present
model, and the changes in RUNX-2, type X collagen,
and MMP-13 were detected mainly in the affected
medial portion. However, a previous study (9) has shown
that expression levels of CII, type I collagen, and
YKL-40 were up-regulated independently of joint local-
ization during the early stages in an experimental canine
OA model (3). Another study of expression levels of CII,
aggrecan, biglycan, decorin, fibromodulin, and MMPs 1,
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3, and 13 demonstrated significant region-specific
changes in a rabbit OA model (5). Although the present
study failed to detect the up-regulation of RUNX-2,
type X collagen, or MMP-13 in the unaffected lateral
portion, further studies of region-specific expression of a
subset of transcription factors, cytokines, matrix mole-
cules, proteinases, and proteinase inhibitors should elu-
cidate the molecular network underlying the OA patho-
genesis in the whole joint.

Although OA has long been considered to be
primarily a cartilage disorder associated with focal artic-
ular cartilage degradation, recent studies suggest the
involvement of subchondral trabecular bone in the
pathophysiology (8,42,43). The increased subchondral
bone stiffness is suggested to reduce the ability to
dissipate the load and distribute the strain generated
within the joint, which augments peak dynamic forces in
the overlying articular cartilage and can accelerate its
damage over time. In fact, the present study showed a
decrease in the subchondral trabecular bone volume in
mice with RUNX-2 insufficiency, although it was not
statistically significant. Considering that Runx2 is origi-
nally known as a master gene for bone formation, we
cannot deny the possibility that reduced cartilage de-
struction due to RUNX-2 insufficiency is at least partly
secondary to the decreased subchondral bone. Further
analyses using bone- and cartilage-specific RUNX-2-
deficient mice driven by type I collagen and CII promot-
ers, respectively, would determine the tissue-specific
role of RUNX-2 during OA progression.

We herein propose a mechanism of OA develop-
ment, in which RUNX-2 expression induced by mechan-
ical instability causes pathologic hypertrophic differen-
tiation of articular chondrocytes, which then produces
MMP-13 that degrades cartilage matrix. We certainly do
not think that MMP-13 is the sole proteinase for carti-
lage degradation in OA. In fact, deletion of active
ADAMTS-5 (aggrecanase 2), another member of the
metalloproteinase family, was recently reported to pre-
vent cartilage destruction in mouse arthritis models
(44,45). We speculate that the cartilage degradation by
these metalloproteinases may lead to osteophyte forma-
tion through endochondral ossification at the edge of
the articular cartilage to which new blood vessels are
accessible by adjacent synovial or fibrous tissue. But it
may result in cartilage destruction without ossification at
the avascular central area.

The fact that RUNX-2 insufficiency prevented
both cartilage destruction and osteophyte formation
without affecting physiologic skeletal conditions suggests
that this molecule can clinically be a therapeutic target
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of these disorders, since RUNX-2 is known to be
induced in human OA cartilage (46). Mutations in the
Runx2 gene cause cleidocranial dysplasia not only in
mice, but also in humans (22,47,48). Although various
types of the human RUNX-2 gene, including chromo-
somal translocations, deletions, insertions, nonsense,
missense, and splice-site mutations, have been reported
to cause a wide spectrum of phenotypic variability,
ranging from primary dental anomalies to all typical
features plus osteoporosis, future studies on the suscep-
tibility of OA in these patients will provide invaluable
information on the possibility that RUNX-2 is a clinical
target for this common joint disorder.
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Abstract

Although extracorporeal shockwave has been applied in the treatment of various diseases, the biological basis for iis analgesic effect
remains unclear. Therefore, we investigated the dorsal root ganglion neurons of rats following shockwave exposure to the footpad to
elucidate its effect on the peripheral nervous system. We used activating transeription factor 3 (ATF3) and growth-associated phosphoprotein
{GAP-43) as markers for nerve injury and axonal regeneration, respectively. The average number of neurons immunoreactive for ATF3
increased significantly in the treated rats at all experimental time points, with 78.3% of those neurons also exhibiting immunoreactivity for
GAP-43. Shockwave exposure induced injury of the sensory nerve fibers within the exposed area. This phenomenon may be linked to the
desensitization of the exposure area, not the cause of pain, considering clinical research with a particular absence of painful adverse effect.
Subsequent active axonal regeneration may account for the reinnervation of exposed area and the amelioration of the desensitization.

© 2006 Elsevier B.V. All rights reserved.
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Extracorporeal shockwave therapy (ESW) has become
better known as an approach for the management of various
painful orthopedic disorders (Gerdesmeyer et al., 2003:
Rompe et al., 1996. 2004). Despite the increasing recogni-
tion of ESW, only a few studies have investigated its
biological effects on the nervous system and the mechanism
of its analgesic effect (Maier et al., 2003; Haake et al., 2002).

We have previously shown that ESW of the rat footpad
caused degeneration and reinnervation of sensory nerve
fibers innervating the skin (Ohtori et al., 2001). ESW also
cavsed a decrease in immunoreactivity for calcitonin
gene-related peptide (CGRP) in dorsal root ganglion
(DRG} neurons (Takahashi et al., 2003). The biological
effects of ESW in other components of the sensory

* Corresponding awthor. Tel/fax: +81 43 226 2117.
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nervous system such as the DRG and spinal cord warrant
farther investigation.

Activating transcription factor 3 (ATF3) is specifically
induced in DRG neurons and the spinal cord neurons after
aerve injury. ATF3 is a member of the ATF/CREB family of
transeription factors and its expression is induced in a variety
of tissues exposed to stress (Hai et al., 1999). Although its
function has not been clearly elucidated, ATF3 is widely
regarded as a specific neuronal marker of nerve injury (Hai et
al., 1999; Tsujino et al., 2000). On the other hand, growth-
associated phosphoprotein (GAP-43) has emerged as one of
the most useful markers of axonal regeneration (Skene and
Willard, 1981), and is expressed at particularly high levels in
developing neurons and elongating axonal growth cones
(Jacobson et al., 1986). Nerve injury leads to increased
synthesis of GAP-43 in adult neurons (Coggins and Zwiers.
1991). If ESW io the skin were to have effects on DRG
neurons, observed changes in expression of these markers
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may provide insight into the biological effects of ESW on the
peripheral nervous system. With this in mind, we investi-
gated changes in ATF3 and GAP-43 expression profiles in
DRG neurons following ESW of the rat footpad.

Experiments were conducted in accordance with the
guidelines for animal experimentation of the Ethics Review
Committee of Chiba University. Twenty-eight male Spra-
gue—Dawley rats weighing 250-300 g were used. Rats
receiving ESW (the ESW group) were generally anaesthe-
tized with an intraperitoneal injection of 40 mg/kg sodium
pentobarbital before shockwave exposure. Two-thousand
shockwave pulses at an energy flux density of 0.08 mJ/mm?
and a frequency of 4 Hz generated by a lithotripter (Dornier
Med. Tech.; Epos®) were applied to the skin of footpads
corresponding to the L4 and L5 dermatomes as previously
described (Takahashi et al., 1994),

On 1, 2, 4, 7, 14 and 28 days after the shockwave
exposure, four rats each in the ESW group were anesthetized
with 40 mg/kg sodium pentobarbital and perfused transcar-
dially with 0.9% saline, followed by 500 ml of 4%
paraformaldehyde in a phosphate buffer (0.1 M. pH 7.4).
After fixation, the L4 and L5 DRG of the rats were collected
bilaterally. The other four rats received no shockwaves and
were used as controls; the bilateral L4 and L5 DRG were
collected in the same manner as for the ESW group. After
storage in 0.01 M phosphate-buffered saline (PBS) contain-
ing 20% sucrose at 4 °C for 20 h, the specimens were serially
sectioned on a cryostat at 20 pm intervals.

