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Mitochondrial Colocalization with Ca®?* Release Sites is Crucial to Cardiac
Metabolism

Asuka Hatano,* Jun-ichi Okada, Takumi Washio, Toshiaki Hisada, and Seiryo Sugiura
Department of Frontier Science, The University of Tokyo, Kashiwa, Chiba, Japan

ABSTRACT In cardiomyocyte subcellular structures, colocalization of mitochondria with Ca®* release sites is implicated in
regulation of cardiac energetics by facilitating Ca®" influx into mitochondria to modulate the tricarboxylic acid (TCA) cycle.
However, current experimental techniques limit detailed examination of this regulatory mechanism. Earlier, we developed
a three-dimensional (3D) finite-element cardiomyocyte model featuring a subcellular structure that integrates excitation-contrac-
tion coupling and energy metabolism. Here, using this model, we examined the influence of distance between mitochondria and
Ca®" release sites by comparing a normal (50-nm) distance model and a large (200-nm) distance model (LD). The influence of
distance was minimal under a low pacing rate (0.25 Hz), but under a higher pacing rate (2 Hz), lower levels of mitochondrial
Ca”* and NADH, elevated phosphate, and suppressed force generation became apparent in the LD model. Such differences
became greater when functional impairments (reduced TCA cycle activity, uncoupling effect, and failing excitation-contraction
coupling) were additionally imposed. We concluded that juxtaposition of the mitochondria and the Ca®" release sites is crucial
for rapid signal transmission to maintain cardiac-energy balance. The idealized 3D model of cardiac excitation-contraction and

metabolism is a powerful tool to study cardiac energetics.

INTRODUCTION

Recent studies have identified an important role for mito-
chondrial Ca®" in myocardial energy metabolism by upre-
gulating the tricarboxylic acid (TCA) cycle to stimulate
ATP production. Because the rise in cytosolic Ca”" triggers
contractions in the sarcomeres—the primary locus of energy
consumption—incidental Ca** flux to mitochondria may
constitute a feed-forward regulatory mechanism for rapid
and fine tuning of energy balance. However, the high half-
maximal effective concentration (ECsp; ~10 uM) of mito-
chondrial Ca** uniporters poses a question as to whether
such a mechanism functions in the face of low cytosolic
Ca’" transient (peak value, 1-2 uM) (1,2).

Subcellular cardiomyocyte structures may provide a clue
to the answer to this question. Electron micrographic studies
of subcellular myocyte structures show that mitochondria
occupy the entire space between muscle Z-lines; the ends
of mitochondria are located near calcium release units
(CaRUs), where L-type Ca”" channels (LCCs) and junc-
tional sarcoplasmic reticulum (JSR) face each other in close
proximity (3—7). Upon depolarization of the sarcolemma,
Ca’" entry through LCCs induces Ca”>" release from the
JSR and possibly generates a transiently high Ca”* concen-
tration that exceeds the ECsg in this subspace, thereby facil-
itating Ca®" influx to mitochondria (6,8-13). Because of
mitochondrial remodeling and dislocation (e.g., swelling,
proliferation, and clustering), loss of cytoskeletal connec-
tions have been reported in failing myocardium (8,14-16).
Elucidation of subcellular structure and function in both
healthy and diseased myocardium is of paramount impor-
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tance. However, limitations of the available experimental
techniques have made it difficult to obtain sufficient infor-
mation for a thorough understanding of these mechanisms.

We have already developed a three-dimensional (3D)
model of cardiomyocytes based on the finite-element
method (17-19). In this model, cardiac electrophysiology,
contraction, and ATP metabolism localized to specific loci
of each organelle, diffusion of Ca®" and energy metabolites,
and deformation by sarcomere force generation were simu-
lated in detail with subcellular structures.

In this study, we used this model to study the structure-
function relationship of mitochondria in cardiac energy
metabolism, with particular focus on the significance of
the distance between mitochondria and CaRUs. We found
the effect of distance on energetic state to be minimal
when myocytes were stimulated at low frequency, but we
saw significant differences between the normal and large-
distance models in mitochondrial [Ca®"], [NADH], and
cytosolic phosphate [Pi] at higher stimulation rates. Simu-
lation results of failing myocytes modeling increased
proton leak and depressed TCA cycle activity will also be
presented.

MATERIALS AND METHODS
3D cardiomyocyte model

The details of 3D cardiomyocyte models have been reported and validated
previously (18,19). Briefly, a segment containing three myofibrils of one
sarcomere length, together with the adjacent cell membrane and organelle,
were modeled by the finite-element method (Fig. 1 A). Subcellular compo-
nents—including mitochondria, myofibril (A-zone, I-zone, and M-line),
JSR, network SR (NSR), surface, and t-tubular sarcolemma—were located
at the appropriate finite-element-method nodes to reproduce the anatomical
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structure. Each subcellular component exchanges ions and/or metabolites
according to the mathematical formulations expressed as a function of
the molecular concentrations in the surrounding cytosol (20,21). These
molecules diffuse freely through the cytosolic space; the processes were
calculated by solving reaction-diffusion equations. Further details outlining
the model can be found in the Supporting Material.

Acto-myosin ATPase model

To examine the influence of metabolic state on the cardiac contraction, we
coupled a cross-bridge kinetics model with ATP hydrolysis by myosin
(22.23). We adopted a simplified four-state model, schematically shown in
Fig. 2, in which M indicates myosin and A indicates actin. Governing equa-
tions are shown in the Appendix, with rate constants taken from the literature
(24-27). In this model, [Pi] affects force generation by interfering with the
transition from a weakly binding state (A+M-+ADP-Pi) to a strongly binding
(force-bearing) state (AM+ ADP) (28): see also Appendix). Depletion of ATP
shifts the distribution into the rigor (AM) state.

The model of Ca®* regulation of contraction was adopted from Rice et al.
(29). with parameters refined for guinea pig by Cortassa et al. (20), in which
binding of Ca** to troponin C (TnC) modulates the rate constant of the
transition from [A-ATP] to [A-M-+ADP-Pi] to cooperatively activate the
myofilament. Model equations are shown in the Appendix.

497

FIGURE 1 Three-dimensional cardiomyocyte
models with two different distances between mito-
chondria and the Ca®" release site: the 50-nm
distance model (CTR) (upper) and the 200-nm
distance model (LD) (lower). (A) Short-axis views.
(B) 3D presentations. (C) Magnified view of the
region near the Ca release sites on the right.
Mitochondria are green and myofibrils red. Other
subcellular components (channels, pumps, etc.)
were assigned to nodes, representing sarcolemma
(vellow) or SR (blue).

Large-distance model

To investigate the effect of the distance between mitochondria and CaRUs,
we created a model with an abnormally large distance (LD) of 200 nm and
compared it with a model with a normal-sized 50-nm distance (CTR)
(Fig. 1, A and B). To examine only the effect of the distance between
mitochondria and CaRUs, we adjusted the thickness of mitochondria to
keep their volume constant in the LD model (Fig. 1 B). Accordingly, the
volumes of other subcellular structures and the total segment volume
were maintained. The normal size, 50 nm, was adopted from electron
microscopic observations (8) by taking into account the shrinkage intro-
duced by the fixation procedure (30). The larger size was the maximum
value we could attain without changing the volumes of mitochondria, other
organelles, and the whole cell.

