Dendritic cells of the common marmoset

Figure 5. Charcterization of splenic dendritic
cells (DCs) from common marmosets (CMs),
(a) Flow cytometry analysis of a low density

cell fraction of splenocytes in dense bovine

serum albumin (BSA). (b) The expression of

human leucocyte antigen (HLA)-DR and CD#6
increased in splenic CD11c” cells stimulated in

culture with lipopolysaccharide (LPS; 1 pg/ml)
for 24 hr, (c) Culture supernatants of splenic

CD11c" cells treated with LPS for 24 hr were

analysed for interleukin (IL)-12 using an

linked i bent assay (ELISA).
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Figure 6. Xenogenic mixed leucocyte ion (MLR) stimulatory

activity of splenic dendritic cells (DCs) from common marmosets
(CMs). Splenic CD11c" cells treated with or without lipopolysaccha-
ride (LPS) stimulation (1 pg/ml) were cocultured at the indicated
ratio with 6 x 10* human pan T cells for 5 days. The 5-bromo-2'
deoxyuridine (BrdU) incorporation assay showed that LPS-stimu-
lated splenic CDI11c" cells increased the proliferation of Xenogenic
human T cells. The mean £ standard deviation for duplicate wells is
shown. **P < 001,

proliferation of xenogeneic human T cells in an MLR
assay, indicating that the cells exhibited the functional
features of DCs (Fig. 8).

Production of NT-3 in BM-derived DCs

We previously demonstrated that mouse splenic DCs
secrete the neurotrophic factor NT-3.7 In this study, we
found that BM-derived DCs from CMs also produced
NT-3 (Fig. 9). In contrast, no production of BDNF was
observed from BM-derived DCs from CMs (data not
shown).

© 2007 Blackwell Publishing Ltd, Immunclogy, 123, 566-574
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Figure 7. Characterization of monocyte-derived dendritic cells (DCs)
from common marmosets (CMs). (a) Cultured CD14" cells from
peripheral blood lear cells (PBMC) (day 7) were stimulated
with lipopolysaccharide (LPS; 1 pg/ml) and interferon (IFN)-y
(100 ng/ml) for another 24 hr. The expression of human leucocyte
antigen (HLA)-DR and that of CD86 in manocyte-derived CD11¢*
cells were up-regulated by LPS and IFN-y stimulation. (b) Cultured
monocytes (day 7) were treated with LPS and TFN-y for another
24 hr, and the supernatant was tested for interleukin (IL}-12 using
an enzyme-linked immunosorbent assay (ELISA). Data are shown as
the mean + standard deviation. **P < 0-01.

Discussion

In this study, we developed methods to isolate DCs from
three different CM tissues and described their phenotype
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Figure 8. Monocyte-derived dendritic cells (DCs) from common
marmosets (CMs) stimulated the geneic mixed | yte reac-
tion (MLR). Cultured monocyte-derived DCs (day 8) treated with or
without lipopolysaccharide (LPS; 1 pg/ml) and interferon (IFN)-y
{100 ng/ml) for 24 hr were cocultured at the indicated ratio with
6% 10* Xenogenic human pan T cells for 5 days. The proliferation
of human T cells was then assessed by 5-bromo-2' deoxyuridine
(BrdU) incorporation. The mean + standard deviation of duplicate
wells is shown. **P < 0-01.
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Figure 9, Bone (BM)-derived dendritic cells (DCs) pro-

duced neurotrophic factor NT-3. Lysates of BM-derived DCs and
spleen tissue were assayed for NT-3 using an enzyme-linked immu-
nosorbent assay (ELISA). Data lized by the of protei
are shown as the mean + standard error of the mean.

and functional capability as antigen-presenting cells. In
CMs, functional analysis of DCs isolated from different
tissues has previously been limited. We demonstrated
that CM DCs expressed CDlle¢, similar to the results
obtained in rhesus monkeys and humans.*** Most
human DCs, with the exception of plasmacytoid DCs
(pDCs), express CD11c.*! In addition, some populations
of macrophages and B cells are stained with human anti-
CD11c mAb.*® Therefore, we purified CD11¢* HLA-DR*
cells from floating cultured BM cells to avoid contamina-
tion with fibroblasts and macrophages, which have a
greater ability to attach to the dish surface than DCs.
The BM-derived CDIllc" cells contained populations
expressing CDla, CDIc (BDCA-1) and CD83, typical
markers of human DCs,”® indicating the similarity of
CM DCs to human DCs. However, the expression of
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HLA-DR in BM-derived CD11c¢" cells was not high, even
in mature cells. Two subsets of human DC precursors
derived from cord blood CD34" cells have been identi-
fied by the exclusive expression of CDla and CDI14 at
early time-points (days 5-7) in culture, and both pre-
cursor subsets mature at days 12-14 into DCs with
typical morphology and phenotype: CDla® CDI4™ and
CDla” CD14" precursor cells differentiate into Langer-
hans-type and dermal-type DCs, respectively.*® In this
study, approximately 20% of BM-derived CD11c” HLA-
DR* cells expressed CD14 at day 7 in culture. Taken
together, these results suggest that the BM-derived
CDI11c* HLA-DR® cells in the CM may contain DC pre-
cursors that exhibit relatively low expression of HLA-DR,
and it may be necessary to culture them for longer times
to allow them to reach maturation. It is also possible
that LPS stimulation alone was not enough to allow full
maturation of BM-derived DCs. Further studies are
required to optimize the method for enriching immature
and mature DCs derived from BM cells in the CM.
Regarding the DC subtypes in CMs, we could not ana-
lyse pDCs, which may be present in peripheral blood
and spleen tissue, because of a lack of available
CD123 mAb in our study. To analyse the DC subtypes
in the CM, more mAbs are needed that are CM-specific.

In CM, we isolated DCs from the BM, spleen and
PBMC, and these DCs exhibited the functional features of
antigen-presenting cells. More than 1 x 107 BM-derived
DCs can be isolated from a CM specimen, and the yield
from BM was 25-50 times higher than that obtained from
spleen or PBMC. The yield of BM-derived DCs should be
sufficient for preclinical studies on cell therapy in CM
models, considering the number of DCs used for cancer
immunotherapy in humans® or for SCI therapy in mice.”
However, in vivo administration of Flt-3 ligand should be
performed to determine whether this manipulation can
increase the number of DCs, as reported in rhesus mon-
keys."” In view of its accessibility and lack of allograft
problems, peripheral blood is a useful source of DCs;
however, the amount of blood that can be isolated from a
CM is limited. In this study, the maximum amount of
blood obtained from a CM was 10 mlL The population of
circulating human DCs in PBMC is less than 1%;** there-
fore, peripheral blood is not a good source of DCs iso-
lated from CMs. Recently, DCs were generated from
murine embryonic stem (ES) cells.*® An ES cell line in
CMs has been established:*® thus, it may be possible to
generate DCs from ES cells obtained from CMs.