The sections were treated in blocking solution (0.01 M
PBS containing 0.3% Triton X-100 and 1% normal goat
serum) at room temperature for 90 min. They were then
incubated at 4 °C for 20 h in rabbit antibody for ATF3
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA) and
mouse antibody for GAP-43 (1:1000; Sigma, St. Louis, MO)
diluted in blocking solution. After they were washed three
times in PBS, the sections were incubated with secondary

antibodies (Alexa 594-labeled anti-mouse antibodies:

[1:250; Molecular Probes, Eugene, OR] and Alexa 488-
labeled anti-rabbit antibodies [1:250; Molecular Probes,

Eugene, OR]). The sections were then examined using a
fluorescence microscope.

To quantify immunoreactivity, we counted the total
number of ATF3 immunoreactive neurons (ATF3-IR neu-
rons) and both ATF3 and GAP-43 immunoreactive neurons
(ATF3/GAP-43 dual-IR neurons) in profile in every third
section across each harvested DRG. Moreover, immumnore-
active neurons were divided into two groups according to
their cell diameter: small (<30 pum) and large (>30 pm)
neurons, as determined by a graticule scale. All data was
analysed by a blinded observer.

Statistical significance of differences between the ESW
group and the control was determined by Tukey’s test for
equal sample variance with a confidence level greater than
95% (P<0.05).

Scattered ATF3-IR neurons were observed in DRG of the
ESW group (Fig. 1A). In contrast, ATF3-IR neurons were
rarely detected in DRG of the control group (Fig. 1B). Many
aspects of ATF3-IR neurons seemed to also be immunore-
active for GAP-43 (Fig. 10).

The average number of ATF3-IR neurons and ATF3/
GAP-43 dual-IR neurons was significantly larger in the ESW
group than in the control group at all time points (Fig. 2). The
number of neither the ATF3-IR neurons nor the ATF3/GAP-
43 dual-IR neurons showed a significant time dependence
during the period studied (Fig. 2).

In total of all time points, 1969 immunoreactive neurons
were observed in the ESW group (Table 1). The ratios of
small neurons and large neurons to the total ATF3-IR neurons
were 22.5% (444/1969) and 77.5% (1525/1969), respective-
ly; 78.3% (1542/1969) of ATF3-IR neurons were also
immunoreactive for GAP-43. Among the ATF3-IR neurons,
44.3% (197/444) of small neurons and 88.1% (1345/1525)
of large neurons were also immunoreactive for GAP-43.
The ratios of small and large ATF3/GAP-43 dual-IR
neurons to the total ATF3/GAP-43 dual-IR neurons were
12.8% (197/1542) and 87.2% (1345/1542), respectively. The
neurons immunoreactive for GAP-43 alone seemed to be in
the majority, although we had not counted them precisely.

Fig. 1. Fluorescence microscopic images of dorsal root ganglion (DRG). A (% 100): A section from L5 DRG in the ESW group 4 days after application of ESW,
Several neurons with well-stained nuclei immunoreactive for ATF3 (arrowheads) are observed. B (x 100): A section from L5 DRG in the control group. ATF3-IR
neurons could not be detected in this section. C (x400): Merged images from L5 DRG in the ESWT group of 2 days after ESWT. An ATF3/GAP-43 dual-IR

neuron with a well-stained nucleus and cytoplasm (arrowhead) is shown.
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Fig. 2. Total profile of immunoreactive neurons. ATF3-IR neurons; neurons immunoreactive for ATF3, ATF3/GAP-43 dual-IR neurons: nenrons immunoreactive
for both ATF3 and GAP-43. This graph illustrates the total number of ATF3-IR neuron profiles (black colurnn) and ATF3/GAP-43 dual-IR neuron profiles (white
column). The synibols (*, *¥) indicate the significance of the difference of the data by Tukey’s test compared to controls (n=4, P<0.05). All data were shown as

mean values+8.D.

In this study, we showed that ESW to the rat footpad
caused nerve injury as indicated by increased numbers of
ATF3-IR neurons, and axonal regeneration by those neurons
double labeled for ATF3 and GAP-43 immunoreactivity.

ATF3 is involved in the stress response (Hai et al., 1999),
ATF3 is also known as a transcriptional repressor and is
implicated in the cell death of some non-neuronal cells (Chen
et al.. 1994; Mashima et al.. 2001: Nawa et al., 2002; Zhang
et al, 2001). In the nervous system, ATF3 has been
designated as a marker for nerve injury because of its
specific expression in response to nerve injury (Tsujino et al.,
2000; Obata et al.,, 2003). The rat model for nerve damage
utilizing resection of the sciatic nerve has produced ATF3
immunoreactivity in a majority of DRG neurons (Tsujino et
al.. 2000: Obata et al., 2003), whereas our model showed
tewer ATF3-IR neurons. Although the functional conse-
quence of ATF3 in nerve injury has not been elucidated, this
difference of ATF3 immunoreactivity may be related to a

Table 1
Size diswibution of immunopositive neurons of the ESW growup

ATF3-IR newrons

ATF3/GAP-43 dual-IR neurons Total
Small (<30 pm) 197 444
Large (>30 um) 1345 1525
Total 1542 1969

This table shows the total number of immunopositive nearons of the ESW
group. All data indicate combined number of all time points. Immunore-
active neurons were classified according to cell diameter measured by
graticule scale as small (<30 pmy and large (>30 pm). All values were
shown as the number of neurons in each category.

ATF3-IR neurons: newrons immumoreactive for ATF3.

ATF3/GAP-43 dualiR neurons: neurons immunoreactive for both ATE3
and GAP-43,

difference in the number of affected nerve fibers. The
lithotripter we used generated focused shockwaves with an
exposure area of approximately 5x5x26 mm. The small
number of nerve fibers within this area of narrow exposure
might only be expected to produce weak ATF3 expression on
the corresponding DRG, which is consistent with our
observations.

In general, there is no simple correlation between
epidermal innervation and sensory functions such as
nociception (Lindenlaub and Sommer, 2002). Spinal and
peripheral nerve injury often accounts for neuropathic or
phantom pain (Chung et al., 1993; Devor et al., 1994; Ma
and Bisby, 2000; McLachlan et al., 1993; O'Halloran and
Perl, 1997; Verdu and Navarro, 1997), Previous clinical
research focusing on ESW has shown significant pain relief
and only few side effecis, with a particular absence of
problems such as neuropathic pain (Gerdesmeyer et al..
2003; Rompe et al, 1996, 2004). Thus, the increase of
ATF3-IR DRG neuron number induced by ESW may be
linked to the desensitization of the exposure area, not the
cause of the neuropathic pain.

