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Fig. 7 - Schematic diagram showing the cross talk between astrocytes and microglias. The cross talk is accomplished by TGF-8,
and bFGF, and results in the production of KS and CS, which leads to the inhibition of neuronal axon regeneration.

conditioned medium from bFGF-treated astrocytes (bFGE-
ACM) induced XS and CS expression in primary cultured
microglias, and TGF-p;-neutralizing antibody suppressed the
expression. Our data therefore suggest that TGF-p; and bFGF
establish cross talk between astrocytes and microglias after
neuronal injuries (Fig. 7). bFGF and TGF-p, induce CS expres-
sion in astrocytes and astrocyte migration, which together are
sometimes regarded as astrocyte activation, and thus could
promote glial scar formation (Faber-Elman et al,, 1996). We
have demonstrated that bFGF alone can induce CS expression
in microglias (Fig. 6). However, the extent of XC and CS
induction by bFGF alone in microglias is much smaller than
that by bFGF-ACM (Fig. 6). Furthermore, immunohistoche-
mistry demonstrates that a large portion of KS- and CS-
positive signals merge with microglias after neuronal injury
(Figs. 1, 2). Based on these findings, it is likely that the cross
talk between astrocytes and microglias mediated by TGF-p,
and bFGF plays an indispensable role in inducing KS and CS
biosynthesis after injury (Fig. 7).

It has been recently reported that ligands for the EGF
receptor (ErbB1), including EGF, TGF-a and HB-EGF, are potent
inducers of CSPG production in astrocytes (Smith and Strunz,
2005). A specific inhibitor for ErbB1 suppresses CSPG produc-
tion by astrocytes after treatment with these ligands.
Although TGF-o is consistently expressed, ErbB1 expression
is induced by brain injury. Thus, signaling through ErbB1 in
astrocytes plays an important role in CSPG production after
injury. Smith and Strunz also reported that TGF-g; induces
CSPG production to some extent {Smith and Strunz, 2005).
CSPG production by astrocytes through growth factors or
cytokines has also been established in other studies (Asher et
al,, 2000; Properzi et al., 2005). In this context, our present
study has provided an additional notion that XS- and CS-
biosynthesis share a regulatory mechanism in common in
microglias. Taken together, the common mechanism of KS-
and CS-biosynthesis may include activation of both astrocytes
and microglias by growth factors, such as TGF-8,, bFGF and
TGF-a.

TGF-p’s actions on inflammatory cells after neuronal injury
are complex and contextual. TGF-p, induces ramification in
microglias (Schilling et al., 2001) as well as antioxidant gene
expression in microglia in vitro, and thus modulates microglial
redox status and activation state (Min et al., 2006). Astrocytes
appear to suppress microglial production of nitric oxide
through a mechanism involving activation of the latent form
of TGF-p (Vincent et al, 1997, 1998). Overexpression or
injection of TGF-g, in the CNS suppresses microglial activa-
tion and consequently the induction of the pro-inflammatory

chemokines after hypoxic/ischemic injury (Gross et al., 1993;
McNeill et al., 1994; Henrich-Noack et al., 1996). In contrast, the
overproduction of TGF-B, by astrocytes aggravates CNS
inflammation (Wyss-Coray et al., 1995), and injection of TGF-
Bi-neutralizing antiserum suppresses CNS inflammation after
injury (Logan et al., 1999; King et al., 2004). Our present study
has shown that bFGF-stimulated astrocytes produce sufficient
levels of TGF-p4 to induce KS and CS expression in microglias.
It is noteworthy that raised levels of TGF-p correlate with the
deposition of scar materials after traumatic injury to the CNS
(Logan et al., 1992). A combination of antibodies to TGF-p4 and
TGF-p, reduces scar formation after the nigrostriatal tract is
cut (Moon and Fawcett, 2001). Furthermore, mice deficient in
smad3, a TGF-g-specific intracellular signaling molecule,
display reduced scar formation after a stab wound to the
cerebral cortex (Wang et al., 2007). These results suggest that
KS and CS production in microglias via TGF-p, contributes to
the inhibition of axonal regeneration after neuronal injury.

Microglias show morphological changes, including rami-
fied and amaeboid, the latter being regarded as an activated
form (Giulian et al, 1986). KS is reportedly expressed in
ramified resident microglias, and is suppressed in experi-
mental autoimmune encephalomyelitis, a T-helper type 1
cell-mediated CNS inflammation model (Jander and Stoll,
1996). After cytokines stimulation, expression of MHC class I,
amarker of microglial activation, shows a mirror image profile
to that of XS (Jander et al,, 2000). Thus, interferon-y induces
MHC class II but not KS, while TNF-« induces KS but not MHC
class II. In contrast, we and others have shown KS expression
induction in microglias close to the injury center after
neuronal injury (Jones and Tuszynski, 2002). Furthermore,
KS-deficient mice exhibit more axonal regeneration after a
stab wound in the cerebral cortex (Zhang et al,, 2006). The
present study has also demonstrated that microglias express
not only KS but also CS upon stimulation with TGF-g,. These
data indicate that XS expression in microglias is contextual,
but that it indicates a hazardous status in some types of CNS
injuries.

4, Experimental procedures

4.1.  Controlled cortical knife-cut injury

C57BL/6] male mice, 8 weeks of age, were maintained in
temperature-controlled rooms on a 12 h light/dark cycle. The
mice were maintained in the animal facilities of Nagoya
University. All experiments were performed in accordance
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with protocols approved by the institutional animal commit-
tee. C57BL/6J mice were anesthetized and placed in a stereo-
taxic frame, Cortical injury was induced in the right parietal
cortex. For the knife-cut model, a knife cut (2.5 mm depth and
6.0 mm length) 1.0 mm lateral to the bregma was made, and
the lesions, the contralateral regions and the corresponding
regions from normal mice were isolated at the indicated days
after injury.

4.2, RT-PCR and real-time PCR

Total RNA was extracted from cells or from brain tissues and
was analyzed by RT-PCR and real-time PCR. All the PCR
products were taken from the same tissue. GAPDH was used
as an internal control to make it sure that the same input
amounts were applied for RT-PCR. RT-PCR primers used are
summarized in Table 1, under the following PCR conditions:
94 °C for 30 s, 57 °C for 30 s, 72 °C for 1 min, 30 cycles. Real-time
PCR was performed using the TagMan Gene Expression Assays
and 7500 Real-time PCR system (Applied Biosystems, Foster,
CA). Real-time PCR primers and probes were from Applied
Biosystems {GlcNAc6st-1: Assay ID, Mm00490018-gl;
p3GleNACE-7: Assay ID, MmO00507533-ml; C6ST-1. Assay ID,
MmO00489736-ml; CS synthase: Assay 1D, Mm01319178-ml;
aggrecan: Assay ID, MmO00573424-gl; GAPH: Assay ID,
Mm03302249-gl).

4.3.  Immunohistochemistry

Tissues were cut into 5-pm sections with a cryostat and
mounted on glass slides. The sections were fixed with cold
acetone for 5 min, dried, and then blocked in phosphate-
buffered saline (PBS) containing 10% goat serum albumin.
Sections were then incubated with monoclonal Cy3-conjuga-
tedovernight at 4 °C or 1 h at room temperature. After rinsing,

sections stained with anti-Ibal antibody were incubated with
Cy3-conjugated anti-rabbit IgG (500 x dilution; Invitrogen, Carls-
bad, CA) for 30 min at room temperature, then rinsed.
Monoclonal biotin-conjugated anti-CS CS-56 antibody (Seika-
gaku, Tokyo, Japan) or monoclonal biotin-conjugated anti-KS
5D4 antibody (Seikagaku) at 100 xdilution was then incubated
in a blocking solution overnight at 4 °C or 1 h at room tempe-
rature. After rinsing, Cy2-conjugated streptavidin (Jackson
ImmunoResearch, West Grove, PA) was incubated at 500x
dilution for 30 min at room temperature, rinsed, and then
mounted with FluorSave (Calbiochem, San Diego, CA) and
examined by confocal microscopy (MRC 1024; Bio-Rad Labora-
tories, Tokyo, Japan).