Taken together, our results show that the characteris-
tics of CM DCs resemble those of human DCs, suggest-
ing the usefulness of CM DCs for preclinical studies on
cell therapy. Moreover, we showed that BM-derived DCs
from CMs also produce NT-3, an important neurotro-
phic factor for CNS regeneration. We are considering
a preclinical study on cell therapy using BM-derived

© 2007 Blackwell Publishing Ltd, immunology, 123, 566-574



CDI11c" HLA-DR" DCs for the treatment of SCI in
CMs to evaluate the therapeutic effects and safety of this
procedure.
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Spinal cord injury (5C1), despite considerable progress in palliative care, has currently no
satisfying therapeutic leading to functional recovery. Inability of central nervous system
severed axons to regenerate after injury is considered to originate from both limited intrinsic
capabilities of neurons and inhibitory effect of the local environment. Precisely, the so-called
“glial scar” formed by reactive astrocytes in response to injury exerts a well-known axon-
outgrowth inhibitory effect. However, recent studies revealed that role of reactive astrocytes
after 5C1 is more complex. During the first weeks after injury, reactive astrocytes indeed
protect the tissue and contribute to a spontaneous relarive functional recovery. Compaction
of the lesion center and seclusion of inflammatory cells by migrating reactive astrocytes
seem to underlie this beneficial effect. Stimulation of reactive astrocytes migration in the
sub-acute phase of 5C1 might thus represent a new approach to improve the functional
outcome of patients,

© 2008 Elsevier Ltd, All rights reserved.

1. Introduction

Spinal cord injury (SCI) is a life threatening condition
without complete cure. The incidence rate of SCI ranges
from 13.1 to 27.1 cases per million per year (Jackson et al.,
2004), with the most common etiology for traumatic SCI
being car accident (43-50%) followed by falls (18.8-37%)
and violence (17.8%), specially gunshot wounds in United
States. Clinically, SCI leads to a complete loss of motor,
sensory and vegetative functions underneath the point of
injury.Since a high proportion of the SCl accurs at the cervi-
cal spine about 40% of the patients suffer from quadriplegia
(Schwab et al,, 2006). It is noteworthy that the survival
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rate of patients with acute traumatic SCI has dramatically
increased these last decades (from 5% at the beginning
of the second world war, to 95% nowadays (Schwab et
al., 2006)), thanks to the development of therapies allow-
ing extensive anatomical reconstruction of bone structure
(including specially modern methods for osteosynthesis).
Although the majority of patients with SCI are able to
return to a relatively independent life, they retain a life-
long handicap. Since the patients sustaining traumatic SCI
are predominantly young, with a mean age of 32 years
(Jackson et al., 2004), the real socio-economical impact of
5Cl is much more important than the costs for medical and
surgical care.

2. Pathogenesis of SC1
SCI consists of a two-steps process involving a pri-

mary mechanical injury followed by an inflaimmatory
process characterized by infiltration of inflammatory cells
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in the lesion center and appearance of reactive astro-
cytes.

The primary damage is locally restricted to the area of
the vertebral fracture and is characterized by acute hemor-
rhage and ischemia. Secondary insult within the first week
after injury is characterized by further destruction of neu-
ronal and glial cells, and leads to impartant expansion of
the damage, so that the paralysis can extend to higher seg-
ments. This review will focus specifically on emerging roles
of reactive astrocytes on the second step (inflammatory
process) after SCI. For an extensive view of the glial inhibi-
tion of CNS axon regeneration please refer to recent reviews
(Silver and Miller, 2004; Yiu and He, 2006).

At the cellular level, Ramén y Cajal (1928) described
more than one century ago that the ends of proximal
injured axons become swollen into “dystrophic endballs”
(called now retraction-bulbs). It is now clear that distal
axon ends also degrade, through a Wallerian degeneration
process, Moreover, in the center of the injury appears a
pseudo-cyst, a fluid-filled cavity, which is then surrounded
by the glial scar that is composed of different types of cells
{astrocytes, microglia and fibroblasts) as well as secreted
extracellular molecules. SCI pathology results from com-
plex interactions between all these different cell types and
secreted molecules in a time-dependent context.

3. Reactive astrocytes: formerly known as bad guys

Ramon y Cajal (1928) believed that the injured neurons
of the CNS were no longer capable of regeneration. Whereas
this inability to regenerate might be partly attributed to
the gradual decline in the intrinsic growth ability of neu-
rons associated with aging, the fact that injured axons
can extend over long distance in the permissive environ-
ment of a peripheral nerve graft (David and Aguayo, 1981)
demonstrated a major inhibitory effect of the local environ-
ment. Noteworthy, dorsal root ganglia neurons have axons
in both the CNS and PNS, but can only regenerate their
peripheral processes. This extrinsic inhibition seems to be
related in part to myelin inhibitors (Yiu and He, 2006),
that are exposed to severed axons after damage of the
structure of the myelin, which normally ensheaths nerve
fibers. Another major source of inhibition originates from
the glial scar, which is considered as a physical and molec-
ular barrier to regeneration. Formation of the glial scar
occurs after the introduction of non-CNS molecules into the
brain parenchyma as a result of the blood-spinal cord bar-
rier disruption which is initiated by both mechanical forces
and inflammatory mediators. Blood-spinal cord barrier
remains indeed porous to blood and serum components
for up to 2 weeks after SCI, and areas of greatest glial scar-
ring correlate with areas of most extensive blood-spinal
cord barrier breakdown, as well as the largest numbers of
activated macrophages. Noteworthy complete formation of
the glial scar does require several weeks, and can persist for
several months after SCI (Silver and Miller, 2004). In lesions
that spare the dura mater, the scar is composed primar-
ily of reactive astrocytes, but in more severe lesions that
open the meninges, astroglia become mixed with invading
connective tissue elements,

The astrocyte response to injury is referred to as reac-
tive astrogliosis (literally, more glia), but in fact the amount
of glial cell division is relatively limited, and confined to
the immediate penumbra surrounding the lesion center.
Astrocyte reactivity is characterized by a cellular hypertro-
phy with processes extension and increased production of
intermediate filaments, such as, e.g. glial fibrillary acidic
protein (GFAP) and vimentin. Since glial scars formed after
injury are less dense in double GFAP-/= vimentin—/- mice,
these proteins seem to be required for proper glial scar for-
mation (Pekny et al., 1999). Unaffected formation of glial
scar and sub-normal phenotype after SCI in single knock-
out mice for GFAP or vimentin however indicates that some
degree of functional overlap does exist between these inter-
mediate filaments proteins (Pekny et al., 1999; Wang et al.,
1997).

Reactive astrocytes also secrete proteoglycans, extra-
cellular matrix molecules that consists of a protein core
linked by four sugar moieties to a sulphated glycosamino-
glycan chain. One of the four classes of proteoglycans,
the chondroitin sulphate proteoglycan (CSPG), has been
demonstrated in a large number of studies to inhibit both
in vitro and in vivo axonal regeneration (Schwab et al.,
2006: Silver and Miller. 2004; Yiu and He, 2006). Degly-
cosylation of CSPG by an enzyme, the chondroitinase ABC
suppresses its inhibitory effect towards axon-growth. Local
administration of chondroitinase ABC(lkegami et al.,, 2005),
or selective ectopic expression by astrocytes in transgenic
mice (Cafferty et al,, 2007) indeed increased axonal regen-
eration and improved functional recovery after SCI.

