parch area. This was evident irrespective of whether
staining was with CaN, GFAP, or Nissl stain.

Cell Type-Specific Loss of Striatal Neurons

Large cholinergic interneurons account for only 1 to 2
% of striatal neuronal populations®; however, they ex-
ert a pivotal role in the striatal functions.?® To deter-
mine their susceptibility o neurodegeneration in XDP,
we performed immunostaining with antibody o
ChAT, a specific marker for cholinergic neurons. Mi-
croscopically, there was no apparent difference between
normal controls (Fig 6A, C) and XDP-D patients (Fig
6B, D) in the distributional profile of suriatal ChAT™
neurons. Cell density analysis (Fig 6F) disclosed thar
the number of ChAT™ cells/mm® in the neostriatum
of normal conrrols was 4.4 * 1.6 (n = 20), and that
of XDP patients was 4.9 = 1.8 (n = 20). Thus, large
cholinergic neurons were spared in the striatum of pa-
tients with XDP-D. This finding indicates that chere is
a cell type-specific difference in vulnerability to neuro-
degeneration in the XDP neostriatum, with the prefer-
ential loss of medium spiny neurons and sparing of
cholinergic neurons. Similar cell type-specific loss of
striatal neurons has also been reported in other parho-

logical conditions such as Huntingron's disease
(HD)*"* and cerebral ischemia,?"323435

Change in the Striatopallidal Projections
The matrix compartment includes o different pro-
Jecting cell populations.""™"> The indirect pathway

neurons project to the external segment of the globus
pallidus (GPe), the direct pathway neurons project to
its internal segment (GPi), and the substantia nigra
pars rericulata (SNr). In normal controls, strong CaN
labeling of the striatopallidal projections was found in
both the GPe and GPi (Fig 7A), where CaN™ fiber
plexuses were abundant (Fig 7B, C). Their configura-
tion was that of the so called “woolly fibers™ and
consisted of unstained dendrites of the pallidal neurons
densely coated with the labeled axon terminals of stri-
atal projection neurons.”” Tn XDP-D parients (see Fig
7D), CaN labeling was diminished in both the GPe
and GPi, where the number of CaN™ axon plexuses
was reduced and woolly fibers were occasionally found
(see Fig 7E, F). There was no apparent difference be-
tween the GPe and GPi in the degree of sparing of
CaN™ fibers. In XDP-P patients (see Fig 7G), there
was a marked loss of CaN labeling in both the GPe
and GPi where CaN™ axon plexuses were severely de-
pleted and no woolly fibers were identified (Fig 7H, ),
reflecting a severe depletion of striatal projecting neu-
rons.

Change in the Striatonigral Projections

Normally, efferent projections from the striosomes and
matrix compartment differentially innervare the sub-
stantia nigra (SN)'***: striosomal cells provide inputs
to the location of dopaminergic cells in the substantia

nigra pars compacta (SNc¢) and islands of dopaminergic

m

it
o)
t

CHAT* calt density {countsimm?)
[#33
i
—

Gon  XDP

Fig 6. Sparing of ChAT™ newrons in the Xelinked recessive dystonia parkinsonism with dystonia (XDP-D) neostriatum. (4, B)
ChAT immunostaining of the neostriatum Jrom a normal control (A) and an XDP-D patient (B). CRAT" newrons are indicated
by arrows. The inset in (A) is a high-power image of ChAT™ neuron. (C, D) Double immunostaining for ChAT (brown) and
CaN (blue). In a normal control (C), ChAT" neurons (arrows) are survounded by many newrons positive for CalN in the neostria-
tum. However, in an XDP-D patient (D), spared ChAT™ neurons are Srequentdly found in the neostriaval avea poor in CaN™ ne-
rons (ie, the interpatch arvea). (E) The mumbere of ChAT™ cellstmm® in the neostriatum Jrom normal controls (Con) and XDP
patiens (XDP). There is no apparent difference between controls (unfilled column) and XDP patients (filled column) in the cell
density of ChAT™ neurons in the neostriatum. Scale bar (A=D) = 100 pm: Seale bar (inser in A} = 20 i,
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Fig 7. Striatopallidal projections visualized by calcineurin ( CaN)

immunostaining, CalN immunostaining of the lenticular nuclens

from a normal control (A-C), an X-linked recessive dystonia pavkinsonism with dystonia (XDP-D) patient (D-F), and an XDP

with parkinsonism (XDP-P) patient (G-1). (A=C) Normally, strong CalN labeling of the striatal projection fibers is found in both
the GPe and GPi (A). Microscopically, CalN™ fiber plexuses are absndant in the GPe (B) and GPi (C). They are reminiscent of
woally fibers consisting of the unstained dendvites of the pallidal newrons densely coaed with the labeled axon terminals of striatal

prajection neurous. (D-F) In an XDP-D patient, CaN labeling

cally, the nwmber of CaN'* fiber plesuses is reduced and waolly fibers are occasionally found in the GPe (E) and GPi (F). Note

is significantly diminished in the GPe and GPi (D). Microscopi-

that there is no apparent difference between the GPe and GPi in the degree of remaining CaN labeling. (G-1) In an XDP-P pa-
tient, theve is a severe depletion of the CalV labeling o striatal projections in bath the GPe and GPi (G). Microscopically, CalN’ ¥
fibers are severely depleted in both the GPe (H) and GPi () and no woolly fibers are identified, Scale bar (A, D, G} = 2.5mm:

Scale bar (B, C, E, F, H, I) = 50 pm.

cells in the SNr, whereas matrix cells provide inputs to
the location of nondopaminergic neurons in the SNr.
In normal controls, CaN™ afferent fibers of the stria-
tonigral pathway were diffusely distributed in almost
the entire SN (Fig 8A). In the SN of XDP-D patients,
there was a significant diminution of the CaN™ fibers
and the remaining CaN™ fibers were unevenly and
comparementally distributed (sec Fig 8B). Their distri-
butional profile was almost identical to that of the re-

maining Calb™ fibers of the marrix-based striatonigral
projections in the SNr (see Fig 8C). We encountered
no apparent loss of TH™ dopaminergic neurons in the
SN of XDP patients, as reported previously.*>*? Anal-
ysis of serially adjacent sections stained for TH. (see Fig
8D) and CaN (see Fig 8E) showed that the remaining
CaN™ fibers were substantially found in the SNr bur
not the SNc (sec Fig 8F). These findings indicate a
preferential loss of the striosomal pathway and the rel-

Goto et al: Basal Ganglia Anatomy in XDP
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Fig 8. Immunohistochemical findings on the substantia nigra (SN). (A) Calcinenrin (CaN) staining of the SN from a normal con-
trol, Strong CalN labeling is abmost diffusely distributed in the entire SN, (B, C) Sertally adjacent midbrain sections stained for
CalN (B) and Calb (C) from a patient with X-linked recessive dystonia parkinsonism with dystonia (XDP-D). CaN labeling is sig-
nificantly diminished in the SN, where the remaining CalN labeling of the striatonigral projections is uncvenly and compartmentally
distributed (B). Novmally, Calb™ fibers of the striatonigral pathway oviginating from the matrix compartment are densely distrsb-
uted in the substantia nigra pars reticulata (SN7), although calbindin is also localized in 2 subpopulation of substantia nigra pars
compacta (SNe) neurans and in a large number of ventral tegmensal avea newrons™ The distribusion profile of the vemaining
CaN labeling (B) is atmost identical to that of the remaining Calb* Sibers of the matris-based striatonigral projections (C) in the
SNy, (D—£) Serially adjacent midbrain sections stained Jor tyrosine hydroxylase (TH) (D) and CalN (E) from an XDP-D patient.
TH and CalN immunoreactivity was digitally changed to green and red, respectively, and a merged image is shown in F. The inset
in D is a high-power image of TH' newrons. TH dopaminergic neurons are normally spared in the SNe (D). In primates, the
precise differentiation between the SNy and SNe is difficuls because of the interdigitation of the dopaminergic newrons of the SNe
with the nondopaminergic neurons of the SNv.2 We used the presence of TH™ neurons to define she locavion of the SNe. Nore
that in the SN, the distribution of CaN staining (E) is almost complementary to that of TH statning (D): this is also evident in
(F). Scale bar (A~F) = 2.5mm: Scale bar (the inset in D) = 50 .