4.4, Cell culture

Primary cultures of cerebral cortical astrocytes were prepared
from newborn C57BL/6] mice as previously described (Smith et
al,, 1990; Allaman et al., 2004). Briefly, forebrains were removed
aseptically from the skulls, the meninges were excised care-
fully under a dissecting microscope, and the cortices were
isolated. The small tissues obtained by mincing the cortices
were cultured in flasks in DMEM containing 10% FCS, then
incubated at 37 °C in a humidified atmosphere containing 5%
CO,. The culture medium was renewed every 3-5 days.
Experiments were performed on confluent 30-day-old cul-
tures. Over 95% of cells obtained were GFAP-positive. Astrocyte
cells were used in 5x10° cells in a 3.5-cm dish.
Microglia-enriched cultures were obtained using the
method of Giulian et al. (1986). Briefly, small pieces of tissues
were obtained by mincing the cortices as described for the
astrocyte primary culture and then were cultured in flasks in
Mi-medium (DMEM, 10% FCS, 0.2% glucose and insulin 5 pg/
ml). The mixed glial culture grown for 21 days was subjected to
shaking at 200 rpm on a gyratory shaker for 30 min. The

Table 1- Nucleotide sequence of RT-PCR primers for target genes

Gene name Forward primer (5'-3’) Reverse primer(5'-3')
GIcNAc6ST-1 AAGCCTACAGGTGGTGCGAA CAGGACTGTTAACCCGCTCA
GlcNAC6ST-2 TTCTCAGCCTGCAGGCCCTCT GTTCTTGTTGAGATCTGACCT
GIcNAC6ST-3 AGACAGCCAAGGCGCTGGCA AACTGTCCATGCCTCTTGGC
GIcNAC6ST-4 TGGTGGTCATCAAAGACGTG GTCATATTGAATGCGAAGGC
$3GIcNACT-7 CTATGCTGACATCCTACAGT ACTTGTGTACCACAAGCATG
p4GalT-4 AGAACTGGGACTGCTTCGTA TGGCATATAAAGGGTTGTGC
KSGal6ST-1 ATGATTGTGATCTCTACTTT TTCTGTCTTCTTCATTGGAT
C4ST-1 ACTCATCTACTGCTATGTGC CCTCCAGTGTCTCATACTTG
C6ST-1 ACCACTTGACTCAGTTC TGCGTGTTCTTCTGGATC
GalNAcT-1 AGGCGGCTTGCAGAAGTATG CCTCTGTGGCTTTATCCAGG
GalNAc4,6ST GAAGATTACCTGGACCTCTT GTGCATGGTATACTTGACAT
20ST CATGTCCACTTCCTCAACTT CGTAGTGGTAGAACTCGTAC
GIcAT-1 AGGTACAGGATGGCCGCGTT TGTAGCTGCTCCTCCTGCTT
CS synthase-1 TGACATGCAGGTCCTGCCTG AGAGGTCCACATCCTCCAGC
XylT-1 GCATCCACACCCTCAGCGAT GCTGCAATGACGTTGACAGG
GalT-1 CGACCGTAATGCCTACAGGT CCGGTCAAACCTCTGAGGAT
GalT-2 CTTTGCCATCGCCATGGACA AATGCCGTCCCACTTCATGC
Aggrecan CAGGGTCACTGTTACCGCCA GTGCAGGTGATTCGAGGCTC
EGF TCCTAGAGAAACACCAAGAC AGCAGTGATTAGCCGTGGAA
bFGF ACACGTCAAACTACAACTCC CATTGGAAGAAACAGTATGG
TGF-p4 CACCATCCATGACATGAACC GCACAATCATGTTGGACAA
GAPDH GGTGGAGGTCGGAGTCAACG CAAAGTTGTCATGGATGACC
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detached cells (mainly microglia) were reseeded in fresh
culture flasks, and after 2 h any contaminating oligodendro-
cyte progenitors were detached with Tris-buffered saline
containing 1 mM EDTA. This procedure routinely provides a
firmly attached homogeneous population of microglia. Micro-
glia were cultured in DMEM containing 10% FBS, More than
95% of cells obtained were found to be Ibal-positive. Microglial
cells were used in 1x10° cells in a 3.5-cm dish.

In all experiments, microglias and astrocytes were grown for
an additional 24 h after cytokines were added: IL-1p 10 ng/ml
(Sigma), TNF-o 20 ng/ml (PeproTech House, London, UK), TGF-4
35 ng/ml (R&D, Minneapolis, MN), EGF 20 ng/ml (Biomedical
Technologies Inc., Stoughton, MA) or bFGF 20 ng/ml (PeproTech
House, London, UK) or conditioned medium,

4.5.  Western blot analysis

Samples of the supernatant fraction and cells were collected
after centrifuging at 10,000 g for 15 min and were separated by
electrophoresis on 5% SDS-PAGE. Proteins were then blotted
onto nitrocellulose membranes, Blots were blocked with 5%
fat-free dry milk in PBS for 60 min and incubated overnight at
4 °C with the primary antibody [anti-KS 5D4 (1000 x dilution;
Seikagaku), anti-CS CS56 (1000xdilution; Seikagaku) or anti-
aggrecan (1000 x dilution)] in PBS containing 0.3% Triton X-100.
They were washed and then were incubated with a second
antibody [horseradish peroxidase-conjugated goatanti-mouse
1gG (5000 dilution), anti-mouse IgM (5000 x dilution) or anti-
rabbit IgG (5000 xdilution; Jackson ImmunoResearch)] in PBS
containing 0.3% Triton X-100 at room temperature for 60 min.
Anti-bFGF antibody (1000 x dilution; Biomedical Technologies,
Stoughton, MA) and anti-p-actin antibody (100,000 x dilution;
Sigma) were also used as indicated. Bound antibodies were
visualized with an ECL Western blotting detection kit (GE
Healthcare, Buckinghamshire, UK).

4.6. Enzymatic treatment

Before immunochistochemistry and Western blotting by the
use of 5D4 (anti-KS) antibody were performed, tissue speci-
mens or cell media were treated with chondroitinase ABC
(1 mU/ug protein, 0.1 M Tris-acetate, pH 7.3; Seikagaku)
overnight at 37 °C.

4.7. Quantification of TGF-8, and
TGF-B;-neutralizing antibody

The amounts of TGF-B; were estimated by ELISA (R&D,
Minneapolis, MN). TGF-p,-neutralizing monoclonal antibody
(HB 9849, ATCC, Manassas, VA) was obtained from the
American Type Culture Collection (Manassas, VA); norrmal
mouse IgG was from Invitrogen. Anti-TGF-; or normal mouse
IgG at 5 pg/ml was added to the microglia medium stimulated
by bFGF-ACM for 24 h. After 24 h, KSPG and CSPG expression in
microglias was examined by Western blotting.

4.8.  Statistical analysis

Statistical analysis was performed using the Student's t-test.
P<0.05 was considered statistically significant.
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Department of Orthopaedic Surgery, Kagoshima University, Kagoshima, Japan
*Department of Biochemistry, School of Medicine, Nagoya University, Nagoya, Japan

Midkine (MK) is a growth factor implicated in the devel-
opment and repair of various tissues, especially neural
tissues. MK acts as a reparative neurotrophic factor in
damaged peripheral nerves. A postulated role of MK in
the degeneration and regeneration of sciatic nerves was
explored by comparing wild-type (Mdk*’*) mice with
MK-deficient (Mdk™") mice after freezing injury. In the
Mdk™~ mice, a regenerative delay was observed,
preceded by a decelerated Wallerian degeneration (WD).
The relative wet weight of the soleus muscle slowly
declined, and recovery was delayed compared with that
in the Mdk*’* mice. In the regenerating nerve, unmyeli-
nated axons were unevenly distributed, and some axons
contained myelin-like, concentrically lamellated bodies.
In the endplates of soleus muscles, nerve terminals
containing synaptic vesicles disappeared in both mice.
In Mdk™~ mice, the appearance of nerve terminals
was delayed in synaptic vesicles of terminal buttons
after injury. The recovery of evoked electromyogram
was delayed in Mdk™~ ‘mice compared with Mdk*/*
mice. Our results suggested a delay in axonal degenera-
tion and regeneration in Mdk™/~ mice compared with
Mdk*/* mice, and the delayed regeneration was associ-
ated with a delayed recovery of motor function. These
findings show that a lack of MK following peripheral
nerve injury is a critical factor in degeneration and regen-
eration, and manipulation of the supply of MK may offer
interesting therapeutic options for the treatment of
peripheral nerve damage. © 2009 Wiley-Liss, Inc.

Key words: midkine; knockout mice; sciatic nerve;
nerve regeneration; Wallerian degeneration

Damage to a peripheral nerve initiates a broad
range of events in the proximal and distal stump of the
nerve. Growth factors play key roles in the control of
development by regulating the growth, differentiation,
and survival of various types of cells. Various neurotro-
phic factors are important for the recovery of neuronal
functions following crush and transection nerve injury,
such as nerve growth factor (NGF), brain-derived neu-

© 2009 Wiley-Liss, Inc.

rotrophic factor (BDINF), and ciliary neurotrophic factor
(CNTF; Yamamoto et al, 1993). These factors are
released from Schwann cells, and a gradient develops
around regenerating axons (Ide, 1996). Midkine (MK)
and transforming growth factor (TGF)-B2 are ante-
gradely transported in the axonal flow after peripheral
nerve injury (Jiang et al., 2000; Sakakima et al., 2004b).

MK is a member of a family of developmentally
regulated neurotrophic and heparin binding growth
factors (Kadomatsu et al.,, 1988). MK is expressed during
the midgestation period in a retinoic-acid dependent
manner during embryogenesis in the mouse (Kadomatsu
et al., 1988, 1990; Huang et al., 1990). MK enhances
the growth, survival, and migration of various cells
(Michikawa et al., 1992; Muramatsu et al.,, 1993; Mura-
matsu, 2002; Maruyama et al., 2004) and expressed in
senile plaques of the brain in patients with Alzheimer’s
disease (Yasuhara et al,, 1993), in the areas surrounding
cerebral infarct (Yoshida et al,, 1995) in injured spinal
cords of rats (Sakakima et al., 2004a,b), and in various
human neoplasms (Tsutsui et al., 1993). Studies of the
physiological role of MK in the central nervous system
suggest neurotrophic effects (Yoshida et al.,, 2001; Wada
et al, 2002). In addition, MK expression is found in
bone repair (Ohta et al, 1999) and skeletal muscle
regeneration (Sakakima et al., 2006). MK is a multifunc-
tional cytokine with neurotrophic activity.