Failing cardiomyocyte model

Three types of functional abnormality often observed in failing myocar-
dium, i.e., the uncoupling effect (proton leak). depressed TCA cycle
activity, and failing excitation-contraction (EC) coupling, were modeled
to investigate the influence of distance under diseased conditions. The
uncoupling effect was modeled by increasing the proton leak factor, gy,
to 4.0 x 107°. The resultant leak flux was comparable to FyF, ATPase
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FIGURE 2 State diagrams for the actomyosin ATPase model. A, actin:

M, myosin; TRPN, troponin; fy and g,, transition rate constants. White
boxes correspond to non-force-bearing states. Gray boxes correspond to
force-generating states. Transition from M+ ATP to A+M-+ADP-Pi is coop-
eratively facilitated by Ca®>" binding to troponin. See text for details.

proton flux under pacing at 3 Hz. TCA-cycle activity was depressed by
reducing all of the catalytic constants (kS3, kACO, kIDH ~KGDH =Sl
KSPH kM and KMPH) by 40%. Failing EC coupling was modeled by
decreasing sarcoplasmic Ca®>" pump (SERCA) activity (V.. 50% of
control) and increasing sarcolemmal sodium-calcium exchanger (NCX)
activity to 200% of control.

Protocol

Current pulse (100 ,uAfcm:: duration, 0.5 ms) was applied to sarcolemma to
simulate electrical pacing. Cardiomyocyte responses to abrupt changes

2 Hz

Hatano et al.

in workload were examined by switching pacing frequency between
0.25 Hz (low load) and 2 Hz (high load) for comparisons with the experi-
mental study (31).

Calculation

All the program codes were written in-house using Fortran language.
Computation was performed using an Intel Xeon CPU (3.2 GHz).

RESULTS

Responses of global and local concentrations of Ca®>" and
metabolites and ion currents of the CTR model were similar
to those reported in our previous article (18).

Effect of distance between mitochondria and
Ca’* release site

Fig. 3 (left) compares the responses of mitochondrial
[Ca®™] ([Ca’"|mwo)s [NADH], mitochondrial [ADP]
([ADP] i), and cytosolic [Pi] ([Pi]cy) to abrupt changes
in pacing rates between CTR (black line) and LD (gray
line) models. The responses of the CTR model were similar
to our previous results (18) and agree with both previous
simulation (20) and experimental (31) studies. The LD
model showed a similar pattern of responses under the
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low-workload condition (0.25 Hz), with levels of [Ca> " Jmitos
[NADH], [ADP] i, and [Pi] close to those observed for the
CTR model. However, increasing the workload to 2 Hz
introduced significant differences in these parameters. After
200 s of 2-Hz pacing, the respective CTR and LD values
were 1.63 and 1.35 uM for [Ca’* ] (-17% relative
change); 5.40 and 4.82 mM for [NADH] (-11%); 39.96
and 40.78 uM for [ADPlyio (+2.1%); and 3.16 and
3.28 mM for [Pi] (43.6%). The developed force dropped
1.1% in LD compared to CTR; thus, ATP consumption by
myofibrils decreased in the LD model (data not shown).
We also compared fluxes in metabolic pathways between
the two models (Fig. 3, right) and found that TCA flux (rep-
resenting NADH production velocity), electron transport
chain flux (NADH consumption velocity), and FyF,
ATPase flux (ATP production velocity) were all higher in
CTR. Values for CTR versus LD at 200 s after the initiation
of 2-Hz pacing were 61.2 and 59.5 uM/s for TCA flux
(~2.85% relative change), 2.08 and 2.03 mM/s for electron
transport chain flux (-2.57%), and 0.422 and 0.417 mM/s
for FoF; ATPase flux (-=1.35%). We also note that whereas
the responses of electron transport chain flux and FyF,
ATPase flux were prompt, the response of the TCA cycle
was slow, probably reflecting the slow rise and fall in
[ca2+]milo-

Spatiotemporal distributions of [Ca®* .y, and [ADP]eyo
are plotted and compared between 0.25 Hz and 2 Hz in
Fig. 4 . The black line indicates the position at 50 nm
from the Z-line, and the gray line shows the position at
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200 nm. Both [Ca®*]. and [ADP].,, display higher
concentrations near the Z-line, but the spatial gradient of
[CaZ“L]C),to is much larger compared to that of [ADP].y.
Rapid pacing at 2 Hz made this gradient steeper, so that
the difference in [Caz*']cylo between 50 nm and 200 nm
became greater. On the other hand, although the 2-Hz
pacing raised the [ADP].,, homogeneously, the difference
between 50 nm and 200 nm remained small due to the
shallow slope in distribution.

Failing-myocyte models

The effect of distance between mitochondria and Ca**
release site on responses to changing workload was exam-
ined in the presence of depressed TCA activity (TCA™;
Fig. 5, left), uncoupling effect (UNC; Fig. 5, middle), and
failing-EC coupling (EC; Fig. 5, right). The first two func-
tional abnormalities (TCA™ and UNC) lowered [NADH]
at 0.25 Hz (Fig. 5, rows 2 and 3), but phosphorylation poten-
tial was relatively constant in both CTR and LD models
(data not shown). As seen in the absence of functional
abnormalities (Fig. 3), rapid pacing at 2 Hz decreased
[NADH] and increased [ADP]., and [Pi], but these
changes were greater. Notably, the differences in [Pi] and
force at 2 Hz between CTR and LD models also increased
with both TCA™ (+9.0%) and UNC (+6.7%) (Fig. 5,
rows 4 and 5).

However, the two types of functional abnormalities
gave distinct response patterns. Although [NADH] dropped
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FIGURE 4 Spatiotemporal distributions of cytosolic Ca®* (upper) and ADP (lower) are shown at pacing rates of 0.25 Hz (leff), | Hz (middle), and 2 Hz
(righr). Locations at 50 nm and 200 nm from the Z-line are indicated with black and gray lines, respectively.
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FIGURE 5 Transient responses of the CTR model (black) and the LD model (gray) under conditions of depressed TCA activity (left), uncoupling (middle).
and failing EC coupling (right) with respect to (top ro bottom) mitochondrial Ca®*, NADH, NADH magnification of bottom parts, mitochondrial ADP, cyto-
solic Pi, and generated force. Data shown are averaged over the cytosolic or mitochondrial space. In the three upper panels on the right, the responses of the
CTR model without functional abnormalities are shown by dashed lines for comparison. In the graphs of ADP and force, only the maximum (circles) and

minimum (triangles) values are plotted for visibility.

acutely upon increasing the pacing rate in both TCA™
and UNC models, [ADP] and [Pi] increased gradually
only in TCA™ models. Moreover, closer examination shows
that these gradual increases consisted of a rapid first
phase and a slow second phase, with differences between
CTR and LD becoming apparent in the second phase. In
the UNC model, rapid pacing reduced [NADH] to >0.1 mM
within 20 s; [ADP] and [Pi] increased rapidly and mono-
tonically to give even overshoots in both CTR and LD
models.

