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Table 1 Association between o-adducin Gly460Trp polymorphism and
hypertension in younger subjects with low renin activity (< 1.0 ng/mL per h)

ADD] genotype GG GG+TT P
(mean + SEM) (mean + SEM)
24 h ABPM (n=90)
n 46 144
Daytime BP
Systolic BP (mmHg) 127.8+£2.0 131.8+1.5 <0.04
Diastolic BP (mmHg) 77.7+1.3 79.7+0.9 0.09
Night-time BP
Systolic BP (mmHg) 110.5£1.9 114.0£1.3 <0.05
Diastolic BP (mmHg) 65.6 1.1 67.0+0.8 0.17
Home BP (n=235)
n 55 180
Systolic BP (mmHg) 121.5+1.7 1247+ 1.2 <0.05
Diastolic BP (mmHg) 77.0+1.3 78.2+0.9 0.37

ADD1I, a-adducin gene; BP, blood pressure; ABPM, ambulatory BP monitoring.

calpain-10 gene (CAPNI0). Associations between blood
pressure readings and genotype were examined using
ANOVA, and those between these data and genotype
with the % test using contingency table analysis.

Results

The AGT/M235T polymorphism was significantly asso-
ciated (P < 0.05) with the scores for the brainstem, basal
ganglia and cerebral lacuna. The AT1/A1166C polymor-
phism was also associated in younger subjects with the
basal ganglia and cerebral lacuna scores, and with the
PVH grade. Multivariate analysis confirmed the signifi-
cance of these associations, suggesting that these gen-
otypes are independent risk factors for asymptomatic
cerebral infarction.” Examination of the relationship
between diurnal variation in BP on ABPM, and the
AGT/T + 31C, which is in the highest linkage dysequi-
librium with M235T polymorphism, revealed a signifi-
cant tendency to a higher incidence of the non-dipper
pattern, with a reduced nocturnal drop in BP, in
response to an increase in the number of C + 37 alleles
(= T235 allele).

If we limited our analyses to the elderly group, aged
65 or over, of the Ohasama subject population, we
found a relative weakening of the effect of genetic fac-
tors in comparison to the younger group. No influence
on BP was seen for ADDI polymorphism in the entire
population or the elderly group but when we examined

its influence in younger subjects with low renin activity, -

known to be closely related to salt sensitivity, we found
that, as in Caucasian subjects, BP was significantly ele-
vated in subjects with the Tp640 allele (Table 1).2

We examined the relationships between the lacuna
score, PVH grade and max IMT, as the risk factors for
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Figure 1 Association between endothelial nitric oxide
synthase gene (eNOS) polymorphism and hypertension and
cognitive function in the elderly.

asymptomatic cerebral infarction, and each genotype.
No significant associations were found, apart from the
basal ganglia lacunae and border regions in the ACE/DD
and AT1/C1166 allele carriers. The prevalence of hyper-
tension was associated significantly (P < 0.015) with the
AT1/C1166 allele but with no others, and no associa-
tions were seen between the HBP or mean BP measure-
ments during 24 h ABPM and any polymorphisms.
Because the G allele carriers of eNOS polymorphism
increased the prevalence of hypertension, BP tended to
rise, and the MMSE score decreased significantly
(Fig. 1; P < 0.006). The effect of this polymorphism on
cognitive function in the elderly is particularly of note
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with the increasing emphasis on the consequences of
increased BP.

Discussion

Interactions between genes and the environment, and
the advent of ‘tailor-made’ therapies

The ‘thrifty gene’, thought to aid survival in times of
famine, is known to cause lifestyle illnesses such as
hypertension in times of abundance. Possession of the
AGT/T235 allele, useful for retaining water and salt in
the body, held a survival advantage for peoples living in
the African savanna or making long ocean voyages, but
for those living in cold European climates with a com-~
fortable lifestyle, this genotype is transformed into a risk
factor for cardiovascular disease.* It has been known for
some time that the non-dipper pattern, with high noc-
turnal BP, is common in salt-sensitive hypertensives,
and the high incidence of the non-dipper pattern in car-
riers with the AGT/T23S allele has interesting implica-
tions for the production of ‘tailor-made’ therapies. In a
Jarge-scale cohort study conducted in the USA into the
effects of 3 years of weight loss and salt restriction in
normotensive subjects, the risk of developing hyperten-
sion was definitely higher in carriers with the AGT/T235
allele, but the interventions were also more effective.’
This indicates that the risk of developing hypertension
can be effectively reduced in carriers with the AGT/T235
allele through intensive lifestyle modification.