In addition, reactive astrocytes also produce other
molecules that are known to hinder axonal outgrowth (e.g.
slit proteins (Hagino et al., 2003), ephrin-B2 (Bundesen et
al., 2003). The view that reactive astrocytes exert a detri-
mental effect after SCI has thus strong support.

4. Emerging positive role of reactive astrocytes:
finally, not that wicked

Nevertheless, the basic phenomena of reactive astrocy-
tosis after CNS injury appears to be conserved throughout
evolution of vertebrates (Larner et al., 1995), suggesting
that fundamental aspects of the process of reactive astro-
cytosis convey survival advantage. Astrocytes indeed clear
glutamate and potassium ions from the extracellular space
(Hertz and Zielke, 2004), are a potential energy source
for neurons, and produce numerous growth factors and
cytokines.

The observation that after SCI the reduced glial scars in
double GFAP~/~ vimentin~/~ mice were frequently accom-
panied by bleeding indeed revealed a positive aspect of
astrocyte reactivity (Pekny et al,, 1999).

Faulkner et al. (2004) have recently confirmed such
an idea. Mice expressing a GFAP-herpes simplex virus-
thymidine kinase transgene were given mild or moderate
SCI and treated with antiviral agent ganciclovir to ablate
selectively and conditionally dividing, reactive, transgene-
expressing astrocytes located in the lesion site. In two
different injury models, ablation of dividing reactive astro-
cytes led to a deteriorated syndrome characterized by
increased alteration of neurons and oligodendrocytes, more
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A F severe demyelination, and pronounced motor deficits.
I Since inflammatory reaction and secondary insult are

— ——— 2 2 e 21T OpTBG 3 considered to be closely linked (Fig. 1) the observa-
1 tion that loss of dividing reactive astrocytes after SCI

led to a markedly increased and prolonged infiltration
of inflammatory cells, in particular macrophages, sug-
gests that astrocytosis controls the magnitude andfor
spatial restriction of inflammatory reaction. Nevertheless,
given that contribution of mitosis to the phenomenon
of astrocytosis is weak, these observations that rely on
ablation of the dividing pool of reactive astrocytes obvi-
ously do not reflect the whole contribution of reactive
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is markedly activated in reactive astrocytes surround-
ing the injury site (Fig. 2B), thus questioning the role of
STAT3 in reactive astrocytes after SCI, Since nestin, an
intermediate filament, is re-expressed in reactive astro-
cytes, use of the Cre-LoxP system, by mating Nestin-Cre
mice with STAT3'9P/loXP mice. allowed selective and con-
ditional ablation of STAT3 in reactive astrocytes after SCI.
Strikingly, the conditional knock-out mice targeting STAT3
(Nes-STAT3~/-) displayed severe impairment of lesion cen-
ter compaction (Fig. 2C, upper panel). Conversely, selective
enhancement of STAT3 signaling by ablation of S0CS3, a
negative regulator of STAT3, led to increased compaction
of the lesion center. Moreover, whereas the functional
recovery that occurs spontaneously in wild-type animals
was reduced in Nes-STAT3~/- mice, Nes-SOCS3~/~ mice
accordingly displayed an improved locomotor recovery
(Fig. 2C, bottom panel). These results indicate that com-
paction of the lesion center by reactive astrocytes depends
on STAT3 signaling and is correlated with enhanced func-
tional recovery. Since BrdU incorporation experiments
did not reveal any difference in term of proliferation
between these different mice, we speculated that com-
paction of the lesion would be driven by migration of the
reactive astrocytes. Accordingly, in vitro wound scratch
assay revealed that STAT3 positively regulates astrocyte
migration (Fig. 2D). This suggests that migration of astro-
cytes, by compacting the lesion center and secluding
inflammatory cells, contributes to functional recovery after
SCI.

5. Reactive astrocytes as potential therapeutic
targets

The recent studies related above clearly revealed that
reactive astrocytes should not be seen only as detrimen-
tal after SCL In two of these studies, even if the injury
differs (stab and crush injury in study by Faulkner et al.,
contusion in our work), the beneficial role of reactive astro-
cytes was revealed during the sub-acute phase after SCI, i.e.
before glial scar forms. The long lasting glial scar (up to sev-
eral months after SCI) seems to underlie the detrimental
effect of reactive astrocytes in the chronic phase after SCI.
Proof of concept of the inhibition of the axon-outgrowth
inhibitory properties of the glial scar during the chronic
phase has indeed already been established (Cafferty et al.,
2007; lkegami et al., 2005). Since it is difficult to cover all
of the issues related to reactive astrocytes and 5CI within
a limited space, please refer to recent reviews (Pekny et
al,, 2007; Sofroniew, 2005) for an extensive view on neu-
ropathology and inhibitory actions of reactive astrocytes at
later stages.

Targeting reactive astrocytes during the sub-acute
phase after SCI might also have some therapeutic inter-
est. It is noteworthy that Nes-SOCS3-/- mice display an
enhanced recovery after SCI Thus cell specific modula-
tion of STAT3-mediated mechanism in the sub-acute phase
should enhance the therapeutic effects. However, ther-
apeutic potentials remain at present highly speculative
and need to be substantiated by further studies, Espe-
cially, the molecular effectors whereby STAT3 governs
intrinsic astrocyte migration remain to be determined. In

our study (Okada et al., 2006) we observed that upon
ablation of STAT3, repression of E-cadherin expression,
through LIV1, was lost, which may originate increased
adhesion of Nes-STAT3~/~ astrocytes and thereby reduced
migration capabilities. Since E-cadherin is not expressed
in wild-type astrocytes, this mechanism does neverthe-
less not explain the increased migration of Nes-SOCS3~/-
astrocytes. Ongoing research aims at identifying the
mediators whereby STAT3 controls positively astrocyte
migration. Another important point, with regards the
possibility to modulate migration of astrocytes after SCI
concerns the nature and origin of the signals that ini-
tiate and orientate this migration. Since blood-spinal
cord barrier remains porous to blood and serum com-
ponents for up to 14 days after SCl, i.e. during the
maximum compaction of lesion center, astrocytes might
be attracted by soluble molecules derived from circulat-
ing flow. Another hypothesis is that due to hemorrhage,
local entry of blood elements, such as platelets or activated
macrophages contributes to create a chemotactic gradi-
ent.

Although currently highly speculative, future elucida-
tion of both intrinsic and extrinsic astrocyte migration's
mechanisms, and identification of specific molecular tar-
gets might thus contribute to ameliorate the functional
outcome of patients.
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We applied diffusion tensor tractography (DTT). a recently developed MRI technique that reveals the
micrastructures of tissues based on its ability to monitor the random movements of water molecules, to the
visualization of peripheral nerves after injury. The rat sciatic nerve was subjected to contusive injury, and the
data obtained from diffusion tensor imaging (DTI) were used to determine the tracks of nerve fibers (DTT).
The DTT images obtained using the fractional anisotropy (FA) threshold value of 0.4 clearly revealed the
recovery process of the contused nerves. Immediately after the injury, fiber tracking from the designated
praximal site could not be continued beyond the lesion epicenter, but the intensity improved thereafter,
returning to its pre-injury level by 3 weeks later. We compared the FA value, a parameter computed from the
DTT data, with the results of histological and functional examinations of the injured nerves, during recovery.
The FA values of the peripheral nerves were more strongly correlated with axon-related (axon density and
diameter) than with myelin-related (myelin density and thickness) parameters, supporting the theories that
ima!rntmbunespla‘_vanﬂwrﬂeinamw:mdfﬂmmmmamhmﬂmmmodmmme
degree of ani ion of the FA value at the lesion epicenter was strongly correlated
with parameters of motor and scumqr functional recovery, These correlations of the FA values with both the
histological and functional changes demonstrate the potential usefulness of DTT for evaluating clinical events

associated with Wallerian degeneration and the regeneration of peripheral nerves,

© 2008 Elsevier Inc. All rights reserved.