The significant increase in the number of ATF3-IR
neurons after exposure was sustained for at least 28 days
{Fig. 2). This observation, however, does not confirm a
persistent desensitization of the exposed area. The presence
of ATF3/GAP-43 dual-IR neurons, which account for 78.3%
(1542/1969) of ATF3-IR neurons, may indicate the regen-
eration of injured nerve fibers (Table 1). GAP-43 isa 24 kDa
neuronal-specific phosphoprotein, which is implicated in
axogenesis and synaptogenesis during regeneration of the
nervous system (Karns et al.. 1987; Bomze et al., 2001). The
expression of GAP-43 mRNA is induced early in the celi
soma and proximal axon after axotomy (Hoffiman. 1989;
Verge et al., 1990 Tetzlaff et al., 1991). In the current study,
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GAP-43 immunoreactivity was represented by exclusively
well-stained cytoplasm, which had supported this finding.
The regeneration phase of injured nerve fibers, indicated by
the expression of ATF3/GAP-43 dual-IR neurons, began
within a day of the ESW application. We found that most of
the nerve fibers degenerated by ESW reinnervated the
exposure area, penetrating the basal lamina of the epithelium
within 14 days of the BSW application (Ohtori et al., 2001 ).
The time difference in these findings suggests that actual
elongation of damaged nerve fibers to the skin may require
longer than GAP-43 expression in neuron after the ESW
application. This rapid reinnervation of the exposed area
could contribute to the amelioration of desensitization.

With regard to the size distribution of ATF3-IR neurons,
22.5% (444/1969) were classified as small neurons (Table 1).
The sensory nerve fibers originating from small neurons are
mainly of small diameter, suggesting their involvement in
nociception, temperature perception and autonomic effects.
Adrenergic sprouting induced after nerve lesions in noci-
ceptive C-fibers (Sato and Perl. 1991) and DRG (McLachlan
et al., 1993: Ramer et al. 1998) is thought to result from
states of neuropathic pain. Thus, the injury of nerve fibers
originating from small ATF3-IR neurons may be associated
with the alleviation of pain.

However, 44.3% (197/444) of ATF3-IR small neurons
also showed immunoreactivity for GAP-43 (Table b,
possibly indicating axonal regeneration of the injured
small-diameter fibers. This proportion is much higher than
the previously reported proportion of approximately 3% in
normal DRG immunoreactive neurons in rats (Gonzalez-
Hernandez and Rustioni, 1999). The up-regulation of ATF3/
GAP-43 dual-IR small neurons most likely represented
active axonal regeneration of the injured nerve fibers, which
may indicate the recurrence of pain.

Morteover, 77.5% (1525/1969) of ATF3-IR neurons were
classified as large neurons (Table 1). Most ATF3-IR DRG
neurons had been observed in the rat sciatic nerve resection
model are of medium to large diameter (Obata et al., 2003),
indicating that large-diameter fibers such as A« or AP fibeis
account for most of the injury, and small-diameter fibers such
as Ad or C-fibers were relatively uninjured. Although a
difference in vulnerability between these fibers has not been
established (Fréhling et al.. 1998), large-diameter fibers are
thought to be more sensitive to ESW than small-diameter
fibers. These observations may help explain the analgesic
effect of ESW, since large-diameter fibers play a crucial role
in painful conditions such as aiflodynia (McLachlan et al .
1993).

This study has several potential limitations. We have
counted the profile of immunoreactive neurons, but could
not estimate the actual number of immumoreactive neurons
(Coggeshall and Lekan. 1996). We examined DRG neurons
immunohistochemically, but we did not directly evaluate any
pain associated with the cellular effects observed. The
analgesic effect of ESW may not be proven by physiological
examination employing normal animal models. Study of the

analgesic effects of ESW, especially physiological effects,
should perhaps utilize pathological models of pain. The
relevance of cellular ATF3 or GAP-43 levels with regard to
the analgesic effect in clinical subjects has not been
elucidated.

Nevertheless, this study shows that ESW induced
peripheral nerve injury and regeneration of the nerve fibers
originating from DRG neurons in rats, and that the nerve
injury may contribute to the desensitization of the exposed
area. The regeneration of injured nerve fibers may occur
immediately after exposure and account for the reinnervation
of the exposed area. These observations provide a partial
explanation for the analgesic effects of ESW and may
contribute to the eluicidation of pain recurrence observed in
clinical subjects.
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Abstract

Polymethylmethacrylate (PMMA) bone cement is widely used for prosthetic fixation in orthopaedic surgery; however, the interface
between bone and cement is a weak zone. We developed a bioactive PMMA cement through modification with y-methacryloxypropyl-
trimethoxysilane (MPS) and calcium acetate. The purpose of this study was to compare the handling, mechanical and histological
properties of the modified bone cement with those of the conventional cement. The modified specimens exhibited higher bonding strength
between bone and implant. Histological observation and micro-focus X-ray computed tomogram (micro-CT) images showed that the
modified cement exhibited osteoconduction, which the conventional PMMA bone cement lacked. The modification was found to be
effective in enabling osteoconduction with PMMA bone cement, thus providing stable fixation for a long period after implantation.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymethylmethacrylate (PMMA) bone cement has been
widely used for prosthetic fixation in orthopaedic surgery.
Among the zones that include prosthesis—bone cement—
bone, the interface between bone and PMMA bone cement
is known as one of the weak-link zones, because conven-
tional PMMA bone cement is unable to bond to living
bone [I]. One may expect that providing PMMA bone
cement with bone-bonding ability, the so-called bioactivity,
would solve the problem of fixation between living bone
and PMMA bone cement.

Previously, powders of bioactive ceramics such as
sintered hydroxyapatite and glass—ceramic A-W were
added to PMMA bone cement {2.2] to fabricate bioactive
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bone cement. More than 60wt% of bioactive ceramic
powder should be included in PMMA powders to satisfy
the osteoconductive properties after setting. Inadequate
amounts of ceramic powder in the cement might leave less
area of the bioactive fillers to react with the surrounding
body fluid, on exposure to the body environment. More-
over, addition of excess amounts of ceramic power to the
PMMA cement might adversely affect the mechanical and
handling properties [4]. Modification of the methylmetha-
crylate (MMA) liquid is one of the possible methods to
reduce the fraction of additives to the bicactive ceramic
fillers, since the surface of the set cement should react with
the surrounding body fluid. Previous studies on bone-
bonding mechanisms of bioactive ceramics revealed that
the essential requirement for an artificial material to bond
to bone is the formation of an apatite layer on its surface
after implantation in bony defects [S.6]. The apatite
formation is triggered by the release of calcium ions
(Ca**) from the surface of the bioactive materials, and by
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the inductive effects of silanol (Si-OH) group on hetero-
geneous nucleation of the apatite layer under body
environment [7]. Based on these mechanisms, we have
proposed the development of a bioactive PMMA cement,
modified with alkoxysilane compounds, which provides
Si—-OH groups, as well as calcium salts, which release Ca®*.
In our previous evaluation of several PMMA bone cements
modified with alkoxysilane and calcium salts, the modifica-
tion with 20mass% of y-methacryloxypropyltrimethoxysi-
lane (MPS) and calcium acetate resulted in bioactive
PMMA bone cement [8.,9]. This modified PMMA was
intended for prosthetic fixation. It should be noted that the
quantity of additives in our modified cement was much
lower than that in the previously reported method, i.e.,
70 mass%. With this lower content of additives, our
modified cement may exhibit better handling character-
istics and mechanical properties. Few studies have reported
the use of MPS in vivo, and hence toxicity of MPS in living
tissue remains uncertain. In this study, the modified
PMMA cement with MPS and calcium acetate was further
evaluated to determine its handling characteristics, me-
chanical properties and behavior in a simulated body fluid
(SBF). The possible problems with the application of the
modified cement are discussed by comparing with the
characters of commercially available conventional PMMA
bone cement.

