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Table 5 summarizes the mean HR and AP obtained from the
supplemental protocol. There were no significant differences in
mean HR and AP before cardiac sympathetic nerve stimula-
tion. Mean HR was higher in Bing.z and Bing.s than in Bing.
condition. Mean AP did not differ among the three conditions.

Figure 4B illustrates the transfer function averaged from the
five animals in the supplemental protocol. The contour of HR
gain plots showed an approximately downward shift with

Table 3. Mean heart rate and arterial pressure before and
during random stimulation of the cardiac sympathetic nerve

Control Clonidine (L) Clonidine (H)
Heart rate, beats/min
Before 277x16 25015 232x20*
During 209x14 271x14 24627
Mean arterial pressure, mmHg
Before 956 77+8 1139
During 966 7949 115%13

Values are means = SE. Data were obtained after vagal and cardiac
sympathetic nerves were cut. *P < 0.05 vs. control values by Dunnett’s test.

time (s) time (s) time (s)

increase in the stimulus rate of the binary white noise signal,
indicating that the augmentation of the HR variation seen in
Fig. 44 was not proportional to the increase in the stimulus
rate. No significant differences were noted in the phase plot.
The coherence values were slightly decreased in all frequencies
with increase in the stimulus rate of the binary white noise
signal, suggesting that the HR response became saturated and
the linearity between the stimulation and the HR response was

Table 4. Transfer function parameters and step responses

Control Clonidine (L) Clonidine (H)
K, beats-min~'+Hz™! 6.4+0.8 6.8x1.1 2.7+0.5%
Iy, Hz 0.066=0.017 0.070+0.016 0.059x0.013
L 1.56x0.37 1.72+£0.23 1.55%0.20
L s 0.56=0.17 1.24+0.20% 1.03=0.18
Fitting error, % 29+1.2 42*1.5 55x23
S, beats/min 63=0.8 68=1.0 2.8x0.5*%
o, beats*min™'-s7! 0.56=0.07 0.51+0.04 0.22+0.06"
Sla, s 11.2+0.7 13:1=1.3 13.8x1.2

Values are means = SE. *P < (.05 vs. control values.
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response, the steady-state response was attenuated from
—27.6 £2810—-122£07(P<0.01)and —6.7 =04 (P <
0.01) ms during Bing_3 and Bing_s, respectively. The initial
slope was attenuated from —3.0 £ 03 to —1.1 £ 0.1 (P <
0.01) and —0.65 = 0.06 (P < 0.01) ms/s during Bing_3 and
Bing_s, respectively.

Parameters of the transfer functions and step responses
estimated in the supplemental protocol are summarized in
Table 6. The steady-state gain of the transfer function and
the steady-state response of the corresponding step response
decreased with increase in the stimulus rate of the binary white
noise sequence. Although the initial slope of the step response
significantly decreased with increase in the stimulus rate of
the binary white noise signal, the ratio of the steady-state
response to the initial slope was unchanged. The natural fre-
quency was lower and the damping coefficient was greater in
Bing.; and Bing.s than Bing.; condition. The pure dead time of the
transfer function did not differ among the three conditions.

Figure 5 summarizes the results of the supplemental protocol of
NE measurement. Baseline levels of myocardial interstitial NE
did not differ before and during clonidine administration (Fig.
5A). Clonidine administration attenuated the sympathetic stimu-
lation-induced NE release to 75.8 £ 5.4% of the control (P <
0.05) (Fig. 5B). Baseline NE levels did not differ before and
during medetomidine administration (Fig. 5C). Medetomidine did
not attenuate the sympathetic stimulation-induced NE release
significantly (92.0 = 6.7% of the control, not significant) (Fig. 5D).

Simulation Study

To explore possible mechanisms for the observed differences
between the presynaptic cp-adrenergic autoinhibition and the
pharmacologic augmentation of the presynaptic inhibition via the

az-adrenergic receptors, we performed a simulation on the nega-
tive feedback regulation of the HR response to the sympathetic
nerve stimulation. With reference to Fig. 6A, Hpw and Hpg
represent the transfer functions of the forward path and the
feedback path, respectively. A step input signal represents the
sympathetic nerve stimulation. Both signals from presynaptic
as-adrenergic autoinhibition and pharmacologic augmentation of
the presynaptic inhibition attenuate the input signal via the same
an-adrenergic receptors. Because the amount of neurotransmitter
release cannot become negative, a threshold operator (Th) is
added. The threshold operator is described mathematically as
follows.