Introduction

MRI, an indispensable tool in the diagnosis of central nervous
system disorders, has rarely been applied to diseases of the peripheral
nervous system, because it is difficult to delineate peripheral nerves
on account of their poor contrast with the surrounding tissues. The
standard repertoire for diagnosing peripheral nerve disorders
includes clinical and electrophysiological examinations, supplemen-
ted by more invasive procedures.

For the differential diagnosis of peripheral nerve lesions, the
visualization of peripheral nerves using MRI has been attempted using
special techniques such as MR neurography (Filler et al., 2004; Howe
et al,, 1992), However, the interpretation of the images obtained by MR
neurography is based on visual inspection, and is therefore qualitative

% Diffusion tensor peripheral neTve Mac 1

* Corresponding Jull'nr Fax: +81 3 3357 5445
E-mai] address; hidokano@:citc keinacjp (H. Okano}

1053-8119/$ - see front matter © 2008 Elsevier Inc. All rights reserved,
doi:10.1016/j neuroimage 2008 09.022

and subjective. Furthermore, since MR neurography cannot image
continuous nerve fibers over their entire length, it is not considered
useful for examining the growth of regenerating peripheral nerves. To
visualize nerve fibers in MRI, a contrast agent such as super-
paramagnetic iron oxide (SPIO) (Bendszus and Stoll, 2003) or
gadofluorine M (Bendszus et al, 2005; Wessig et al., 2008) can be
injected, but this is invasive. The difficulty in visualizing axons makes
these methods impractical for evaluating peripheral nerve injury in
the present clinical scenario,

To overcome these shortcomings, here we applied diffusion tensor
imaging (DTI), a non-invasive method that reveals the microstructure
of tissues on the basis of its ability to monitor the random movements
of water molecules (Basser et al., 1994). Diffusion tensor tractography
(DTT) refers to the analysis and reconstruction of the data obtained by
DT, by which the orientation of nerve fibers can be followed to trace
specific neural pathways, such as that of the corticospinal tract in the
brain or the spinal cord (Conturo et al., 1999; Fujiyoshi et al., 2007,
Mori and Zhang, 2006, Tuch et al, 2001). Mac Donald et al have
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obtained results indicating that DTI may be more sensitive than
conventional MRI for evaluating traumatic brain injury (Mac Donald et
al.. 2007b).

Recent advances in MRI technology have made it possible to
delineate peripheral nerve tracts in humans (Hiltunen et al, 2005;
Meek et al., 2006; Skorpil et al.. 2004). However, the reliability of DTT
imaging has not yet been validated with detailed histological studies
and quantitative analyses, so it has remained unclear whether the
changes in DTT parameters actually correspond to the anatomical
degeneration and regeneration of axonal fibers. Although the
disintegration of axonal structures and demyelination occurring
after peripheral nerve injury, known as Wallerian degeneration, is
known to reduce the anisotropy of peripheral nerves (Beaulieu et al.,
1996; Stanisz et al.. 2001), and DTI has been shown to be useful for
detecting axonal injury after traumatic brain injury (Mac Donald et al.,
2007a,b) and ischemic injury of the optic nerve (Song et al., 2003: Sun
et al, 2008), peripheral nerve tracking during the process of Wallerian
degeneration has never been reported. We believe that since no
proper tools are presently available for the visualization of peripheral
nerves, it is important to evaluate the validity of applying DTT to
assess peripheral nerve degeneration and regeneration. The objectives
of the present study were to determine whether DTT is useful for
tracking peripheral nerves, and to determine the relevance of the
tracking parameters for evaluating fibers after peripheral nerve injury,
by comparing them with histological and functional parameters of
recovery.

Materials and methods
Animals and surgical procedures

One hundred twenty adult female Sprague-Dawley rats (165—
228 g, 7 or 8 weeks of age: Clea Japan Inc., Tokyo, Japan) were used. All
interventions and animal care procedures were performed in
accordance with the Laboratory Animal Welfare Act, the Guide for
the Care and Use of Laboratory Animals (National Institutes of Health),
and the Guidelines and Policies for Animal Surgery provided by the
Animal Study Committee of Keio University, and were approved by the
Ethics Committee of Keio University. All surgeries were performed
under chloral hydrate anesthesia (intraperitoneal injection; 350 mg
per kg body weight; Wako Pure Chemicals, Osaka, Japan). The animals
were housed in groups under a 12-hour light/dark cycle, with access to
food and water ad libitum. The sciatic nerve was exposed through a
dorsal gluteal muscle-splitting approach. The nerve was then
subjected to a contusive injury at the sciatic notch using a brain
aneurysm clip (Sugita clip; Mizuho lkakogyo, Tokyo, Japan), The clip
was closed and left in place for 5 min with a holding force of
approximately 150 g (Kato et al., 2005).

Magnetic resonance imaging

MRI was performed using a 7.0-Tesla magnet (PharmaScan 70/16;
Bruker BioSpin, Ettlingen, Germany) with a 38-mm volume coil
dedicated for examinations of small animals. In studies using excised
sciatic nerve, intact (pre-injured) excised nerves and nerves that had
been excised 3 h, 1 day, 4 days, and 1, 2, 3, 4, 6, 8, and 12 weeks after
the crush injury (n=10 each) were embedded in 2% agarose gel with
5 mM copper sulfate, and immediately subjected to diffusion tensor
MRI. DT1 data sets were acquired with a spin-echo sequence based on
the Stejskal-Tanner diffusion preparation (Stejskal and Tanner, 1965).
The scanning parameters were as follows: repetition time (TR),
15,000 ms; echo time (TE), 40 ms: flip angle, 90°; field of view (FOV),
40+40 mm; acquisition data matrix, 128x128; reconstructed image
resolurion, 0.31 mm; slice thickness, 0.94 mm; number of excitations
(NEX), 1; b-value, 1000 s/mm?; and motion probing gradient (MPG)
orientations, 12 axes. Table 1 shows our normalized diffusion gradient
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orientations; duration of diffusion gradient pulses, 7 ms; diffusion
time, 14 ms. The total imaging time was 6 h, 56 min.