2. Materials and methods
2.1. Preparation of the modified PMMA bone cement

Modified PMMA bone cement was prepared according to a previous
report [10]. The raw materials used for the preparation and the
composition of modified PMMA bone cement are listed in Table 1.
Calcium acetate monohydrate (Ca(CH3;COO), - H,O) was pulverized to a
size of less than 44 wm and calcined at 220 °C for 2 h in order to remove the
water in the compounds. The PMMA powder that had an approximate
molecular weight of 100,000 and average particle size of 14um was
purchased from Sekisui Plastics Co. Ltd. The PMMA powder was mixed
with heat-treated calcium acetate, as well as barium sulfate (BaSOy) as
radio-opaque filler and benzoyl peroxide (BPO) as polymerization
initiator without further purification. The liquid components were
prepared by mixing the chemical reagents, namely MMA, y-MPS and
N, N-dimethyl-p-toluidine (NDT) as polymerization accelerator. The paste
was prepared by mixing the powder with the liquid at a powder-to-liquid
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(P/L) mass ratio of 2:1 under ambient conditions at room temperature.
Zimmer® dough-type radio-opaque cement (Zimmer, Warsaw, IN, USA)
was used as a reference of the commercialized conventional PMMA bone
cement.

2.2. Measurement of the setting time and temperature during
polymerization

Setting behavior of the mixed pastes was evaluated according to
1SO5833 [11]. The paste, which was a mixture of the powder and liquid,
was packed into a cylindrical mold (60 mm in diameter, 6 mm in height).
The temperature measurement probe (CM-16635, HFT-40, Anritsu Meter
Co. Ltd., Tokyo, Japan) was then installed into the center of the mold to
measure the curing temperature every 20s, until the temperature begins to
fall. The maximum temperature, Tpa, during polymerization was
determined to plot the recorded temperature against time. The setting
time was calculated using the following:

T= (Tmax + Tamb)/z: (1)

where T was the setting temperature and Ty, Was the recorded ambient
temperature. The setting time was determined from the beginning of the
mixing until the T value reaches. These experiments were carried out three
times and the average and standard deviation calculated.

2.3. Compressive strength

For the compressive strength measurement, the cements were molded
to the cylindrical specimens 6 mm in diameter and 12mm in length. After
curing, the cement was kept for 24h in the air at room temperature.
Moreover, molded specimens were exposed to SBF at 36.5°C at a
solution/surface area ratio = 0.1 ml/mm? before it was completely cured,
and kept for 7 days. SBF proposed by Kokubo and his colleagues [12] was
used in this study. Ion concentrations of SBF are Na* 142.0, K* 5.0,
Mg?* 1.5, Ca2* 2.5, CI” 147.8, HCO5 4.2, HPO3~ 1.0 and SO~ 0.5mwm
(= mol/m®). The compressive load was applied at cross-head speed of
20 mm/min using the material testing machine (EHF-F01, Shimadzu Co.,
Kyoto, Japan) until fracture occurred. The compressive strength was
calculated from compressive load and geometric area of the specimens.
The average compressive strength and standard deviation were calculated.

2.4. Behavior of the specimen in SBF

Surface morphological changes and apatite formation on the cements
after exposure to SBF were observed for the cements molded into
rectangular shapes of 10 x 15 x I mm. Before the molded cements were
completely cured, the specimens were immersed in 35 ml of SBF at 36.5°C.
After 1, 3 and 7 days, the specimens were removed from the solution, and
gently washed with distilled water. Surface changes of the specimens were
characterized by thin-film X-ray diffraction (TF-XRD, RINT2500,
Rigaku Co., Tokyo, Japan), field emission scanning electron microscopy

Table 1

Composition of the examined cement

Components Mass ratio Note

Powder
PMMA 0.680 Sekisui Plastics Co. Ltd., Tokyo, Japan
Calcium acetate (Ca(CH5COO), - H,0) 0.194 Wako Pure Chemicals Industries Ltd., Osaka, Japan
Benzoyl peroxide (BPO) 0.029 Wako Pure Chemical Industries Ltd., Osaka, Japan
Barium sulfate (BaSOy) 0.097 Sakai Chemical Industry Co. Ltd., Osaka, Japan

Liquid
Methylmethacrylate (MMA) monomer 0.397 Wako Pure Chemical Industries Ltd., Osaka, Japan
N, N-dimethyle-p-toluidine (NDT) 0.004 Kanto Chemical Co. Inc., Tokyo, Japan
v-Methacryloxypropyl-trimethoxysilane (MPS) 0.099 Chisso Industry Co. Ltd., Tokyo, Japan
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(FE-SEM, S-4700, Hitachi Co., Tokyo, Japan) and surface roughness
tester (SV-300084, Mitutoyo Co., Japan).

2.5, Animal study

Hardened cylindrical specimens (I5mm in length and 4mm in
diameter) of the cements were subjected to implantation for mechanical
test. The specimens were implanted into the femur of nine 2-year-old
female beagle dogs weighing 8-11kg. The guidelines for animal
experimentation of Chiba University were carefully observed. They were
sedated with an intramuscular injection of Ketamine chloride (10 mg/kg).
The cylindrical specimen was inserted into cach femur of the dog from the
lateral aspect of the diaphysis hemicortically. Specimens were randomly
distributed in the femur sites to avoid a positional bias. For histological
study, we used six 2-year-old female beagle dogs weighing 8-11 kg.
Through the parapatellar approach to the distal femur, the medullary
cavity was drilled from this region and intramedullary injection of the
cement solutions into the dog femur was performed manually using 20 ml
syringe. Icepacin sulfate (200 mg) was administered intramuscularly just
before the operation. After the operation, the animals were housed in
cages, provided with water and chow, and allowed to move unrestricted at
all times. After 3, 5 and 8 weeks, the dogs were sacrificed with an overdose
of sodium pentobarbital. The femur with the inserted specimen was
removed. The strength of the implant—bone interface was evaluated for six
specimens at each determination point using the push-out test. The
prepared fresh samples were fixed in a testing jig with resin, and the
implants were pushed out from the surrounding bone using a material
testing machine (SHIMADZU EHF-F01, Shimadzu Co., Kyoto, Japan)
[13]. A loading rate of 05 mm/min was used for all tests. A
load~displacement curve was recorded to measure the maximum force
at breakage, which was defined as the bonding strength between bone and
the implant. For the histological study, the dog femur with hardened
injected cement was transversely sectioned at the diaphysis. Two samples
were examined at each determination point. The interface between cement
and bone was also observed by micro-focus X-ray computed tomography
(micro-CT; MCT-CB130MF, Hitachi medical Co., Japan). The samples
were soaked in 70mass% ethanol solution for fixation. They were
dehydrated by consecutive soaking for 1 day in each solution of a graded
ethanol/water system (ethanol/water: 70/30, 80/20, 90/10, 95/5, 97/3, and
100/0 in mass ratio). The dried specimens were embedded in €poxXy resin.
A 200-pm cross-section was cut from the specimen and mounted on a slide
glass, followed by polishing to a thickness of approximately 30 pm.
Toluidine blue staining and Villannueva—Goldner staining were performed
- to observe the surrounding bone reaction under an optical microscope.
For the histological study, calcified bone in the interstices between cortex
bone and cement surface were measured by analyzing software Winroof ¥
(Mitani Co., Japan) at § weeks. Regions of interest (ROIs) were defined as
exactly the same size (1.1 mm x 1.1 mm) in all samples and two regions of
each sample were measured.