The essential role of MK in the growth, survival,
and migration of various cells has been shown using
mice deficient in the MK gene (Mdk™’~ mice; Sato
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et al., 2001; Maruyama et al., 2004). Mdk™’~ mice
exhibit retarded postnatal development in the hippocam-
pus (Nakamura et al., 1998). Morphological changes and
macrophage infiltration of tubulointerstitial damage of
diabetic nephropathy were strikingly less extensive in
Mdk™’" mice than in Mdkt’" mice (Kosugi et al.,
2007). We previously demonstrated that MK was pro-
duced by axotomized motor neurons and might act as a
reparative neurotrophic factor in damaged peripheral
nerve (Sakakima et al., 2004b). However, little is known
about the role of MK in peripheral nerve injury. There-
fore, we investigated the difference between midkine
knockout and wild-type mice in the degeneration and
regeneration of peripheral nerve by conducting histolog-
ical and electrophysiological assessments.

MATERIALS AND METHODS
MK-Deficient Mice

A basic targeting vector with MClneo (polyoma virus
thymidine kinase gene promoter and neomycin resistance
gene), PGK (phosphoglucokinase gene promoter), and DTA
(diphtheria toxin fragment A gene) was constructed as
described previously (Igakura et al., 1998). The generation of
Mdk ™7 129/SV mice has been described previously (Naka-
mura et al,, 1998). After the back-crossing of Mdk™’™ mice
to C57/BL mice for seven generations, the Mdk™’™ mice
were mated with each other to generate Mdk ™" (wild-type
mice) and Mdk™’" mice, which were used in the present
study. All experiments were performed with Mdk*’"* and
Mdk™’" littermates. Mice used were 8-10-week-old males
and were fed normal rodent chow.

Polymerase Chain Reaction

PCR. was performed as described previously (Igakura
et al,, 1998). For the screening of F1 mice with homologously
recombined DNA, Neo primers were used: forward, 5'-GTG
TGGTTTTGCAAGAGGAAG-3'; reverse, 5'-CCTGCGTGC
AATCCATCTTG-3. The wild-type DNA gave no band,
whereas the recombined DINA gave a 352-bp band. For the
screening of F2 mice, MK primers were used: forward, 5'-
TAACCCAGGTTTTACCCCTA-3; reverse, 5'-CTCCAAA
TTCCTTCCTTCTTCCAG-3. The wild-type DNA gave a
372-bp band, and the recombined DNA gave a 1,297-bp band.

Induction of Sciatic Nerve Injury and Preparation
of Specimens

Male Mdk*’* and Mdk™~ mice weighing 20-30 g
were anesthetized with an intraperitoneal injection of sodium
pentobarbital (30 mg/kg). The skin covering the right buttock
was cut. The right sciatic nerve was exposed and separated
from the surrounding tissues. The nerve was frozen and
thawed 10 times at 10-sec intervals through contact with a
stainless steel spatula 1 mm in diameter cooled with liquid
nitrogen. Care was taken not to injure the other tissues.
Freezing was chosen as the method of denervation because it
uniformly and definitively damages nerve fibers with reinner-
vation more than other procedures such as nerve crush or
transection (Sakakima et al,, 2000). The nerve became white
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when frozen, and the proximal margin of the frozen portion
was loosely tied with a white thread for marking. Contralat-
eral hindlimbs were untreated and served as controls. Animals
were housed under temperature-controlled conditions at 22°C
* 1°C on a 12-hr reverse light and dark cycle with food and
water available ad libitum. The degree of paralysis of the hin-
dlimbs in the treated mice was checked daily. The Mdk™’*
and Mdk™’" mice were sacrificed 1 (@ = 5), 2 (n = 5), 3
(n=26),4 (n=4), and 5 (n = 3) weeks after sciatic nerve
freezing. Additionally, three intact Mdk™’" and Mdk™ /™~
mice were sacrificed as controls. Efforts were made to reduce
the number of animals used.

Mice were perfused transcardially with physiological
saline under deep ether anesthesia. Subsequently, soleus
muscles from both legs and accompanying sciatic nerves of the
frozen sides were removed. The distance between the white
thread for marking and the nerve’s entrance into the soleus
muscle was measured and was 10.8 = 0.9 mm (mean % SD).
The bilateral soleus muscles were removed, and their wet
weight was measured to monitor reinnervation after the
injury. The sciatic nerve was divided into proximal and distal
portions relative to the lesion. The portion distal to the lesion
and the soleus muscles were used for the electron microscopic
analysis. Material for histology and morphometry was taken
about 5.0 mm distal to the lesion. We observed the change to
motor endplates of soleus muscle and the distal sciatic nerve
in order to examine the regeneration after freezing. The
experimental protocol was approved by the ethical board of
the Institute of Laboratory Animal Sciences of Kagoshima
University.

Electron Microscopy

The soleus muscles and distal portions of the sciatic
nerve of Mdk*’" and Mdk™’~ mice were immersed in 3%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C
overnight. The specimens were postfixed in 1% OsOy in 0.1
M phosphate buffer (pH 7.4) overnight at 4°C, rinsed in 10%
saccharose three times (10 min each), and stained en bloc in
3% aqueous uranyl acetated for 1 hr at room temperature.
Samples were then dehydrated in an ascending series of
ethanol concentrations, replaced by propulene oxide, and
embedded in epoxy resin. Three blocks were selected at
random from each soleus muscle. Semithin sections of soleus
muscle and sciatic nerve were cut, stained with 0.5% toluidine
blue in 0.5% borate, and observed under a conventional light
microscope to examine the reinnervation. Ultrathin sections
were cut, stained with uranyl acetate and lead citrate, and
observed with an electron microscope (Hitachi H-7100). All
endplates observed were photographed and analyzed.

Electrophysiological Analysis

An additional four Mdk™’" and four Mdk™" mice
were used to examine functional recovery. The recovery of
nerve function was recorded using an evoked electromyogram
(EMG) system (Neuropack p QP-909B; Nihon Koden,
Japan). The right sciatic nerve was exposed and frozen with
sodium pentobarlbital (30 mg/kg) by the same procedure.
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Electrical stimulation of the sciatic nerve was used to analyze
evoked EMG of denervated nerve-muscle units. The Mdk ™"
and Mdk™’" mice were stimulated 1 hr and 1, 2, 3, 4, and 5
weeks after sciatic nerve freezing under anesthesia. The sciatic
nerve was stimulated 3-5 mm from the sciatic nerves lesion
using a bipolar needle electrode. The electrode was inserted
in a depth of 3 mm into the skin. The electromyographic
signals of the soleus or gastrocnemius muscles during electrical
stimulation were recorded using a bipolar needle electrode.
The recording electrode was inserted 2-3 mm into the skin.
The sciatic nerve was stimulated at a rate of 1 Hz and an
intensity of 0.4 mA. Amplitude was measured to examine the
tension of isometric twitches of calf muscles during the
electrical stimulation. In addition, we checked the ankle joint
movement during the stimulation.

Data Analysis

Statistical analyses were performed in StatView version
5.0. Values for means of muscle wet weight and amplitude of
EMG signals were compared by one-way ANOVA. If signifi-
cance was achieved (P < 0.05), a post hoc Fisher’s protected
least significant differences (PLSD) test was performed to
determine where significant differences existed. Unpaired
Student’s t-tests were also used to determine differences
between Mdk™ " and Mdk™’" mice. Significance was set at
P < 0.05.

RESULTS

No clinical signs of pain or discomfort were
observed over the regeneration period. After freezing of
nerve, MdkT’T and Mdk™/” mice remained ambula-
tory, although they dragged their foot on the frozen
side. Loss of active movement of the ankle and toe joints
was observed in both mice. In Mdk™’™ mice, almost no
voluntary extension of digits was noticed until 2 weeks.
After 3 weeks, the active spreading of digits and flexion
of the ankle joint was clearly observed. Mdk™’" mice
started to spread their digits after 4 weeks. After 5
weeks, the active spreading of digits was clearly
observed, although flexion of the ankle joint was still
weaker than on the contralateral side and on the ipsilat-
eral side of Mdk*’" mice.

Wet Weight of Soleus Muscles

Soleus muscle wet weights of control Mdk*’* and
Mdk ™/~ mice were 6.4 = 1.3 mg and 7.5 * 0.8 mg,
respectively; there was no significant difference between
Mdk"’" and Mdk™’" mice. To minimize individual
and age-related differences in treated mice, the wet
weights of denervated/reinnervated soleus muscles were
expressed as percentages of those of the contralateral
soleus muscles. The relative wet weight showed a differ-
ent pattern in Mdk*’* and Mdk™’" mice (Fig. 1). The
relative wet weight in Mdk™’~ mice slowly declined,
and the recovery was delayed compared with that in
Mdk*’" mice. In the Mdk™’" mice, a faster loss of
soleus muscle mass was found, with a maximum in
1 week after freezing. This trend was reversed from
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Fig. 1. Weight of the soleus muscle relative to the intact contralateral
side. In Mdk™’™ mice, a faster loss of muscle mass was noted, with a
maximum at 1 week after nerve freezing. In Mdk ™/~ mice, muscle
atrophy was generally delayed. Values are mean % SD. *P < 0.05
between the Mdk®’* and Mdk ™™ groups.

