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FIGURE 5. Blockade of the RANK/
RANKL pathway induces the dys-
regulated cell balance between ef-
fector CD4™ T cell and Ty cells in

RECRUITMENT OF T, CELLS BY RANK/RANKIL PATHWAY

CBS57BLI6
RAG2 KO
Ly5.1 Ly5.2

-
- /+ Cont Iva\ —

cD4* CD4*CD25*
CD45RB"'9"\ . /
-~

the inflamed mucosa of colitic mice. B + o RANKL

A. C57BL/6 RAG-27'" mice were

injected i.p. with LyS5.17CD4* _ 250, O « RANKL mAb | — 300 ™

CD45RB"s" (3 X 10%/mouse) alone or 2 M Control IgG & o9

Ly5.17CD4* CD45RB™¢" (3 X 10°) + X 200 Z 00

Ly5.27CD4*CD25™ T cells (1 x 10%) § 150 . 3 15 M
and treated with control IgG or anti- O 100 1 . ™ © 10 + .

RANKL mAb by i.p. injection at a dose % 50 m ‘u; 5 m mM

of 250 pg three times per week over 6 a I_Ih th r-h_ - IJ_E ia P

wk starting at the time of tansfer. B, 0 LP sp MLN Liver v LP sp MLN Liver
Absolute number of total CD4™ T cells .

(Ly5.1" + Ly5.2" cells), Ly5.1"CD4* . & L N

T cells, Ly5.27CD4* T cells, Ly5.2* ~ 25 M x 15 M

CD4*Foxp3* Ty cellsin LP, SP, MLN, 22 ™ &

and liver of control IgG- or anti- ; 15 * é 10

RANKL mAb-treated mice. Data are in- g ™M m *3 ™ .
dicated as the mean = SEM of 12 mice & 10 o 5 M
per group for LP, SP, and MLN and six :>’. 5 ["Lh I—I-L‘ 3 I | i

mice per group for liver. %, p < 0.01. C, 0 ey 0 |
Ratio of CD4*CD25™ T, (Ly5.2™) LP SP MLN Liver LP sP MLN Liver
cells per total CD4™ T cells (Ly5.1" +

Ly5.2%) at 6 wk after transfer was ana- C D

Iyzed by flow cytometry. Data are indi-
cated as the mean * SEM of six mice
per group. *, p < 0.01. D, Ratio of
Foxp3™ cells to total Ly5.27CD4* T
cells at 6 wk after transfer was analyzed
by {low cylometry. Data are indicated as
the mean * SEM of six mice per group.
* p < 0.01.

30

20
*

m
NF“.

—

O o RANKL mAb
M Control IgG

O & RANKL mAb
W Control IgG

il

LP SP

% Ly5.2* CD4*CD25* | Total CD4*

lamina propria lymphocyte from the four groups of mice. As shown
in Fig. 4C, IFN-y and IL-17 production by LP-CD4™* T cells was
markedly suppressed by cotransfer of CD4TCD25™ Ty cells with
CD4FCD45RB"E" T cells; but this suppression was partially but sig-
nificantly abrogated by the treatment with anti-RANKL mAb'to the
level “of “LP'CD4* T cells" from “the -mice transferred  with
CD4*CD45RB™#" T cells alone and treated with anti-RANKL mAb
or control IgG.

Balance between effector CD4™ T cells and CD47CD25™ Ty,
cells in the inflamed mucosa was dysregulated by treatment with
anti-RANKL mAb

To further assess the balance in cell numbers between effector CD4™*
T cells and CD47CD25™ Ty, cells in recipient SCID mice; we trans-
ferred Ly5.1™ CD4* CD45RB™#" cells and Ly5.2" CD4*CD25" Ty
cells into C57BL/6 RAG-27/" mice to distinguish between effector
CD4™ T cells and Ty, cells (Fig. 5A). We first confirmed that C57BL/6
RAG-27"" mice transferred’ with CD4*CD45RB"8" T' cells and
CD41CD25" Ty cells did develop colitis with the marked expansion
of CD4™" T cells when treated with anti-RANKL mAb, but riot with
control IgG(data not shown). As expected, the absolute number of
total CD4™ T cells (Ly5.1" plus Ly5.2% cells) and Ly5.1" effector
CD4* T cells in LP of anti-RANKL mAb-treated mice was signifi-
cantly increased due to the presence of colitis as compared with that
in control IgG-treated mice with no colitis (Fig: 5B). Also, the abso-
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lute number of Ly5.2" T cells and Ly5.2"CD4 Foxp3" Ty cells in
LP of colitic anti-RANKL mAb-treated mice was significantly higher
than that in non-colitic control IgG-treated mice (Fig. 5B), suggesting
that both effector CD4™ T cells and Ty, cells extensively proliferated
in LP of anti-RANKL mAb-treated colitic mice. Interestingly, how-
ever, the ratio of Ly5.27CD4"CD25™ Ty cells to total CD4™" T cells
in the recipient mice treated with anti-RANKL mAb was markedly
decreased in the intestine as compared with that in the recipient mice
treated with control IgG, although there were no significant differ-
ences in the spleen, MLN; or liver between the two groups (Fig. 5C).
These results suggested that the blockade of the RANK/RANKL sig-
naling pathway affected ' 'the expansion and/or migration of
CD47CD25" Ty, cells, resulting in dysregulated cell balance between
effectors and Ty cells in the inflamed mucosa.