2.6. Statistical analysis

Values were expressed as the mean+standard deviation (SD).
Statistical differences were analyzed with the use of the Mann Whitney
U test; p<0.05 was considered statistically significant. Two of the
specimens for push-out test were infected and four specimens were
implanted incorrectly. So we discarded these specimens, and the final
numbers (72) were 6, 3 and 4 for modified PMMA and 6, 4 and 5 for
conventional one at 3, 5 and 8 weeks after implantation, respectively.

3. Results

Table 2 gives the maximum temperature during setting
of the bone cements and their setting time. The setting time
of the modified cement was longer than that of conven-
tional PMMA bone cement (Zimmer® bone cement), while

Table 2
Maximum temperature during polymerization and setting time

Setting time
(min, means+SD)

Maximum
temperature
(°C, mean+SD)

Sample

Zimmer® bone 82.54+0.6 12.0+04
cement )
Modified PMMA 51.04+1.2 18.142.3

bone cement

D3I Before soaking in SBF
120 " O After soaking in SBF for 7 days

—

100

80r

(=]
(=

-

60

Compressive strength (MPa)

modified PMMA
bone cement

Zimmer ® bone cement

Fig. 1. The compressive strength of the cements with or without exposure
to simulated body fluid (SBF).

the maximum temperature during the setting of the
modified cement was lower. Fig. 1 shows the compressive
strength of the cements with or without soaking in SBF for
7 days. The compressive strength of the modified cement
without soaking in SBF was almost the same as the
conventional one, but when soaked in SBF, it decreased
and did not satisfy the value required by ISO5833
(70 MPa). Fig. 2 shows SEM photographs of the surface
of the cements before and after soaking in SBF for various
periods. Aggregations of tiny particles were newly observed
on the surface of the modified cement soaked in SBF for 1
day, whereas no significant changes were observed on the
surface of the Zimmer® bone cement. Fig. 3 shows TF-
XRD patterns of the cements with and without soaking in
SBF for various periods up to 7 days. Peaks assigned to
hydroxyapatite (JCPDS#15-0876) with low crystallinity
were detected approximately at 26 = 32° for modified
cement, while Zimmer® bone cement showed peaks
assigned to barium sulfate (J CPDS#24-1035). These results
indicate that the apatite crystals with fine particles
were deposited on the surface of the modified cement
within 1 day after soaking in SBF, to form a layer of
hydroxyapatite on the modified cement. In contrast,
Zimmer® bone cement did not show any apatite formation
after exposure to SBF. Table 3 shows surface roughness of
the cements with and without soaking in SBF for 1, 3 and 7
days. Surface roughness (Ra) of the modified PMMA bone
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Fig. 2. SEM photographs of the surfaces of (a) Zimmer® bone cement and (b) the modified PMMA bone cement, after soaking in simulated body fluid
(SBF) for 1, 3 and 7 days. “0d” indicates the specimen without soaking in SBF.

7 days
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Fig. 3. TF-XRD patterns of the cements with and without soaking in simulated body fluid (SBF) for 1, 3 and 7 days. “‘0 day” indicates the specimen
without soaking in SBF. Black circle: hydroxyapatite (JCPDS#15-0876); black triangle: barium sulfate (JCPDS#24-1035); black diamond: calcium
acetate - 0.5H,O (JCPDS#19-0199): (a) Zimmer™ bone cement and (b) modified PMMA bone cement.

gsg:cz roughness of cements (Ra; mm) with and without soaking in simulated body fluid (SBF) for 1, 3 and 7 days
Sample Surface roughness of cements (Ra;mm)

0 day 1 day 3 days 7 days
Zimmer™ bone cement 0.729+0.09 0.882+0.23 0.57640.08 0.681+0.05
Modified PMMA bone cement 0.3164+0.05 1.023+0.10 1.297+0.24 3.385+0.30

cement distinctly increased with increasing soaking periods ~ in comparison with those of Zimmer®™ bone cement.
in SBF, whereas Zimmer® bone cement did not. Although the condition differed from the actual clinical

Fig. 4 shows the results of push-out test after 3, 5and 8  application in which the cement is inserted before setting,
weeks implantation of the modified PMMA bone cement,  a significantly higher binding strength (p<0.05) was
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observed for the modified PMMA bone cement than
Zimmer® bone cement, at each implantation period. The
push-out load of the modified PMMA bone cement
reached 1.60 MPa in 3 weeks, which was maintained up
to 8 weeks after implantation, while those of Zimmer®
bone cement remained low throughout the examined
periods in this study. This result clarifies that the modified

35 =y Modified PMDMM4 hone cement

- B Zimmer® hone cement

ay [
g g

o

Fnsh-oui load / MiPa
()

3w Sw 8w
Time { weeks

Fig. 4. Results of push-out sirength afier implaniation in deg femur. A
significantly higher binding strength (p<0.05) was observed for the
modified PMMA bone cement compared to Zimmer?® bone cement
(conventional PMMA bone cement), at each implantation period.

3901

PMMA bone cement results in tight fixation with greater
strength than conventional PMMA bone cement. In the
area where there was a gap between the bone cortex and
the surface of modified PMMA, micro-CT and microscopic
images showed new bone formation and lamellar bone
bridges in all animals 8 weeks after implantation (Fig. 5.
On the other hand, little new bone formation was observed
for the Zimmer® bone cement. Fig. # shows the percentage
fraction of the calcified bone in the interstices between
cortex bone and cement surface measured by the analyzing
software Winroof® in 8 weeks’ samples. The percentage
fraction of the calcified bone around the modified PMMA
bone cement was significantly larger than Zimmer® bone
cement (p = 0.02). These evidences support the finding that
the higher strength on the push-out test for modified
PMMA is attributed to higher affinity, which is osteocon-
duction, of the modified PMMA bone cement to bone than
that of the conventional PMMA bone cement.