On the other hand, the EC model showed unique
responses. Reflecting the decreased Ca*t uptake and release
of SR, both force level and mitochondrial Ca®* at 2 Hz were
low compared to the control (Fig. 5. right (bottom and rop,
respectively)), but the reduced energy consumption result-
ing from the impaired force development made the mito-
chondrial ADP and Pi responses similar to those of
control. The response of NADH to the increased pacing
rate showed clear contrast to those of the other two models
(Fig. 5, right). When the distance between mitochondria
and CaRU was small, introduction of the EC condition
did not change the initial fall in NADH compared to the
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normal-function model (dashed line), but the increase in
distance significantly decreased it (-7.5%).

DISCUSSION

In this study, we utilized the 3D integrated cardiomyocyte
model we developed earlier (18,19) to examine the sig-
nificance of distance between CaRUs and mitochondria
in cardiac energetics. The simulation study gave us a free
hand in setting the experimental conditions and allowed us
to focus solely on morphological factors that contribute to
cardiac energetics.

Subcellular distributions of metabolites

As in our previous studies (18,19), we identified a steep
gradient in [CazT']cyw, ranging from 10 uM near the CaRUs
to 0.1 uM in the M-line region. Such a distribution is consis-
tent with experimental findings (32), and could facilitate
mitochondrial Ca®* uptake from the Z-line region. ATP
and ADP also showed spatial distributions. Contractile
myosin activity hydrolyzes ATP, letting ADP accumulate
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in the myofibril A-zone. As M-line-bound creatine kinase
(CK) synthesizes ATP from ADP, ADP is distributed homo-
geneously over the myofibril I zone (Fig. 4) and stimulates
mitochondrial ATP synthesis (Fig. S1 and Movie S1 in the
Supporting Material); ATP and ADP distribution patterns
are complementary. Spatial distributions of other metabo-
lites—creatine, creatine phosphate, and Pi—are negligible
because of their high diffusiveness.

Effect of distance between mitochondria and
Ca?" release site

The effect of distance can be shown by the differences in
cytosolic concentration of signal molecules surrounding
the mitochondria. Fig. 6 summarizes the regulatory mech-
anisms of mitochondrial respiration incorporated in this
model. Because ATP is synthesized from ADP by FyF;
ATPase, which decreases membrane potential, ATP produc-
tion is activated in two ways: [Ca®" i activates the TCA
cycle to produce NADH that is used by the electron trans-
port chain to push up the inner membrane potential
(Fig. 6, red arrows) and pull up the FyF, ATPase activity
by ADP feedback (Fig. 6, blue arrow) (20). Because of
the distinct distributions of [Ca“]ww and [ADP]ey
described above, CTR myocytes can make full use of both
these pushing and pulling effects, whereas the LD myocyte
cannot. Rapid pacing increases the Ca®>" content of the SR
and Ca®" release to raise [Ca”> nitos thereby exaggerating
the difference in availability of the pushing-up reactants
between the CTR and LD models (Fig. 4). On the other
hand, because ADP shows fairly flat distribution along the
myofibril, even during rapid pacing, the effect of larger

Z-line M-line

I CTR
TP l LD

2ok ok ol e ol )

FIGURE 6 Schematic illustrating the effect of distance between mito-
chondria and the Ca®" release site. (Upper) Positions of mitochondria in
the CTR and LD models relative to the typical distributions of [Ca** Jeymo
and [ADP].y.. (Lower) Summary of the mechanisms regulating mitochon-
drial metabolism incorporated in our model. Red arrows indicate the
pushing-up effect and blue arrows the pulling-up effect on mitochondrial
membrane potential to facilitate FgF, ATPase. See text for details.
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distance that emerges under rapid pacing is the pushing-up
activation by Ca’*. The decreased pushing-up reactants
for the LD model induces lower [NADH] and higher [Pi],
resulting in lower force development.

Effect of distance on failing-myocyte models

In diseased myocardium, morphological abnormalities are
usually accompanied by functional impairment. Increased
levels of mitochondrial uncoupling proteins and decreased
mitochondrial efficiency have been reported in heart failure
(33). Decreased TCA cycle flux without anaplerosis might
also be responsible for the contractile failure (34,35). Both
depressed TCA cycle activity and uncoupling decrease the
baseline (0.25 Hz) [NADH] level and expand differences
in [ADPlyitos [Pileyios and force between CTR and LD
models under high workload. The reason for this enhanced
difference is the higher gain of electron transport chain
activity to [NADH] when it is <0.5 mM (Fig. 5, row 3)
(36). Although the depression in force in these failing-
myocyte models is still relatively small, its effect in combi-
nation with other abnormalities may cause severe disorders
in cardiac function.

This response pattern may provide an insight into the
mechanism. Depression of the TCA cycle significantly
retarded the response to the abrupt change in workload
(Fig. 5). Because the TCA cycle plays a central role in the
pushing-up mechanism (Fig. 6), the loss of this feed-
forward mechanism is expected to slow response, whereas
the proton leak reduces the efficiency of ATP synthesis;
thus, greater ADP feedback signals are required to meet
the higher workload.

We also examined the responses of the failing-EC-
coupling model characterized by reduced energy consump-
tion (impaired force generation) and normal mitochondrial
function. The initial fall of NADH in response to increased
pacing rate was much larger than those of two other disease
models but comparable to the normal model. The normally
functioning respiratory chain in this model responded even
to a small ADP signal to cause the initial fall in NADH
(owing to its conversion to NAD™ for ATP production),
but the Ca’'-sensitive pushing-up mechanism (NADH
production via the TCA cycle) counteracts this initial fall,
depending on the distance between mitochondria and the
Ca release site.

Taken together, this simulation study indicated that the
effect of the distance between mitochondria and the Ca
release site significantly affects regulation of NADH
dynamics in response to abrupt change in pacing rate only
when both TCA cycle and respiratory chain in mitochondria
function normally; the function of EC coupling proteins
may not be a dominant factor.

Very recently, Chen et al. (37) studied the role of Mitofu-
sion 2 (Mfn2) protein, which tethers the mitochondria
and SR, and found a large initial drop in NADH with
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rapid pacing in Mfn2-deficient myocytes compared to the
wild-type. Because they did not detect any significant
changes in expression and function of EC coupling proteins,
despite prominent alterations in mitochondrial SR architec-
ture, they concluded that the physical tethering of SR and
mitochondria via Mfn2 is essential for cardiomyocyte
bioenergetics feedback response. These experimental
results are consistent with those of the simulation study pre-
sented here, thus validating our 3D myocyte model.