Blockade of the. RANK/RANKL pathway does not affect
migration of CD4* CD25™ Ty, cells to the inflamed mucosa, but
suppresses their expansionin the inflamed mucosa

To assess. why blockade of the RANK/RANKL pathway abolished
Ty function it mice transferred with CD4*CD45SRBM&2 T cells
and CD47CD25¥ Ty cells, we conducted several in vitro and in
vivo experiments. First, to assess the possibility that blockade of
the RANK/RANKL pathway skews the expression of gut-horming
receptors on Ty, cells, splenic CD4* T cells were cultured for 72 h
in the presence or absence of anti-RANKL mAb with a stimulating
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FIGURE 6. Blockade of the RANK/RANKL. pathway does not affect
the migration of CD4¥CD25" Ty, cells to the inflamed mucosa of colitic
mice. A, CD4™ T cells (2 X 10°) purified from normal BALB/c mice were
cultured with purified SP CD1l¢™ DC (2 X 10% from colitic mice in
addition to soluble | pg/mi anti-CD3 mAb, 10 ng/ml human rTGF-f,
all-trans RA, and 5 ng/ml rlL-2 with or without 1 pg/ml anti-RANKL
mAb. On day 4, cells were stained with PerCP-conjugated anti-CD4 mAb
and PE-conjugated anti-integrin- o35, PE-conjugated anti-integrin- agf3,,
or PE-conjugated anti-CCR9: mAb; followed by intracellular staining by
allophycocyanin-conjugated Foxp3 mAb. Data are indicated as the mean *+
SEM of six samples per group. *; p < 0.01. B, Anti-RANKL mAb treat-
ment does not affect the migration of CD4*Foxp3™* and CD4*Foxp3™ T

cells in vivo. To assess the effect of anti-RANKL mAb on the trafficking of

Ty cells to inflamed mucosa of colitic mice, RAG-2"'" mice were trans-
ferred with' CD4*CD45RB" ! T cells and, 4 wk after transfer, they were
treated with 250 g of anti-RANKL mAb or control IgG two times in 1 day
(or- on2: consecutive: days?). They were- then ' transferred - with- splenic
Ly5.1 FCD4t T cells from normal mice and, 24 h after the second transfer,
the cell number of LyS.17CD4 " Foxp3™* (lower) or Foxp3™ (upper) T cells
recovered from LP, SP; and MLN was evaluated by flow cytometry.

mixture including anti-CD3mAb; soluble IL-2, TGF-B; and RA,
which is known to induce the gut-homing receptors (integrin a3,
oz By, and CCRY) (23). As'expected, the mixture strongly induced
integrin o, B4, agf4, and CCRY, but the addition of anti-RANKL
mADb did not affect the expression of these molecules (Fig: 64).
To further: assess: the possibility that blockade: of the RANK/
RANKL pathway affected the Ty cell migration to the inflamed mu-
cosa, we performed. an additional in. vivo adoptive transfer experi-
ment; . since: it has: been' reported that: RANK -is: expressed - on
endothelial cells (24). To this end, RAG-2™'" mice were transferred
with Ly5.2"CD4*"CD45RBMe" T cells and 4 wk after the transfer
they were treated with control IgG or anti-RANKL mAb twice in 1
day.. On the following day, they were transferred with splenic CD4™
T:cells obtained from normal C57BL/6-Ly5.1 mice (Fig. 6B). One
day after the second transfer, the number of Ly5.17CD4 " Foxp3™ or
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FIGURE 7. Blockade of the RANK/RANKL pathway suppresses the
expansion of CD47CD257 Ty cells in the inflamed mucosa. A, Expression
of RANK on LP, SP, or MLN DC cells obtained from colitic ({({) or normal
(M) mice. B and C, Splenic CD47* T cells from normal mice were cultured
with colitic LP; MLN, or SP CD11¢” DC in the presence of anti-CD3 mAb
with control IgG ([Jy or anti-RANKL mAb (M) for 72 h, and the ratio of
CD4*Foxp3™ Ty cells per total CD4™ T cells (B), and the number of
CD4+Foxp3+ Ty cells (C) recovered from culture with colitic LP, MLN,
or SP CD11c* DC in the presence or absence of anti-RANKL mAb were

evaluated by flow cytomeiry. Data are indicated as' the mean =’ SEM of
seven samples per group. *, p < 0.05.
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Ly5.17CD4  Foxp3~ T cells in SP, MLN, and LP was found not to
be modified by anti-RANKL-treatment at all (Fig. 6B).

To finally assess the possibility that colitic LP DC cells modulate
the expansion: of Ty cells. in: the inflamed mucosa in’a RANK/
RANKI.--dependent manner, we evaluated the expression of RANK
on CD1ic* DC cells obtained from the spleen, MLN, and LP of
colitic and normal mice.  As shown in Fig. 7A, the expression of
RANK: on colitic LP.DC: was significantly increased as compared
with that on normal LP DC. In contrast, the expression of RANK in
SP and MLN was similar in normal and colitic mice. Given the up-
regulated expression: of RANK on colitic. LP DC cells, we next as-
sessed the possibility that the RANK/RANKL pathway is involved in
the expansion of T, cells. To this end, splenic CD4 ¥ T cells obtained
from normial- mice: were. cultured with: colitic- LP,. MLN, ‘or: SP
CD1lc? DC in the presence of anti-CD3 mAb with or without anti-
RANKL mAb for 72 h. The ratio-of CD4 " Foxp3™ Ty, cells per the
total of CD4 ™" T cells (Fig, 7B) and the number of CD4* Foxp3™ T
cells (Fig. 7C) recovered from culture with colitic LP, but not MLN
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or SP, CD11c™ DC in the presence of anti-RANKL mAb was sig-
nificantly decreased as compared with that in the presence of control
IgG, suggesting that the RANK/RANKL pathway is critically in-
volved in the expansion of LP Ty, cells through the direct interaction
with colitic RANK-expressing LP DC and Ty, cells.