4. Discussion

To develop a bioactive PMMA-based bone cement, an
optimal composition was sought to obtain adequaie
mechanical sirength and handling properties. Additives
for inducing bicactivity on bone cement should not affect
the workability of the bone cement. Previous reports on
modifications of PMMA bone cement with MPS and

Fig. 3. Tmages of micro-focus Neray computed tomograms (micro-CTy at § weeks after implantation. in comparison with microscopic images

g

(8
(Villannueva—Goldner stain < 1): () Zimmer ® bone cemeni and (b) medified PMMA bone cement.
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50!—

%

modified PMMA
bone cement

Zimmer®
bone cement

Fig. 6. Results of the percentage fraction of the calcified bone in the
interstices between cortex bone and cement surface at 8 weeks. More
calcified bone (*p<0.05) was observed for the modified PMMA bone
cement compared to Zimmer® bone cement (conventional PMMA bone
cement). Measured by analyzing software Winroof® (1 = 4).

calcium salts showed prolonged setting time and reduced
mechanical strength after the modification [8.14]. These
problems can be solved by selecting the appropriate
calcium salts [10]. In this study, it was confirmed that
MPS and heat-treated calcium acetate could be the
appropriate candidates for modification, because the
setting time was within 20 min and there was minimal heat
generation during polymerization as shown in Table 2.
Incorporation of MPS reduced the polymerization rate,
compared to MMA liquid alone. The reduction in the
compressive strength from approximately 75 to 65MPa
due to exposure to SBF, which does not meet the
mechanical properties required by ISO 5833, remains a
problem to be solved.

The findings of the present study suggested that the
modification of PMMA bone cement with 20 mass% of
MPS and calcium acetate resulted in high biological
affinity to living bone. Thus, a higher binding strength
could be achieved between the modified PMMA bone
cement and living bone than for the conventional PMMA.
bone cement. The binding strength is caused by the
formation of a hydroxyapatite layer after implantation in
the bony defect, because in vitro evaluation using SBF
clearly showed that the modified cement had ability to
form apatite in body environment. Therefore, osteocon-
duction of the modified PMMA bone cement is induced by
the formation of the apatite layer through the surface
reaction with surrounding body fluids after implantation
of the modified PMMA bone cement. In fact, the
animal study indicated that there was extensive new bone
formation around the modified PMMA bone cement, and
that direct bone apposition to the modified PMMA bone

cement surface was observed on histological examination.
Micro-CT images also showed bridges of new boné from
the bone cortex to the surface of the modified PMMA bone
cement that had developed into lamellar bone 8 weeks after
implantation. This in vivo evidence confirms the fact that
modified PMMA bone cement has higher affinity to living
bone tissue, than the conventional PMMA bone cement. In
contrast, conventional PMMA bone cement is more stable
in chemical reaction to body fluids than the modified one.
The stability of the conventional PMMA bone cement
in body environment is confirmed from the results of
TF-XRD, SEM and surface roughness, as seen in Figs, 2
and 3 as well as Table 3. Although the modifications with
MPS and calcium acetate make the PMMA bone cement
bioactive, dissolution of the components, probably calcium
acetate and part of hydrolyzed MPS, results in a decrease
in compressive strength of the cement as shown in Fig, 1.
The increase in the surface roughness of the modified
PMMA bone cement shown in Table 3 is attributed to
dissolution of the calcium acetate from the bone cement
and/or deposition of apatite crystals, through reaction of
the cement with SBF. Increased surface roughness may
contribute to an increase in binding strength between the
cement and living bone due to anchoring effects. On the
other hand, the toxicity of the dissolved components
should be clarified in future studies. Long-term stability
after implantation should be clarified in order to achieve
successful application.

5. Conclusion

The results of this study show that higher bonding
strength between bone and implant can be achieved with
modified PMMA bone cements. Histological observation
and micro-CT images showed that the PMMA cement
modified with y-methacryloxypropyl trimethoxysilane
(MPS) and calcium acetate exhibits osteoconductive proper-
ties, whereas the conventional PMMA bone cement did not.
This type of chemical modification was effective in
providing PMMA bone cement with bioactivity, thus
developing a new bioactive bone cement with a potential
for much stable fixation in a short period after implantation.
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A PEG-Based Biocompatible Block Catiomer
with High Buffering Capacity for the
Construction of Polyplex Micelles Showing
Efficient Gene Transfer toward Primary Cells
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Nonviral gene vectors from synthetic catiomers (polyplexes) are a
promising alternative to viral vectors. In particular, many recent
efforts have been devoted to the construction of biocompatible
polyplexes for in vivo nonviral gene therapy. A promising ap-
proach in this regard is the use of poly(ethylene glycol) (PEG)-
based block catiomers, which form a nanoscaled core-shell poly-
plex with biocompatible PEG palisades. In thisvstudy, a series of
PEG-based  block catiomers with different amine functionalities
were newly prepared by a simple and affordable synthetic proce-

Introduction

Gene therapy is a promiéing approach for the treatment of ge-
netic and intractable diseases and for tissue engineering; how-
ever, its success still strongly depends on the development of
useful gene vectors." Recently, nonviral vectors based on the
complexation of plasmid DNA (pDNA) with synthetic cationic
polymers (catiomers) have attracted a great deal of attention
as an alternative to viral vectors.”™ These vectors, the so-
called polyplexes, are aimed toward both efficient transfection
and decreased cytotoxicity.™® In particular, there has recently
been a strong impetus toward engineering the constituent
catiomers to construct biocompatible polyplexes suitable for
gene delivery in vivo.*® A promising approach in this regard is
the block copolymerization of catiomers with poly(ethylene
glycol) (PEG) to obtain PEG-block-catiomers, as they spontane-
ously associate with pDNA to form polyplex micelles at the
sub-100-nm scale with a dense and hydrophilic PEG palisade
surrounding the polyplex core (Figure 1).77'% These polyplex
micelles with PEG palisades showed high colloidal stability
under physiological conditions and afforded appreciable levels
of reporter-gene expression to various cell lines even after pre-
incubation in a serum-containing medium.” Notably, the poly-
plex micelles demonstrated longevity in blood circulation,”
offering the possibility of their use in systemic gene delivery.
Nevertheless, a major obstacle to the successful application of
this biocompatible nonviral vector system remains: the limited
transfection efficacy toward primary cells.
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dure based on an aminolysis ‘reaction, and their utility as gene
carriers was investigated. This study revealed that the block cati-
omers carrying the ethylenediamine unit at the side chain are ca-
pable of efficient and less toxic transfection even toward primary
cells, highlighting critical structural factors of the cationijc units
in the construction of polyplex-type gene vectors. Moreover, the
availability. of the polyplex micelle for transfection with primary
osteoblasts will facilitate its use for bone regeneration invivo
mediated by nonviral gene transfection.