2 weeks after injury. In the Mdk™’" mice, the wet
weight of the denervated soleus muscle declined, reach-
ing a minimum 3 weeks after injury. This trend was
reversed from 4 weeks. The relative muscle wet weight
was significantly greater than that of Mdk™’" mice 1
week after injury (P < 0.05).

Morphogical Analysis of Sciatic Nerve

Mdk™’" mice showed evidence of a delay in
Wallerian degeneration (WD), preceded by the slowing of
axonal degeneration. At the light microscopic level,
uninjured sciatic nerve in Mdk*’* and Mdk /" mice
consists of large and small axons (Fig. 2A,B). Most of the
myelin in Mdk*’* mice had clearly degenerated, and
the myelin sheaths where axons had previously been
located were densely stained 1 week after injury (Fig. 2C).
A few thin myelin formations surrounding small light
centers were observed 2 weeks after injury (Fig. 2E). After
3, 4, and 5 weeks, the number and area of these
regenerated axons increased (Fig. 2G,I). In Mdk™’" mice,
most of the myelin was uniformly damaged, and the
myelin sheaths where axons had previously been located
were densely stained 1 week after injury (Fig. 2D). Two
weeks after injury, the most myelin had mostly degener-
ated and considerable numbers of macrophages, probably
containing myelin debris, were observed (Fig. 2F).
However, regenerated axons were seldom observed
2 weeks after injury. At 3 weeks, numerous small myelin
formations surrounding small, light centers reappeared
(Fig. 2H). At 4 weeks, the number and area of these
regenerated axons increased (Fig. 2J). The best regenera-
tion was observed in the S5-week groups. Most axonal
cross-sectional areas were smaller in both groups than in
the control.

At the electron microscoPic level, uninjured sciatic
nerve in Mdk*’* and Mdk™’~ mice consists of rather
large axons, with interspersed groups of unmyelinated
axons (Fig. 3A,B). Most myelin in Mdk™’" mice had
clearly degenerated, and all myelin sheaths showed irreg-
ular profiles, myelin ovoids, and debris 1 week after
injury. Schwann cells were hypertrophied, containing

Journal of Neuroscience Research



3 weeks 2 weeks 1 week

4 weeks

Fig. 2. Representative light micrographs of distal nerve cross-sections.
Normal control (A,B) and after 1 week (C,D), 2 weeks (E,F), 3
weeks (G,H), and 4 weeks (L]). Intact sciatic nerve in Mdk™’* and
Mdk™"" mice consists of large and small axons (A,B). In Mdk*/*
mice, most myelin was clearly degenerated, and the myelin sheaths
were densely stained (C). A few thin myelin formations surrounding
small, light centers were observed (E), and the number and area of
regenerated axons increased thereafter (G,I). In Mdk™’™ mice, most
myelin was uniformly damaged, and the myelin sheaths were denselz
stained (D). Degeneration was delayed compared with that in Mdk ™
mice. Most myelin had degenerated, and considerable numbers of
macrophages, probably containing myelin debris, were observed (F).
Numerous small myelin formations surrounding small, light centers
reappeared (H), and the number and area of these regenerated axons
increased (f). Scale bar = 30 pum.

lipid droplets and myelin whorls 1 week after injury
(Fig. 3C,E,F). In Mdk™/~ mice, the abnormal persist-
ence of intact neurofilaments, apparently myelinated
fiber profiles, and fewer phagocytic Schwann cells were
found. These observations suggest that WD was deceler-
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Fig. 3. Representive electron micrographs of distal nerve stumps.
Normal control (A,B) and after 1 week (C~G) and 5 weeks (HLI).
Intact sciatic nerve in Mdk™"* and Mdk™’~ mice consist of rather
large axons, with interspersed groups of unmyelinated axons (A,B).
In Mdk™’* mice, most myelin had clearly degenerated, and all mye-
lin sheaths showed irregular profiles (C), myelin ovoids (E), and de-
bris. Schwann cells were hypertrophied, containing lipid droplets and
myelin whorls (F). Five weeks after injury, myelinated and unmyeli-
nated axons coexisted as normal (H). In Mdk™’"~ mice, the abnormal
persistence of intact neurofilaments, apparently myelinated fibers, and
fewer phagocytic Schwann cells were found (D,G). Five weeks after
injury, unmyelinated axons were unevenly distributed, and some
axons included myelin-like, concentrically lamellated bodies (arrow;
D). Scale bars = 5 pm in C,D; 2 pm in A,B,E-I.

ated compared with the case in Mdk"’" mice
(Fig. 3D,G). Electron microscopic evaluation indicated
some structural alterations in regenerated axons. Five
weeks after injury in Mdk"™’" mice, myelinated and
unmyelinated axons coexisted as normal (Fig. 3H). In
Mdk ’" mice, unmyelinated axons were unevenly
distributed. Some axons included myelin-like, concentri-
cally lamellated bodies (Fig. 31).

Morphogical Analysis of Motor Endplates
in Soleus Muscle

Numbers of soleus muscle endplates examined at
various time intervals are shown in Table 1. In normal
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TABLE I. Number of Nerve Terminals Examined in Soleus Muscle of Mdk*’* and Mdk™/™ Mice

Control 1 Week 2 Weeks 3 Weeks 4 Weeks 5 Weeks
Mdk*™/* (No. of nerve terminals/ 16/16 15/0 14/3 20/20 14/14 10/10
No. of endplates examined)
Mdk ™™ (No. of nerve terrinals/ 16/16 13/0 13/0 16/3 15/15 12/12
No. of endplates examined)
soleus muscles, nerve terminals were observed to lie DISCUSSION

within a depression of the muscle fiber surface. The pre-
synaptic nerve terminals contained numerous synaptic
vesicles and a number of mitochondria. There was no dif-
ference in morphology between Mdk*’* and Mdk ™"~
mice. In the Mdk " mice, no presynaptic nerve
terminals were found at 1 week after injury (Fig. 4A).
Postsynaptic folds were devoid of any overlying nerve
terminals. Most postsynaptic folds remained essentially
unchanged in structure. At 2 weeks after injury, nerve
terminals were not found except in a few regenerated
endplates (21%, 3 of 14). However, most endplates did
not have nerve terminals containing synaptic vesicles (Fig.
4C). At 3 and 4 weeks, all endplates had vesicle-laden
nerve terminals that were still smaller than their normal
counterparts (Fig. 4E,G). In Mdk ™’ mice, no presynap-
tic nerve terminals were found at 1 and 2 weeks after
injury (Fig. 4B,D). At 3 weeks, nerve terminals were
mostly absent, although a few small regenerated endplates
had vesicle-laden nerve terminals (19%, 3 of 16).
However, most endplates did not have nerve terminals
containing synaptic vesicles (Fig. 4F). At 4 weeks, all
endplates had vesicle-laden nerve terminals that were still
smaller than the normal controls, suggesting a delayed
reinnervation compared with Mdk ™" mice (Fig. 4H). At
5 weeks, all endplates in both mice had vesicle-laden
nerve terminals that were still small compared with
controls.

Electrophysiological Recovery

There was no significant difference in EMG
between the Mdk™’" and Mdk ™'~ mice before freez-
ing. A typical profile of the EMG signals from dener-
vated nerve-muscle units evoked by electrical stimulation
of the sciatic nerve is shown in Figure 5A. The ampli-
tude of the signals was smaller in Mdk™’" mice than in
Mdk ™" until 4 weeks after injury (Fig. 5B). The EMG
signals were significantly decreased in both mice after
freezing (P < 0.05), No signals were observed in the
Mdk*”" or Mdk™’” mice at 1 hr postinjury. The
signals gradually increased in both mice during the
experimental period. EMG signals were weakly detected
in both mice 1 week after injury. At 2 weeks, signals
were _significantly smaller in Mdk™~ mice than in
Mdk*’" mice (P < 0.05). In Mdk*’* mice, clearly
evoked EMG signals were observed at 4 and 5 weeks. In
the Mdk ™/~ mice, few signals were observed 2 and 3
weeks after injury. At 4 weeks, the weak signals were
detected. Clearly evoked EMG signals were detected at
5 weeks.

Knockout mice lacking MK gene show no gross
abnormalities expect that in the dentate gyrus granule
cell layer of the hippocampus of infant Mdk™" mice
(Nakamura et al., 1998). In this study, our morphologi-
cal observations showed no abnormalities in intact
Mdk™’" mice.