Diffusion tensor analysis

Diffusion tensor tractographic images were computed using the
Volume One and dTV Il SR software (Masutani et al, 2003), The
diffusion tensor can be represented as an ellipsoid, where a proton at
the center of the voxel has an equal probability of diffusing to any
point in that ellipsoid. The eigenvectors of the diffusion tensor
represent the three axes of the ellipsoid, namely, the length of the
longest, middle, and shortest axes (called eigenvalues hy, Az and As).
The eigenvector (e,) associated with the largest eigenvalue (\;) was
assumed to represent the local fiber direction. Fiber tracking was
initiated from a manually selected region of interest (ROI), from which
tracking lines were propagated bidirectionally according to the
principal eigenvector (e;) in each voxel. For the tractography, the
ROl was placed at a site 5 mm proximal to the lesion epicenter, and the
direction of the diffusion anisotropy was followed until the tracking
was terminated at a voxel, depending on the threshold selected, with a
fractional anisotropy (FA) of less than 0.25, 0.3,0.4, 0.5, 0.6,0.7, or 0.75.
The FA value, a convenient index because it is scaled from 0 (isotropic)
to 1 (anisotropic) (Mori and Zhang, 2006), can be calculated from the
degree of diffusion anisotropy (Pierpacli and Basser, 1996),

We determined the FA values and three eigenvalues (Ay, Ay, and hy)
in each specimen at points 5 mm (proximal site), 0 mm (lesion
epicenter), and =5 mm (distal site) from the lesion epicenter.

Histological analysis

Toluidine blue staining (light microscopy)

Samples were fixed in 2.5% glutaraldehyde/0.1 M cacodylate buffer
(pH 74) for 12 h, then washed in cacodylate buffer, post-fixed for 2 hin
1% 0s04/0.1 M cacodylate buffer (pH 74), dehydrated in a graded
alcohol series and acetone, and finally embedded in epoxy resin. Semi-
thin sections (1 pm thick) were cut cross-sectionally from the injured
nerve specimens from a site 5 mm distal to the lesion epicenter and at
the lesion epicenter at 4 days, 3 weeks, and 12 weeks after the crush
injury, and stained with toluidine blue (1%) for 20 min; the
corresponding sections from intact nerve specimens were also
examined. The stained sections were then examined under a light
microscope (AxioCam 2; Carl Zeiss, Jena, Germany),

Uranyl acetate staining (electron microscopy)

Ultrathin sections (80 nm thick) were obtained from the intact and
injured nerve specimens at the same sites and time points as for the
light microscopic examination, and stained with uranyl acetate (4.7%)
for 30 min and Reynold’s lead citrate for 8 min. Micrographs from 20
random fields of 1717 pm? were obtained under a transmission
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electron microscope (JEOL model 1230; JEOL Ltd.. Tokyo, Japan), by
Digital Micrograph 3.3 (Gatan Inc.. Warrendale, Pennsylvania, USA).

Quantitative analysis

Nerve samples were obtained at each of the ten time points used
for diffusion tensor analysis, and subjected to quantitative determina-
tions at the distal site, at which Wallerian degeneration/regeneration
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measured in each nerve sample. We also examined the changes in the
distribution of the axon diameter after injury.

Behavioral analysis

Three different tests were used to assess the functional recovery
after sciatic nerve injury. Ten rats were used for each functional
evaluation. Each rat was examined at the same time-points used for
the diffusion tensor analysis,

Leg muscle contraction test

The motor function of the lower extremities of the animals was
evaluated using the leg muscle contraction test, in which isometric
plantar flexion at the ankle is tested by pushing the sole until the toe
touches the knee, A digital force gauge (Nidec-Shimpo Corp., Kyoto,
Japan) was used for this test. The ratio of the degree of muscle
contraction on the injured side to that on the contralateral sham-
operated side was averaged.

A

Rota-rod test

The motor coordination of the animals was assessed using a
rotating rod apparatus (Muromachi Kikai Co. Ltd, Tokyo, Japan)
consisting of a plastic rod (9 em in diameter) with a gritted surface,
flanked by two large discs (50 cm in diameter) to prevent interference
from other animals, at a height of 20 cm from the floor. The
experimental rat was placed on the rod, and the rod was rotated at
a speed of 15 rpm, following acclimation sessions (3 trials each ar 5
and 10 rpm). The latency period until the rats fell off the apparatus
was monitored for 180 s.

von Frey filament test

The mechanical sensitivity, which is the capacity of a sense organ
to respond to mechanical stimulation, of the animals was tested using
von Frey filaments (North Coast Medical Inc., Morgan Hill, California,
USA) with calibrated bending forces (Tamae et al, 2005). Rats were
placed individually in an acrylic cap (12 am in diameter, 7 cm in
height, and weighing 256 g) with a wire mesh bottom. After the rats

Fig. 3. Histological changes in the peripheral nerves at the leslon epicenter and art the distal site. Sections of 1 pm {A), stained with toluidine blue, and 80 nm (B), stained with uranyl
acetate, were oblained from the lesion epicenter. Loss of axons and myelin debris arising from demyelination were observed 4 days after the injury (A). The phagocytosis of myelin
macrophages was observed (B). At 3 weeks after the injury, as the amount of myelin debris and number of macrophages decreased, myelinated axons became prominent. At
simiar number of myelinated axons to that in the pre-injury sclatic nerve was observed (A, B). Sections of 1 pmn (C) stained with toluidine blue, and 80 nm (D)

thei

regenerate by 3 weeks after the injury, and reached almost the pre-injury level of maturi
ter the injury, Macrophage recrultment, presumably for phagoo fthe myelin d
1 by the formation of myelinated axons (D). (AX, aeon; MS, myelin sheath; 5C, S¢
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had adapted to the testing environment for 60 min, the von Frey
filaments were pressed perpendicularly against the plantar skin and
held for 3-5 s with the filaments slightly buckled. Lifting of the paw
was recorded as a positive response. The filaments were applied to the
point of bending, six times each, to the plantar surface of the left and
right hind paw, i.e., for a total of 12 times per rat, at intervals of 5 s; the
next lightest filament was chosen for each subsequent measurement.
The paw withdrawal threshold was taken as the lowest force that
caused 100% withdrawals, and was considered the mechanical
nociceptive threshold, The threshold ratio of the contralateral sham-
operalted side to that of the injured side was averaged.

Statistical analysis

All values were presented as the mean  standard error of the mean
(SEM). Statistical significance was determined as P<0.05 using
Dunnett's multiple comparison. Pearson's correlation coefficients
were calculated to determine the correlations between the histolo-
gical/functional parameters and the diffusion imaging parameters.
The SPSS statistical analysis software (version 16.0) was used for the
analyses (SPSS Japan Inc., Tokyo, Japan).

Results

Diffusion tensor tractography and fractional anisotropy of injured
peripheral nerves

We generated FA maps and delineated DTT images of the rat sciatic
nerve for 12 weeks after contusive injury. On the FA maps (Fig. 1A), a
sharp decrease in the intensity at the lesion epicenter was noted 3 h
after the injury; thereafter, the intensity recovered gradually, reaching
the pre-injury level by 4 weeks after the injury. At the distal site, the
Intensity was still preserved at both 3 h and 1 day: however, it was
significantly decreased 4 days after the injury, and recovered gradually
thereafter, reaching pre-injury levels by 4 weeks after the injury. Since
tracking of the sciatic nerve depends on the selected FA threshold, at
which the tracking is stopped, we also delineated DTT images of the
sciatic nerves for 12 weeks after the injury using different FA
thresholds: 0.25, 0.3, 04, 0.5, 0.6, 0.7, or 0.75 (Supplementary Figs.
1A~G). We found that the DTT images obtained using a FA threshold

T. Takagi et ol / Neurolmage 44 (2009) 884-892

Table 2
Correlations of the diffusion Imaging parameters (Pearson’s r) with the histological
parameters

Axon density  Axon diameter Myelin density Myelin thickness

S Y T T T [ BT
M 09605%%  0gg07eees 04449 -05780
* P<0.05.

sans po0,001,

value of 04 (Fig. 1B) clearly showed the recovery process of the
contused nerves. At 3 h after the injury, the fibers from the designated
praximal site could not be tracked beyond the lesion epicenter, and
fiber tracking could not proceed beyond the lesion epicenter until
1 day after the injury. On the other hand, a few fibers could be tracked
distally by 4 days after the injury. The tractography revealed a return
of the tracking parameters to the pre-injury levels, close those of the
normal sciatic nerve, by 3 weeks after the injury.