Herein, we report a novel approach to obtain PEG-b/ock-cati-
omers with remarkably high transfecting activity even toward
primary cells, which are known to be sensitive to the toxicity
induced by conventional polyplexes. The synthetic strategy for
novel block catiomers is based on our unprecedented finding
that the flanking benzyl ester groups of poly(3-benzyl L-aspar-
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Figure 1. Formation of polyplex micelles through the electrostatic interac-
tion between block catiomers and plasmid DNA.

tate) (PBLA) can undergo a quantitative aminolysis reaction
with various polyamine compounds under mild anhydrous
conditions at 40°C, thus allowing the preparation of cationic
polyaspartamides with different amine functionalities, yet with
the same molecular weight and distribution (Scheme 1). In par-

PEG- NH—(CO-?H-NH),,-AC PEG-NH-[-(CO-(i‘,H-NH)-/-(CO-CH;—(EH-NH)—]"-AC

Gt H. =0

¢=0 HNANHA-NH, Cc=0 NH

o) (DET, 50 equiv) NH CH,),

1 1 1

H, 40°C in DMF (GH): NH
NH (GHa),
(GHy), NH,
NH,
PEG-b-PBLA PEG-b-P[Asp(DET)]

Scheme 1. Synthesis of PEG-b-P[Asp(DET)] block catiomer through the ami-
nolysis of PEG-b-PBLA. DMF = N,N-dimethylformamide.

ticular, this study is focused on the unique properties of the
ethylenediamine unit integrated into the polyaspartamide side
chain. Notably, ethylenediamine is known to undergo a clear
two-step protonation with a distinctive gauche-anti conforma-
tional transition as depicted in Scheme 2,'? and is thus expect-
ed to provide an effective buffering function in the acidic en-

1+
“N=-H

pK,, 6.0 PKa, 95 /—/\
= —HN,_‘+"‘NH2 = =HN NH,
NHZ H

anti gauche gauche ~80%

Scheme 2. Two-step protonation of the ethylenediamine unit with a distinc-
tive gauche-anti conformational transition.

dosomal compartment (pH 5). It has been suggested that cati-
omers with a low pK, value such as polyethylenimine could
buffer endosomal acidification and cause an increase in osmot-
ic pressure in the endosome, leading to the disruption of the
endosomal membrane to facilitate polyplex transport into the
cytoplasm (the so-called proton sponge effect’’). Indeed, PEG-
block-polyaspartamide with an ethylenediamine unit at the
side chain (PEG-b-P[Asp(DET)]) showed a remarkably high
transfection efficacy to various cancer cells as well as mouse
primary osteoblast cells. Importantly, this block catiomer was
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found to have remarkably low toxicity, facilitating its use for
in vivo gene therapy.

Results and Discussion

PEG-b-polyaspartamide carrying the N-(2-aminoethyl)aminoeth-
yl group —(CH,),NH(CH,),NH, as the side chain (PEG-b-P[Asp-
(DET)]) was prepared by the aminolysis of PEG-b-PBLA in dry
DMF at 40°C for 24h in the presence of a molar excess
(50 equiv relative to benzyl groups) of diethylenetriamine
(DET) (Scheme 1). The 'H NMR spectrum of PEG-b-P[Asp(DET)]
is shown in Figure 2, and the *C NMR spectrum is available in

a b b c d ¢ e
CH;(OCHPCH;,)_;NH-[-(CO—CIIH»NH)-/—(CO—CH;—QH»NH)-],‘-COCH:
Cl)H2 d CI):O
(I)=O I;JH
I}JH (;}H2 f
¢h.tl 1 cHg
?Hz gl T;IH
NH (I)H2 h
| i "
ool P
H,0 ([}H2 i }l h NH,
NH, i
b
~—jLJ
T T T T T T T
5.0 45 4.0 35 3.0 25 20
o/ ppm

Figure 2. 'H NMR spectrum of PEG-b-P[Asp(DET)] (solvent: D,0, T=80°C);
the polymer is in a salt form.

the Supporting Information. These data indicate that the ami-
nolysis of the PBLA benzyl groups proceeded in a selective
manner to the primary amine moiety of DET. Also, comparison
of the integration ratio of the proton peaks (b and f-) in
Figure 2 reveals quantitative introduction of DET into the side
chain of PBLA, and a unimodal molecular weight distribution
of the obtained polymer was revealed by size-exclusion chro- '
matography (SEC) measurement (Supporting Information).
These results suggest a minimal occurrence of inter- or intra-
polymer cross-linking by DET during aminolysis. Note that the
peaks from the carbonyl and methylene groups of the asparta-
mide units in the *C NMR spectrum (Figure S1, Supporting In-
formation) are split into two peaks, suggesting that the ami-
nolysis of PBLA might induce intramolecular isomerization of
the aspartamide units to form f(-aspartamide. Figure 3 shows
the time course of the aminolysis reaction of PBLA with DET,
which was evaluated from the change in the ratio of the
proton peak integration (f over b) in the 'HNMR spectrum
(Figure 2). This result indicates a fast and quantitative aminoly-
sis of PBLA, which is in marked contrast to the lack of aminoly-
sis with poly(y-benzyl L-glutamate) (PBLG) under the same re-

ChemMedChem 2006, 1, 439 — 444
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Figure 3. Time course of the aminolysis of PEG-b-PBLA with DET in DMF at
40°C. The reaction progress was estimated from the change in the ratio of
the proton peak integration (f over b) in the 'H NMR spectrum (Figure 2).

action conditions (data not shown), highlighting a unique
mechanism involved in the aminolysis of PBLA under mild con-
ditions. Presumably, the amide groups of the main chain inter-
act with the carbonyl group of the side chain, which may facili-
tate the aminolysis reaction."” The details of the mechanism
of this unique aminolysis reaction are now under investigation
in our research group and will be reported elsewhere.

The pH-dependent protonation of PEG-b-P[Asp(DET)] in
media containing 150 mm NaCl was evaluated by potentiomet-
ric titration. The a/pH curve shown in Figure 4 clearly indicates

1.00

Figure 4. Degree of protonation (a) as a function of pH (a/pH curve) for the
PEG-b-P[Asp(DET)] block catiomer (150 mm Nadl, aq, 25°C).

the two-step protonation behavior of PEG-b-P[Asp(DET)],
which is attributable to the two-step protonation of the ethyle-
nediamine moiety with a distinctive gauche-anti conforma-
tional transition as indicated in Scheme 2. The two distinct pK,
values of the ethylenediamine moiety in the side chain of poly-
aspartamide were determined to be 6.0 and 9.5. Notably, this
group remains nearly 100% populated by the mono-protonat-
ed state (gauche form) at pH 7.4, and is capable of exerting a
substantial buffering effect in the pH range down to 5.0, at
which point the equilibrium shifts to the di-protonated state
(anti form) (Scheme 2).