The results of the present study also demonstrated
that, solely in overweight subjects with a body mass
index (BMI) = 25 kg/m?, the Lys198Asn (G/T) polymor-
phism of the ET7 significantly increased susceptibility to
hypertension,® which agrees with results obtained from
Caucasian subjects, indicating that ET1 polymorphism
carries a risk of hypertension only in the pathological
state of obesity. In other Japanese study populations,
different B2 adrenergic receptor genotypes have also
affected the raised BP associated with obesity and it can
therefore be expected that intensive dietary advice and
exercise regimens will be effective in such patients.

A person’s genotype is unchanged throughout life,
and if it becomes clear that certain genotypes modify the
influence of environmental exposure, then it may
become possible to reduce the likelihood of developing
some diseases through stringent control of the relevant
environment factors. These tailor-made therapies will
therefore consist not only of choosing the appropriate
medication for the individual patient's constitution, but
will also include ancillary therapies based on the results

of genetic analysis. In fact, the nationwide Millenium
Project in Japan is now in progress, and the stated final
aims of the Council on High Blood Pressure are (i) the
discovery of at least 30 genes associated with diseases
and drug responsiveness; (i) improved therapeutic
results through the selection of the most appropriate
medication for the individual patient (i.e. tailor-made
therapy); and (iii) development of landmark new drugs,
with the aim of reducing estimated admissions for car-
diovascular diseases by 20% and the requirement for
treatment of stroke by 20%.
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First published December 24, 2003; 10.1152/jn.01049.2003. Cooper-
ative regulation of inosiol-1,4,5-trisphosphate receptors (IP,Rs) by
Ca** and IP, has been increasingly recognized, although its func-
tional significance is not clear. The present experiments first con-
firmed that depolarization-induced Ca”" influx triggers an outward
cutrent in visual cortex pyramidal cells in normal medium, which was
mediated by apamin-sensitive, small-conductance Ca®*-dependent
K™ channels (SK channels), With IP;-mobilizing neurotransmitters
bath-applied, a delayed outward current was evoked in addition to the
initial outward cwrent and was mediated again by SK channels.
Calctum turnover underlying this biphasic SK channel activation was
investigated. By voltage-clamp recording, Ca®" influx through volt-
age-dependent Ca>" channels (VDCCs) was shown to be responsible
for activating the initial SK current, whereas the IP;R blocker heparin
abolished the delayed component. High-speed Ca** imaging revealed
that a biphasic Ca** elevation indeed underlays this dual activation of
SK channels. The first Ca** elevation originated from VDCCs,
whereas the delayed phase was attributed to calcium release from
IP;Rs. Such enhanced SK currents, activated dually by incoming and
released calcium, were shown to intensify spike-frequency adaptation.
We propose that spike-induced calcium release from IP;Rs leads to
SK channel activation, thereby fine tuning membrane excitability in
central neurons.

INTRODUCTION

Intracellular Ca®" is a versatile second messenger in neu-
rons. Varieties of neural events such as long-term potentiation
(Berridge 1998; Lynch et al. 1983), long-term depression
(Rose and Konnerth 2001; Sakurai 1990), electroencephalo-
" graphic (EEG) rhythm generation (McCormick and Contreras
2001), and neural cell death (Choi 1995) are all dependent on
intracellular Ca®>* increase. Yet, once intracellular Ca®* is
increased, one of such Ca®*-dependent events, but not the
others, is specifically triggered. How can the versatility and
specificity co-exist in the neural Ca*" signaling? An emerging
view related to this question is that Ca®* channels and Ca®"-
activated channels form functional complexes, and each com-
plex may be dedicated to one particular finction. It is classi-
cally known that a channél coupling composed of voltage-
dependent Ca”* channels (VDCCs) and small-conductance