To analyze the changes in the anisotropy of the injured sciatic
nerves by DTI, we measured the FA values for 12 weeks after the
injury. There were no significant changes in the FA value at the
proximal site at any time point examined (Fig. 2A). In contrast, at the
lesion epicenter, a sharp decrease in the FA value was observed 3 h
after the injury, which then recovered gradually, reaching the pre-
injury level by 3 weeks after the injury (Fig. 2B). In the images of the
distal site, while no significant change in the FA value was observed at
3 h or 1 day, a decrease in the FA value was observed at 4 days,
followed by gradual recovery thereafter, to the pre-injury level by
3 weeks after the injury (Fig. 2C).

We next analyzed the individual eigenvalues. The first eigenvalue
(1), which represents the diffusivity along the longitudinal axis of
the nerve, was substantially higher than the second (hz) and third
(Ns) eigenvalues, which represent the diffusivity in directions
perpendicular to the longitudinal axis. These radial diffusivities (A
and A3) were much lower than the diffusivity value along the axis of
the tract (\;). Thus, the present model showed that both Az and A5
were more constant than A\, (Figs. 2D-F), and that the changes in
the FA values after peripheral nerve injury depended mainly on A,,
which represents the diffusivity along the longitudinal axis of the

nerve,
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Fig. 4. Quantitative and temporal analysis of the axon denzity {myelinated axon area | total sectioned nerve area) (A ), axon diameter [B), myelin sheath density (myelin sheath area |
total secrioned nerve area) (C) and myelin sheath thickness (D) at the nerve site distal to the lesion epicenter (n= 10 each). Statistical significance was determined to be P<0.05 using

Dunnett's multiple comparison. Data represent the meantSEM, *P<0.05; **P<0,01.
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Histological changes in the injured peripheral nerves

To examine the histological changes in the axons and myelin
sheaths in detail, we performed toluidine blue and uranyl acetate
staining of the nerves at the lesion epicenter and the distal site. At the
lesion epicenter, axon loss and myelin debris arising from demyelina-
tion were observed 4 days after the injury (Fig. 3A). Consistent with
these findings, EM examination revealed myelin debris being
phagocytosed by macrophages (Fig. 3B). Subsequently, 3 weeks after
the injury, as the amount of myelin debris and number of
macrophages decreased, and myelinated axons began to appear
prominently. At 12 weeks after the injury, myelinated axons similar
in appearance and number to those in the pre-injury sciatic nerve
were observed (Figs. 3A and B). At the distal site 4 days after the injury,
more myelin debris and greater irregularity of the myelin sheaths
were observed compared with the lesion epicenter (Figs. 3C and D),
and fewer phagocytic macrophages were detected than at the lesion
epicenter. A few regenerating axons, which appeared to be myelinated
axons of smaller caliber with a thinner myelin sheath compared to
normal axons. could be detected at 3 weeks, and these axons gradually
reached the pre-injury level of maturity by 12 weeks after the injury
(Fig. 3C). Three weeks after the injury, there was still a little myelin
debris, which was being phagocytosed by macrophages, and a few
small axons with thin myelin sheaths. These immature myelinated

Leg mucle contraction

axons became progressively more mature and prominent with a thick
myelin sheath, and the regenerated axons appeared similar to the
axons observed pre-injury, by 12 weeks after the injury (Fig. 3D).

To analyze these changes quantitatively, we focused on the distal
site, at which the Wallerian degeneration and regeneration could be
clearly observed. We measured the number of axons, and the ratio of
the myelinated axon area to the total sectioned nerve area as the axon
density, The axon density decreased immediately after the nerve
Injury, reaching a minimum between 4 days and 2 weeks after the
injury, and recovered gradually thereafter (Fig. 4A).

At this distal site, we also measured the ratio of the myelin
sheath area to the total sectioned nerve area as the myelin sheath
density. The myelin sheath density decreased gradually, reaching a
minimum value 2 weeks after the injury, and began to recover
thereafter (Fig. 4C). In addition, the axon diameter and myelin sheath
thickness were measured in ultrathin (80 nm) sections under the
electron microscope. No significant change in the axon diameter was
noted until 1 day after the injury. Thereafter, with the swelling and
degeneration of the myelin sheath, the axon diameter began to
decrease, reaching a minimum at 1 week, and then recovered to the
pre-injury level by 6 weeks after the injury (Fig. 4B), Furthermore,
there was an obvious change in the pattern of axon diameter
distribution pre and post injury (Supplementary Fig. 2). In contrast,
the myelin sheath thickness increased to its maximum value at
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Fig. 6. Temporal analysis of the recovery of motor function in the lower extremities by the leg muscle contraction test (A), of motor coordination by the Rota-rod test (B), and of
mechanical sensitivity by the von Frey filament test (C) for 12 weeks after contusion injury of the nerve. All theee behavioral evaluations revealed funetional recovery within 6 weeks
of the nerve injury in this experimental model. Statistical significance was determined to be P<0.05 using Dunnett’s multiple comparison. Data represent the mean 1 SEM. *P<0.05;
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Table 3
Corvelations of the diffusion imaging parameters (Pearson's r) with the functional
parameters

FA 0.9851%*= 09451 *ese 0.9667****
M 03597 0.9635%*** 09355
*4 peo0non

1 week, due o swelling of the degenerated myelin sheath, and
decreased gradually thereafter, accompanied by the disappearance of
myelin debris. Regenerating axons with a thin myelin sheath began
to appear by 2-3 weeks after the injury. A few more small,
regenerating axons with a myelin sheath thinner than that observed
pre-injury were detected at 3-8 weeks. and their number
approached the pre-injury level by 12 weeks, accompanied by
maturation of the myelin sheaths (Fig. 4D).

Almost all the histological axonal parameters were correlated with
the FA and N, values at the distal site. The FA value, a parameter used
to construct the DTT, was most strongly correlated with the axon
density and axon diameter (P<0.001) (Table 2 and Fig. 5).

Functional recovery after peripheral nerve injury

We next investigated whether the changes in FA values and
histological parameters were associated with functional recovery,
using three different behavioral tests, To evaluate the recovery of
motor function, we measured the degree of leg muscle contraction,
and assessed the forelimb-hindlimb motor coordination using the
Rota-rod treadmill test, Both of these tests showed the full recovery of
motor function by 6 weeks after the injury (P<0.05) (Figs. 6A and B).
Sensory function was evaluated using the von Frey filament test
Marked impairment was observed 1 day after the injury, after which
the values gradually improved, returning (o pre-injury levels by
6 weeks (P<0.05) (Fig. 6C). Thus, all three behavioral evaluations
revealed functional recovery within 6 weeks in this experimental
model.