The polyplex micelle was prepared by mixing solutions of
PEG-b-P[Asp(DET)] and pDNA in various ratios of N/P, for which
N is the total number of amine groups in the block catiomer

ChemMedChem 2006, 1, 439 -444
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and P represents the number of phosphate units in the pDNA.
The formation of the polyplex, which accompanies pDNA con-
densation, was followed by an ethidium bromide (EtBr) dye-ex-
clusion assay at different pH values. As shown in Figure 5, the

0 L 1 1 1 J

NIP »

Figure 5. Effect of pH (a: pH 5.0, m: pH 7.4) on the relative fluorescence in-
tensity (F,) of EtBr in solution with pDNA and PEG-b-P[Asp(DET)] at various
N/P ratios.

fluorescence intensity of EtBr decreases with an increase in the
N/P ratio. At pH 5.0, the fluorescence of EtBr levels off at N/P=
1, which is consistent with approximately 95% protonation of
the ethylenediamine unit, as expected from the a/pH curve in
Figure 4. On the other hand, at pH 7.4, substantial quenching
occurred at N/P~ 2.0, which is consistent with the hypothesis
that the mono-protonated form of the ethylenediamine unit in
PEG-b-P[Asp(DET)] might be maintained even inside the poly-
plex. It is possible that the stabilized gauche conformation
(Scheme 2) of the mono-protonated form may prevent the eth-
ylenediamine unit from further protonation facilitated by the
zipper effect or the local electrostatic field effect in the com-
plexation process with anionic pDNA at pH 7.4."% The cumu-
lant diameters and ¢ potentials of the polyplexes prepared at
different N/P ratios are shown in Figure 6. The cumulant diam-
eters of the polyplex micelles were determined to be 70-
90 nm throughout the range of the examined N/P ratios of 1-
20, and the ¢ potentials of the polyplexes increased with N/P
ratios and leveled off at N/P=2 (Figure 6). At N/P> 2, the poly-
plexes were observed to have small absolute ¢ potentials
(~8 mV), suggesting a core-shell architecture with a hydrophil-
ic and neutral PEG shell surrounding the polyplex core.
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Figure 6. Cumulant diameter (m) and ¢ potential (4) of the PEG-b-P[Asp-
(DET)] polyplex micelles as a function of N/P ratio.
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The in vitro transfection efficiency (TE) against human hepa-
toma HuH-7 cells was assessed by a luciferase assay (Figure 7).
Notably, a similar trend in TE was also observed for human
kidney 293T cells (Supporting Information). In this experiment,
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Figure 7. In vitro transfection of the luciferase gene into HuH-7 cells by poly-
plex micelles from PEG-b-polyaspartamides carrying various polyamine com-
ponents in the side chain (PEG-b-P[Asp(X)]) with varying N/P ratios. Transfec-
tion is reported in relative light units (RLU) per mg protein. The cells were
incubated with each polyplex in the medium containing 10% serum for

24 h, followed by incubation for a further 24 h in the absence of polyplex.

the PEG-b-P[Asp(DET)]-pDNA micelle was compared with the
polyplex micelles from various PEG-b-polyaspartamide catiom-
ers made by the similar aminolysis of PEG-PBLA with different
amine compounds, with the aim to highlight the unique
nature of the P[Asp(DET)] segment. Note that the polyplex mi-
celles from each block catiomer prepared in this study showed
sizes and ¢ potentials similar to those of the polyplex micelle
from PEG-b-P[Asp(DET)] (data not shown). The polyplex micelle
from the block catiomer with the 2-aminoethyl group
—~(CH,),NH, (pK,9.4) in the side chain (PEG-b-P[Asp(EDA)]),
which was prepared through the aminolysis of PEG-b-PBLA
with ethylenediamine (EDA), showed only 1/10000 of the TE
compared with the PEG-b-P[Asp(DET)] polyplex micelle at
N/P=20. This is presumably due to the impaired buffering
capacity of the —(CH,),NH, unit with the high pK, value of 9.4
in the experimental pH range as well as to the weak ability of
PEG-b-P[Asp(EDA)] to condense pDNA based on the EtBr exclu-
sion assay (data not shown).

The TE of the PEG-b-P[Asp(DET)] polyplex micelle was further
compared with those of the polyplex micelles from the PEG-b-
polyaspartamide catiomers carrying the N-alkylated ethylenedi-
amine units in the side chain to explore the structural features
of the polyplex micelles that are important for effective gene
transfection (Figure 7). These block catiomers, PEG-b-P[Asp-
(MDET)] and PEG-b-P[Asp(DEDET)], are prepared by the aminol-
ysis reaction of PEG-PBLA with the corresponding amine com-
pounds, 4-methyldiethylenetriamine (MDET) and N,N-diethyl-
diethylenetriamine (DEDET), respectively. Both the PEG-b-P-
[Asp(MDET)] and PEG-b-P[Asp(DEDET)] polyplex micelles
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showed an appreciably lower TE than the PEG-b-P[Asp(DET)]
polyplex micelle, particularly at higher N/P ratios (Figure 7).
This result, which highlights the critical sensitivity of TE toward
subtle changes in catiomer structure, indicates that additional
structural factors, besides distinct pK, values, play a substantial
role in determining the TE of the polyplex micelles constructed
from the PEG-b-polyaspartamide catiomers carrying the deriv-
atized ethylenediamine units as a side chain; further study is
needed to clarify the detailed mechanisms.

The cytotoxicity of the polyplex-forming catiomers is also a
crucial aspect for successful nonviral gene therapy. In this
regard, all the polyplex micelles from each block catiomer
shown in Figure 7 elicited no appreciable cytotoxicity toward
HuH-7 cells under the same conditions used for gene transfec-
tion (data not shown). Notably, the polyplex micelle from PEG-
b-P[Asp(DET)] showed remarkably low cytotoxicity despite its
efficiency in gene transfection. Therefore, the intrinsic cytotox-
icity of PEG-b-P[Asp(DET)] catiomer was further assessed
against HuH-7 cells, and compared with that of branched poly-
ethylenimine (BPEI, 25 kDa, Aldrich Chemical, USA) and linear
polyethylenimine (LPEI, 22 kDa, ExGen500, MBI Fermentas, Ger-
many). As shown in Figure 8, the PEG-b-P[Asp(DET)] catiomer
showed > 20-fold higher 50% growth-inhibitory concentration
(ICs) than BPEI and LPEI, highlighting the remarkably low cyto-
toxicity of the block catiomers synthesized in this studly.
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Figure 8. Cytotoxicity of branched (BPEI, ©) and linear (LPEI, m) polyethylen-
imines and PEG-b-P[Asp(DET)] (a) against HuH-7 cells. The cells were incu-
bated with each catiomer with different concentrations for 48 h.

The major challenge for the practical use of synthetic vec-
tors in gene therapy is the effective and non-cytotoxic gene
transfer to primary cells with therapeutic interest. To evaluate
the feasibility of the PEG-6-P[Asp(DET)] polyplex micelles
toward such primary cells, mouse primary osteoblasts, which
are the focus of clinical interest in bone regeneration,'® were
challenged with the polyplex micelles. The luciferase plasmid
was transfected, and the resulting TE and cytotoxicity profiles
are shown in Figure 9. Notably, the PEG-b-P[Asp(DET)] system
with N/P=80 gave a TE similar to the polyplexes from
ExGen500, the most effective transfection reagent based on
LPEL"” with the optimal N/P ratios (Figure 9A). Nonetheless,
the PEG-b-P[Asp(DET)] system exhibited no appreciable cyto-
toxicity under the conditions of gene transfection (Figure 9B).
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