ative sparing of the matrix-based pathway in XDP-D.
In XDP-P, there was a marked reduction of CaN™* fi-
bers in the SN (data not shown), as well as the GPe

and GPi,

Discussion
Our results show that there is a compartmental and
cell type—specific loss of neurons in the neostriatum of
XDP parients. OFf great interest is that in the XDP-D
neostriatum, the matrix compartment is relatively

spared, whereas the striosome compartment is severely
depleted. This coincides with the preferential loss of
the striosomal pathway and the relative sparing of the
matrix-based pathway in the SN of XDP-D patients.
These findings indicare that in XDP-D there is a dis-

Annals of Neurology Vol 58 No 1 July 2005

proportionate involvement of the striatal compartments
leading to an imbalance in the activity between the
striosomal and marrix-based pathways. As suggested in
other pathological conditions such as cerebral hypoxia-
ischemia”®® and HD,? the preferential loss of the strio-
some compartment may cause the abnormalities of mo-
tor control by the basal ganglia, resulting in the
occurrence of neurological symptoms in patients with
XDP.

The onset of XDP is in adulthood, by the end of the
third or the early part of the fourth decade.*® It man-
ifests predominandy as dystonia that spreads and be-
comes generalized over 2 to 5 years, reaches a plateau
by the 10th year, and then becomes less severe or is
replaced by parkinsonism by the 15th year of illness.**
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In view of the three-pathway basal ganglia model (Fig
9), we suggest that at the earlier stage when dystonia
manifests predominantly (dystonia stage), severe loss of
striosomal GABAecrgic projection neurons that form
the striosomal pathway leads to disinhibition of nigral
dopaminergic neurons, thereby increasing the action of
striatal dopamine on the remaining matrix neurons.
This then results in the hyperkinetic disorder dystonia
and may comprise a vicious cycle that accelerates suri-
atal neurodegeneration, through dopamine-mediated
toxicity to striatal neurons.*>*! In addition, eventual
loss of the indirect pathway neurons also may underlic
the occusrence of dystonia in XDP, as suggested for
the genesis of chorea in HD.***® At the later stage
when dystonia is less severe and is replaced by parkin-
sonism (parkinsonism stage), the greater involvement
of the matrix compartment leads to a severe and criti-
cal reduction of matrix-based projections and thus to
the development of so-called “extranigral form” of par-
kinsonism. This condition has also been suggested in
the late stage of HD***** and a form of multiple
system atrophy (ie, striatonigral degeneration).'®#
Positron emission tomography findings™® suggested
thar parkinsonism in XDP might be secondary to ex-
tranigral factors.

Among the basal ganglia disorders, XDP shares com-

mon features with HD, another adult-onset genetic
movement disorder,” ™ for example, the progression
of neurological signs and striatal pathology that in-
cludes the preferential loss of medium spiny projection
neurons and sparing of large cholinergic internecurons.
Despite hypotheses to explain the occurrence of hy-
perkinetic symptoms {(eg, chorea) in HD, debate con-
tinues on this intrigning issue, 1939924350 Thig study
shows no apparent difference between the GPe and
GPi in the degree of sparing of striatopallidal projec-
tion fibers in XDP. This suggests that in XDP there is
no differential loss of indirect and direct pathway neu-
rons. Alternatively, the direct and indirect pathway
model'>1# may not adequately explain the funcrional
anatomy of the basal ganglia for the manifestation of
dystonia in XDP. These data suggest that the dystonia
in XDP may result from an imbalance in the activity
berween the striosomal and matrix-based pachways,
and that XDP, particularly at the earlier stage, can be a
human disease model tw study the implication of re-
duced activity of the striosomal pathway in the genesis
of dystonia. As shown here for XDP, the three-pathway
basal ganglia model™ may give new insights into the
functional anatomy of basal ganglia disorders and may
lead to rational therapeutics. For instance, we posit
that the use of dopamine depleters such as reserpine

“Normal” stage “Dystonia” stage “Parkinsonism” stage

Neocortex Neocortex Neocortex
vy Vv Vv 7 v Vv v v T
M S e
D1 D2 7 \
Direct] indirect & Strio- Direct | indlirec Strio- ;
somal swnal 3
GPe
Th
TN}
\ 4 A 4 v v v i
GPi/SNri | SNec Motor GPI/SNr] | GPI/SNr Motor
] output T i output output

Fig 9. Hypathesized diagram of newrolvgical progression and three-pathway basal ganglia model in X-linked recessive dystonia par-
kinsonism (XDP). At the earlier stage when dystonia predominantly manifesis (“dystonia” stage), severve loss of rhe strivsomal
GABAergic projection neurons that form the striosomal pathway may lead to disinhibivion of the nigral dopaminergic neurons, re-
sulting in a striatal increase of dopamine action en the remaining matrix neurons and the subsequent manifestazion of the byperki-
netic disorder dysionia. In addition, evensual loss of the indirect pathway neurons also may underlie the occurrence of dystonia. At
the later stage when dystonia is less severe and is replaced by parkinsonism (“parkinsonism” stage), the more comprehensive involve-
ment of the matrix compartment associated with a severe and critical veduction of matrix-based projections may result in the devel-
apment of the “extranigral form” of parkinsonism. M = matrix compartment; S = striosamal compariment; GPi = internal seq-
ment of the globus pallidus; GPe = external segment of the globus pallidus; STN = subthalamic nucleus; SNy = substansia nigra

pars reticulata; SNe = substantia nigra pars compacta; Th = thalamus.
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may be helpful in XDP-D patients. Studies are under
way in our laboratories to elucidate the pathogenic
mechanisms of neuronal degeneration thar is of adult
onset and that occurs compartmentally and cell type
specifically in the neostriatum of XDP patients.
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Ll CASE REPORT O

Herpes Simplex Encephalitis Presenting with Bilateral
Hippocampal Lesions on Magnetic Resonance Imaging,
Simultaneously Complicated by Small Cell Lung Carcinoma

Ryo Hiral, Mitsuyoshi AYABE, Hiroshi SHOJ, Masahide KaJr*,
Takashi ICHTYAMA™* and Koichiro SAKAI***

Abstract

We report a 75-year-old man who developed herpes
simplex encephalitis (HSE), presenting with bilateral
hippecampal lesions on magnetic resonance imaging, and
this case was simuiltaneously complicated by small cell
lung carcinoma. We identified a new anti-neuronal anti-
body in the cerebrospinal fluid of this patient. Our find-
ings suggest that HSE and paraneoplastic limbic enceph-
alitis (PLE) can overlap, and we discuss the relationships
of HSE, PLE, and related disorders.