Study limitation

In this study, due to the limitation in computational power,
we had to use a small-scale model that assumed periodicity
and symmetry. Therefore, we focused on the effect of
distances between mitochondria and CaRUs by changing
them uniformly along the t-tubule. Because the configura-
tion of the resultant model was physiologically unrealistic,
we performed a simulation on a model in which the distances
were periodically different (Fig. A2 A in the Appendix). As
shown in (Fig. A2 B, see figure in the Appendix), however,
we could obtain an intermediate result between the control
and the uniform large-distance models. A future study using
a larger-scale model is necessary to examine the effect of
heterogeneous distribution of distances between mitochon-
dria and CaRUs.

CONCLUSION

Our 3D model showed that the small difference in distance
between CaRUs and mitochondria could alter metabolic
control, reduce robustness to change in workload, and
make the cell vulnerable to several pathological conditions.
We suggest that juxtaposition of the mitochondria to CaRU
is crucial for rapid signal transmission to maintain cardiac
energy balance. The 3D integrated model of cardiac EC
and metabolism provides a powerful tool for investigating

Hatano et al.

cardiomyocyte physiology in ways not afforded by other
experimental methods.

APPENDIX

Equations describing the sarcomere dynamics:

d{A-M-ADP-Pi
AAMADRB o app g

dt
+ g0, [Pi][A-M-ADP] + f,[M- ATP]
(Al)
%.M(gﬂ = —f,[A-M-ADP] — g [Pi][A-M-ADP]
+foi[A-M- ADP-Pj]

(A2)
dlAd'IM] = —f;/A-M] - f,[A-M-ADP]  (A3)
d[M-AT
ITP_] = —f,[M-ATP] + f3[A-M]

+g,[A-M-ADP-Pi] (A4)

@%N'_Ca] = k;™ ([LTRPN],, — [LTRPN-Ca])
— k! [ TRPN][Ca) (A3)
f, = f™[LTRPN-CaJ’ (A6)

, = f;‘“"{(1 +[;,;‘P]) (1 +’A—sz—])}_i (A7)

TABLE A1 Parameter values of acto-myosin ATPase model
Parameter Value Unit Description Reference
for 1.2 ms ™! Rate constant from A+-M+ADP-Pi to @2n*’
) A+M-+ADP
o 0.08 mM ! ms™! Minimum rate constant from A+M+ADP to il
A+M-ADP-Pi
| 0.005 ms ™! Maximum rate constant from M=ATP to
A+M-+ADP-Pi
2 0.05 ms~! Rate constant from A-M-ADP-Pi to M+ ATP
fs 0.004 ms ' Rate constant from A+M+ADP to A+M
0.9 ms ™' Maximum rate constant for A+M to M+ATP
Kn 0.03 mM ATP half-saturation constant (25)
K; 0.1 mM ADP inhibition constant (26)
IR 100 ms ! Ca" on-rate for troponin low-affinity sites (20)
ol 40 x 1072 mM ™! ms™! Ca®" off-rate for troponin low-affinity sites 20)
[LTRPN}, 0.07 mM Total troponin low-affinity sites
& 0.1 mM~! kPa Conversion factor normalizing to

physiological force

“Parameters were doubled considering the temperature.
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FIGURE Al (Left) Time courses of twitch force under various [Pi] (0.1,
1.0, 2.0, 3.0, 5.0, and 10.0 mM). (Righr) Normalized maximal twitch force
as a function of [Pi].

min 23 -SL
81 = & |1 +m (A8)
Force = C([A-M-ADP} + [AM]) (A9)
Vaw = HAM] (A10)

A, actin; LTRPN, troponin low-affinity sites; M, myosin; SL, sarcomere
length: Vayy, ATPase rate. Parameters are shown in Table Al .

Fig. Al , left, shows the isometric twitch force of the CTR model
paced at 1 Hz under various [Pi] conditions. Peak twitch force decreases
almost linearly with increasing [Pi], and at 10 mM [Pi], the peak twitch
force becomes about half of that under 0.1 mM [Pi] (Fig. A2, right).

SUPPORTING MATERIAL

Supplemental methods. one figure, and two movies are available at hup:/
www.biophysj.org/biophysj/supplemental/S0006-3495(12)05113-2.
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Discordance of the Areas of Peak Wall Shear Stress and
Tissue Stress in Coronary Artery Plaques as Revealed by
Fluid-Structure Interaction Finite Element Analysis

A Case Study

Tatsuya ASANUMA," MEnv, Yasutomi HIGASHIKUNI,> MD, Hiroshi YAMASHITA,” MD,
Ryozo NAGAL™> MD, Toshiaki HisapA,' PhD, and Seiryo SuGIura,' MD

SUMMARY

Simulation studies have been performed in attempts to elucidate the significance of shear and tissue stresses in the
progression and rupture of coronary artery plaques, but few studies have analyzed both stresses simultaneously. We ana-
lyzed the distributions of shear stress and tissue stress in a model of coronary artery plaque based on intravascular ultra-
sound data by fluid-structure interaction finite element analysis under physiological pressure and flow. As shown in pre-
vious studies, the region of peak shear stress was observed at the proximal side of the plaque where flow velocity was
high but its value was at most 10 Pa. On the other hand, 1000-10,000 times greater tissue stress was located in the sten-
otic region but the location of peak tissue stress was different from that of shear stress. We also found that stenting not
only stabilizes the stented segment but also reduces the stress in the adjacent region. Fluid-structure interaction analysis
revealed discordance in the distribution of shear and tissue stresses. These two stresses exert distinct influences on the
coronary plaque, rupture of which may occur where tissue stress exceeds the plaque strength which is weakened by

pathological processes triggered by shear stress.

Key words: Coronary plaque, Finite element method

icantly influenced by the local interplay between me-

chanical stimuli and biological responses.” Cyclically
changing intramural pressure and flow in the coronary arteries
and the motion of vessels accompanying the heart beat (tether-
ing) create a highly heterogeneous mechanical environment,
which could account for the spatial distribution of atheroscle-
rotic lesions. Major components of mechanical stimulus
(stress) include wall shear stress applied by the blood flowing
to the arterial endothelium, tensile stress due to the distension
of the vessel wall, and the bending and stretching of the wall
resulting from the tethering effect of surrounding tissues. Ex-
perimental studies have shown that cyclic changes in shear
stress modulate the permeability and proliferation of endothe-
lial cells.>” Shear stress is also involved in the accumulation of
lipids, and inflammatory cell recruitment and adhesion, thus
playing a pivotal role in the progression and vulnerability of
atherosclerotic plaques.“® On the other hand, cyclic stretch
also induces such changes to initiate the atherosclerotic proc-
ess”” and, more importantly, the high stress generated during
tissue deformation can be a direct cause of plaque rupture.”"”

The pathophysiology of coronary artery disease is signif-

(Int Heart J 2013; 54: 54-58)

However, extrapolation of these findings to clinical cases is
hampered by the difficulty in performing in vive measurements
of these mechanical parameters.