The FA and h, values at the lesion epicenter showed strong
correlations with each of the aforementioned functional parameters
(P<0.001) (Table 3 and Fig. 7).

Discussion
Methodological considerations

Beaulieu et al. reported that Wallerian degeneration after
peripheral nerve injury reduces the anisotropy of water diffusion
(Beaulieu et al,, 1996; Stanisz et al,, 2001). Their findings indicated that
DTT might be useful for depicting the changes in anisotropy after
peripheral nerve injury, and thus has tremendous potential as a tool
for diagnosing peripheral nerve injury. However, although several

o o
N @
>

(Epicenter)
o o
L4 o

preliminary studies for the DTT of peripheral nerves have been
performed (Hiltunen et al, 2005; Meek et al., 2006; Skorpil et al.
2004), none has fully explored the potential of the DTl technology,
especially its ability to depict the degeneration and regeneration of
peripheral nerves after injury.

To apply DTT as a novel clinical tool for evaluating peripheral nerve
injury, it is first necessary to acquire accurate data for visualizing
Wallerian degeneration and regeneration. In the present study, we
used a highly reproducible model, in which the rat sciatic nerve was
subjected to contusive injury using an aneurysm clip, with a constant
holding force. The histological changes in our model were similar to
those in previously reported models of axonotmesis (Bridge et al,
1994; Varejao et al., 2004), in which spontaneous regeneration at a
distal nerve section and functional recovery were also observed. We
used 7.0-Tesla MRI to obtain the images, employing a conventional
spin-echo protocol rather than echo planar imaging, to minimize
distortion of the images due to phase errors accumulation during the
data acquisition. To reduce motion artifacts, the MR images of excised
nerves were obtained, Since previous studies have demonstrated
degradation of the diffusion anisotropy in excised models (Madi et al..
2005; Martsuzawa et al,, 1995), we captured all the images immedi-
ately after dissection of the sciatic nerve.

Interpretation of the diffusion anisotropy

The FA value at the lesion epicenter decreased immediately after
the injury. On the other hand, at the distal site, while no significant
change in the FA value was observed at 3 h or 1 day after the injury, a
significant decrease in the value was observed 4 days after the injury.
These results were consistent with the histological findings, which
showed that the axons and myelin were preserved in the nerve
segment distal to the lesion epicenter up to 1 day after the injury, with
disintegration of the axonal structures and demyelination (Wallerian
degeneration), being observed 4 days after the injury. The perineur-
fum, the sheath of connective tissue that surrounds each neural
fascicle, was still preserved (Lundborg, 2004; Sunderland, 1991) and
regulated the diffusivity. As a result, while the axon density decreased
to nearly zero (Fig. 4A) in the preserved fascicles, a less than 30% drop
in the FA value was observed at 4 days after the injury. Thereafter, the
FA value recovered gradually, reaching its pre-injury level by 3 weeks
after the injury, when a few regenerating axons could be detected;
that is, the FA value at the distal site returned to its pre-injury level
prior to the histological recovery. Furthermore, the FA values at the
lesion epicenter during recovery showed extremely strong correla-
tions with each of the functional parameters examined.

To clarify the relevance of the changes in the FA values after
peripheral nerve injury, we examined the correlations between the FA
values and the quantitative changes in axonal properties. The FA
values of the peripheral nerves were more strongly correlated with
the axonal density and diameter than with the myelin density and
thickness. These findings support the theories that the axonal
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membranes play a major role in the anisotropic water diffusion in
neural fibers (Beaulieu, 2002; Takahashi et al, 2002) and that
myelinationcanmoduhleth:dmeofanisou'opy((;ulmeti
2001). The changes in the FA values after nerve injury mainly
depended on \,, ie., the axial diffusivity, consistent with the idea
that water molecules preferentially diffuse along the longitudinal axis
of axons, and degradation of the axonal cylinders would cause a loss of
axial diffusivity. In addition, the absence of any significant change in
the radial diffusivities (A, and A3) might be explained by the present
imaging conditions not being adequate to detect subtle changes of the
radial diffusivities, which were significantly smaller than the axial
diffusivity,

Potential clinical uses

Because it is difficult to distinguish peripheral nerves clearly from
the surrounding tissues in conventional T1- and T2-weighted images,
visualization of the Wallerian degeneration and regeneration of
peripheral nerves after injury by MRI has been a challenge (Bendszus
et al., 2002; Bendszus and Stoll, 2003; Bendszus et al,, 2005; Filler et
al., 1993; Howe et al, 1992; Kikuchi et al, 2003). In the present study,
we were able to visualize these changes in peripheral nerves using
DTl, and good correlations were found between the recovery as
assessed by the changes in FA values and by histological and functional
parameters. These findings support the applicability of DTI to the
diagnosis of peripheral nerve injuries and monitoring of pathological
conditions, to obtain information about the early phases of recavery in
a clinical context,

We note that fiber tracking can sometimes terminate abruptly,
because sharp bending or branching of the nerve can reduce the
anisotropy below the tracking threshold (Hiltunen et al, 2005);
therefore, the appropriate positioning and selection of a segment
without branches will be critical, unless the spatial or angular
resolution of the diffusion is greatly increased. In addition, although
we have demonstrated the tracking and analysis of a straight sciatic
nerve from the rat, which measures 1-1.5 mm in diameter and
corresponds to the diameter of cutaneous nerves in humans, in voxels
0.31 mm in size, it is also important to keep in mind that the voxels
forming the basis of the tracking are considerably larger than any
individual axonal tract (Fujiyoshi et al., 2007).

We attempted to perform an in vivo study in a live model using
smaller nerves to determine the feasibility of this method for clinical
use (see Supplementary Materials), and we were able to demonstrate
the recovery process of contused nerves in the same animal by
tractography (Supplementary Fig, 3). Thus, DTT of the peripheral
nerves could become an innovative tool for the evaluation of
peripheral nerve injury, if applied correctly and with a clear under-
standing of its properties and limitations.
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The Distinct Role of the Runx Proteins in Chondrocyte
Differentiation and Intervertebral Disc Degeneration

Findings in Murine Models and in Human Disease
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Objective. Runx2 is a transcription factor that
regulates chondrocyte differentiation. This study was
undertaken to address the role of the different Runx
proteins (Runxl, Runx2, or Runx3) in chondrocyte
differentiation using chondrocyte-specific Runx—
transgenic mice, and to study the importance of the QA
domain of Runx2, which is involved in its transerip-
tional activation.

Methods. Runx expression was analyzed in the
mouse embryo by in situ hybridization. Overexpression
of Runxl, Runx2 (lacking the QA domain [AQA]), or
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Runx3 was induced in chondrocytes in vivo, to produce
a(1)II-Runxl, a(1)II-Runx2AQA, and a(1)II-Runx3
mice, respectively, for histologic and molecular analy-
ses. Runx expression was also examined in an experi-
mental mouse model of mechanical stress—induced in-
tervertebral disc (IVD) degeneration and in human
patients with IVD degeneration.