(Internal Medicine 44: 1006-1008, 2005)

Key words: herpes simplex encephalitis, paraneoplastic
limbic encephalitis, non-herpetic acute limbic
encephalitis

Introduction

Herpes simplex encephalitis (HSE) is the most common
acute encephalitis. It selectively affects the temporal lobes
and frontal lobes including the limbic system (1-3).
Paraneoplastic limbic encephalitis (PLE) reveals subacute
dementia with magnetic resonance imaging (MRI) abnor-
malities in the medial temporal lobes, and it is associated
with lung or testicular cancer (4, 5). In the course of a survey
of HSE in the Kyushu and Okinawa regions of Japan, non-
herpetic acute limbic encephalitis (non-herpetic ALE) was
found (6-8). Presently, the pathogenesis of these limbic
forms of encephalitis, or what forms the spectrum of HSE,
PLE, and related limbic encephalitis, is controversial.

We herein describe a case of HSE presenting with bilat-
eral hippocampal lesions on MRI and simultaneous small
cell lung carcinoma, and we discuss the possible relation-
ships among HSE, PLE, and related forms of limbic enceph-
alitis.

Case Report

A 75-year-old man experienced a sudden loss of con-
sciousness on November 18, 1994, Ten days later, disorien-
tation and partial seizures in the left hand were observed for
several minutes. Thereafter, fever and abnormal behavior ap-
peared. On November 29, the patient was admitted to our
university hospital. On admission, the patient’s temperature
was 37.6°C, blood pressure was 140/60 mmHg, and pulse
rate was 36/min. He showed a score of 10 points on the
Japan Coma Scale; light reflex was prompt bilaterally; and
meningeal irritation signs were absent. Deep tendon reflexes
were normal, without Babinski reflexes, and recto-urinary
disturbance was present.

His peripheral blood counts were normal: CRP 4.01 mg/dl,
erythrocyte sedimentation rate 11 mmv/h, and blood sugar 136
mg/dl. Serologic tests for syphilis were negative; serum fluo-
rescent antibody (FA) I g G for herpes simplex virus (HSV)
was 1:80; and enzyme immunoassay (EIA) IgG for HSV
was 61.9. His cerebrospinal fluid (CSF) pressure was 170
mmH-:0; the fluid was clear and contained 10 cells/pl, 37
mg/dl protein, 70 mg/d] glucose, 24.7 pg/ml interleukin (IL)-
6 (normal <9.7), and 6 pg/ml interferon (IFN)-y (normal
<46.6). CSF EIA IgG for HSV was 5.2, and serum HSV FIA
IgG/CSF EIA IgG antibody ratio was 11.68 (positive <20).
Polymerase chain reaction (PCR) for HSV was performed
with DNA extracted from a 100 pl sample of CSF. The prim-
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HSE and Simultaneous Small Cell Lung Cancer

ers were used at both the DNA polymerase and thymidine
kinase gene regions of HSV type 1 (9). HSV type 1 DNA was
detected in CSF at both gene regions. Anti-Hu and Ma2 anti-
bodies were negative. Chest X-ray showed infiltration with
swelling in the bilateral mediastinal lymph nodes. Brain CT
was unremarkable, and axial T1- and T2-weighted MRI ex-
hibited bilateral hippocampal lesions (Fig. 1).

Clinical course: Consciousness impairment progressed
rapidly. The patient was diagnosed as having HSE, and
acyclovir at 1.5 g per day was administered intravenously for
14 days. Phenytoin was also used to prevent convulsive sei-
zures. Altered consciousness was prolonged, and convulsive
seizures continued with fever and an increase of CRP.
Vidarabine at 600 mg per day was added for 14 days. Three
weeks after the initial MRI, a second MRI showed no
change. At the same time, chest CT was carried out under the
suspicion of lung carcinoma, and smail cell carcinoma was
confirmed by transbronchial biopsy. In mid-February 1995,
a 25% dose of combined therapy for small cell carcinoma
consisting of 150 mg carboplatin and 150 mg etoposide was
started; the dose was kept low due to hepatic disturbance.
Lymph node swelling in the mediastinum markedly de-
creased. In early March, the patient was transferred to an-
other hospital, but his general status was worsening, and he
died on April 24, 1995. Necropsy was not perniitted.

Approximately ten years after the patient’s death, because
his case had raised the question of overlap between HSE and
PLE, we tested for anti-Hu, Ma2, and Ma antibodies in the
CSF from the patient that had been stored at —80°C. His CSF
tested negative for the presence of these antibodies. At the
same time, immunohistochemistry was performed on mouse
brain sections using the stored CSF. The 6-pm-thick cryostat
sections of mouse brain were sequentially reacted with CSF
diluted to 1:100 in PBS and fluorescein isothiocianate
(FITC)-labeled anti-human IgG. The immunohistochemistry
study revealed that the neuronal cells in the cerebellum, in
the Purkinje and molecular Jayers but not in the granular
layer (Fig. 2), and the nucleus of most neurons of the cere-
brum were highly labeled. Western blot analysis was con-
ducted by using mouse cerebellum protein extracts (10 mg)
(10). The blot was probed with the patient’s CSF diluted to
1:10 in PBS, followed by incubation with anti-mouse 1gG-
alkaline phosphatase conjugate antibody. The patient’s CSF
1gG specifically recognized an approximately 29-kDa pro-
tein (Fig. 3).

Discussion

The present HSE case, in which the HSV genome was
proved in his CSF by PCR, was simultaneously complicated
by smail cell lung carcinoma, with MRI abnormalities local-
ized to the bilateral hippocampi. In HSE, MRI lesions often
progress unilaterally across the whole temporal lobe, and
symmetrical limbic system lesions have been reported as
being extremely rare (1-3). Non-herpetic ALE, a subgroup
of limbic encephalitis that is characterized by MRI lesions in
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Figure 1. Approximate 20 days after onset, T2-weighted axial
MRI (1.5 T superconducting magnet system, SE 4,000/88) re-
vealed bilateral hippocampal lesions (arrows).

Figure 2. Section of mouse cerebellum immunolabeled with the
patient’s CSF. The neurons in the Purkinje and molecular lay-
ers of the cerebellnm are highly labeled by the patient’s CSF
igG (x1090).

the bilateral hippocampi and amygdalae, negative on HSV
PCR and EIA assay and without malignancy, has been re-
ported (6-8). The levels of CSF IL-6 and IFN-v in cases of
non-herpetic ALE were found to be significantly lower than
those in cases of HSE (11, 12).

-113-



HIRAJ et al

kDa

50.6 =

34.1

29 — &

e

Figure 3. Immunoblot of mouse brain protein extracts probed
with the patient’s CSF, which recognized an approximately 29-
kDa protein (arrow).

Sharshar et al (13) have reported a similar autopsy case of
HSE in which the HSV genome was detected in the neuronal
nuclei or cytoplasm by PCR. In their case, pathologically dif-
ferent characteristic findings of both HSE and PLE were ob-
served with the anti-Hu antibody. They proposed the
possibility of a link between the two diseases; that is, HSV
infection may induce the production of anti-neural antibod-
ies, or a specific protein in the limbic system may be in-
volved in the pathogenesis of both HSE and PLE (14). Qur
HSE case presented with bilateral hippocampal lesions on
MRI, and the CSF cytokine findings of elevated IL-6 and
normal IFN-y were compatible with those in non-herpetic
ALE (11). Simultaneously, our case was complicated by
small cell lung carcinoma, and a new anti-neuronal cell anti-
body in the CSF was identified. The antibody differs from
well-known anti-neuronal cell antibodies associated with
PLE, such as anti-Hu, anti-Ta (Ma2), anti-Ma, anti-amphi-
physin, and anti-CRMP-5 antibodies. QOur findings suggest
that HSE, non-herpetic ALE, and PLE can overlap.