Discussion

In the present study, we demonstrated that 1) CD4"CD25" T cells
including CD4*CD25"=" T, cells and activated CD4*"CD25'""
effector cells rather than CD4"CD25™ T cells preferentially ex-
press the RANKL molecule and 2) blockade of the RANK/
RANKL signaling pathway suppresses the expansion of CD4™
CD25™ Ty cells and subsequently abolishes the Ty cell-mediated
suppression of colitis due to dysregulation of the cell balance be-
tween effector CD4™ T cells and Ty, cells in the inflamed intestine.
Interestingly, although activated effector CD4™ T cells and induc-
ible CD4"CD25" Ty cells also express RANKL molecules in
SCID mice transferred with CD4*CD45RB™E" T cells alone, the
administration of this ' mAb did: not affect: the course of colitis.
Collectively, these findings indicate that the RANK-RANKL sig-
naling pathway is critically involved in intestinal mucosal toler-
ance by controlling the expansion and function of CD4*CD25™
Ty cells in the inflamed mucosa.

Although many previous reports have established the role of the
RANK/RANKL signaling pathway in osteoclastogenesis and bone
loss in various chronic T cell-mediated inflammatory diseases in-
cluding IBDs (20, 25-29), the role of this pathway in the local
inflammation in various models remains unknown. For example,
Kong et al. (26) initially reported that the blockade of this pathway
by using soluble recombinant osteoprotegerin (OPG) protein at the
onset of disease prevented bone and cartilage destruction, but in-
terestingly not inflammation in'a T cell-dependent model of rat
adjuvant arthritis. In contrast,> Ashcroft et al.- (30) demonstrated
that the administration of RANK-Fc protein not only reverses the
bone loss in IL-27/" mice; which is a spontaneous model of os-
teoporosis and colitis; but also reduces. the development of colitis
by blocking the interaction between RANK-expressing DC and
RANKL-expressing activated CD4™ T cells in the inflamed mu-
cosa of the colon. In our colitis model induced by adoptive transfer
of CD4*CD45RB"2" T cells into SCID mice, however, adminis-
tration of neutralizing: anti-RANKL mAb did not prevent the de-
velopment of colitis, although inducible CD4"CD25"8" T cells
and - previously.. activated CD4*CD25"°": T cells expressed
RANKL. Consistent with this finding; Byrne et al. (31) previously
demonstrated that administration of human osteoprotegerin-Fc in-
creased bone density in this model, but had no effects on the in-
testinal inflammation). Several explanations have been: advanced
for the discrepancy, including differences in the species; the type of
animal model, the type of blocking agents, and dosing regimens
used: Furthermore, it has recently been demonstrated that in vivo
administration of neutralizing anti-cytokine mAbs, such-as anti-
IL-2 mAb, enhances the corresponding cytokine activity due'to the
formation of cytokine/anti-cytokine mAb complexes, which are
more stable and' stimulatory (32). ‘Although: we previously dem-
onstrated ‘that our anti-RANKL mAb used in vivo successfully
worked as a blocking mAb in a model of collagen-induced arthritis
(21), further studies will be needed to address this issue:

Although we could not detect a suppressive effect of neutraliz-
ing anti-RANKL mAb on the development of colitis in SCID mice
transferied with CD4*CD45RB™E™ T cells alone, we found that
this ' treatment induced colitis in mice transferred” with CD4*
CD45RBM2" T cells-and CD47CD25™ Ty, cells at a ratio of 3:1,
while mice transferred with CD4™CD45RB™E" T cells and CD4™
CD25* Ty cells at the same ratio and given control IgG did not

RECRUITMENT OF Ty CELLS BY RANK/RANKL PATHWAY

develop colitis. This strongly suggested that the target cells for
anti-RANKL mAb are CD4"CD25™ Ty cells rather than CD4™
CD45RB™2" T cells or the differentiated effector CD4™ T cells.
Consistent with this notion, we found that RANKL was expressed
on CD4%CD25™2" T, cells, but not on CD4+CD25™ cells (Fig.
D). In an in vitro coculture assay to further evaluate the role of
RANKL on CD4*CD25" Ty, cells in modulating the T, activity
of CD4TCD25"e" cells in vitro, however, the addition of anti-
RANKL mAb or anti-RANK mAb produced no detectable reduc-
tion of Ty activity, suggesting that the direct interaction between
RANKL-expressing CD47CD25™% Ty cells or activated CD4* T
cells and RANK-expressing APCs including DC is not essentially
important for abolishing Ty activity at least in vitro. Since in vitro
assays do not always reflect the Ty function in vivo, we next per-
formed another adoptive transfer experiment using Ly5.1 *CD4*
CD45RB"2" T cells and Ly5.2" CD4 " CD25" Ty cells to evaluate
the possibility that blockade of the RANK/RANKL signaling path-
way affects the recruitment and expansion of specific populations
in our model. In this experiment, we found that the ratio of the
Ly5.2-derived CD4"CD25™ Ty cell population per total CD4™ T
cells in anti-RANKL mAb-treated mice was significantly de-
creased in the LP, but not in the MLN, spleen, or liver, as com-
pared with the ratio in control-IgG-treated mice. This finding suog-
gests three points. First, it is possible that' the migration of
CD47CD25* Ty cells to_the inflamed mucosa. is regulated by the
interaction between RANKL-expressing Ty 'cells and possibly
RANK-expressing endothelial cells. Consistent with this hypothesis,
it has been reported that RANK is expressed on murine and human
endothelial cells (24). However, this is unlikely because our short-
term in vivo adoptive transfer experiment (Fig. 7) demonstrated that
treatment of anti-RANKL mAb did not affect the recovered cell num-
ber of CD4"CD25™ Ty cells in the inflamed mucosa. Second, it is
possible - that . the in vivo expansion of RANKL-expressing
CD47CD25* Ty cells or colitogenic CD4™ effector/memory T cells
is modulated by RANK=-expressing DC in the inflamed mucosa. Con-
sistent with this hypothesis. we found that 1) the expression of RANK
on colitic LP DC- is significantly increased as compared with that on
normal LP DC and 2) the ratio of CD4*Foxp3™ Ty cells to fotal
CD47 T cells after stimulation with colitic LP, but not MLN or
splenic, CD1 fc* DC was significantly suppressed by the addition of
anti-RANKL mAb. Thus; it is. possible that the interaction of
RANKL-expressing CD47CD25" Ty cells and RANK-expressing
activated DC in the inflamed mucosa plays an important role in the
maintenance of Ty cells. Third, not only the first suppression of T cell
priming in draining lymph nodes by CD47CD25™ Ty, cells; but also
the second line of suppression in the inflamed mucosa by these cells
is critically involved in the intestinal homeostasis to suppress the de-
velopment of colitis. Consistent with our finding, Green et al. (33)
previously reported that the blockade of the RANK/RANKL pathway
resulted in 4 decreased: frequency of CD47CD25™ Ty cells in the
draining lymph nodes and pancreas in the NOD mouse (33). How-
ever, it remains unknown why the ratio of CD4"CD257 Ty, cells in
MLNs was unchanged in our adoptive transfer: model. The exact
mechanism of the function of CD4¥CD25* Ty cells in the inflamed
mitcosa warrants further investigation.