The findings of this study indicate that MK-defi-
cient mice exhibit delayed axonal degeneration and
regeneration and functional recovery compared with
wild-type mice. The mice lacking MK showed a regen-
erative delay, preceded by a decelerated WD. There
have been studies on the essential role of neurotrophic
factor in peripheral nerve regeneration using gene-defi-
cient mice. A defect of ciliary neurotrophic factor
(CNTF) impaired the ability of mice to recover from
crushing of the sciatic nerve (Yao et al, 1999). Mice
lacking nitric oxide synthase (nNOS) after sciatic nerve
transection showed a delay in the breakdown of myelin-
ated fibers, a delay in regeneration, and a delay in the
recovery of sensory and motor functions (Keilhoff et al,
2002). A lack of insulin-like growth factor-I resulted in
a decrease in motor and sensory nerve conduction veloc-
ities following peripheral nerve injury (Gao et al., 1999).
The absence of interleukin 6 (IL-6) did not appear to
impair recovery from sciatic nerve injury (Inserra et al.,
2000). In contrast, nerve regeneration occurred signifi-
cantly faster in receptor protein tyrosine phoshatase ©
(PTPo)-deficient mice than in wild-type mice after sci-
atic nerve crush injury (Mclean et al., 2002). Our results
suggest that the lack of the MK gene impaired the ability
of mice to recover from sciatic nerve injury and that
MK was important for the maturation of regenerating
myelinated axons in damaged peripheral nerve.

Mice lacking nNOS after sciatic nerve transection
showed a delay in the breakdown of myelinated fibers
by a decelerated WD (Keilhoff et al., 2002). After the
transection of a peripheral nerve, the segment distal to
the lesion undergoes WD, characterized by the prolifera-
tion and activation of Schwann cells, the recruitment of
macrophages and inflammatory cells, and the degradation
and clearance of myelin sheaths and severed axons
(Reichert et al., 1994). WD is essential for the regenera-
tion of an injured neuron. In MK-deficient mice, fewer
phagocytic Schwann cells were found at 1 week than in
wild-type mice. This finding may result from a
deficiency in the enhancement of the migration of
inflammatory cells because of a lack of MK. Our finding
suggested that the lack of an MK gene delayed the
beakdown of myelinated fibers in WD,
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Fig. 4. Electron micrographs of motor endplates in soleus muscle
after nerve freezing, after 1 week (A,B), 2 weeks (C,D), 3 weeks
(E,F), and 4 weeks (G,H). No presynaptic nerve terminals were
found until 2 weeks (A-D). In Mdk*’" mice, all endplates had vesi-
cle-laden small nerve terminals at 3 and 4 weeks (short arrow; E,G).
In Mdk™’™ mice, few presynaptic nerve terminals were found at 3
weeks (F). At 4 weeks, all endplates had vesicle-laden nerve small
terminals (long arrow; H). Scale bars = 2 pm.

With MK, pleiotrophin (PTN) forms a family of
heparin-binding growth factors. PTIN is involved in
nerve regeneration and is expressed in Schwann cells,
macrophages, and endothelial cells in distal nerve seg-
ment but not in axons after peripheral nerve injury
(Blondet et al.,, 2005). We showed that MK was pro-
duced in the axotomized motor neurons of the lumbar
spinal cord and might act as a reparative neurotrophic
factor after sciatic nerve injury (Sakakima et al,, 2004b).
Ezquerra et al. (2008) demonstrated the different patterns
of expression in chronic constriction injury of rat sciatic
nerve between MK and PTN. These reports show that
expression patterns of MK may be difterent from the
patterns of PTN. Furthermore, MK has various
biological activities roles, including in the promotion of
inflammatory lekocytes migration (Takada et al., 1997).
Histologically defined tubulointerstitial injury was less
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Fig. 5. Typical profile of EMG signals from denervated nerve-muscle
units (A) and measurement of the amplitude of EMG signals (B).
The EMG signals gradually strengthened in both mice. The signals
were weaker in Mdk™’” mic than in Mdk*’" mice, Values are
mean * SD. *P < 0.05 between the Mdk*’" and the Mdk™"~

groups.

severe in Mdk™’” mice than in Mdk*’" mice after
renal ischemic perfusion injury as a result of less
enhancement of the migration of inflammatory cells and
the inhibition of inflammation (Sato et al., 2001). On
the contrary, administration of PTN to lesioned periph-
eral nerve delayed macrophage recruitment in the distal
crushed nerve (Blondet et al., 2006). These results sug-
gest that the adaptive response to injury is different
between MK and PTN. In this study, our results showed
that disruption of MK gene delayed degeneration and
regeneration after peripheral nerve injury.

After nerve injury from freezing, the reestablish-
ment of original connections is closely associated with
the morphological and functional integrity of the skeletal
muscle (Sakakima et al., 2000). Mdk™™ mice were
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found by light microscopy to have some regenerative
axons at 2 weeks after injury. However, no nerve termi-
nals were found in soleus muscle at 2 weeks, Similarly,
Mdk ™" mice had regenerative axons at 3 weeks, but
no nerve terminals. In addition, the electrophysiological
recovery did not accord with the morphological recov-
ery. These results suggest that functional recovery may
be delayed compared with a morphological recovery.
However, our results showed that the evoked EMG
were smaller in Mdk™"™ mice than in Mdk™’" mice.
Our findings suggest that the MK-deficient mice had a
delayed functional recovery after peripheral nerve injury.

Although Mdk ™™ mice showed a delay in axonal
degeneration and regeneration, they showed regeneration
from 4 weeks after injury. At 5 weeks, no significant dif-
ference was observed in morphological change and func-
tional recovery between Mdk ™" and Mdk ™" mice. It is
likely that many growth factors have overlapping func-
tions so that there are alternative pathways. It is less likely
that deletion of a single neurotrophic factor would cause
any dramatic disturbance in the regeneration. This study
suggested MK to be one of the important neurotrophic
factors involved in axonal degeneration and regeneration.

In conclusion, the results presented here suggest
that axonal degeneration and regeneration, and func-
tional recovery, are delayed in MK-deficient mice. The
local release of MK following damage to a peripheral
nerve is critical to the degeneration and regeneration
processes. These findings suggest that the activation of
MK after nerve injury plays a beneficial role in nerve
regeneration.
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The growth factor midkine regulates
the renin-angiotensin system in mice
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The renin-angiotensin system plays a pivotal role in regulating blood pressure and is involved in the pathogen-
esis of kidney disorders and other diseases. Here, we report that the growth factor midkine is what we believe
to be a novel regulator of the renin-angiotensin system. The hypertension induced in mice by 5/6 nephrec-
tomy was accompanied by renal damage and elevated plasma angiotensin II levels and was ameliorated by an
angiotensin-converting enzyme (ACE) inhibitor and an angiotensin receptor blocker. Notably, ACE activity
in the lung, midkine expression in the lung, and midkine levels in the plasma were all increased after 5/6
nephrectomy. Exposure to midkine protein enhanced ACE expression in primary cultured human lung micro-
vascular endothelial cells. Furthermore, hypertension was not induced and renal damage was less severe in
midkine-deficient mice. Supplemental administration of midkine protein to midkine-deficient mice restored
ACE expression in the lung and hypertension after 5/6 nephrectomy. Oxidative stress might be involved in
midkine expression, since expression of NADH/NADPH oxidase-1, -2, and -4 was induced in the lung after
5/6 nephrectomy. Indeed, the antioxidative reagent tempol reduced midkine expression and plasma angio-
tensin II levels and consequently ameliorated hypertension. These results suggest that midkine regulates the

renin-angiotensin system and mediates the kidney-lung interaction after 5/6 nephrectomy.

Introduction

The renin-angiotensin system (RAS) is a hormonal cascade that
functions in the homeostatic control of arterial pressure, tissue
perfusion, and extracellular volume. Dysregulation of the RAS
results in the pathogenesis of many diseases, including cardiovas-
cular and renal disorders (1-3). The RAS is initiated by the regulated
secretion of renin, which catalyzes the hydrolysis of Ang I from the
N terminus of angiotensinogen. Ang Iis in turn hydrolyzed by angio-
tensin-converting enzyme (ACE) ro form Ang II, the primary acrtive
product of the RAS (4, 5). ACE is a zinc metallopeptidase widely
distributed on the cell membrane of endothelial and epithelial cells
(6). Ang Il induces vasoconstriction and aldosterone release, leading
to upregulation of blood pressure. It also exerts its vasoconstrictor
effect on both the afferent and efferent arterioles, which may con-
tribute ro the onset and progression of chronic renal damage. Ang IT
may also directly contribute to the acceleration of renal damage by
sustaining cell growth, inflammation, and fibrosis (7).

The growth factor midkine (MK; gene symbol, MDK) is impli-
cated in cancer progression, neuronal survival and differentiation,
and inflammation (8). MK is involved in the pathogeneses of tubu-
lointerstitial damage induced by renal reperfusion and glomerular
sclerosis associated with diabetes mellitus (9, 10). The finding of a
recent report that angiotensinogen and renin expression was sig-
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Nonstandard abbreviations used: ACE, angiotensin-converting enzyme; BIS, bisin-
dolylmaleimide I; CKD, chronic kidney disease; HMVEC-L, humnan lung microvascu-
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renin-angiotensin system; rth-MK, recombinant human MK.
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nificantly elevated in the aorta of Mdk™~ mice while ACE expres-
sion was significantly suppressed is of particular interest (11).
However, Mdk~~ mice develop normally (8), and there has been no
report of systemic disturbance or organ disorders of Mdk~~ mice.
Therefore, the biological meaning of changes in the RAS molecules
in the aorta of Mdk~~ mice has remained obscure.