Recently, various causes have been clarified for the patho-
genesis of ALE. In terms of mild CSF pleocytosis and MRI
lesions in the bilateral hippocampi, our case of ALE due to
HSV may resemble those caused by human herpesvirus 6
after stem cell transplantation (15, 16). Moreover, reversible
ALE with glutamate receptor (Glu R) €2, and ALE associated
with ovarian teratoma containing immature nervous system
tissues, as well as those with potassium channel antibodies,
have been reported (17-20). Additional cases are needed to
celucidate the relationships among HSE, PLE, and related
forms of limbic encephalitis, including non-herpetic ALE.
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Abstract

Objective: Critical illness myopathy {CIM) is an acute my-
opathy that appears in the setting of critical iliness or
during exposure to corticosteroids and neuromuscular
blocking agents. Its pathological feature is selective loss
of thick myosin filaments. Our aim is to gain further in-
sight into the pathomechanism of myosin loss in this
myopathy. Methods: To clarify the expression of myosin
heavy chain {(MHC) and ubiquitin ligase atrogin-1in this
myopathy, histological, immunohistochemical, SDS-
PAGE, and semiquantitative reverse transcriptase-poly-
merase chain reaction studies were performed on inner-
vated and denervated rat soleus muscles after saline and
dexamethasone treatments. Results: Denervated mus-
cles from dexamethasone-treated rats showed marked
MHC loss. The mRNA expression of ubiquitin ligase atro-
gin-1 was significantly increased in denervated dexa-
methasone-treated muscles, suggesting that the ubiqui-
tin-proteasome pathway plays an important role in
muscular wasting in CIM. Furthermore, mRNA levels of
MHC |, a myosin isoform, were decreased in the dener-
vated dexamethasone-treated muscles. Conclusion: Our

findings suggest that an altered transcription rate of my-
osin, as well as the upregulation of multiple ubiquitin
ligases, may be responsible for selective myosin loss in
this myopathy.

Copyright © 2005 S. Karger AG, Basel

Introduction

Critical illness myopathy (CIM) is an acute myopathy
that appears during critical illness [1]. Most often severe
weakness occurs during the initial recovery from an acute
illness. Since Macfarlane and Rosenthal [2] reported the
first case of acute quadriplegic myopathy in 1977, many
other CIM cases have been reported throughout the world.
Although of unknown etiology, three main risk factors
appear to be associated with CIM: exposure to corticoste-
roids, exposure to neuromuscular blocking agents, and a
severe systemic illness such as sepsis, renal failure, or re-
spiratory failure. The pathological hallmark of CIM is loss
of thick myosin filaments in the skeletal muscle fibers of
patients with this myopathy [1, 3-10], but the pathomech-
anism of this myosin loss is still not known.

Previous reports showed that selective myosin loss oc-
curred in denervated soleus and plantar muscles of rats
receiving simultaneous high doses of corticosteroids [11-
13]. The pathological changes in those rats are similar to
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those in human CIM induced by treatment with high-
dose corticosteroids and neuromuscular blocking agents
and which has the same properties as pharmacological
muscle denervation [1, 4]. A mechanism similar to that
in experimental rats is speculated to be responsible for
selective myosin loss in skeletal muscle from CIM pa-
tients. Steroid-treated, denervated rats, therefore, pro-
vide a good model for analysis of the mechanism of mus-
cle fiber degradation in CIM, especially myosin loss.

Like other tissues, muscle has at least three different
pathways for protein breakdown: proteolysis by lysosom-
al proteases such as cathepsins, proteolysis by nonlyso-
somal, intracellular Ca’*-dependent proteases such as
calpain, and proteolysis by nonlysosomal, ATP-ubiqui-
tin-dependent proteolytic protease, functioning as a mul-
ticatalytic protease complex (proteasome) [14, 15]. Previ-
ous studies suggested that the ubiquitin-proteasome
proteolytic pathway may have a central role in muscle
fiber degradation in CIM [6, 10]. Proteins degraded in
this proteolytic pathway first are conjugated to multiple
molecules of ubiquitin and then degraded into small pep-
tides by the multicatalytic 26S proteasome [14, 16]. The
catalytic core of 268 proteasome is the 208 proteasome,
a barrel-shaped particle composed of four stacked rings
with seven subunits in each ring [17]. The two outer rings
are comprised of a-subunits (RC2, RC3, RCS, etc.). The
a-subunits function in the interaction between the 208
proteasome and various regulators.

The ubiquitination of muscle protein is regulated by
multiple enzymes, including ubiquitin ligases (E3), e.g.,
E3a [18]. Recent findings suggest that in addition to E3a
other ubiquitin ligases, in particular atrogin-1/muscle at-
rophy F-box (MAFbx) [19], and muscle RING finger 1
(MUREF 1) [20] play a key role in the generation of muscle
atrophy. Gene expressions of atrogin-1/MAFbx and
MUREF 1 were found to be increased in rat skeletal mus-
cles during sepsis, suggesting that atrogin-1/MAFbx may
participate in the development of muscle wasting during
sepsis via the ubiquitin-proteasome pathway [21]. We,
therefore, hypothesize that CIM upregulates the gene ex-
pression of the newly described ubiquitin ligase, atrogin-
I/MAFDbx.

A previous study suggested that CIM decreases the
gene transcription of myosin [9] with or without degrada-
tion. Myosin consists of two subunits, the myosin heavy
chain (MHC) and myosin light chains. At least four dif-
ferent MHC isoforms: MHC I, MHC Ila, MHC IIx, and
MHC IIb, are expressed at high levels in rat limb muscles.
In the rat soleus muscles, only two MHC isoforms, MHC
I'and MHC IIa are expressed. The levels of MHC I iso-

Study of Critical Illness Myopathy

form expression are markedly higher than that of MHC
ITa [22]. Despite high expression of the MHC I isoform
in rat soleus muscle (electrophoretically separated 89 +
3%), MHC I gene expression in denervated muscles after
dexamethasone treatment has not been studied.

To clarify the expression of myosin and atrogin-1/
MAFbx in CIM muscles, histological, immunohisto-
chemical, biochemical, and semi-quantitative reverse
transcriptase-polymerase chain reaction (RT-PCR) stud-
ies were performed on innervated and denervated rat so-
leus muscles after saline and dexamethasone treat-
ments.

Materials and Methods

Animals and Muscles

Twenty adult male Sprague-Dawley rats (initial body weight
300~350 g) were anesthetized with diethyl ether. The right hind leg
was denervated by ligation of the sciatic nerve midway between the
popliteal fossa and sciatic notch. Dexamethasone (5 mg/kg of body
weight) or an identical volume of saline was injected intraperitone-
ally daily beginning on the day of denervation. After the initial in-
jection, each rat was weighed daily. The animals were sacrificed by
decapitation on days 2 and 7. Both the right (denervated) and left
(innervated) soleus muscles were removed from the saline- and
dexamethasone-treated rats. Each muscle was weighed. Four groups
of muscles were established and each group consisted of 5 rats; con-
trol, denervated, dexamethasone-treated, and denervated plus
dexamethasone-treated muscles. These muscles were frozen rap-
idly in isopentane chilled with liquid nitrogen, then stored at —80°
C until used.

Histological, Histochemical, and Immunohistochemical

Studies

Transverse cryostat sections, 10 um thick, were stained with
hematoxylin-eosin and adenosine triphosphatase after incubation
in acid (pH 4.3 and 4.6) and alkaline (pH 10.3) buffers, as described
elsewhere [23].