Finally, the suppressive site of colitis should be discussed. Den-
ning et al: (34) previously demonstrated that integrin’ Bo-deficient
(B77/7) CD4*CD25" Ty cells that preferentially migrate to
MLNs, but are impaired:in their- ability to migrate to the intestine
because of the lack of the gut-homing integrin o3, and a5 mol-
ecules, are capable of preventing intestinal inflanymation, suggesting
that Ty accumulation in the intestine is dispensable for the protection
of this colitis model. In their protection protocol, indeed, it is possible
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that B,7/*CD4"CD25™ Ty cells are not needed to suppress the de-
velopment of colitis, because B, CD47CD25™ Ty cells directly
migraté to MLNs and can inhibit naive CD4*CD45RB™e" T cell
activation and proliferation within Ag-draining MLNs, resulting in
suppression of the development of the gut-seeking activated effector
CD4™ T cells instructed to express the gut-homing receptors such as
integrins o, 3, and agf3;. However, it remains unknown whether mu-
cosal CD4+"CD25™ Ty, cells are necessary for the suppression of mu-
cosal pathogenic effector CD4™ T cells ex vivo, especially in an on-
going colitis system in which it can be assessed whether LP
CD47CD25™ Ty, cells as effector Ty, cells can suppress the surround-
ing LP effector CD4™ T cells ex vivo.

In this regard, we have previously demonstrated that human
CD4"' CD25™" and mouse CD4' CD25" T cells reside in the
intestinal LP, express CTLA-4, GITR, and Foxp3 and possess Ty
activity in vitro (11, 12). We also found that the clinical score in
SCID mice transferred with CD4*CD45RB™2" T cells and intes-
tinal LP CD4*CD25" T cells at a ratio of 3:1 was significantly
decreased as compared with that in SCID mice transferred with
CD4*"CD45RB"E" T cells alone (12), indicating that the murine in-
testinal LP CD47CD25" T cells maintain intestinal homeostasis to
suppress the development of colitis. Having evidence that the murine
intestinal LP CD4*CD25" T cells suppressed the development of
colitis induced by the adoptive transfer of CD4*CD45RB™#" T cells,
we further asked whether MLNS are fully essential for the suppression
of colitis by splenic CD4*CD25™ T cells. As a second approach to
this issue, we also found that the cotransfer of splenic CD4*CD25%
Ty cells prevented the development of colitis in the lymph node-null
LTa™’~ X RAG-2"'" mice transferred with CD4*CD45RB"#" T
cells, indicating that splenic CD4"CD25" T cells can'suppress the
development of colitis in the absence of MLNs (12). Moreover, we
demonstrated that CD4"CD25™ Ty cells actually migrated and re-
sided in the colon iti LTa ™7 X RAG-2""" mice cotransferred with
Ly5.2-derived CD4*CD4SRB"E" T cells and Ly5.I-derived splenic
CD4"CD25% T cells, suggesting that the LP might be a regulatory
site between colitogenic effector/memory cells and Ty cells fo sup-
press intestinal inflammation, probably as a second line of suppression
(yy). Along with the present findings that the RANK/RANKL inter-
action is critically involved in the function of CD4"CD25" Ty cells
in'the intestiie, our research suggests that therapeutic approaches en-
hancing the migration of CD4¥CD25™ Ty, cells; such as the specific
induction of RANKL on CD4"CD25" Ty, cells, may be feasible in
the treatment of IBD.
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We aimed to characterize the relationship between cardiac sympathetic and parasympathetic dysfunction
employing cardiac "?*-meta-iodobenzylguanidine (MIBG) uptake and other autonomic function parameters
in Parkinson's disease (PD). 79 PD patients were studied. We performed '2*[-MIBG myocardial scintigraphy to
assess the extent of cardiac sympathetic denervation. Electrocardiogram readings at rest and postural change
in blood pressure were also examined. Coefficient variation of RR intervals (CVR-R) was used as an index for
cardiac parasympathetic activity. Cardiac I-MIBG uptake did not vary significantly among the Hoehn-Yahr
(H-Y) stages. There was a significant correlation between cardiac '*I-MIBG uptake and CVR-R (early,
r=0.457, p<0.001; late, r=0.442, p<0.001). While the correlation was present among the patients who had
had the disease less than two years (early, r=0.558, p<0.001; late, r=0.530, p<0.001), the patients with the
disease duration longer than two years did not have such a significant correlation. Age, disease duration,
corrected QT interval, or postural blood pressure change did not correlate with cardiac '**I-MIBG uptake.
Orthostatic hypotension was observed in 13 out of 72 subjects, and reduced CVR-R was a major determinant
for the development of orthostatic. hypotension. We conclude that cardiac. parasympathetic dysfunction
occurs concurrent with sympathetic denervation as revealed by 23I-MIBG myocardial scintigraphy in PD and
contributes to the development of orthostatic hypotension,