To circumvent this problem, researchers have utilized the
numerical simulation to analyze stress and strain distributions
in coronary vessels. In these studies, either 2D (transverse sec-
tion) or 3D morphologies of coronary arteries were modeled as
idealized or realistic models based on angiogram, computed
tomography (CT), or intravascular ultrasound (IVUS) imag-
es”'? to demonstrate that clinically observed sites of prediction
for atherosclerotic plaque formation and rupture show close
correlations with the distributions of these mechanical parame-
ters. To date, however, most of these studies have evaluated ei-
ther only wall shear stress (computational fluid dynamics:
CFD) ignoring the deformation of vessel wall or only tissue
stress (structural analysis) without considering the blood flow
because of the complexity and difficulty of the numerical anal-
ysis. Coupled analysis of flow dynamics and structural defor-
mation called fluid-structure interaction (FSI) is eagerly need-
ed not only for the accurate estimation of these stresses but
because of the close interplay between them in the pathophysi-
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ology of atherosclerotic plaques.” For instance, both wall
shear stress and tissue stress are implicated in plaque rupture
but their relative contributions should be clarified by FSI anal-
ysis in a realistic coronary artery model.

Very recently, the need for and importance of FSI for the
analysis of vascular diseases has been recognized, however,
the number of applications is still limited, especially to the ca-
rotid artery.'™™ Therefore, in this study, we applied FSI analy-
sis to both blood flow and wall deformation in a realistic coro-
nary artery model based on IVUS images. The obtained
distribution of wall shear stress and tissue stress differed sig-
nificantly, thereby demonstrating the need and importance of
FSI analysis.

CASE REPORT

Among the patients who have undergone coronary inter-
ventions at The University of Tokyo Hospital, one case, an 83
year old male, was selected and his clinical data were obtained
with informed consent. A lesion located in the straight segment
was selected. This study protocol was approved by the Institu-
tional Review Board of The University of Tokyo.

IVUS data acquisition and mesh generation: Images of the
proximal segment of the left anterior descending artery were
recorded by IVUS (Atlantis SR Pro, 2.8F, 40 MHz, Boston
Scientific Corporaton/SCIMED, Maple Grove, MN, USA).
The transducer was withdrawn using an auto-pullback system
at 0.5 mmy/s. In this study, 21 slices covering the lesion were
used for model construction. The intervals between slices were
0.25 mm or 0.5 mm depending on the morphology of the ves-
sel. Each slice was segmented manually to delineate the lu-
men, plaque component, and vessel out-boundary. Stent struts
were not explicitly segmented but the finite elements cut across
by the stent were assigned a hard tissue property. From these
data, we constructed the 3-D vessel geometry of the coronary
artery segment and blood in the lumen as a finite element
model consisting of 20,065 tetrahedral elements using the
mesh generation software written in our laboratory.
Fluid-structure interaction analysis: The details of fluid-struc-
ture interaction analysis developed in our laboratory have been
described elsewhere."” Blood flow was assumed to be Newto-
nian and incompressible. The strain energy function describing
the isotropic tissue material properties of the plaque and vessel
wall were adopted from the literature'” with some modifica-
tions in parameter values. Governing equations for fluid
(blood) and structure (vessel wall) parts were solved simulta-
neously using the strong coupling method. We prescribed
physiological boundary conditions in the following two steps.
First, we increased the luminal pressure to 12 kPa (= 90
mmHg) to distend the vessel wall. Next, cyclically changing
flow (1 Hz, velocity range 0.06 - 0.3 m/second) was applied to
the proximal end and a similar pattern of cyclically changing
pressure (70 - 110 mmHg) was prescribed at the distal end fol-
lowing the method of Yang, ef al."” All the finite element com-
puter programs were written in our laboratory.

Patient specific model: Figure | shows the IVUS images (A)
and constructed finite element model (B) of the stented seg-
ment of the proximal left anterior descending artery. In this
segment, two Xience V stents (Abbott Vascular, IL) (2.75 x 23
mm to the proximal site and 2.5 X 28 mm to the distal site, in-

A

Figure 1. A: Reconstructed IVUS images of the coronary artery segment
modeled in this study. Cross-sections of stented segments and the plaque
lesion are shown below. B: Finite element model. Blood flow was applied

from the left end (blue arrow) and pressure was prescribed at the right end.
Double headed arrows indicate the stented segments.

dicated by the thick double headed arrows) were implanted. To
save computational cost, only part of the stented segments was
included.

Pressure and flow distribution: Figure 2A shows the distribu-
tion of flow velocity. Although we applied physiological flow
with uniform distribution at the inlet (Figure 2B), the stenosis
in the middle disturbed the distribution and a vortex was ob-
served after the stenotic region (Figure 2A inset). Figure 2C
shows the pressure prescribed at the outlet. Because the steno-
sis was not severe in this case, the pressure difference between
the inlet and outlet was as small as 0.9 mmHg.

Wall shear stress and tissue stress: Figure 3A shows the distri-
bution of wall shear stress. Similar to earlier studies, high wall
shear stress was observed at the stenotic site, where flow ve-
locity was high (Figure 2A). The peak wall shear stress was
detected on the proximal side of the plaque but its value was at
most 10 Pa. Tissue stress was analyzed in two ways. First, we
plotted the intraplaque distribution of von Mises stress (Ap-
pendix; Figure 3B), which reflects the shear stress energy often
used to determine the yield criterion of steel. Similar to the
wall shear stress, a region of high stress was observed at the
stenotic region, but its distribution was broad covering the
whole circumference. Finally, principal (tensile) stress was
plotted as shown in Figure 3C. The maximum tensile stress
was found in the stenotic region, but its location was shifted
upstream from the location of the maximum wall shear stress.
In the thick-walled cylinder structure-like arteries, the direction
of tensile stress should be aligned in the circumferential direc-
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tion; however, in this case, it was tilted by 45 degrees or so.
The simulation also demonstrated that the tissue stress is 1000
(von Mises stress) to 10,000 (principal stress) times greater
than wall stress.

Stenting may reduce the tissue stress: We simulated a case in
which stents were not implanted in the arterial segment by
changing the material property in the stented region. Figure 4
compares the deformation of the luminal surfaces (upper row)
and von Mises stress between the stented (A) and nonstented
(B) cases during the cardiac cycle. It is noteworthy that not
only the stented region at both ends but also the nonstented
middle region was stabilized by stenting as evidenced by the
overlapping of black (diastolic) and red (systolic) meshes in
the top left panel. As a result, without stents, the von Mises
0.1 stress increased throughout the segment (Figure 4B).

0.3

Discussion
[m/s] [mmHg]

100 In this study, we analyzed both wall shear stress and tis-

- sue stress in a patient specific model of a coronary artery using
? fluid-structure interaction finite element analysis. Although
only one case was analyzed, the results provided us with a

| | unique opportunity to consider the implications of these me-

e chanical factors in the pathophysiology of coronary artery dis-
18 ease.