For immunohistochemistry, unstained frozen sections were
fixed in acetone for 10 min and then incubated for 15 min in phos-
phate-buffered saline (PBS) containing 10% (wt/vol) fat-free dried
milk, After washing, the specimens were incubated with primary
antibody for I h at room temperature. Monoclonal antimouse an-
tibodies for slow myosin (Chemicon, Temecula, Calif., USA) and
fast myosin (Sigma, St. Louis, Mo., USA) were diluted 1:800 in
PBS, containing 1% fat-free dried mitk and 0. 1% Tween 20 (TPBS).
After washing three times in TPBS, the specimens were incubated
with 1:1000 dilution of biotinylated anti-mouse IgG for 30 min.
Sites of antibody binding were visualized by staining with 3,3’-di-
aminobenzidine tetrahydrochloride with a Vectastain ABC Kit
(Vector Labs., Burlingame, Calif., USA), and the sections were
lightly counterstained with hematoxylin. Immunostaining was spe-
cific because no staining was obtained when sections were allowed
to react without first-layer antibodies or with normal mouse serum
substituted for first-layer antibodies.

Pathobiology 2003;72:108-116
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Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

(SDS-PAGE)

For this electrophoresis, ten to twenty 10-pm-thick transverse
cryostat sections sticed from the rat soleus muscle were thawed and
homogenized in 400-800 ul of SDS sample buffer composed of
0.125 M Tris-HCI buffer (pH 6.8), 10% 2-mercaptoethanol, 4%
(wt/vol) SDS, 10% sucrose, and 0.004% bromopheno} blue. SDS-
PAGE was done with 10% acrylamide separating gels according to
the method of Laemmli [24]. The gels were stained with Coomas-
sie blue. Scanning densitometry with an Epson GT8000 scanner
(Epson, Tokyo, Japan) was used to determine the peak areas of the
actin and MHC bands. Data, given in relative units, were analyzed
with the software NIH image (version 1.62) in a Macintosh com-
puter (Apple Computer Cupertino, Calif., USA). Protein was mea-
sured by the method of Lowry et al. [25].

Semiquantitative RT-PCR

Total RNAs were isolated from 40 cryostat sections, 20 um
thick, of each experimental rat soleus muscle by acid guanidinium
thiocyanate/phenol buffer (Isogen; Nippon Gene, Tokyo, J apan),
used according to the manufacturer’s instructions [26]. One micro-
gram of total RNA [for MHC I, glycerol aldehyde 3-phosphate de-
hydrogenase (GAPDH) was the standard] and 0.3 pg of total RNA
(for atrogin-1, RC3 and GAPDH as the standard) from each soleus
muscle was reverse transcribed into first-strand complementary
DNA (¢DNA) in a 20-ul volume of 5 x first strand buffer (250 mM
Tris-HCI, pH 8.3, 375 mM KCl, 15 mAd MgCly), 10 ma/ dithio-
threitol, | mAd dNTPs, 1 ug of oligo-(dT);,-1s primer (Pharmacia
Biotech, Tokyo, Japan), 40 units of RNasin (Promega, Madison,
Wisc., USA), and 200 units of Moloney murine leukemia virus re-
verse transcriptase (Gibco BRL, Gaithersburg, Md., USA). PCR
primer construction was based on published nucleotide sequences
of the mouse atrogin-1 gene (sense primer: Nos, 502-521, 5'-GTC-
GCAGCCAAGAAGAGAAA-3"; antisense primer; Nos. 644-663,
5. GGCAGTCGAGAAGTCCAGTC-3") [19], the rat RC3 gene
(sense primer: Nos. 201-218, 5'.GGAGCCCATAACCAAGCA-3'
antisense primer: Nos. 375-392, 5-GGACGAACACCACCT-
GAC-3') [27], the rat MHC [ gene (sense primer: 5'-GAAGGC-
CAAGAAGGCCATC-3"; antisense primer: 5'-GGTCTCAGGG-
CTTCACAGGC-3") [28], and the rat GAPDH gene (sense primer:
5. TGCCAAAAGGGTCATCATCT-3'; antisense primer: 5'-GC-
CAGCCCCAGCATCAAAGG-3) [29]. RT-PCR reactions took
place tn a final 50-pul volume in a DNA thermatl cycler (PTC-200,
MJ Research, Osaka, Japan) [30]. Each PCR reaction mixture con-
tained 1 pl of cDNA, 10 x PCR buffer (100 maf Tris-HCl, pH 8.3,
500 mM KCl, 15 mM MgCly), 200 mM dNTP, 0.2 pi of each
primer set, and 1 unit of Tag DNA polymerase (Qiagen, V alencia,
Calif., USA). The following conditions were used for amplification:
denaturation at 94°C for | min, annealing at 50°C for 2 min, and
extension at 72°C for 1 min for atrogin-1, RC3 and GAPDH; and
denaturation at 95°C for 45 s, annealing at 52°C for 50 s, and ex-
tension at 72°C for 50 s for MHC L. The number of cycles was ad-
justed to allow product detection in the exponential range of am-
plification. Cycle numbers were 26 for atrogin-1 and RC3, 32 for
MHC 1, and 24 for GAPDH. Because the target sequences of these
primers were located on different exons, only a proper RT reaction
resulted in the amplification of a PCR product of the correct frag-
ment size. Respective sizes of the amplified products were 162, 192,
596, and 556 base pairs for atrogin-1, RC3, MHC I and GAPDH.
After 1.5 or 3.0% agarose gel electrophoresis, scanning densitom-

Pathobiology 2005;72:108-116

etry (Epson GT-8000 scanner) was used to determine the peak areas
and the relative amount of mRNA in the ethidium bromide-stained
bands. The intensity of each band was quantified by NIH image
{version 1.61)ina Macintosh computer. Atrogin-1, RC3, and MHC
1 mRNA levels were normalized in relation to the GAPDH mRNA
fevel.

Statistical Analysis

All data are presented as means *+ standard error. Statistical
differences were calculated by use of the unpaired Student t test.

Significance was accepted at the level of p < 0.03.

Results

Body Weights and Muscle Weights

Body weights of the dexamethasone-treated rats de-
creased during the experiment. The respective mean body
weights of the saline- and dexamethasone-treated rats
were 366 + 11.48 and 260 * 14.1 g during day 7 after
the initial injection, respectively. The body weights of the
dexamethasone-treated rats were significantly lower than
those of the controls on day 7. The mean muscle weights
of the denervated soleus muscles from saline- and dexa-
methasone-treated rats were significantly lower than
those of the innervated muscles of both rats on day 7 after
the initial injection (innervated, saline-treated muscle:
0.152 + 0.004 g; innervated, dexamethasone-treated
muscle: 0,147 * 0.004 g; denervated, saline-treated mus-
cle:0.091 + 0.004 g; denervated, dexamethasone-treated
muscles: 0.069 £ 0.006 g).

Histological, Histochemical, and

Immunohistochemical Findings

Pathological findings on each test day for the inner-
vated and denervated soleus muscles from the saline- and
dexamethasone-treated rats were similar to those de-
scribed previously [11, 13]. Briefly, most left innervated
soleus muscles from both experimental rat groups ap-
peared normal and predominantly had type 1 fibers. In
contrast, the denervated muscles of both groups showed
marked neurogenic changes of various degrees of severity
on day 7 after denervation (fig. 1a, b). In the denervated,
dexamethasone-treated muscles, the myosin ATPase-
staining activity in some muscle fibers was often de-
creased (data not shown), On immunohistochemistry, all
fibers of the innervated muscles from both groups and the
denervated muscles from saline-treated rats on day 7
were normally labeled by antifast and antistow MHC an-
tibodies (fig. Ic, €). In the denervated muscles from dexa-
methasone-treated rats, immunohistochemical labeling

Horinouchi/Kumamoto/Kimura/Ueyama/
Tsuda
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Fig. 1. Cross-sections of rat soleus muscles after 7 days of saline or dexamethasone treatment. The innervated
muscle of a saline-treated rat has a normal appearance (a). In contrast, the denervated dexamethasone-treated
muscle shows moderate muscle fiber atrophy (b). Immunohistochemical labeling for fast and slow MHC is well-
preserved in the innervated muscle of a saline-treated rat (e, e). The denervated, dexamethasone-treated muscle
shows less intense stain of slow MHC (d) and irregular reduction in the intensity of staining of fast MHC (¥, ar-
row) in several fibers on day 7. Some fibers that contain both fast and slow MHC are type 2C fibers (asterisk).
a, ¢, e Innervated muscle from a saline-treated rat. b, d, f Denervated muscle from a dexamethasone-treated rat.
Hematoxylin and eosin (a, b), immunostainings with anti-slow (e, d) and anti-fast (e, f) MHC monoclonal anti-
bodies. Bar = 50 um.