Keywords:

Parkinson's disease
123)_meta-iodobenzylguanidine
Coefficient variation of RR intervals
Parasympathetic dysfunction
Orthostatic hypotension

© 2008 Elsevier B.V. All rights reserved.

1. Introduction (MIBG) or 6-["®F]flucrodopamine have reported. cardiac sympathetic

denervation in. PD patients, and the degeneration of postganglionic
sympathetic fibers was confirmed by postmortem pathological exam-
inations [6,7]. However, the absence of obvious cardiovascular symp-
toms, like orthostatic hypotension, in many of cases displaying reduced
cardiac *3]-MIBG uptake is an enigma [8,9]. This implies a need for a
comprehensive understanding of cardiovascular autonomic status
including cardiac parasympathetic and peripheral vasomotor activity

Recentevidence  shows: that Parkinson's disease (PD) is a
neurodegenerative disease that manifests a constellation of neurolo-
gical symptoms beyond classic Parkinsonian features, such as resting
tremor and rigidity; and forms a continuum with dementia with Lewy
bodies (DLB) characterized by limbic and neocortical degeneration
responsible for cognitive impairment [1}. Braak et al. [2] clarified that

356

pathological processes in PD begin in the anterior olfactory nucleus
and medulla, the latter of which harbors the dorsal motor nucleus of
the vagal nerve, one of major- autonomic centers.’ Accordingly,
hyposmia and autonomic dysfunction, particularly constipation, are
now appreciated. as early clinical manifestations ‘relevant to PD.
Recognition of these symptoms will become more important with
attempts to institute preventive therapy against this disabling disease.

The peripheral autonomic system is also affected in PD. Pathological
studies have demonstrated the presence of Lewy bodies in' myenteric
and submucosal plexuses [3-5].'As for the cardiac autonomic system,
many nuclear radiological studies using '2*[-meta-iodobenzylguanidine

* Corresponding author. Department-of Neurology, School of Medicine, Keio
University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan. Tel.: +81 3 5363
3788; fax: +81 3 3353 1272

E-mail address; mshibata@sc.itc.keio.acjp (M. Shibata).

0022-510X/$ - see front matter © 2008 Elsevier B.V. All rights resérved.
doi: 10.1016/j,jn$.2008.09.005

and cardiac sympathetic function. Despite the presenice of several
hemodynamic studies showing the involvement of cardiac parasympa-
thetic systern in PD [9-13], its incidence and temporal profile relative to
cardiac sympathetic denervation remain elusive;

Here, we demonstrate that cardiac parasympathetic dysfunction
occurs with sympathetic denervation in PD by examining heart rate
variability at rest and cardiac '2*I-MIBG uptake. Concurrent develop-
ment of parasympathetic and sympathetic dysfunction is obvious in
the early stages of PD.

2. Methods
2.1. Subjects

79 PD patients (39 men and 40 women) who visited our outpatient
clinic were studied. All patients fulfilled United Kingdom: Parkinson's
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Table 1
Comparisons of demographic and autonemic function parameters other than H/M ratio
of **I-meta-iodobenzylguanidine (MIBG) among the Hoehn~Yahr stages

Hoehn—Yahrstage I R

29 93

725169 764455 740+42 NS

1514 1013 . Ns

‘35:40 42+46 105'_54 NS

i , p0017a

Ageofonset.y - 69.415.4 60.048.7. 723:80 69.2;10.7 535:106 NS
WR(%) 327471 330463 332161 299+35 26250 NS
CVRR(Y) 2502126 2.11+0.89 2262123 1401040 0.8110.13 NS
QTc(ms) = 412#15 40816 41115 425+21 433:1 NS
ASBPp(mm Hg) -42%153 ~65%176 -49+165 ~11.0215.7 255:162 NS

Data are mean+SD. NS=not significant.
2 Post-hoc comparison [ vs. V.

Disease Society Brain Bank Clinical Diagnosis Criteria [14]. Other
Parkinsonian disorders such as vascular parkinsonism, mulitiple
system atrophy, and progressive supranuclear palsy were excluded
from clinical features and MRI findings. None of the subjects exhibited
marked dementia or visual hallucination. Those who had ischemic
heart disease, diabetes mellitus, or were undergoing treatment with
selegiline hydrochloride (L-deprenyl) or tricyclic antidepressants were
not included in consideration of the potential effects of these factors
on cardiac '2*[-MIBG uptake. We employed the Hoehn-Yahr (H-Y)
stage to assess the disease severity. 44 of the 79 subjects were on
medication for PD at the time of investigation. We evaluated motor
symptoms during the “off” period when we examined medicated
patients, The mean ageSD was 73.4£6.2 years, and the mean disease
durationzSD, 3.5+4.1 years.

Informed consent was obtained from every patient prior to
enrollment. This study was approved by the institutional review
board for clinical research of the National Hospital Organization Tokyo
Medical Center.