Figure 2. A: Flow velocity distribution. The inset shows the magnifica- ‘Flmd‘-stmcture.lfltemchon ana! ys_ls: : Re{':ent Flefvek)pm?ms o
tion of the poststenotic region where a vortex is observed. B: Flow veloci-  imaging modalities and their applications in clinical cardiology
ty applied to the inlet (left). C: Prescribed pressure at the outlet (right). have enabled us to construct a realistic model of coronary ar-
teries. CFD analyses performed on a 3D model of epicardial

coronary vessels based on bi-plane angiograms or CT data re-

A 10 ! vealed high wall shear stress on the stenotic site and vortex

formation in the distal segment.'****" A detailed model of the
vascular segment based on IVUS images also suggested causal

relations between the high wall shear stress and plaque devel-
[Pa] - opment or rupture.”" In these studies, however, vessel walls
" were treated as a rigid tube thus totally ignoring their deforma-
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Figure 4. Deformation of the vessel (upper panels) and von Mises stress
Figure 3. A: Distribution of wall shear stress. The mesh indicates the lu- (bottom panels) in the stented (A) and nonstented (B) cases during the
minal surface. B: Distribution of von Mises stress in the plaque. C: Distri- cardiac cycle. In the upper panels, the black meshes represent the diastolic

bution of principal (maximum tensile) stress. shape of the vessel and the red meshes represent the systolic shape.
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tion due to the pulsatile luminal pressure and cardiac contrac-
tion. Another salient feature of IVUS imaging is its capability
for tissue characterization. IVUS-based 2D or 3D models of
coronary arteries segmented into fibrous plaque, lipid core, and
vascular tissue have been used in the stress and/or strain analy-
ses of vascular tissue subjected to inravascular pressure.'*®
Basic and clinical studies have successfully identified the re-
gions of high stress in plaque, which are implicated in the pro-
gression and rupture of plaques. However, in these studies,
only structural deformation was considered and blood flow
was ignored. Considering the fact that wall deformation and
blood flow in the vessel are tightly coupled, simulation studies
simultaneously solving these two phenomena are needed for
an understanding of the pathophysiology of coronary artery
disease. To date, however, few studies have analyzed FSI in
coronary arteries owing to the difficulty of such an analysis. In
one such study, Yang, et al modeled a short segment of the
right coronary artery of a patient to report the distributions of
tissue stress and flow velocity as a preliminary study, but no
clinical implications were presented.”

Wall shear stress versus tissue stress: One of the main purpos-
es of simulation studies is to identify the mechanical factor re-
sponsible for the plaque progression and/or rupture. Whereas
the significance of wall shear stress in the progression of
atherosclerotic plaque has been widely studied, its causal role
in plaque rupture is controversial. Recently, Fukumoto, et al
reported that high wall shear stress was concentrated in the as-
sumed rupture site in clinical cases.'” However, as shown in
their study as well as ours, the absolute value of wall shear
stress is too small to be a direct cause. On the other hand, even
in alimited number of cases, Ohayon, ef al demonstrated coin-
cidence of the area of circumferential tensile peak stress with
the location of plaque rupture triggered by balloon angi-
oplasty.” Again, we note that both studies calculated only wall
shear stress or tissue stress.

Although plaque rupture was not documented, we could
evaluate both wall shear stress and tissue stress in a clinical
case. Similar to earlier studies, high wall shear stress and tissue
stress were concentrated in the plaque region but their distribu-
tions differed slightly. This raises the question of which loca-
tion is at potential risk of rupture? We hypothesize that 1) wall
shear stress stimulates various biological processes to make the
plaque vulnerable, and 2) plaque rupture takes place where tis-
sue stress exceeds the plaque strength (Figure 5A). The loca-
tion of plaque rupture does not necessarily coincide with the
peak of wall shear stress or tissue stress (Figure 5B). Further
studies including many clinical cases with detailed information
on the morphology and properties of plaque tissue are needed
to validate these hypotheses and make the prediction of rupture
risk a possibility in the near future.

Finally, we also found that implantation of stents stabiliz-
es and reduces the deformation of adjacent segments. This
finding may help optimize strategies for coronary intervention.
Limitations: Although this was a preliminary study, the use of
a single case to construct our model limits the clinical implica-
tions of our findings. Follow-up analyses on many cases
should be performed in the future. On the technical side, im-
provement of the modeling method is needed. Firstly, finer
segmentation of IVUS images coupled with the proper assign-
ment of a material property to each tissue should be attempted
for more accurate evaluation and risk estimation. Second, al-
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Figure 5. A: Conflicting fuctors causing plaque rupture B: Conceptual
diagram showing the area at risk.

though reported to be negligible in an earlier study,'” the bend-
ing motion of the vessels by cardiac contraction must be in-
cluded to simulate the heart under various conditions. Finally,
although high performance computing is required, a large scale
model including the whole coronary artery tree coupled with a
beating heart model will surely help us understand the com-
plex interplay among the tissue deformation and blood flow in
the pathogenesis of coronary artery disease.

APPENDIX

von Mises stress was calculated by the following equation:
Opy = VI {8y = Saf + (Sn =Sl + Sy = 8, + 3 (S + 53, + S5+ S} +53,+ Sl
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Exercise Training Plus Calorie Restriction Causes Synergistic
Protection against Cognitive Decline via Up-regulation of BDNF in
Hippocampus of Stroke-prone Hypertensive Rats

T. Kishi, K. Sunagawa

Abstract— One of the important organ damage of
hypertension is cognitive decline. Cognitive function is
determined by the function of hippocampus, and previous
studies have suggested that the decrease in brain-derived
neurotrophic factor (BDNF) in the hippocampus causes
cognitive decline. Protection against cognitive decline is
reported not only in pharmacological therapy but also in
exercise training or calorie restriction. The aim of the present
study was to determine whether exercise training plus calorie
restriction cause synergistic protection against cognitive decline
via BDNF in the hippocampus or not. Exercise training for 28
days improved cognitive decline determined by Morris water
maze test via up-regulation of BDNF in the hippocampus of
stroke-prone spontaneously hypertensive rats, whereas calorie
restriction for 28 days did not. However, exercise training plus
calorie restriction causes the protection against cognitive decline
to a greater extent than exercise training alone. In conclusion,
exercise training plus calorie restriction causes synergistic
protection against cognitive decline via up-regulation of BDNF
in the hippocampus of stroke-prone hypertensive rats.

I. INTRODUCTION

One of the important organ damages of hypertension and
cardiovascular diseases is cognitive decline. Systemic
oxidative stress and/or antioxidant deficiency cause cognitive
decline [1], and especially, oxidative stress in hippocampus
impairs cognitive function [2]. In the brain, brain-derived
neurotrophic factor (BDNF) is known to be involved in the
protective mechanisms against stress and cell death as an
antioxidant [3-5]. In the hippocampus, BDNF protects against
ischemic cell damage [6].

Not only the pharmacological therapy but also exercise
training [7-9] or calorie restriction [10. 11] has been
suggested to cause the protection against cognitive decline.
Furthermore, calorie restriction improved cognitive function
through the effects on hippocampus. However, in a previous
clinical study, calorie restriction and/or exercise training did
not protect against cognitive decline [12]. In hypertensive
rats, it has not been determined whether calorie restriction
protects against cognitive decline or not. The mechanisms in
which exercise training and/or calorie restriction cause the
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protection against cognitive decline should be discussed
more.