Study of Critical Illness Myopathy Pathobiology 2005:72:108-116
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Fig. 2. a SDS-polyacrylamide slab gel patterns in innervated and
denervated rat soleus muscles after 7 days of saline or dexametha-
sone treatment. The intensity of the band corresponding to the
myosin heavy chain (MHC) is decreased markedly in the dener-
vated dexamethasone-treated muscles. b Densitometric quantifica-
tion of the MHC and actin bands in innervated and denervated rat
soleus muscles on day 7 of saline or dexamethasone treatment. The
MHC/actin ratio shows a significant decrease in the denervated,
dexamethasone-ireated muscle as compared with the innervated,
saline-treated (control) muscle, the dexamethasone-treated muscle,
and the denervated, saline-treated muscle (vs. control muscles, p <
0.0001; vs. the innervated. dexamethasone-treated muscles, p <
0.0001; vs. the denervated, saline-treated muscles, p < 0.0001).
MW = Molecular weight; CON = controls; DEX = innervated mus-
cles of dexamethasone-treated rats; DEN = denervated muscles of
saline-treated rats; DEX + DEN = denervated muscles of dexa-
methasone-treated rats. * p < 0.0001; vs. the denervated, dexa-
methasone-treated muscle.

Pathobiology 2005:72:108-116

for fast and slow MHC was less intense and showed focal
reduced reactivity in several fibers (fig. 1d, f).

SDS-PAGE

Electrophoretic protein patterns of the innervated,
dexamethasone-treated muscles and denervated, saline-
treated muscles were similar to those of the innervated
muscles of the saline-treated rats (control). The intensity
of the band corresponding to MHC was markedly low in
the denervated muscles of the dexamethasone-treated
rats (fig. 2a). Because there was no consistent depletion
of actin, the MHC/actin ratio was used as a relative mea-
sure of MHC depletion. The mean of the MHC/actin ra-
tios for all the experimental rats on day 7 was 1.008 =
0.029 (innervated; control), 1.052 * 0.003 (denervated)
for the saline-treated muscles. It was 0.925 + 0.007 (in-
nervated) and 0.560 = 0.065 (denervated) for the dexa-
methasone-treated muscles, significantly lower in the de-
nervated, dexamethasone-treated muscles (fig. 2b). There
were no statistical differences between the other experi-
mental muscles and the control muscles.

Semiquantitative RT-PCR

PCR amplification without reverse transcription with
extract RNA as the template was used to test for possible
contamination of chromosomal DNA during DNA ex-
traction. No bands appeared during 24-32 PCR cycles,
evidence of the absence of contaminating DNA.

Atrogin-1, RC3, and MHC I mRNA were expressed
constitutively in the innervated and denervated muscles
from the saline- and dexamethasone-treated rats. The
mRNA levels of the genes are given in figures 3 and 4.
Scanning densitometry showed a significant increase in
the expression of atrogin-1 in the denervated muscles of
the saline- and dexamethasone-treated rats as compared
with the contralateral, innervated muscles of both groups
on days 2 and 7 (fig. 3a). Atrogin-1 mRNA levels in de-
nervated muscles of dexamethasone-treated rats were sig-
nificantly higher than those in saline-treated rats on days
2 and 7 (fig. 3b). RC3 gene expression tended to be up-
regulated in both types of denervated soleus muscles on
day 2 relative to the control muscles, but the difference
was not significant (fig. 3b).

Figure 4 shows the expression levels of MHC I mRNA
in innervated and denervated muscles from the saline-
and dexamethasone-treated rats. On day 7, the MHC |
mRNA level has decreased significantly in the denervated
muscles of the saline- and dexamethasone-treated rats as
compared with the contralateral, innervated muscles of
both groups, decreasing to 45 and 13%, respectively, of
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Fig. 3. a Semiquantitative analysis based
on RT-PCR of the relative expression of
atrogin-1, RC3, and GAPDH mRNA in in- a
nervated and denervated muscles on days 2
and 7 of saline or dexamethasone treat-
ment. Ten microgram of the PCR products
was subjected to 3.0% agarose gel electro-

CON

Atrogin-1
RC3
GAPDH

DEX

DEN DEX+DEN

CON DEX DEN DEX+DEN

phoresis, the gels stained with ethidium
bromide, and the stain made visible by il-
lumination with ultraviolet light. b Densi-
tometric quantification of atrogin-1 and
RC3 mRNA expression in each experimen- b
tal muscle type on days 2 and 7. Scanning
densitometry shows increased expression of
atrogin-1 mRNA in the denervated muscles
of both groups as compared with the inner-
vated saline-treated (control) muscles (de-
nervated, saline-treated muscles vs. con-
trol, p < 0.01 on day 2, p < 0.05 on day 7;
denervated, dexamethasone-treated mus-
cles vs. control, p < 0.0001 on day 2, p <
0.01 on day 7). mRNA expression is sig-
nificantly higher in the denervated muscles
after dexamethasone treatment than after
saline treatment and in the innervated,
dexamethasone-treated muscles (vs. dener-
vated, saline-treated muscles, p < 0.01 on
day 2, p < 0.03 on day 7; vs. innervated,
dexamethasone-treated muscles, p<0.0001
on day 2, p < 0.01 on day 7). MW = Mo-
lecular weight; CON = controls; DEX = in-
nervated muscles of dexamethasone-treat-
ed rats; DEN = denervated muscles of
saline-treated rats; DEX + DEN = dener-
vated muscles of dexamethasone-treated
rats. * p < 0.05, ** p <0.01, *** p < 0.0001 o b
vs. the denervated, dexamethasone-treated
muscles. ¥ p < 0.05, * p < 0.01: control vs.
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the denervated, saline-treated muscles.

the control muscle values. Levels were significantly lower
in the denervated muscles of dexamethasone-treated rats
than in their innervated muscles.

Discussion

In the present study, we found severe volume loss in
dexamethasone- and to a lesser extent in saline-treated
rat soleus muscles after denervation as compared with
contralateral, innervated muscles of both rats. In dener-
vated, dexamethasone-treated muscles, histological, im-
munohistochemical, and biochemical findings showed
severe muscle atrophy and decreased MHC. These path-

Study of Critical Hliness Myopathy

ological and biochemical indings are very similar to those
for human CIM [1, 11, 12] induced by treatment with
high-dose corticosteroids and neuromuscular blocking
agents [, 4]. These experimental rats are confirmed to be
a good CIM model. There are reports on the mechanism
of myosin loss in denervated muscles of dexamethasone-
treated rats. Rouleau et al. [13] suggested that decreased
myosin synthesis probably is a significant contributor to
the preferential myosin depletion in this myopathy be-
cause of reduced muscle protein synthesis, primarily ow-
ing to decreased numbers of ribosomes produced by ex-
cessive glucocorticoid and denervation treatments [13],
but they did not explain the preferential loss of myosin
nor did they study myosin degradation.