Itis widely accepted that the RAS is involved in the pathogenesis
of chronic kidney disease (CKD), and inhibitors of the RAS are the
first choice of therapy for CKD (12-14). To investigate the molec-
ular mechanisms regulating the RAS in CKD, we employed 5/6
nephrectomy in this study. 5/6 nephrectomized mice are a popular
and useful model of CKD, since the remnant kidney model of pro-
gressive renal injury is characterized by systemic hypertension and
glomerular hyperfiltration, the latter eventually causing glomeru-
lar sclerosis (15, 16). CKD accompanies multiple organ failure, the
pathogenesis of which involves inter-organ cross-talk (17, 18). In
this context, it is noteworthy that MK expression was induced in
the lung by 5/6 nephrectomy, leading to elevation of ACE activ-
ity and plasma Ang II levels and subsequent hypertension in the
present study. Our data therefore suggest that MK is a candidate
mediator of inter-organ cross-talk in CKD.

Results
MK is involved in RAS activation induced by 5/6 nephrectomy. Systolic
and mean blood pressure were comparable in untreated Mdk""
and Mdk~- mice (Figure 1, A and B). However, we found that 5/6
nephrectomy strikingly increased blood pressure in Mdk™" mice
but not in Mdk~~ mice (Figure 1, A and B). The systolic and mean
blood pressure of Mdk** mice strikingly increased after 2 weeks,
but Mdk~~ mice showed almost normal blood pressure, i.e., no
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Figure 1

5/6 nephrectomy induces hypertension and renal damage via the RAS. (A and B) Blood pressure was measured at 0, 2, 4, 6, and 8 weeks after
5/6 nephrectomy. Systolic blood pressure (SBP) (A) and mean blood pressure (MBP) (B) were measured by the tail-cuff method. The mean
and SD are represented by squares and bars, respectively, at each time point (Mdk*+: 0 weeks, n = 40; 2 weeks, n = 34; 4 weeks, n = 19;
8 weeks, n = 8: Mdk~-: 0 weeks, n = 26; 2 weeks, n = 23; 4 weeks, n = 13; 8 weeks, n = 4). ***P < 0.001 versus Mdk-- mice. (C) Representative
glomerular histology shown by PAS staining. Scale bar: 50 um. (D) Semiquantitative analysis of the glomerular sclerosis score. Data are shown
as mean and SD (Mdk*+: 2 weeks, n = 5; 4 weeks, n = 4; 8 weeks, n = 4; Mdk"=: 2 weeks, n = 4; 4 weeks, n = 3; 8 weeks, n = 3). (E) Plasma
Ang Il concentration after 5/6 nephrectomy (Mdk*+: sham, n = 6; 2 weeks, n = 6; 4 weeks, n = 8; Mdk-~: sham, n = 6; 2 weeks, n = 7; 4 weeks,
n=5).*P <0.05, *P < 0.01; TP < 0.01 versus sham Mdk++. Nx, nephrectomy. (F and G) Effects of hydralazine, temocapril, and olmesartan on
blood pressure. SBP (F) and MBP (G) were measured by the tail-cuff method (n = 3). P < 0.01 versus Mdk+* mice. (H) Representative histology
after treatment with hydralazine, temocapril, and olmesartan. The kidney specimens were stained with PAS. Tubular dilatation (black arrows},
tubular cast formation (arrowheads), and tubular degeneration (white arrows) are indicated. Scale bar: 50 um.

significant increase (systolic blood pressure, 143 + 11.6 mmHg in  gradually increased, and both parameters were significantly higher
Mdk*/~ mice vs. 119 + 8.6 mmHg in Mdk~" mice; mean blood pres-  in Mdk”" mice at 2 and 4 weeks after renal ablation (Table 1).
sure, 104 + 10.3 mmHg vs. 85 + 6.7 mmHg). Consequently, systolic ~ Mdk** mice also exhibited more severe glomerular sclerosis, which
and mean blood pressures were significantly higher in Mdk*" than  is characterized by a marked deposition of extracellular matrix in
in Mdk~- mice from 2 to 8 weeks (Figure 1, A and B). the glomeruli and which occurred as early as 2 weeks after renal

5/6 nephrectomy caused not only hypertension but also progres-  ablation (Figure 1C). Semiquantitative analysis of the glomerular
sive renal failure. Blood urea nitrogen and serum creatinine levels ~ sclerosis scores revealed significant differences between Mdk*”
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Table 1

Body weght, blood urea ntrogen, serum creatinine, and lft Kidney weight after 8/6 nepfrectomy

Other organs that play major func-
tions in the RAS were also examined
for their expression of RAS com-

BW (g) BUN (mg/dl) Cre (mg/dl) Left kidney wt (mg) ponents. Angiotensinogen mRNA
Before nephrectomy expression was induced in the liver
Mdke 222+21 212237 0.06 + 0.02 - after 5/6 nephrectomy, but the
Mdik+ 21313 19714 0.04 £ 0.02 - expression level was not significantly
Hydralazine, 10 mg/kg/d 231206 ND ND - different in Mdk** and Mdk~- mice
Temocapril, 3 mg/kg/d 22020 ND ND - (Supplemental Figure 3A). There was
Olmesartan, 3 mg/kg/d 24505 ND ND B no difference in angiotensinogen pro-
Tempal, 3 mmol/ 2.7 £17 ND ND - tein levels between the two genotypes
2 weeks after nephrectomy S | | Fi 3 B oand C
Mdk 197+22  571£97 0.65+0.11 104896 (Supplemental Figure 3, B and C),
Mk~ 18815  395:7.2% 0.39 = 0.08# 104.3  15.1 and renin mRNA expression was not
Hydralazine, 10 mg/kg/d 18707  633:76 0.53+0.12 ND detected in the liver (data not shown).
Temocapril, 3 mg/kg/d 19727 303+2.9 0.21 £ 0,044 ND Expression of ACE protein and MK
Olmesartan, 3 mg/kg/d 213207 36.0=1.08 0.21 £0.014 ND protein was also not detected in the
Tempol, 3 mmol/ 21416 412 +3.98 0.25 + 0.04% ND liver (Supplemental Figure 3, D and
4 weeks after nephrectomy E). In the brain, mRNA expression
Mdk 20918  661:87 0.77 £0.13 130.0 + 21.4 of angiotensinogen and ACE did not
Mdk" 20617 46.4 + 4.8* 0.44 +0.158 130.3 +10.7 change after 5/6 nephrectomy (Sup-
8 weeks after nephrectomy plemental Figure 4, A and B), and the
Mdk:+ 225+19 719+ 146 1.56+0.34 1185+ 14.9 . = Do ’
Mk 212+23  629£129  118:029 128.5 6.0 renin mRNA expression was unde-

tectable (data not shown). ACE pro-

Values are mean + SD. BUN, blood urea nitrogen; Cre, serum creatinine. ND, no data. Hydralazine, temo-
capril, olmesartan, and tempol were administered to Mdk+* mice at the indicated doses. AP < 0.001 versus

Mdk++. BP < 0.01 versus Mdk++,

and Mdk~/- mice (Figure 1D). In addition, the tubulointerstitial
damage was worse in Mdk”* mice (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI137249DS1). Thus, tubular dilatation, cast formation in the
tubular lumen, and tubular epithelial degeneration became
apparent at 2 weeks after renal ablation and were more severe in
Mdk*/* mice (Supplemental Figure 1, A-H). Intersticial fibrosis, as
evidenced by collagen deposition revealed by Masson’s trichrome
staining, was exhibited at 4 weeks and then more diffusely at
8 weeks, and the stained area became expanded in Mdk”* mice
(Supplemental Figure 1, I-P). These data collectively indicate that
renal damage was more severe in Mdk”* mice than in Mdk~~ mice.

These symptoms of hypertension and renal damage were attribut-
able to the RAS, as (a) the hypertension was accompanied by elevated
plasma Ang II concentration (Figure 1E); and (b) the ACE inhibitor
remocapril and the angiotensin receptor blocker olmesartan reduced
both blood pressure and renal tubulointerstitial damage, but the
vasodilator hydralazine only ameliorated hypertension (Figure 1,
F-H). Abnormal elevation of blood urea nitrogen and serum creati-
nine was ameliorated by administration of temocapril and olmesar-
tan, but not hydralazine (Table 1). It is therefore conceivable that the
RAS contributed to both hypertension and renal damage.

ACE levels ave increased in the lung after 5/6 nephrectomy. Expression
of the intrarenal angiotensinogen and renin was suppressed and
ACE expression was unchanged in Mdk** mice, which was con-
sistent with previous findings after 5/6 nephrectomy of rats (19,
20) (Supplemental Figure 2, A-C). In contrast to the kidney, the
lung showed significant increases in ACE expression and its activ-
ity 2 and 4 weeks after renal ablation (Figure 2, A-E). ACE protein
expression was localized to the pulmonary vascular endothelial
cells and alveolar-capillary endothelial cells, consistent with a pre-
vious report (Figure 2D) (21).
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tein was also not detected in the brain
(Supplemental Figure 4C). Further-
more, the mRINA expression of angio-
tensinogen, renin, and ACE did not
change in the heart (Supplemental
Figure S). Therefore, it is most likely that the hypertension observed
after 5/6 nephrectomy was due to activation of the lung ACE.