Th(x) = x when x > 0, otherwise Th(x) = 0

The output from the threshold operator or the amount of
neurotransmitter is then fed into Hpw to yield the output or
change in HR and is also fed into Heg to yield the feedback
signal of presynaptic a-adrenergic autoinhibition. Since we
administered clonidine ~15 min before sympathetic nerve
stimulation, the effect of clonidine should have reached the
steady state at the time of sympathetic nerve stimulation.
Accordingly, we treated the pharmacologic augmentation of
the presynaptic inhibition as a constant input. The magnitude
of pharmacologic augmentation of the presynaptic inhibition
was set arbitrarily to 0.5 to mimic the results of higher dose
clonidine in protocol 2. The simulation was conducted using
Matlab Simulink (The Mathworks, Natick, MA).

Yohimbine administration corresponds to severing the feed-
back path, i.e., setting Hrg = 0 in the simulation. Under this
condition, the transfer function from the input to output be-
comes Hgw. Therefore, we modeled Hpw using the second-
order, low-pass filter with pure dead time (Eq. 3) with the
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chain. Finally, deficits in the respiratory chain result in the en-
hanced ROS production, culminating in age-dependent memory
impairments (Corral-Debrinski et al., 1992; Lin et al., 2002).
Therefore, the vulnerability of mtDNA to ROS is a major deter-
minant factor for deficits in the brain functions in aging.

Mitochondrial transcription factor A (TFAM) is a nucleus-
encoded protein that binds upstream of the light-strand and
heat-strand promoters of mtDNA and promotes the transcrip-
tion of mtDNA (Parisi and Clayton, 1991). Moreover, there is
increasing evidence that TFAM plays an important role in main-
taining mtDNA and regulating its copy number. The amount of
mtDNA is closely correlated with the amount of TFAM but not
with the transcription level, and the majority of TFAM molecules
are involved in architecturally maintaining the higher structure
of mtDNA (Kanki et al., 2004b). More recently, transgenic mice
that overexpressed human TFAM under control of the 8-actin
promoter were generated and showed an increased copy number
of mtDNA in the myocardium and the protection of the heart
from mitochondrial dysfunction (Ikeuchi et al., 2005). The im-
provement in mitochondrial respiratory function may thus lead
to an amelioration of the chronic process of remodeling by de-
creasing the mitochondrial ROS generation. The brain has a
higher demand for oxygen; therefore, it is possible that increased
oxidative stress and consequent mtDNA mutations may lead to
the accumulation of lipid peroxidation products. Furthermore, it
is reasonable to speculate that such TFAM overexpression may
also inhibit the mitochondrial ROS generation through a reduc-
tion of the mtDNA mutations, which may retard the motor and
memory functions.

To address this issue, the effects of TFAM overexpression on
age-dependent deficits in brain functions were examined using
human TFAM transgenic (TG) mice. The present study showed a
significant improvement in the age-dependent memory impair-
ments in TG mice because of a marked reduction in both oxida-
tive stress and inflammation in the brain.

Materials and Methods

All experimental procedures of this study were approved by the Animal
Care and Use Committee of Kyushu University.

Overexpression of TFAM in HeLa cells using the tetracycline-regulation
system. Tetracycline-regulated TFAM-overexpressing cell lines were pro-
duced as previously reported (Parisi and Clayton, 1991). The cells were
grown in DMEM containing 10% fetal bovine serum, 400 mg/ml Gene-
ticin (G418), and 200 mg/ml hygromycin B, with or without 1 mg/ml
doxycycline (DC) and maintained at 37°C in humidified air with 5%
CO,. The cells were then seeded in 24-well dishes and the culture me-
dium was replaced after 24 h with serum-free DMEM containing 400
mg/ml G418 and 200 mg/ml hygromycin B, with or without 1 mg/ml DC.
After 24 h, the cells were treated for 6 h with 0.001% of 1 mol/L rotenone
dissolved in ethanol. The protein levels of human TFAM in the soluble
fractions of HeLa cells in the presence and absence of DC were analyzed
by immunoblotting.