The aim of the present study was to determine whether
exercise training plus calorie restriction causes synergistic
protection against cognitive decline via up-regulation of
BDNF in the hippocampus of stroke-prone hypertensive rats.
To do this aim, we used stroke-prone spontaneously
hypertensive rats (SHRSP), as hypertensive and vascular
dementia model rats [13]. We divided SHRSP into 4 groups,
SHRSP with exercise training (EX), SHRSP with calorie
restriction (CR), SHRSP with exercise training plus calorie
restriction (E+C), and control SHRSP (Ctl). Exercise training
and/or calorie restriction were done for 28 days. Cognitive
function was determined by Morris water maze test.

II. METHODS

A. Animals

This study was reviewed and approved by the committee
on ethics of Animal Experiments, Kyushu University
Graduate School of Medical Sciences, and conducted
according to the Guidelines for Animal Experiments of
Kyushu University, Male SHRSP (12 to 14 week old),
weighing 350 to 425 g and fed standard feed were used (SLC
Japan, Hamamatsu, Japan). They were housed individually in
a temperature-controlled room (22° to 23°C) with a
12-hour/12-hour light-dark cycle (lights on at 7:00 AM). We
divided SHRSP into 4 groups, EX, CR, E+C, and Ctl (n=5 for
each). Systolic blood pressure was measured dairy using the
tail-cuff method (BP-98A; Softron, Tokyo, Japan).

B. Exercise Training
EX and E+C groups were submitted to a maximal
exercise test on the treadmill (20 degree angle, 10 m/min for

30 minutes) every day for 28 days, as previously described
[14].

C. Calorie Restriction

CR and E+C groups were given 70% of their mean
24-hour food intake. Food was given dairy 2-3 hours before
lights off. EX and control groups were free to have food, as
previously described [15].

D. Western Blotting Analysis

At the end of the protocol, to obtain the hippocampus
tissues, the rats were deeply anesthetized with sodium
pentobarbital (100 mg/kg IP) and perfused transcardially with
PBS (150 mol/L NaCl, 3 mmol/L KCIl, and 5 nmol/L
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phosphate; pH 7.4, 4°C). The brains were removed quickly,
and sections | mm thick were obtained with a cryostat at —
7£1°C. The hippocampus defined according to a rat brain
atlas and obtained by a punch-out technique, and the
hippocampus tissues were homogenized and then sonicated in
a lysing buffer containing 40 mmol/L HEPES, 1% Triton
X-100, 10% glycerol, and 1 mmol/L phenylmethanesulfonyl
fluoride. The tissue lysate was centrifuged at 6000 rpm for 5
minutes at 4°C with a microcentrifuge. The lysate was
collected, and protein concentration was determined with a
BCA protein assay kit (Pierce). An aliquot of 20 pg of protein
from each sample was separated on 12%
SDS-polyacrylamide gel. Proteins were subsequently
transferred onto polyvinylidene difluoride membranes
(Immobilon-P  membrane; Millipore). Membranes were
incubated for 2 hours with a rabbit polyclonal antiserum
against BDNF (1:1000; Abcam, Cambridge, UK) or
a-tubulin (1:1000; Cell Signaling). Membranes were then
washed and incubated with a horseradish peroxidase—
conjugated horse anti-mouse IgG antibody (1:10000) for 40
minutes. Immunoreactivity was detected by enhanced
chemiluminescence autoradiography (plus Western blotting
detection kit; Amersham), and was expressed as the ratio to
B-tubulin protein.

E. Morris Water Maze Test

Spatial leaning and memory function of the rats were
investigated with the Morris water maze test in a circular pool
filled with water at a temperature of 25.0£1°C [16]. In the
hidden platform test, a transparent platform was submerged
Iecm below the water level. Swimming paths were tracked
with a camera fixed on the ceiling of the room and stored in a
computer. All the procedures of the Morris water maze were
performed for 7 days. A pre-training session was carried out
at day 0, in which animals were given 60 seconds free
swimming without the platform. In the hidden-platform test
for 4 days, the rats were given 2 trials (1 session) on day 1 and
4 trials (2 sessions) per day on day 2, 3, and 4. The initial trial
interval was about 30 min and the inter-session interval was 2
hours. During each trial, the rats were released from four
pseudo-randomly assigned starting points and allowed to
swim for 60 seconds. After mounting the platform, the rats
were allowed to remain there for 15 seconds, and were then
placed in the home cage until the start of the next trial. If a rat
was unable to find the platform within 60 seconds, it was
guided to the platform and allowed to rest on the platform for
15 seconds. Probe trials were performed at day 5. In the probe
trial, the hidden platform was removed and the rats was
released from the right quadrant and allowed to swim freely
for 60 seconds. The time spent in the target quadrant, where
the platform has been located during training, and the time
spent in the other quadrants were measured. In the
visible-platform test was performed at day 6, the platform
was elevated above the water surface and placed in a different
position. The rats were given for trials with an inter-trial
interval of 10 minutes.

F. Statistical Analysis

All values are expressed as mean = SEM. Comparisons
between any two mean values were performed using
Bonferroni’s correction for multiple comparisons. ANOVA
was used to compare all the parameters in all groups.
Differences were considered to be statistically significant at a
P value of <0.05.

1II. RESULTS
A. Blood Pressure

Systolic blood pressure was reduced to the similar levels in
EX and E+C, and was significantly lower in EX and E+C than
in Ctl (Fig. 1). Systolic blood pressure was not different
between in CR and Ctl (Fig. 1).

B. BDNF in the Hippocampus

The expression of BDNF in the hippocampus was
significantly higher in E+C than in Ctl to a greater extent than
in EX (Fig. 2). However, the expression of BDNF in the
hippocampus was not different between in CR and Ctl (Fig. 2).

C. Morris Water Maze Test

In the hidden platform test, escape latency was
significantly lower in E+C than in Ctl to a greater extent than
in EX (Fig. 3A). However, escape latency was not different in
CR and Ctl (Fig. 3A). In the probe test, E+C resulted in
significantly more time in the target quadrant as compared
with EX, CR, and Ctl (Fig. 3B). In the visible platform test,
there were no significant differences in escape latency among
all of the groups.

{mmHg)
250

200 —_

150 E+Cc CR EX

Figure 1. Systolic blood pressure in each groups. *P<0.05 versus Ctl, n=5
for each. Abbreviations; Ctl, control; E+C. exercise training+calorie
restriction; CR, calorie restriction; EX, exercise training.

IV. DISCUSSION

In the present study, we demonstrated that exercise
training plus calorie restriction improves cognitive
performance and increases BDNF in the hippocampus of
SHRSP to a greater extent than exercise training alone.
However, calorie restriction alone did not have such effects.
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These results suggest that exercise training plus calorie
restriction might cause synergistic protection against cognitive
decline via up-regulation of BDNF in the hippocampus of
SHRSP.