Ca**-dependent K™ channels (SK channels) is responsible for
spike-frequency adaptation, a Ca*"-dependent negative feed-
back regulation of membrane excitability (Sah 1996). A spe-
cific linkage of N-methyl-p-aspartate receptors (NMDARS)
and large-conductance Ca”*-dependent K™ channels (big-K;
BK channels) enables a synaptically triggered, extra~-synaptic
inhibition (Isaacson and Murphy 2001), Ca®** inflow from
NMDARS is known as a particularly suitable activator of
ryanodine receptors (RyRs) in hippocampus pyramidal cell
spines, suggesting a functional coupling between NMDARSs
and RyRs (Emptage et al. 1999). An intimate link is proposed
between VDCCs and Ca**-dependent cationic channels, which
contributes to generation of spike afterdepolarization (Par-
tridge and Valenzuela 1999). The Ca®*-activated Ca®*-release
channels RyRs and IP;Rs appear to play unique roles in orga-
nizing such channel complex because these channels can be
targets and donors of Ca®* at the same time. Hence, the Ca®*
release from these channels may in turn activate a second
target, thereby forming a functional triad instead of a coupling.

An interesting feature of such a functional triad involving
inosiol-1,4,5-trisphosphate receptors (IPyRs) would be that the
intermediate member of the triad, the IP;R, is dependent not
just on Ca** but also on IP;-mobilizing neurofransmitters.
Recently, cooperative regulation of TP;Rs by Ca** and IP,
(Bezprozvanny et al. 1991; Finch et al. 1991; Iino 1990) has
been increasingly recognized in neurons (Nakamura et al.
1999, 2000; Wang et al. 2000; Yamamoto et al. 2000, 2002a,b;
Yang et al. 2002). Typically, a Ca**-induced Ca®" release
(CICR) from IP;Rs has been described in hippocampus (Na-
kamura et al. 1999; Power and Sah 2002) and visual cortex
pyramidal cells (Yamamoto et al. 2000) in which IP,Rs are
activated beforehand by IP; until their opening is finally trig-
gered by action potential-induced Ca®" inflow through
VDCCs. We have proposed that a functional significance of
this mode of IP,-assisted CICR may reside in its role in
enhancement of spike-frequency adaptation (Yamamoto et al.
2002a). Because the target of this distinct type of CICR is not
known, a functional triad consisting of VDCCs, IP;Rs, and the
yet-unknown target has not been undoubtedly established to
date. We have now identified SK channels as the target. This
functional triad was switched on by TP;-mobilizing neurotrans-
mitters and indeed enhanced spike-frequency adaptation in
visual cortex pyramidal cells.
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METHODS
Slice preparation

All experiments were performed in accordance with the guiding
principle of the Physiological Society of Japan and with the approval
of the Animal Care Committee of Kyoto University Graduate School
of Medicine. Slices (300 um thick) of the visual cortex were prepared
from Wistar rats (1618 days old) with a microslicer DTK-1000
(Dosaka, Kyoto, Japan). Slices were kept at room temperature for
=60 min before experiments in normal medium composed (in mM) of
124 NaCl, 3.0 KCl, 2.5 CaCl,, 2.5 MgSO,, 1.3 Natl,PO,, 26
NaHCO,, and 10 glucose bubbled with a mixture of 95% 0,-5% CO,.
In some experiments, CNQX (10 pM) and bicuculline (10 uM) were
added. The slices were placed in a recording chamber on the stage of
an upright microscope (BX50WI, Olympus, Tokyo, Japan) with a
X 60 water-immersion objective. The chamber was continuously per-
fused with medium at room temperature (~25°C) bubbled with a
mixture of 95% 0,-5% CO,.

Electrophysiology

Whole cell recordings were made from the soma of visually iden-
tified pyramidal neurons located in layer 2/3 of the visual cortex.
Recordings were continued only in cells that had the resting mem-
brane potential below —55 mV. Patch pipettes (5—-8 MQ) were filled
with an internal solution containing (in mM) 7 KCl, 144 K-gluconate,
10 HEPES, 2 MgATP, and 0.2 Na,GTP, pH adjusted to 7.3 with
KOH. Capacitance was compensated almost fully. Series resistance
was always 15-50 MQ and left uncompensated. The EPC-9 patch-
clamp amplifier and program package PULSE-PULSEFIT (HEKA
Electronics, Lambrecht, Germany) were used for data acquisition. For
voltage-clamp recording (held at —55 mV), a short depolarization
command to +10 mV for 5 ms was applied to evoke tail currents
(I sszw), Which would generate afterhyperpolarization (AHP) under
current clamp (Lypp). Iapms were recorded every 4060 s and digi-
tized at 5-10 kHz. We integrated [, from 20 to 200-500 ms after
the step depolarization to calculate the charge transfer representing the
medium AHP (mAHP). This charge transfer was adopted as the index
for evaluating the magnitude of mAHPs. For current-clamp recording,
a single action potential was evoked by a 3-ms depolarization current
pulse (800 pA), and mAHP following the action potential was re-
corded. Trains of action potentials were evoked by injecting depolar-
izing currents (100-250 pA for 500 ms). Carbachol application de-
polarized recorded neurons by at most 5-10 mV, and we set the
membrane potential back exactly to the resting level by passing
hyperpolarizing currents. The current-clamp recording started 5 min
after the application.