Pathobiology 2003:72:108-116
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Fig. 4. a Semiquantitative RT-PCR analysis of the relative expres-
sion of myosin heavy chain (MHC) I and GAPDH mRNA in in-
nervated and denervated muscles on days 2 and 7 of saline or dexa-
methasone treatment. Ten microgram of PCR products was
subjected to 1.5% agarose gel electrophoresis. The gels were stained
with ethidium bromide, and the stain made visible by illumination
with ultraviolet light. b Densitometric quantification of MHC 1
mRNA expression in each muscle specimen on day 7. Scanning
densitometry shows decreased expression of this mRNA in the de-
nervated muscles of both groups as compared with the innervated
saline-treated (control) muscles (vs. the denervated, saline-treated
muscles, p<0.03; vs. the denervated, dexamethasone-treated mus-

We found decreased MHC I mRNA levels in dener-
vated soleus muscles from saline- and dexamethasone-
treated rats. On day 7, the MHC I mRNA levels of the
denervated muscles from both saline- and dexametha-
sone-treated rats respectively were 45 and 13% those of
the innervated muscles from the saline-treated rats (con-
trol muscle). This suggests that steroid treatment may
promote the downregulation of the MHC I gene owing to
denervation. Previously, only denervation treatment was
reported to lead to significant decreases in MHC proteins
and MHC mRNA in rat muscles [31]. Our findings sug-
gest that the myosin loss may be due to changes in myosin
itself at the molecular level (e.g., a decreased transcription
rate and decreased mRNA stability), but increased myo-
fibrillar proteolysis also may be involved [32, 33].

Pathobiology 2005:72:108-116

cles, p < 0.001). mRNA expression is significantly lower in the de-
nervated muscles after dexamethasone treatment than in the saline-
treated and the innervated, dexamethasone-treated muscles (vs. the
denervated, saline-treated muscles, p < 0.01 on day 2,p<0.050n
day 7, vs. the innervated, dexamethasone-treated muscles, p <
0.01). MW = Molecular weight; CON = controls; DEX = inner-
vated muscles of dexamethasone-ireated rats; DEN = denervated
muscles of saline-treated rats; DEX + DEN = denervated muscles
of dexamethasone-treated rats. * p<0.05, ** p<0.01,*** p<0.001
vs. the denervated, dexamethasone-treated muscles. #p<0.05; con-
trol vs. the denervated, saline-treated muscles.

Myosin is degraded by the lysosomal proteases cathep-
sin B and L and by nonlysosomal proteases such as cal-
pain and proteasomes. Recent evidence indicates that the
ubiquitin-proteasome proteolytic pathway may function
in the breakdown of skeletal muscle myofibrillar proteins,
including actin and myosin, and in such physiological
and pathological conditions as denervation, starvation,
metabolic acidosis, cancer, and sepsis [34-39]. Previous
findings suggest that in addition to E3a, another ubiqui-
tin ligase, atrogin-1/MAFbx, may regulate the muscle
protein breakdown under various catabolic conditions
and be more important than E3a in the development of
muscle wasting in proteolysis via the ubiquitin-protea-
some pathway [19, 20]. The atrogin-1/ MAFbx-expressing
gene is only present in muscle tissues, indicative that this

Horinouchi/Kumamoto/Kimura/Ueyama/
Tsuda

-121-



ubiquitin ligase is muscle specific. Atrogin-1/MAFbx spe-
cifically regulates protein breakdown in skeletal muscles
under the catabolic conditions of immobilization, dener-
vation, hind limb suspension, treatment with interleukin-
1 or dexamethasone, sepsis, fasting, and renal failure [ 19~
21]. We found that gene expression of the newly described
ubiquitin ligase, atrogin-1, increased significantly in the
denervated soleus muscles of saline- and dexamethasone-
treated rats. The mRNA levels of the gene in the dener-
vated muscles from the saline- and dexamethasone-treat-
ed rats on day 7 respectively were two and three times
those in the control muscles. This speculates that ubiqui-
tin ligase atrogin-1 protein expression is increased by de-
nervation treatment alone and has a specific role in myo-
fibrillar protein degradation in denervated muscles of
saline- and dexamethasone-treated rats [19-21]. Further-
more, the mRNA for atrogin-1 showed a greater increase
in the denervated muscles from dexamethasone-treated
rats than in those from saline-treated ones. The simplest
interpretation of these findings is that the steroid treat-
ment promotes the activation of atrogin-1/MAFbx gene.
This is compatible with a recent report that the upregula-
tion of atrogin-1 mRNA was inhibited in muscles of sep-
sis rats treated with a glucocorticoid inhibitor (RU 38486)
[21]. Therefore, there is a possibility that the upregulation
of atrogin-1/MAFbx may enhance the ubiquitin-protea-
some proteolytic pathway, and then induce MHC I loss
in denervated soleus muscle from dexamethasone-treat-
ed rats.

Previous studies provided an evidence of increases in
proteasome subunits, including the RC3 and ubiquitin
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Cysteinyl leukotrienes induce monocyte chemoattractant protein 1 in human
monocytes/macrophages
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Summary

Background Monocytes/macrophages have a cysteinyl leukotriene 1 (CysLT1) receptor, but its
function is poorly understood.

Objective  To elucidate the biclogical function of the CysLT| receptor of human monocytes/
macrophages.

Methods We examined the production of TNF-o, IL-1B, IL-2, 1L-4, 1L-6, IL-8, IL-10, monocyte
chemoattractant protein 1 (MCP-1), macrophage colony-stimulating factor (M-CSF), and eotaxin
induced by CysLTs (leukotriene (LT)C4, -D4, and -E4) in THP-1 cells, 2 human monocytic
leukaemia cell line, and peripheral blood CD14" monocytes/macrophages. Moreover, we examined
the effect of CysLTs on the expression of -chemokine receptor 2B (CCR2B) as the receptor of
MCP-1 by Western blot analysis.

Results ELISA revealed that CysLTs induced MCP-1 in THP-1 cells and peripheral blood CD14™
monocytes/macrophages, but not other cytokines. PCR demonstrated that CysLTs increased MCP-1
mRNA expression in THP-1 cells, and Western blotting showed that CysLTs increased the
expression of CCR2B in THP-1 cells. Moreover, we demonstrated that pranlukast, a CysLT1
receptor antagonist, blocked MCP-1 production by CysLTs in THP-1 cells almost completely, and
partially inhibited MCP-1 release by CysLTs in peripheral blood CD147 monocytes/macrophages
and CCR2B expression by CysLTs in THP-1 cells.

Conclusion CysLTs induce MCP-1 and increase CCR2B expression in human monocytes/
macrophages.

Keywords CCR2B, cysteinyl leukotrienes, monocyte chemoattractant protein 1, monocytes/imacro-

phages, pranlukast
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Introduction

Various roles of cysteinyl leukotrienes (CysLTs), such as
leukotriene C4 (LTC4), -D4, and -E4, have been reported in
bronchial asthma {1-4]. CysLTs induce contraction of the
tracheal muscle [1]. CysLTs have potent effects on leucocyte
trafficking, airway mucus secretion, and collagen synthesis
[2-4]. Normal peripheral blood leucocytes, such as basophils,
eosinophils, B lymphocytes, and monocytes/macrophages, have
a CysLT1 receptor [5]. However, the function of these cells,
especially monaocytes/macrophages, is poorly understood.
Alveolar macrophages (AM) are the most abundant cells
not only in the alveoli and distal air spaces but also in the
conducting airways [6]. In asthma, AM are activated [7].
Activated AM may participate in the inflammatory events
associated with allergic disease of the lower airways, including
release of cytokines, chemokines, arachidonic acid metabo-
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University School of Medicine, 1-1-1 Minamikogushi, Ube, Yamaguchi
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lites, products of activated O,, and by direct interaction with
T lymphocytes [8—11].