It has already demonstrated that exercise training cause
the protection against cognitive decline via up-regulation of
BDNEF in the hippocampus [7, 8]. The results obtained in the
present study were compatible to these previous studies. A
previous study indicates that superoxide induces
down-regulation of BDNF via phosphorylation of cAMP
response element binding protein [17]. We have demonstrated
that angiotensin Il type 1 receptor-induced superoxide is
increased in the brain of SHRSP [18], and exercise training
reduces superoxide in the brain of SHRSP [14]. Several
previous studies have demonstrated that the exercise training
inhibits the brain renin-angiotensin system including
angiotensin converting enzyme (ACE), ACE2, angiotensin 11,
angiotensin- (1-7), and their receptors [19-21]. Furthermore,
one of the important activating factors of brain
renin-angiotensin system is the inflammatory cascade [22],
and exercise fraining is known to lower the inflammatory
substances in the brain of rats [23]. We consider that the
exercise training-induced anti-inflammation, anti-oxidant, and
inhibition of brain renin-angiotensin system cause the
up-regulation of BDNF in the hippocampus, which contribute
to the protection against cognitive decline.

Interestingly, in the present study, exercise training plus
calorie restriction improved the cognitive performance and
increases BDNF in the hippocampus to a greater extent than
exercise training alone in spite of the similar depressor effects,
whereas calorie restriction alone did not cause such effects,
We consider that these results involve two findings. First,
exercise training-induced protection against cognitive decline
is independent of its depressor effect. Second, exercise
training plus calorie restriction causes synergistic
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Figure 2. Expression of BDNF in the hippocampus in each group. BDNF /
a-tubulin expression was expressed relative to that in Ctl, which was
assingned a value of 1. *P<0.05 versus Ctl, +P<0.05 in E+C versus EX, n=5
for each. Abbreviations; Ctl, control; E+C. exercise training+calorie
restriction; CR, calorie restriction; EX, exercise training.

protection effect against cognitive decline. Previously, we
have demonstrated that exercise training inhibits sympathetic
nervous system activation via reduction of oxidative stress in
the brain of SHRSP [14]. Furthermore, we also have
demonstrated that calorie restriction inhibits sympathetic
nervous system activation via reduction of oxidative stress in
the brain of dietary-induced obesity rats [15]. These previous

results suggest that exercise training or calorie restriction
could affect the brain. Although the mechanism in which
calorie restriction inhibits oxidative stress in the brain could
not been determined in the present study, we hypothesize that
calorie restriction may improve adipocytes, inhibit central
renin-angiotensin system, directly inhibit oxidative stress in
the brain. Circulating angiotensin II acts at circumventricular
organs to subsequently activate complex pathways, including
those using central angiotensin II as a neurotransmitter, to
increases sympathetic outflow [24]. We consider that calorie
restriction also reduce oxidative stress in the hippocampus
through these mechanisms, and causes the synergistic effect to
exercise training. However, it is necessary to do further
examination.

To determine the cognitive function, we performed
Morris water maze test in the present study, instead of the
shuttle avoidance test so that we could focus on hippocampus
function. A spatial working memory task, such as Morris
water maze test, depends on hippocampus function [25, 26].
Moreover, we used SHRSP as a hypertension and
cerebrovascular disease model, and examined the cognitive
function by only Morris water maze test. We must do further
examination with regard to other cognitive functions in other
models, such as Alzheimer, diabetic, and aging.

There are several study limitations in the present study.
First, we did not determine the strength and the physiological
benefits of the exercise training, such as body weights,
lactate level and maximum O, consumption. Second, we did
not check the calorie restriction-induced changes in
metabolism. We did not clarify the cause-and-effect between
exercise training/calorie restriction and cognitive function
due to these limitations. We have to perform the further
studies.
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Figure 3.  (A) Escape latency time in each group, (B)Time in the target
quadrant in each group. *P<0.05 versus Ctl, +P<0.05 in E+C versus EX, n=5
for each. Abbreviations; Ctl, control; E+C. exercise training+calorie
restriction; CR, calorie restriction; EX, exercise training.

V. CONCLUSION

Exercise training plus calorie restriction causes
synergistic protective effect against cognitive decline via
up-regulation of BDNF in the hippocampus of SHRSP. These
results indicate that both exercise training and calorie
restriction should be done to the patients with hypertension
for the protection against cognitive decline in addition to the
pharmacological therapy.
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Leg Heating Using Far Infra-red Radiation in Patients
with Chronic Heart Failure Acutely Improves
the Hemodynamics, Vascular Endothelial
Function, and Oxidative Stress

Shujiro Inoue', Masao Takemoto', Akiko Chishaki’, Tomomi Ide', Mari Nishizaka',
Mami Miyazono®, Hiroyuki Sawatari® and Kenji Sunagawa'

Abstract

Background Systemic thermal therapy (STT) has been associated with beneficial effects in patients with
chronic heart failure (CHF). The fact, however, that it requires a dedicated as well as spacious facility and
trained personnel makes it difficult to practice in the daily care of patients with CHF.

Objective The aim of this study was to determine whether the leg thermal therapy (LTT) has a positive im-
pact similar to that of STT in patients with CHF.

Methods and Results Twenty patients with CHF (57«17 years old, left ventricular ejection fraction=30+
10%) received LTT (45C) for 20 minutes. Immediately after the treatment, the core temperature had in-
creased (+0.3+0.3C) (p<0.01). While the LTT had no significant effects on the heart rate, systolic arterial
pressure, and diastolic blood pressure, it increased the cardiac output (mixed venous oxygen saturation; +2+
3%) and decrease the pulmonary capillary wedge pressure (-24+2 mmHg). The LTT significantly improved the
flow-mediated vasodilatation (FMD) from 4.8+2.6 to 7.1+3.6%, the antioxidative markers, thiol from 4.0+0.7
to 4.5£0.9 pmoL/g, and the marker of oxidative deoxyribonucleic acid (DNA) damage, urine 8-hydroxy-2’de-
oxyguanosine (8OHdG) from 100 to 82+3%, respectively (p<0.05). No patient had any adverse effects asso-
ciated with LTT.

Conclusion LTT acutely improved FMD, and oxidative stress in patients with CHF. Although the long-term
effect of LTT remains to be investigated, its practicality which is comparable to that of STT would make it
an attractive therapeutic strategy for patients with CHF.
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Introduction

Systemic thermal therapy (STT), so-called Sauna or warm
water insertion therapy (1), which is considered to be one of
the thermal vasodilatation therapies and has been applied to
many healthy people for centuries, has been gathering atten-
tion from various medical fields. There have been reviews of
the physiologic effects, benefits and risks of sauna bath-
ing (2, 3). It seems that the risks of sauna have been empha-

sized in people without chronic heart failure (CHF) (4), and
thus many patients with CHF do avoid sauna because of
those risks or adverse effects. However, sauna bathing may
be a beneficial therapeutic option for patients with hyperten-
sion, CHF, or coronary artery disease (5-8). The common
mechanism of the action might be improvement in vascular
endothelial function which results in a reduced cardiac pre-
load and afterload (2).

Tei and colleagues have introduced a supervised dry
sauna at 60°C and have shown that hyperthermia appeared
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