Drugs used

Depending on the purpose of experiments, we bath-applied one or
more of the following drugs: apamin (100 nM; Alomone), carbachol
(Cch; 10 uM), atropine (1 uM), thapsigargin (1 uM; Alomone),
(RS)-3,5-dihydroxyphenylglycine (DHPG; 10 uM; Tocris), CNQX
(10 M Tocris) and bicuculline (10 pM; Tocris), linopirdine (50 uM;
Sigma), iberiotoxin (50 nM; Alomone). Heparin (low molecular
weight, 4 mg/ml; Calbiochem) and ruthenium red (100 uM) were
contained in the internal solution of patch pipettes and thereby in-
jected intracellularly. For thapsigargin application, the recorded cells
were preincubated for 20— 60 min in medium containing thapsigargin.
For Ca** imaging, the Ca" indicator Oregon Green 488 BAPTA-1
(50 M, Molecular Probe) was injected intracellularly. N2+ (500
M) was applied extracellularly. At this concentration, Ni** blocks
all subtypes of VDCCs (Randail 1998). All the drugs were purchased
from Nacalai (Kyoto, Japan) unless otherwise noted.
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Ca®™ imaging

For Ca* imaging, neurons were filled with Oregon green 488
BAPTA-1 (50 uM), a Ca®* indicator, through the patch pipette.
Fluorescence images were acquired by a high-speed confocal laser-
scanning microscope (Oz, Noran). Based on the fluorescence image,
the time course of fluorescence intensity was calculated in several
regions of interest (ROIs), which were selected over the nucleus D,
extranuclear soma (S), and the proximal dendrite (D). To examine
Ca" transients in response to the depolarization command, 150 or
200 frames of image were collected at 120 Hz, and the increase in
fluorescence intensity was averaged over each ROI within images.
The fluorescence signals were subjected to background correction and
were expressed as relative increases in fluorescence (AF/F) in com-
parison with the prestimulus fluorescence level (). Recorded cells
were held at —55 mV, and a depolarization step to +10 mV for 5 ms
was given for each recording session.

Date analysis

Recorded data were analyzed with StatView. Data are expressed as
means *+ SE. Paired or unpaired -test was used for statistics with the
significance level set at P < 0.05.

RESULTS
Delayed 1 ,5;p component induced by mAchR activation

Under voltage clamp, the current that would produce AHP
under current clamp (o) was elicited in pyramidal neurons
by a depolarization pulse. [,y was integrated from 20 to 200
or 500 ms after the pulse termination to calculate the charge
transfer carried by the middle part of I,yp that corresponds to
the medium AHP (mAHP) (Sah 1996). [,y had a single peak
followed by a single exponential decay, which lasted ~200 ms.
L Was completely abolished by the selective SK channel
antagonist apamin (Fig. 14), thus reflecting mostly mAHP. The
charge transfer was reduced to 7.1 = 3.8% (n = 8, P < 0.0001)
by apamin, confirming that I,y was attributable largely to SK
channels. After application of the muscarinic agonist Cch, a
second slow component of /e emerged after the same fast
component as observed without Cch, thereby enhancing the
total charge transfer to 297 = 21% (n = 40, P < 0.0001; Figs.
1B and 2). By co-application of apamin along with Cch, both
the fast and slow components of ,;p were completely abol-
ished (—44.2 * 7.7%, n = 15, P < 0.0001). In the presence of
Cch and apamin, but not with apamin alone, a small, sustained
inward current was observed after the depolarization pulse
(Figs. 1B and 2). Co-application of the muscarinic receptor
(mAchR) antagonist atropine with Cch completely prevented
the Cch-induced emergence of the slow component, which is
evidenced by reduction of the slow I,pp enhancement to
98.9 + 1.1% (n = 7, Figs. 1C and 2) as compared with 297 *
21% in the presence of Cch alone (P < 0.001).