We examined cytokine production, including TNF-q, 1L-
1B, IL-2, IL-4, IL-6, IL-8, TL-10, monocyte chemoattractant
protein 1 (MCP-1), macrophage colony-stimulating factor
(M-CSF), and eotaxin, of human monocytes/macrophages
induced by CysLTs to elucidate the biological function of the
CysLT1 receptor of human monocytes/macrophages.

Methods

Cell culture and stimulation conditions

THP-1 cells {12], a human monocytic leukaemia cell line that
has a CysLT1 receptor [13], obtained from the American
Type Culture Collection, were maintained at 37°C under
humidified 5% CO, as stationary cultures. The cells were
grown in RPMI 1640 medium containing 10% FBS, 100U/
mlL of penicillin, and 100 pg/mL of streptomycin. Peripheral
blood mononuclear cells (PBMC) were obtained from
heparinized blood from 10 healthy medication-free volun-
teers, with informed consent, by Histopaque 1077 (Sigma

{© 20035 Blackwell Publishing Ltd
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Chemical Co., St Louis, MO, USA) gradient centrifugation
and washing. Purification of individual cell subpopulations
was achieved with a high magnetic gradient Mini MACS
purification system (Miltenyi, Sunnyvale, CA, USA). CDi4*
monocytes/macrophages were isolated by depletion of non-
monocytes (negative selection) with a Monocyte Isolation Kit
I1 (Miltenyi). The purity of the isolated cells was determined
using the respective fluorescein isothiocyanate (FITC)-con-
jugated monoclonal antibodies (Becton-Dickinson Bios-
ciences, San Diego, CA, USA) and flow cytometric analysis
(FACScan; Becton-Dickinson Biosciences). Cells were ex-
posed to LTC4, -D4, or -E4 (Sigma Chemical Co). Some
samples were pretreated with pranlukast, a CysLTI receptor
antagonist, provided by ONO Pharmaceutical Co. (Osaka,
Japan) for 30 min before the addition of CysL'Ts. Supernatant
fluid, both before and after the additicn of CysLTs, was
harvested for determination of cytokine levels and then stored
at —20°C.

Determination of the concentrations of cytokines

The concentrations of TNF-a, IL-18, IL-2, 1L-4, 1L-6, IL-8,
and IL-10 in the supernatant fluid were measured with a
cytometric bead array (CBA) kit (BD PharMingen, San
Diego, CA, USA) according to the manufacturer’s instruc-
tions, as described previously [14-16], with modification of
the data analysis, using GraphPad Prism software (GraphPad
Prism Software, San Diego, CA, USA). Briefly, a CBA
involves a series of beads exhibiting discrete fluorescence
intensities at 670 nm. Each series of beads is coated with a
monoclonal antibody against a single cytokine, and a mixtare
of the beads can detect six cytokines in one sample. A
secondary phycoerythrin (PE)-conjugated monoclonal anti-
body stains the beads proportionately to the amount of
bound cytokine. After fluorescence intensity calibration and
electronic colour compensation procedures, standard and test
samples were analysed with a FACScan flow cytometer
equipped with CellQuest software (BD PharMingen). Data
were transferred to GraphPad Prism. Starting with standard
dilutions, the software performed log transformation of the
data and then fitted a curve to 10 discrete points using a four-
parameter logistic model. The calibration curve created for
each cytokine was used to estimate the cytokine concentra-
tions in the samples. The detection limits for TNF-a, 11-1B,
[L-2, 1L-4, IL-6, IL-8, and IL-10 were 2.8, 7.2, 2.6, 2.6, 2.5,
3.6, and 2.8 pg/mL, respectively.

The concentrations of MCP-1, M-CSF, and eotaxin in the
supernatant fluid were determined with sandwich-type
ELISA kits (R&D Systems, Minneapolis, MN, USA). The
detection limits for MCP-1, M-CSF, and eotaxin were 3.0,
9.9, and 5.0 pg/mL, respectively.

Reverse transcriptase-polymerase chain reaction

Total RNA was prepared from each cell type using a TRIzol
reagent (Invitrogen, Leek, the Netherlands). RT-PCR was
performed with Gene Amp and an oligo dT primer (Applied
Biosystems, Foster City, CA, USA) for RT, and Taq
polymerase (Roche Diagnostics GmbH, Mannheim, Ger-
many) for PCR. The primers used were as follows: (1) MCP-
1: forward, 5-ACTGAAGCTCGCACTCTC-?, and reverse,

5.CTTGGGTTGTGGAGTGAG-3'; and (2) GAPDH. for-
ward, 3’-ACCACAGTCCATGCCATCAC-3, and reverse,
5 TCCACCACCCTGTTGCTGTA-3Y . Quantitation of bands
was conducted with a Kodak Digital Science 1D (Eastman
Kodak Company, New Haven, CT, USA).

Western blot analysis

Total cell lysates were obtained by the incubation of cell
samples in ice-cold lysis buffer (Imm ethylene diamine
tetraacetic acid, 0.2 mM phenylmethylsulphonyl fluoride) with
protease inhibitors (1 pM leupeptin and 1uM pepstatin) and
centrifugation to remove debris (12000 g for 10min at 4°C).
The protein concentrations of the samples were determined
with a Bio-Rad (Hercules, CA, USA) protcin concentration
reagent. Samples containing 20 ug of protein were separated
in denaturing 10% polyacrylamide gels and then transferred
to polyvinylidene difluoride membranes. After three washes
in TBST (40 mm Tris-HCI, pH 7.6, 300 mm NaCl and 0.5%
Tween-20), the membranes were incubated with a 1:1000
dilution of goat polyclonal anti-B-chemokine receptor 2B
(CCR2B) antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) in TBST containing 5% non-fat dry milk at room
temperature for 1h. After three washes in TBST, the
membranes were incubated with a 1:2500 dilution of
horseradish peroxidase-conjugated rabbit anti-goat 1gG
(Bio-Rad) for 1h at room temperature. Inumunoreactive
proteins were detected using enhanced chemiluminescence
(Amersham, Arlington Heights, IL, USA) and analysed by
radiography. Quantification of bands was conducted with a
Kodak Digital Science 1D.

Statistical analysis

The values of cytokine concentrations are expressed as
means + SD. Statistical analysis was performed with the
Wilcoxon’s matched paired test, with a P-value of less than
0.05 being taken as significant.

Results

Figure 1 demonstrates MCP-1 release by the stimulation of
LTC4, -D4, and -E4 for 4h in THP-1 cells. CysLTs (1075~
10~ ® M) induced MCP-1 in THP-1 cells, and LTC4 and -D4
significantly induced MCP-1 more than -E4 (P<0.01).
Interestingly, 10~ 7 M of LTC4 and -D4 significantly induced
MCP-1 more than 10~ and 10~ %M of those, respectively
{P<0.01). CysLTs (10~ ° to 10~ 8 m) did not induce TNF-o,
IL-1B, IL-2, 1L-4, IL-6, IL-8, IL-10, M-CSF, or eotaxin in
THP-1 cells (Table 1). The time course of MCP-1 production
was examined by incubating THP-1 cells with 107 ®t0107 %M
LTD4 during a 24 h period (Fig. 2). MCP-1 production could
be observed 1h after the addition of LTD4, and gradually
increased over 24 h.

The concentrations of MCP-1 in the culture fluid of THP-1
cells exposed to CysLTs, in the presence or absence of
pranlukast, for 4h are shown in Fig. 3. The production of
MCP-1 induced by CysLTs was significantly inhibited by
10610~ ®M pranlukast. The effect of pranlukast was dose
related. The time courses of the inhibitory effects of
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