Rotenone-induced ROS measurement. Intracellular ROS was measured
by a ROS-sensitive fluorescent probe, 2,7-diamino-10-ethyl-9-phenyl-
9,10-dihydrophenanthridine (DHE), in tetracycline-regulated HelLa
cells. The cells were plated in 96-well culture dishes and cultured for 24 h
at 37°C in humidified air with 5% CO,, followed by incubation in serum-
free medium for another 24 h. Next, the cells were treated with 1 wmol/L
rotenone for 5.5 h and then with 2 pmol/L DHE for 30 min. The fluo-
rescent intensity was determined immediately at excitation wavelength
of 485 nm and emission wavelength of 530 nm on a fluorescent plate
reader. The cellular images for DHE oxidation were observed using con-
focal laser-scanning microscope (CLSM) (LSM510MET; Carl Zeiss).

CLSM images for nuclear factor-xB nuclear translocation. Tetracycline-
regulated TFAM-overexpressing HeLa cells were seeded in 24-well dish
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Figure 1. Protein levels of human TFAM overexpressed by the tetracycline-off system in
Hela cells. A, Immunablot analysis of human TFAM expressed in HeLa cells cultured with and
without DC for 24 h. B, The mean protein level of human TFAM in Hela cells cultured with and
without DC for 6 and 24 h. The mean relative immunoreactivity of each protein band was
determined using the level of actin as an internal control. Each column and bar represent the
mean and SEM of three experiments, respectively.

at a density of 10° cells/mm?. The culture medium was replaced after
24 h with serum-free DMEM medium containing 400 mg/ml G418 and
200 mg/ml hygromycin B, with or without 1 mg/ml DC. After 24 h, the
cells were treated for 6 h with 0.001% (final concentration in medium) of
1 mol/L rotenone dissolved in ethanol. After treatment with rotenone or
vehicle, the cells were fixed with 4% paraformaldehyde and then incu-
bated with mouse anti-p65 monoclonal antibody (Santa Cruz Biotech-
nology; AH Diagnostics) in bovine serum albumin (BSA)/PBS overnight
at 4°C, washed three times with PBS, and then incubated with a second-
ary Alexa 488 goat anti-mouse IgG antibody in BSA/PBS for 1 h at room
temperature. After three washes, the nuclei of cells were counterstained
with propidium iodide (Sigma-Aldrich). The cells showing bright stain-
ing for p65 in the nucleus were scored, and the results were presented as
a percentage of the number of cells with nuclear factor-«kB (NF-kB)
nuclear translocation to the total number of cells examined.

Animals. The methods for generating TG mice that overexpressed hu-
man TFAM has been described previously (Ikeuchi et al., 2005). The
animals were housed under 12 h light/dark cycle (lights on at 8:00 A.M.)
with access to food and water ad libitum. All mice were handled daily for
5 d before the start of the experiment to minimize stress reactions to
manipulation.

Immunoblotting. Antibodies against human TFAM and mouse Tfam
were produced by immunizing rabbits with recombinant glutathione
S-transferase-tagged human TFAM and mouse Tfam. The protein levels
of human TFAM and mouse endogenous TFAM were analyzed in the
soluble fractions of brain tissue homogenates as previously described
(Lin et al,, 2002).

Thiobarbituric acid reactive substances. Twenty male C57BL/6 mice
[wild type (WT) and TG] of the following age groups: young (2 months
ofage; WT, n = 5; TG, n = 5) and aged (24 months ofage; WT, n = 5; TG,
n = 5) were used for the measurement of thiobarbituric acid reactive
substances (TBARS). The homogenates of whole brains were mixed with
0.4% SDS, 7.5% acetic acid adjusted to pH 3.5 with NaOH, and 0.3%
thiobarbituric acid. The mixture was kept at 5°C for 60 min and then
heated at 100°C for 60 min. After cooling, the mixture was extracted with
distilled water and n-butanol:pyridine (15:1, v/v) and centrifuged at
16,000 g for 10 min. The fluorescence of the supernatant was measured
at excitation and emission wavelengths of 510 and 550 nm, respectively,
using GENios Pro (Tecan). The standard was prepared using TEP
(1,1,3,3-tetracthoxypropane).
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Effects of an overexpression of TFAM by the tetracycline-off system on rotenone-induced intracellular ROS generation and NF-«B nuclear translocation in HeLa cells. 4, CLMS images of