2.2, P3LMIBG myocardial scintigraphy

The patients were asked not to have breakfast on the day of
examination. Each subject was relaxed in the supine position for
20 min and was intravenously injected with 111 MBq of *I-MIBG
(Daiichi Radioisotope Laboratories Co., Tokyo, Japan) around 10:00
AM., A thoracic planar image was acquired in a static fashion for 5 min

N 20 29 23 5 2
4,00
Q
3.004
s o 3
E °
> 2,007 < ° R
5 § o + ¢
22} ] 8 [
O
1.00-
0.00 T T T T '
I It i v \
H-Y Stage

using a dual-headed rotating scintillation camera (HITACHI gamma-
view-i RPC-DC) equipped with low-energy, high-resolution parallel-
hole collimators after 15 min (early phase) and 3 h (late phase)
following the administration of "*[-MIBG. The acquisition matrix was
256x 256, Energy discrimination was centered on 159 keV with a 10%
window. In each case, an oval region of interest (ROI) was set on the
left ventricular part of the heart with a rectangular reference ROl
placed on the upper mediastinum of the anterior '?l-MIBG planar
image. Average counts per pixel were made in these ROIs. The heart-
to-mediastinum (H/M) ratios for the early and late images were
calculated to evaluate the integrity of cardiac sympathetic nerve fiber
densities. The washout ratio (WR) was defined as 100x(Ec-Lc)/Ec %
(Ec: the early cardiac count density, Lc: the decay-corrected late
cardiac count density).

2.3. Electrocardiogram analysis and postural change in systolic blood
pressure

After a bed rest for 5 min, an electrocardiogram (EKG) recording in
the supine position with normal breathing was carried out for 5 min
using ECG-1550 (Nihon Kohden). For analysis of coefficient variation
of RR intervals (CVR-R), successive 200 RR intervals were sampled
during the recording period. CVR-R was automatically calculated as a
percentage of the standard deviation of the RR intervals divided by
their mean. CVR-R measured at rest under normal breathing is an
established - index for parasympathetic activity [15,16]. QTc was
computed according to Bazett's formula; QTc=QT/(RR)'/2. Blood
pressure was measured in the supine position. Subsequently, blood
pressure in the upright position was recorded after 60-second-long
orthostasis. Postural change in systolic blood pressure (ASBPp) was
also calculated.

2.4. Statistical analysis

The data were analyzed using the SPSS software, version 15.0
Family (SPSS Inc., Chicago, IL). Inter-group differences were evaluated
using one-way analysis of variance (ANOVA) combined with Tukey's
post-hoc test or unpaired t-test. y? calculations were used for
frequency data. Correlations for the H/M ratio of MIBG uptake, CVR-
R, QTc, heart rate (HR), and postural change in systolic blood pressure
were- assessed using Pearson's correlation coefficient. Multiple
regression analyses were performed on the correlation of H/M ratio
of MIBG uptake with other parameters. p value <0.01 was considered
statistically significant.
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Fig. 1. Comparisons of H/M ratio of '**l-meta-iodobenzylguanidine (MIBG) uptake among the Hoehn-Yahr (H-Y) stages: The dot and bar data represent mean+SD. The data were

analyzed using one-way analysis of variance and Tukey's post-hoc test.
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3. Results

3.1. Comparisons of cardiac 2I-MIBG uptake and autonomic function-
related parameters among the H-Y stages

Of the 79 PD patients, we rated 20 patients as H-Y stage I, 29 as H-
Y stage 11, 23 as stage IIl, 5 as H-Y stage IV, and 2 as H-Y stage V, on the
basis of their clinical manifestations. Using EKGs, we detected atrial
fibrillation (Af) in two subjects, premature atrial contractions (PACs) in
one, premature ventricular contractions (PVCs) in two, and both Af
and PVC in one patient. Such cases were excluded from the analysis of
CVR-R and QTc. Additionally, 5 subjects had right bundle branch block
(RBBB), and they were eliminated from the QTc analysis. Blood
pressure data were available in 72 cases. Orthostatic hypotension
(ASBPp<-20 mm Hg) was observed in 13 cases (three in H-Y stage [,
three in H-Y stage II, four in H-Y stage lIl, two in H-Y stage IV, and one
in H-Y stage V). As shown in Table 1, among the H-Y stages, we found
no statistically significant differences in age, disease duration, or sex
ratios. There was a trend for a disease stage-dependent reduction in
the H/M ratio in the early image (early H/M), and late image (late H/M)
of 'B1-MIBG uptake (Fig. 1), but statistical significance was not
reached because of considerable variations. We did not find- any
statistically significant difference in WR;, CVR-R, QTc, or ASBPp
(Table 1). These findings suggest that cardiovascular autonomic
dysfunction in PD is likely to develop independent of motor
impairment, although our data contain only two patients with H-Y
stage V.

CVR-R (%)
[ad w -
38 8 8

1.00
0.00-— . : . ; T
1.00 150 2.00 250 3.000 7 3.50
Early H/M
6.00- s
5.001 °
& 4001
& 3.001 &
CZ o
5 8
2.001 r=0.558
1.001 5 p<0.001
N=40
0.00 T T T T T T
1.00 150 2.00 250 300 350
Early H/M

3.2. Correlations of cardiac "?I-MIBG uptake with autonomic function
parameters

In a univariate analysis, there was a significant correlation between
H/M ratio and CVR-R (early, r=0.457, p<0.001; late, r=0.442,
p<0.001; Fig. 2A). We confirmed that there was no significant
correlation between CVR-R and age in our subjects (r=0.086,
p=0.469), which excluded the possibility that aging was a significant
confounding factor in our study. Subsequently, we performed a sub-
analysis using the data obtained only from the PD patients with a
duration of illness less than two years. Interestingly, significant
correlations between H/M ratio and CVR-R were demonstrated in
these patients (early, r=0.558, p<0.001; late, r=0.530, p<0.001;
Fig. 2B), while such correlations were not detected in subjects having
a disease duration beyond two years (data not shown).