MK levels are increased in the lung, kidney, and plasma after 5/6 nephrec-
tomy. MK expression was increased in the lung in association with
an elevation in ACE expression (Figure 3, A-C). MK protein was
localized to the endothelium of microvessels of the lung, as revealed
by the use of thrombomodulin as a marker of the vascular endothe-
lium (Figure 3D). MK expression was detected in alveolar-capillary
endothelial cells but not in bronchial epithelial cells (Figure 3D).

Histological evidence of lung damage, i.e., due to edema and
degeneration of alveolar cells, was not observed after 5/6 nephrec-
tomy in the Mdk* and Mdk~- mice (Supplemental Figure 6A).
Increases in macrophage and neutrophil infiltration into the lung
were also not observed after $/6 nephrectomy in the two geno-
types (Supplemental Figure 6, B-E). These results indicated that
the increase in MK expression in the lung after /6 nephrectomy
was not due to leukocyres.

MK expression was also significantly elevated in the kidney at
both the protein and mRINA levels 2 and 4 weeks after renal abla-
tion (Supplemental Figure 7, A-C). Immunohistochemical analysis
revealed that MK protein was mainly localized in the rubular epi-
thelium (Supplemental Figure 8A). This result is consistent with
previous reports in which MK was expressed in the kidney after
ischemia/reperfusion injury and its associared massive leukocyte
infileration (22). We also detected a substantial increase in macro-
phage infiltration into the kidney after 5/6 nephrectomy, and this
increase was significantly higher in Mdk”* mice than Mdk”~ mice
(Supplemental Figure 8, B and C). It is known that MK is expressed
by activated macrophages (23, 24). Thus, it is conceivable that the
increase in MK expression in the kidney after 5/6 nephrectomy was
due to enhanced expression in both the tubular epithelium and
infilcrating macrophages.
Number 6
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Figure 2

ACE expression in the lung after 5/6 nephrectomy. (A) ACE protein was determined by Western blot-
ting, and a representative result is shown. The lung tissues were obtained at the indicated time points.
(B) Quantitative analysis of ACE protein expression using densitometry. Data are presented as mean
and SD (n = 3). 1P < 0.01; *P < 0.05; *P < 0.05 and **P < 0.01 versus sham Mdk*+. (C) ACE mRNA
was determined by real-time PCR and normalized to 18S mRNA. Data are presented as mean and SD
(Mdk++: sham, n = 5; 2 weeks, n = 5; 4 weeks, n = 3; Mdk=-: sham, n = 3; 2 weeks, n = 3; 4 weeks, n = 3}.
$P < 0.0001; *™™*P < 0.001 and *P < 0.0001 versus sham Mdk++. (D) Immunohistochemical staining of
lungs with mouse anti-ACE monaoclonal antibody at 2 weeks. Upper panel: The first antibody used was
anti-mouse ACE monoclonal antibody. Lower panel: Isotype-matched igG was used as the first antibody.
Scale bar: 50 um. (E) ACE activity was determined by the ACE activity assay, as described in Methods.
Data are presented as mean and SD (Mdk++: sham, n = 5; 2 weeks, n = 5; 4 weeks, n = 5; Mdk": sham,
n=5; 2 weeks, n =5; 4 weeks, n =4). TP < 0.01; P < 0.05; **P < 0.01 versus sham Mdk+"*.

Since MK is a secreted protein, and its expression was induced
by 5/6 nephrectomy in the kidney and lung (Figure 3, A-C, and
Supplemental Figure 7, A-C), we next examined plasma MK lev-
els. As shown in Figure 3, E and F, plasma MK levels were indeed
increased 2 weeks after 5/6 nephrectomy.

Exogenous MK induces ACE expression. If MK is required for ACE
expression in the lung and hypertension, supplementary adminis-
tration of MK might also affect these symptoms. To clarify this issue,
we administered exogenous MK continuously through an osmotic
pump into Mdk~~ mice after 5/6 nephrectomy. This administration
was found to restore hypertension and ACE expression in the lung
(Figure 4, A~C). We also administered pleiotrophin (PTN; also called
HB-GAM), which shows 50% homology with MK (8), to Mdk~/- mice
after 5/6 nephrectomy. However, exogenous PTN neither induced
hypertension nor increased ACE expression in the lung (Figure 4, A,
D, and E). These data support the specificity of MK with respect to
its involvement in ACE expression and blood pressure regulation.

Furthermore, exogenous MK protein on primary cultured human
lung microvascular endothelial cells (HMVEC-L) significantly
enhanced ACE expression, suggesting that ACE is one of the tar-
gets of MK in the lung (Figure 5, A and B). When Ang I was added
to the culture medium of the lung endothelial cells treated with
MK and heparin for 36 hours, Ang I was converted to Ang Il ina
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time-dependent manner, while cells
treated with heparin alone did not
show such a conversion (Figure SC).
These results suggest that MK is a
potent inducer of Ang II through
upregulation of ACE expression in
lung endothelial cells.

Along with the increase in ACE
expression, phosphorylation lev-
els of PKC were also increased in
primary cultured HMVEC-L after
exposure to exogenous MK (Fig-
ure 5, D and E). This result sug-
gests that MK upregulates ACE
expression through activation of
PKC. This idea was further sup-
ported by three lines of evidence.
First, bisindolylmaleimide I (BLS),
a PKC-specific inhibitor, blocked
the MK-mediated increase in ACE
expression (Figure 5, A and B). Sec-
ond, PKC phosphorylation was sig-
nificantly increased in the lungs of
Mdk”*but not Mdk~~ mice after 5/6
nephrectomy (Figure 5F). Third,
consistent with previous reports
(25), the increase in ACE expres-
sion in primary cultured HMVEC-L
was also induced by PMA, a PKC
activator, and was blocked by BIS
(Supplemental Figure 9).

Oxidant stress induces MK expression
in the lung after 5/6 nephrectonry. Final-
ly, the mechanism of MK induction
in the lung by 5/6 nephrectomy was
investigated. The NADPH oxidases
(Nox’s) are superoxide-generating
enzymes that release superoxide by electron transfer from NADPH
to oxygen. Increased production of ROS has been implicated in var-
ious pathologies, including hypertension, atherosclerosis, diabetes,
and CKD (26, 27). In the present study, Nox1, -2, and -4 mRNA
expression in the lungs of Mdk*" mice was found to be significantly
increased at 2 and 4 weeks after renal ablation compared with che
levels in the sham-operated animals, suggesting that oxidant stress
was generated in the lung; in contrast, the expression of Nox1,
-2, and -4 mRNA was unchanged in the Mdk~~ mice (Figure 6A).
A cell membrane-permeable radical scavenger, 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (ternpol), reduced MK expression to
normal levels in the lung (Figure 6B); plasma Ang II levels (Figure
1E) and blood pressure (Figure 6C) were also reduced. Tempol also
ameliorated glomerular sclerosis and tubulointerstitial damage
(Figure 6D) and improved renal function, L.e,, significantly reduced
blood urea nitrogen and serum creatinine levels (Table 1). These
results suggest that MK expression was induced by oxidative stress
in the lung after 5/6 nephrectomy. Tempol also reduced MK expres-
sion in the kidney (Supplemental Figure 7, D and E).

Sham 2wk 4wk

Discussion

Our study demonstrated that Mdk~~ mice had almost normal
blood pressure after 5/6 nephrectomy, while wild-type mice showed
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Figure 3

Thrombomodulin Merge

MK expression in the lung and plasma after 5/6 nephrectomy. (A) Representative data from Western blotting for MK expression in the lung. (B)
The intensity of MK bands on Western blotting was normalized to that of p-actin. Data are presented as mean and SD (n = 4). *P < 0.05 and
**P < 0.01 versus sham. (C) MK mRNA expression in the lung was determined by real-time PCR and normalized to 185 mRNA. Data are pre-
sented as mean and SD (sham, n = 5; 2 weeks, n = 5; 4 weeks, n = 3). ***P < 0.001 versus sham. (D} Immunofluorescence staining of MK and
thrombomodulin expression in the lung 2 weeks after 5/6 nephrectomy. Lower panels show negative controls using isotype-matched IgG as the
first antibody. Arrowhead, bronchial epithelial cells; white arrows, alveolar-capillary endothelial cells. Scale bar: 50 um. (E) Representative data
from Western blotting for MK expression in plasma are shown. Lines under the blot indicate individual samples. (F) Western blot data for plasma
MK were quantified using densitometry and are presented as mean and SD (sham, n = 4; 2 weeks, n =5). **P < 0.01.