rotenone-induced intracellular ROS generation measured using a ROS-sensitive dye (green), DHE, in Hela cells cultured with or without DC. Scale bar, 20 w.m. B, The mean DHE oxidation levels in
Hela cells cultured with or without DC after treatment with EtOH or rotenone. Each column and bar represent the mean == SEM of six experiments. The asterisks indicate a significant difference
between two groups (*p << 0.05; **p < 0.01;***p << 0.001). €, NF- kB (green) and propidium iodide (PI)-stained nuclei (red) in HeLa cells cultured with or without DC after the treatment with EtOH
or rotenone. The arrowheads show Hela cells with the nuclear translocated NF-B. Scale bar, 50 pum. D, The mean percentage of the NF-B nuclear translocation in HeLa cells cultured with or
without DCafter the treatment with EtOH or rotenone. Each column and bar represent the mean = SEM of nine experiments. The asterisks indicate significant differences between two groups (*p <<

0.05; ***p < 0.001). Rot, Rotenone.

Mitochondrial enzyme activities. Twenty male C57BL/6 mice (WT and
TG) of the following age groups: young (2 months of age; WT, n = 5; TG,
n = 5) and aged (24 months of age; WT, n = 5; TG, n = 5) were used to
measure the mitochondrial enzyme activities. The specific activity of
mitochondrial complex enzymes, including complexes I, II, III, and IV,
was measured in mitochondria isolated from whole brains of each group
as described previously (Ide et al., 1999). The specific activity of
rotenone-sensitive NADH-ubiquinone oxidoreductase (complex I) was
measured by reduction of the ubiquinone analog decylubiquinone. For
the activity of succinate ubiquinone oxidoreductase (complex II), the
reduction of 2,6-dichlorophenolindophenol when coupled to complex
[1-catalyzed reduction of decylubiquinone was measured. For the specific
activity of ubiquinol/cytochrome ¢ oxidoreductase (complex III), the
reduction of cytochrome ¢ catalyzed by complex III in the presence of
reduced decylubiquinone was monitored. The specific activity of cyto-
chrome ¢ oxidase (complex IV) was measured by following the oxidation
of reduced cytochrome ¢, which was prepared in the presence of dithio-
nite. All enzymatic activities were expressed as nanomoles per minute per
milligram of protein.

Immunohistochemistry. Twenty-four male C57BL/6 mice (WT and
TG) of the following age groups: young (2—4 months of age; WT, n = 6;
TG, n = 6) and aged (20-24 months of age; WT, n = 6; TG, n = 6) were
used for the immunohistochemical analyses. WT and TG mice of both

young and aged groups were anesthetized with sodium pentobarbital (40
mg/kg, i.p.) and killed by intracardiac perfusion with isotonic saline
followed by PBS, pH 7.4. After perfusion, the brain was removed and
further fixed by immersion in 4% paraformaldehyde overnight at 4°C,
and then immersed in 30% sucrose for 24 h at 4°C. Floating coronal
sections (10 pwm thick) of the hippocampus were prepared by a cryostat
and stained with anti-human TFAM, anti-8-oxo-deoxyguanosine (8-
0x0-dG) (NOF Corporation), anti-4-hydroxy-2-nonenal (HNE) (Alpha
Diagnostic), and anti-interleukin-13 (IL-13) (Santa Cruz Biotechnol-
ogy) for 3 d at 4°C. To detect any oxidative damage in the mitochondrial
DNA rather than in the nuclear DNA, the sections were directly treated
with anti-8-oxo0-dG antibody without treatment of HCI as described
previously (Kajitani et al., 2006). After washing with PBS, the sections
were stained using the avidin—-biotin—peroxidase complex method (Vec-
tor Laboratories). After washing with PBS, the sections were reacted with
0.015% 3',3-diaminobenzidine/0.4% (NH,),Ni(S0,),/0.09% H,0,/0.1
mol/L Tris-buffered saline for 5-10 min. The sections were rinsed thor-
oughly with PBS, mounted, and coverslipped. As negative controls, the
sections were incubated with nonimmune rabbit IgG or mouse IgG in-
stead of the first antibody and processed in the same manner as described
above.

For double fluorescent staining, the floating sections were stained with
the following combinations of the first antibodies for 48 h at 4°C: anti-