On the other hand, WR did not correlate with CVR-R (r=-0.108,
p=0.365). QTc did not correlate significantly with the H/M ratio
(early, r=0.001, p=0.995; late, r=0.065, p=0.597).

We also looked at the correlation between HR and either of H/M
ratio or CVR-R. There was no correlation between HR and H/M ratio
(HR vs. early H/M, r=0063, p=0.583; HR vs. late H/M, r=0.058,
p=0.613). Meanwhile, there was a weak correlation between HR and
CVR-R (r=-0.227, p=0.053), although the correlation did not reach
statistical significance (Fig: 3).

Obvious  orthostatic hypotension (ASBPp<-20 mm Hg) was
observed in 13 out of 72 cases in which blood pressure data were
available. One reason for such a low frequency might be that we did

6.007 o

5.00-] [ @
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Fig. 2. Correlations between H/M ratio of '**l-meta-iodobenzylguanidine (MIBG) uptake and coefficient variation of RR intervals (CVR-R). (A) Significant correlations were found
between H/M ratio of *1-MIBG at both early and late stages and CVR-R (early, r=0.457, p<0.001; late, r=0.442, p<0,001). (B) Using the data obtained only from the subjects with a
duration of illness less than two years, the correlations H/M ratio of "®I-MIBG at both early and late stages and CVR-R were significant (early, r=0.558, p<0.001; late, r=0.530,

p<0.001).
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Fig. 3. Correlations between heart rate (HR) and coefficient variation of RR intervals
(CVR-R). There was a weak correlation between HR and CVR-R, although the correlation
did not reach statistical significance {r=-0.227, p=0.053),

not adopt a head-up tilt technique [17]. However, our method where
the subjects rose on their own appeared more relevant to their natural
setting. We compared the demographic and autonomic function
parameters between subjects with and without orthostatic hypoten-
sion. As shown in Table 2, among those factors, the difference in CVR-R
was most prominent. We also performed multiple regression analysis
concerning the correlation of cardiac "’I-MIBG uptake and other
parameters. Consistent with the univariate analysis, CVR-R exhibited a
statistically significant correlation with both early: and late H/M ratio
(early, p=0.004; late, p=0.003). Nevertheless, age, disease duration,
ASBPp, and QTc failed to show any significant correlation (Table 3).

4. Discussion

The present study demonstrates a significant positive correlation
between the H/M ratio in the '**I-MIBG myocardial scintigraphy and
the CVR-R in patients with PD. Furthermore, our sub-analysis indicates
that such a correlation can be attributed to the data obtained from the
patients with a disease duration of less than two years. Our findings
suggest that cardiac parasympathetic dysfunction occurs in parallel
with cardiac sympathetic denervation in early PD patients. Plus, as the
severity of cardiac autonomic parameter alterations was not propor-
tional to the degree of motor impairment, the development of cardiac
autonomic dysfunction is likely to be independent of the dopaminer-
gic neurodegeneration responsible for motor symptoms. Our data also
suggest that cardiac parasympathetic dysfunction plays a major role in
the emergence of orthostatic hypotension in PD.

Recently, the importance of non-motor symptoms associated with
PD, like hyposmia and autonomic dysfunction, has been emphasized.

Table 2

Comparisons of demographic data, H/M ratio of cardiac '**l-meta-iodobenzylguanidine
(MIBG) uptake; and other autonomic function parameters between patients with and
without orthostatic hypotension (OH)

without OH (n=59) = = WithOH(n=13)

Agey

729364 7 V
Gender (M:F) . - : 0525
Disease duration,y 0356
Ageofonset,y 0.850
Early H/M ratio - 0062
LateH/Mrpato 0197
WR(Z) - 0.137
CVRR(Z) : 0.004*
Qfc(ms) 410115 419:18 0124
*p<0.01

Data are mean+SD.

Table 3
Multiple regression analysis of correlation of cardiac '?*l-meta-iodobenzylguanidine
(MIBG) uptake with demographic data and other autonomic function parameters

- Parameter estimate.
Age.
Disease duration.
e
Qic
ASBPp

b. Late H/IM
Age
Disease duration
CVR-R .
Qe
ASBPp

*p<0.01.

These symptoms can be clinical manifestations attributable to early
pathological processes in PD [2,18]. As for cardiac autonomic abnor-
malities, sympathetic denervation has been demonstrated by numerous
studies employing either 3I-MIBG myocardial scintigraphy or 6-[!%F]
fluorodopamine cardiac PET [8,9,11-13,19,20]. Nevertheless, little in-
formation is available as to how the involvement of cardiac parasympa-
thetic system develops in PD. Goldstein et al. [12] demonstrated that PD
patients with orthostatic hypotension had a parasympathetic dysfunc-
tion, as evidenced by a reduced reflexive cardiovagal gain during the
Valsalva maneuver. Moreover, Kallio et al. [21] demonstrated an ab-
normal cardiac parasympathetic activity in their 50 untreated PD
patients by examining the high frequency component of RR intervals
(RR-HF). Their results are in agreement with our finding that cardiac
parasympathetic activity begins to decline with cardiac sympathetic
denervation even in early PD patients. A recent report studying 44
untreated PD patients: shows that RR-HF decreases with increasing
disease severity, thus suggesting that cardiac parasympathetic dysfunc-
tion was a late event in PD [9]. There was no correlation between the RR-
HF and the severity of cardiac sympathetic denervation despite 2]
MIBG myocardial scintigraphy in their study; In another study, a weak
correlation was found between heart rate variability and the latency of
sympathetic. skin response, the latter of which is. a marker for sym-
pathetic sudomotor activity [22]. Although it is accepted that there is
cardiac parasympathetic dysfunction in PD; there seems to be a con-
troversy: as to: the temporal profile of its development in relation to
sympathetic abnormalities.