marked hypertension. This hypertension was ameliorated by RAS-
related inhibitors and indeed was accompanied by elevated plasma
Ang 11 levels. Surprisingly, ACE activity was enhanced in the lung,
whereas RAS components wete not activated in other organs. Plas-
ma MK levels and MK expression in the lung and kidney were ele-
vated. Supplementary MK administration to Mdk”~ mice restored
lung ACE expression and hypertension. MK also induced ACE
expression and consequently conversion from Ang I to Ang Il in
primary cultured lung microvascular endothelial cells. We therefore
concluded that MK-mediated ACE induction in the lung is critical
for hypertension induced by 5/6 nephrectomy (Figure 7).
Inter-organ interactions involving the kidney have recently been
highlighted. Regarding factors affecting lung function after acute
kidney injury, several cytokines, including IL-6, IL-1f, and TNF-q,
have been suggested as candidates (28, 29). Such results contrib-
urte to our understanding of the high mortality associated with
pulmonary complications following acute kidney injury. CKD
has also been linked with damage in other organs, especially with
cardiovascular damage (so-called cardiorenal syndrome) (30). Lt
is particularly interesting that RAS components are increased in
1620
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the heart and brain of subtotally nephrectomized rats (20,31) and
that Ang Il amounts are increased in the isolated perfused hind
limbs of uremic rats (32). Inhibitors of the RAS, e.g., angiotensin
receptor blockers and ACE inhibitors, are indeed the first choice
of therapy for CKD (33). Our results clearly show that the lung is
a promising target in the cross-talk between the kidney and other
organs and suggest that MK is a candidate mediator for pulmo-
nary and other organ complications associated with CKD.
Regarding the cross-talk between the kidney and lung in 5/6
nephrectomy, our study has also provided an insight into the under-
lying mechanism. We found that Noxl, -2, and -4 were induced in
the lung and that tempol reduced MK and plasma Ang IT levels.
Nox mediates the initial reaction of 3 successive reduction prod-
ucts of molecular oxygen, i.e., superoxide (O2""), hydrogen peroxide
(H>0,), and hydroxy! radical (OH"). Since tempol is a membrane-
permeable and metal-independent superoxide dismutase mimetic
that is specific for superoxide anion (Oz™) (34, 35), tempol may tar-
get ROS initiated by Nox in the lung. To the best of our knowledge,
this is the first study to show that 5/6 nephrectomy induces oxida-
tive stress in the lung. We have previously reported that oxidative
Volume 119
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Figure 4

Effects of exogenous MK and PTN in
Mdk-- mice on blood pressure and
ACE expression in the lung. (A) SBP
was measured by the tail-cuff method
at 0 and 2 weeks after 5/6 nephrectomy
(n = 5). **P < 0.01 versus untreated
Mdk- mice (0 weeks); P < 0.01, rh-MK
versus saline. rh-PTN, recombinant
human PTN. (B) ACE expression in the
lung of Mdk-- mice treated with MK and
saline. Western biot data are shown.
(C) The data in B were quantified
using densitometry and are presented
as mean and SD. TP < 0.01. (D) ACE
expression in the lung of Mdk-- mice
treated with rh-PTN and saline. Western
blot data are shown. (E) The data in D
were quantified using densitometry and
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stress induces MK expression (10, 22). Therefore, it is conceivable
that Nox-mediated ROS production leads to an induction of MK
expression in the lung (Figure 7). As ROS have very short half-lives
(36), it is not likely that the ROS themselves travel between the kid-
ney and lung. Furthermore, it is widely accepted that Ang Il induces
Nox expression (37). Based on this background data, we speculate
that the following molecular circuit is established after circulating

are presented as mean and SD.

MK induces ACE expression in the lung: Ang IT induces Nox expres-
sion, which in turn initiates ROS production and subsequently MK
and ACE expression (Figure 7).

RAS-related inhibitors, but not hydralazine, ameliorated renal
damage in the present study. It has also been reported that system-
ically administered Ang II worsens renal function (38-40). There-
fore, the RAS might play at least a partial role in renal damage. In
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Figure 5

Mechanism of ACE induction by MK in HMVEC-L. (A) ACE expression in HMVEC-L treated with exogenous MK protein (100 ng/ml) and heparin
(20 pg/ml). Lower panels: For PKC inhibition, BIS (5 uM) was added 1 hour before a 36-hour treatment with rh-MK plus heparin. Western blot data
are shown. (B) The data in A were quantified using densitometry and are presented as mean and SD (n = 3). *P < 0.05 and **P < 0.01 versus
0 hours. (C) Conversion from Ang | to Ang Il by the cells treated with MK. HMVEC-L cells were treated with exogenous MK protein (100 ng/ml) and
heparin (20 ug/ml) or heparin (20 ng/ml) for 36 hours. Ang | (500 pM) was then added to the medium and incubated for the indicated times (n = 5).
(D) Phospho-PKC expression in HMVEC-L treated with exogenous MK protein (100 ng/ml) and heparin (20 ug/ml). Western blot data are shown.
(E) The data in D (left panel) were quantified using densitometry and are presented as mean and SD (n = 3). *P < 0.05 and **P < 0.01 versus
0 hours. (F) Representative data from Western blotting for phospho-PKC expression in the lung. The intensity of phospho-PKC bands on Western
blotting was normalized to that of $-actin (n = 5). $P < 0.05 versus sham Mdk++. Western blotting results are not shown. TP < 0.01; tP < 0.05.
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Figure 6

Weeks after 5/6 nephrectomy

The mechanism of MK induction in the lung. (A) Time course of Nox1, -2, and -4 expression in the lung after 5/6 nephrectomy. Expression of
Nox1, -2, and -4 mRNA was determined by real-time PCR. Data are presented as mean and SD (Mdk*+: sham, n = 5; 2 weeks, n = 5; 4 weeks,
n = 3; Mdk--: sham, n = 3; 2 weeks, n = 3; 4 weeks, n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 versus sham Mdk**. (B) Effect of tempol on
MK expression in the lung. Tempol mixed in drinking water was administered to Mdk** mice after 5/6 nephrectomy. MK protein expression was
determined by Western blotting (upper panel). The intensity of MK bands on Western blotting was normalized to that of B-actin (lower panel).
Data are presented as mean and SD (1 = 5). (C) Effect of tempol on blood pressure after 5/6 nephrectomy. SBP was measured by the tail-cuff
method. Data are presented as mean and SD (n = 6). (D) Effect of tempol on renal damage. PAS staining of a kidney specimen 2 weeks after
5/6 nephrectomy in Mdk+* mice that received tempol treatment. The tubulointerstitial damage was slight compared with that in the mice without

tempol treatment (Figure 1C). Scale bar: 20 um. 1P < 0.05; *P < 0.01.

addition, we found a significant elevation of macrophage infiltra-
tion into the kidney in wild-type mice compared with Mdk~~ mice
in the present study. This finding is consistent with our previous
report showing MK-mediated macrophage recruitment in neointi-
ma formation (41). Therefore, MK-mediated inflammation in the
kidney may contribute to the renal damage after 5/6 nephrectomy
(Figure 7). On the other hand, in the context of inflammarion and
hypertension, it is important to note that inflammarory cell infil-
tration into the kidney does not always induce hypertension (42,
43). Furchermore, the local RAS in organs other than the lung was
not activated in the present study. Thus, the relationship between
intrarenal inflammation and hypertension after 5/6 nephrectomy
remains to be verified.

Methods

Animals and experimental design. Mice deficient in Mdk were generated as
described previously (44). After backcrossing of Mdk”~ mice for 14 genera-
tions with 129/Sv mice, Mdk”~ mice were mated with each other to gener-
ate Mdk** and Mdk~~ mice, which were used in this study. Experiments
were performed on 8- to 12-week-old ferale mice weighing 20-25 g that
were housed under controlled environmental conditions and maintained
with standard food and water. Animal care and experimental procedures
were approved by the Animal Experimentation Committee of the Nagoya
University Graduate School of Medicine and were conducted according
to the Nagoya University Regulations for Experiments. Renal ablation
was performed as described previously. Briefly, mice were anesthetized by
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diethyl echer. The flank region was shaved, and the animals were placed
on a heating pad to maintain a constant body temperature (37°C). Under
anesthesia, right flank incisions were made, and the right kidney was
removed. Seven days later, mice were anesthetized as above, and two-thirds
of the mass of the left kidneys was ablated (Mdk”*: 2 weeks, n = 13; 4 weeks,
n = 13; 8 weeks, n = 8; Mdk~~ 2 weeks, n = 10; 4 weeks, n = 10; 8 weeks,
n = 4). After the renal ablation, the flanks were closed in 2 layers wich 5-0
silk sutures. The animals received 100 ml/kg warm saline instilled into the
peritoneal cavity during the procedure and were allowed to recover with
free access to food and water. In the control mice, a sham operation was
performed (Mdk**, n = 11; Mdk~~, n = 8).

Drug treatment model. In the drug treatment studies, Mdk** mice were
randomly assigned to receive one of the following 5 treatments after 5/6
nephrectomy and were orally treated daily starting from 24 hours after 5/6
nephrectomy: vasodilator (hydralazine hydrochloride; Novartis) at a dose
of 10 mg/kg/d (group 1, n = 3); ACE inhibitor (temocapril; Daiichi Sankyo
Co.) at a dose of 3 mg/kg/d (group 2, # = 3); angiotensin receptor blocker
(olmesartan; Daiichi Sankyo Co.) at a dose of 3 mg/kg/d (group 3,5 = 3);
antioxidative reagent (tempol; Alexis Biochemicals) at a dose of 3 mmol/l
in drinking solution after 5/6 nephrectomy (group 4, n = 6); and sham
operation (group S, # = 6). Drug treatment was performed at 2 weeks after
5/6 nephrectomy. In the present study, we determined the dosage accord-
ing to previous reports (45-47). Blood pressure was measured by the tail-
cuff method at 2 weeks, as described below under Blood pressure monitoring.
Mice were sacrificed at 2 weeks after 5/6 nephrectomy, and blood and tis-
sue samples were collecred.
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