Results. Runxl expression was transiently ob-
served in condensations of mesenchymal cells, whereas
Runx2 and Runx3 were robustly expressed in prehyper-
trophic chondrocytes. Similar to e(1)TI-Runx2 mice,
a(1)II-Runx2AQA and a(1)Il-Runx3 mice developed
ectopic mineralization of cartilage, but this was less
severe in the a(1)IT-Runx2AQA mice. In contrast,
a(1)II-Runx] mice displayed no signs of ectopic miner-
alization. Surprisingly, a(1)Il-Runx] and o(1)11-Runx2
mice developed scoliosis due to IVD degeneration, char-
acterized by an accumulation of extracellular matrix
and ectopic chondrocyte hypertrophy. During mouse
embryogenesis, Runx2, but not Runxl or Runx3, was
expressed in the IVDs. Moreover, both in the mouse
model of IVD degeneration and in human patients with
IVD degeneration, there was significant up-regulation of
Runx2 expression.

Conclusion. Each Runx protein has a distinct, yet
overlapping, role during chondrocyte differentiation.
Runx2 contributes to the pathogenesis of IVD degener-
ation.

Cells of the chondrocyte lineage play critical roles
at several stages of endochondral ossification (1). Chon-
drocytes are the first skeletal-specific cell type that can
be identified in the condensations of mesenchymal cells
that precede the development of skeletal elements (2).
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At these initial stages of development, chondrocytes
actively divide or proliferate, and express a specific
molecular marker, al(II) collagen. Around embryonic
day 14.5 of mouse development, chondrocytes in the
center of these mesenchymal condensations become
hypertrophic and form 2 distinct cell populations: pre-
hypertrophic chondrocytes that continue to express
al(II) collagen, and hypertrophic chondrocytes that exit
the cell cycle and express al(X) collagen as a specific
molecular marker (3). Hypertrophic chondrocytes re-
place the extracellular matrix with one that is permissive
to vascular invasion; this allows the entry of osteoblastic
cells. Subsequently, and at either end of a given skeletal
element, chondrocytes organize into columns, forming
growth-plate cartilage, which is responsible for linear
skeletal growth (1).

Major progress has been made, over the last
decade, in our understanding of the transcriptional
control of chondrocyte differentiation (2). Work in
multiple laboratories has established the critical role of
Sox9 (4), along with Sox5 and Soxé (5), in the differen-
tiation of nonhypertrophic chondrocytes. Meanwhile,
Runx2 (6-8), together with Runx3 (9), has been shown to
favor chondrocyte hypertrophy. We previously demon-
strated that continuous expression of Runx2 in nonhyper-
trophic chondrocytes (herein comprising the a(1)I1-Runx?2
group of mice) led to the development of ectopic hyper-
trophy of chondrocytes, followed by bone formation (7).

Runxl, the other member of the Runx family,
shares a highly homologous DNA binding domain, the
runt domain, with Runx2 and Runx3. There are also
homologous regions N-terminal to the runt domain that
are common to Runx1, Runx2, and Runx3. Although the
last 5 amino acids of all 3 Runx proteins are identical,
Runx2 possesses a unique QA domain composed of a
stretch of Q and A residues (10).

Currently, it is unknown whether a functional
hierarchy exists among Runx2, Runx3, and Runx1 (10).
In addition, the significance of the QA domain of Runx2
in inducing chondrocyte differentiation remains to be
elucidated. Therefore, in the present study, we gener-
ated transgenic mice that overexpressed Runx1 or Runx3
or lacked a QA domain in Runx2 (comprising the
a()I-Runxl, a(1)l-Runx3, and «)II-Runx2AQA
groups of mice, respectively). The mice were generated
using the identical promoter/enhancer construct that we
have previously used to specifically express Rum2 in
chondrocytes (7).

Our results showed that all 3 Runx genes were
expressed in cells of the chondrocyte lineage, but each
functioned differently in these cells. The a(1)II-Rumx3
and a(1)I1-Runx2AQA mice developed ectopic differen-

tiation of hypertrophic chondrocytes in chondrocostal
cartilage, albeit to a lesser extent in the «(1)I-
Runx2AQA mice. Surprisingly, a(1)II-Runx1 and «(1)I1-
Runx2 mice exhibited a kyphotic deformity of the verte-
brae due to intervertebral disc (ITVD) degeneration. We
therefore studied an experimental mouse model of
mechanical stress-induced IVD degeneration, which
showed that Runx2, but not Runxl or Runx3, was
induced in the degenerated IVD. In addition, in human
patients with IVD degeneration, we found that Runx2
expression was up-regulated, thus substantiating the patho-
physiologic importance of Runx2 in the development of
IVD degeneration in humans. This study illustrates the
specific and distinct role of the Runx genes in physiologic
conditions such as chondrocytic differentiation, and in
pathologic conditions such as IVD degeneration.

MATERIALS AND METHODS

Generation of transgenic mice and analysis of trans-
gene expression. The al(I1)-Runxl, al(I)-Runx3, and al(ll)-
Runx2AQA transgenes were obtained by subcloning Runxl,
Rure3, or Runx2AQA complementary DNA (cDNA) (11) into
an al(IT) collagen—expressing chondrocyte-specific promoter
cassette (7). Transgenic founders were obtained by pronuclear
injection into CS7BL/6 oocytes, as previously described (7).
We thus obtained multiple lines of transgenic mice with
identical phenotypes in all groups except for the al(11}-Runx3
mice. The Runx2-deficient mice were a generous gift from Dr.
M. Owen (12). Wild-type (WT) mice were purchased from
Jackson Laboratories (Bar Harbor, ME).

The genotypes of the mice were determined by poly-
merase chain reaction (PCR). (A list of the PCR primer
sequences is available upon request from the corresponding
author.) Chondrocyte RNA was extracted from chondrocostal
cartilage of the transgenic mouse embryos, using TRIzol
(Invitrogen, Carlsbad, CA), and was then reverse-transcribed
for cDNA synthesis. Expression of the transgene was analyzed
quantitatively by real-time quantitative PCR (MX3000P;
Stratagene, La Jolla, CA). Primers were designed against the
specific poly(A) region of the transgene, which is common to
all 3 transgenes, namely 5'-GCGTGCATGCGACGTCATA-
GCTCTC-3' (forward) and 5'-GGTTCAGGGGGAGGTGT-
GGGAGG-3' (reverse). Four mice per group were analyzed.

Skeletal preparations. To prepare skeletal specimens
for analysis, groups of mouse skeletons were dissected at each
indicated time point of development and skinned. Subse-
quently, the skeletons were fixed in 100% cthanol at 4°C
overnight, and stained with Alcian blue dye for 1 day fallowed
by staining with alizarin red solution according to the standard
protocol (7). Specimens were cleared in 50% glycerol/50%
ethanol until soft tissue staining was removed. Six mice per
group were analyzed, and identical phenotypes were observed.

Histology, in situ hybridization, and immunohisto-
chemistry. For histologic examination, tissue samples from the
embryos were immediately fixed in 4% paraformaldehyde/
phosphate buffered saline after dissection, dehydrated with
gradually increasing concentrations of ethanol. and embedded