The heart rate variability at rest under normal breathing has been
established as: a reliable index of cardiac parasympathetic activity
[15,16]. We measured the heart rate variability of 200: consecutive
heartbeats, which took only a few minutes. This approach has several
strengths. First; it does not require any strenuous act, such as the
Valsalva maneuver, which can be unfeasible for PD patients with overt
hypokinesia. A brief EKG recording in a supine position is suitable for
PD patients, who often have motor impairment. Second, the heart rate
variability at rest is almost free of the baroreflex function exerted by
the glossopharyngeal afferent fibers from the carotid sinus and aortic
arch, while that obtained during the Valsalva maneuver is susceptible
to modulation by the vagal baroreflex. Our results raise the possibility
that the abnormality lies in the vagal efferent system. Although some
authors have detected abnormal changes in the heart rate variability
indicative. of ‘parasympathetic dysfunctions. during the Valsalva
maneuver in PD, it was difficult to determine the site of abnormality
in its complicated reflex arc [9,12]. Furthermore, destruction of
nigrostriatal dopaminergic system per se has been demonstrated to
affect baroreflex sensitivity in rats [23] Despite the difference in
species, this result suggests caution. in interpreting the results from
the Valsalva maneuver in PD. Third;, our short-term EKG recording
is less susceptible to the effect of arrhythmias: A recent study using a

V. REROTTIE - B

359



EEReNYRREREDS
BEAEFERRETRER

360

BRMREBEOEREREICAT SR

M. Shibata et al. / Journal of the Neurological Sciences 276 (2009) 79-83 83

45-minute-long EKG recording has disclosed a higher incidence of
extrasystoles in 40 PD patients as compared to 80 normal subjects
(55% vs 16.25%) [24]. Thus, a shorter recording should avoid the effect
of arrhythmias, which render the accurate measurement of heart rate
variability impossible. Lastly, as the CVR-R can be calculated very
quickly, and does not entail any complicated analysis, it can provide
immediate information on cardiac parasympathetic function. For
these reasons, our method for measuring the CVR-R is an excellent
means to assess cardiac parasympathetic activity of PD patients.

The parasympathetic abnormalities underlying the decreased heart
rate variability in PD are unknown. From a physiological viewpoint, it can
reflect a loss of function or a hypertonic state of the cardiac
parasympathetic system. However, it is impossible to determine which
of these is responsible from our findings alone, It was shown that the
decrement of RR intervals in response to a decrease in blood pressure
during the early second phase of the Valsalva maneuver was com-
promised, whereas the reflex bradycardia in the fourth phase was
preserved in their de novo PD patients [9]. This favors the hypertonic state
hypothesis, because the finding can be well explained by the inability of
parasympathetic tone to diminish with declining blood pressure,

Concerning the underlying pathological changes, Benarroch et al.
{25,26] showed that the ventrolateral nucleus ambiguus, a major locus
of cardiac preganglionic vagal neurons [2728], is spared in PD.
Meanwhile, the dorsal motor nucleus of the vagal nerve provides a
minor preganglionic parasympathetic projection to the cardiac gang-
lia, and cell loss and aberrant o-synuclein depositions identified as
Lewy bodies and Lewy neurites in the brainstem nucleus are pro-
minent in PD [2,26]. Consistent with the MIBG myocardial scintigraphy
findings, the cardiac postganglionic sympathetic fiber' degeneration
has been verified by several pathological studies {6,7]:

In contrast, information about the involvement of ‘cardiac post-
ganglionic vagal neurons in PD remains scanty [29,30]. Iwanaga et al. {29]
noted the presence of Lewy bodies and Lewy neurites in"the cardiac
plexus. Intriguingly, those inclusions resided in both tyrosine hydro-
xylase-positive and -negative nerve processes, which suggested that PD
affects parasympathetic fibers as well as sympathetic nerves in the heart.
As incidental Lewy body disease cases were included in their study, there
is the likelihood  that the involvement of cardiac postganglionic
parasympathetic fibers occurs even in the early stage of PD.

The paucity of cardiovascular symptoms, such'as orthostatic hypo-
tension, in PD patients with cardiac sympathetic denervation identifi-
able with 3-MIBG myocardial scintigraphy seems paradoxical, and
therefore obscures the significance of the cardiac sympathetic denerva-
tion, Haenschetal. [31] also reported that reduced '2*[-MIBG myocardial
uptake occurred irrespective of the presence of orthostatic hypotension.
Our study suggests that the advancement of cardiac parasympathetic
dysfunction in addition to sympathetic denervation may be a require-
ment for the development of orthostatic hypotension. Additionally, our
data imply that impaired cardiac parasympathetic activity contributes
more to determine HR than cardiac sympathetic denervation, although
the impact of CVR-R change on HR is relatively small (Fig. 3). This is likely
to explain why most of the PD patients with a low CVR-R value did not
exhibit tachycardia- at rest."Moreover, the possibility ‘remains that
concurrent cardiac sympathetic denervation-may offset the effect of
parasympathetic dysfunction.

In summary, this study provides important evidence for cardiac
parasympathetic dysfunction in- parallel to' cardiac ‘sympathetic
denervation in early PD. Thus, our findings expand the spectrum of
non-motor - aspects of PD and highlight the character of PD as a
multisystemic disorder even in its early stage.
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