Ca’®™ mobilization underlying the dual Liyp activation

What role does the Ca®* influx through VDCCs play in the
dual activation of I,;p? Removal of the extracellular Ca®"
almost completely abolished both the fast and slow activations
(Figs. 1D and 2). The charge transfer by I,5p was reduced to
159 * 9.3% (n = 9, P < 0.0001) of control. [y,gp Was also
sensitive to VDCC blockade by 500 pM Ni** with the charge
transfer reduced to 5.0 = 8.1% (n = 10, P < 0.0001, Fig. 2).
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These results indicate that Ca®* influx through VDCCs is
essential for generating both the fast and the Cch-induced, slow
components of /.

How did the slow [ pp component emerge with Cch appli-
cation? Because mAchR activation by Cch will produce IP,,
Ca®* released through IP,R may keep SK channels activated
for a longer period. To test this possibility, the IP;R blocker
heparin was included in the patch solution. Heparin prevented
the slow enhancement of [,p in all the cells tested (67.3 = .
4.9%, n = 9, P < 0.0001; Fig. 3, 4 and D). Thapsigargin, a
Ca®" store depleter, also prevented this slow enhancement
(67.3 = 4.9%, n = 9, P < 0.0001; Fig. 3, B and D). Because
Ca®* influx might activate RyRs as well, we tested the effect
of ruthenium red, a blocker of RyRs. But, the enhancement of
Ly due to Cch was 280 = 44% with ruthenium red (n = 4,
P < 0.0001; Fig. 3, C and D), which was not significantly
different from the 297 * 21% increase with Cch alone. These
results indicate that Ca®™* release from IP;Rs, but not RyRs, is
essential for emergence of the slow enhancement of I, yp. IP;

Charge carried by lAHP

(%)
300
250
200
150
100

FiG. 2. Across-group comparison of the ,yp-carried charge. The charge
transfer, expressed as percent of controls, was increased by Cch application
(Cch), and reduced by applying apamin. The effect of Cch was cancelled out
by atropin (Cch + atropin). Both the effect of Cch and the control charge
transfer were eliminated by applying apamin alone (apamin) or in combination
-with Cch (Cch + apamin), by nominally removing exiracellular Ca>* (Cch +
0 Ca), or by blocking voltage-dependent Ca>* channels (VDCCs, Cch + Ni),
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is produced by activation of type I metabotropic glutamate
receptors (mGluRs) as well. The potent type-I-mGluR agonist
DHPG indeed enhanced [ p (to 356 = 40%, n = 8, P <
0.0001; Fig. 3F), indicating that increase in IP, is essential and
sufficient for the slow activation of SK channels.

Imaging study of Ca®™ mobilization

By Ca*" imaging, Ca®>" mobilization underlying the dual
SK channel activation was investigated (Fig. 4). Prior to Cch
application, [Ca®"J; elevation occurred immediately after the
depolarization command and decreased gradually both in soma
and proximal dendrite, thus consisting of just one phase of
increase (Fig. 4C, black lines). This was observed in all the
three ROIs (N, S, D in Fig. 4, 4 and C). After Cch application,
by contrast, a delayed phase of [Ca®*]; increase emerged and
overrode the initial phase in all the ROIs (Fig. 4C, red lines).
The green lines in Fig. 4C indicate the subtractions between
[Ca®™]; elevations with and without Cch, thus representing the
newly emerged phase of [Ca®*]; increase after Cch application.
Ca®" increases at the peak of elevation, as expressed by
percent of the prepulse level (AF/E), were 44.3 = 7.1% (N),
93.3 * 10.4% (S), and 167.4 = 14.9% (D) after Cch applica-
tion, and significantly greater than before Cch application (N,
17.7 = 1.1%, P < 0.005; S, 57.0 = 8.1%, P < 0.0005; D,
124.2 = 15.0%, P < 0.005; n = 12).

The Cch-dependent slow component was completely
abolished by intracellular application of heparin, and is
therefore likely to reflect depolarization-induced Ca*" re-
lease from IP;Rs (IP,-assisted CICR; Fig. 54). Peak Ca®*
increases were 19.0 = 2.8% (N), 51.4 = 8.7% (8S), and
106.9 = 14.5% (D) after Cch application and did not differ
significantly from those before Cch application (N, 20.7 =
2.7%; S, 58.6 = 8.4%; D, 122.9 + 22.6%; n = 5). On the
other hand, bath-application of apamin left the amplitude
and time course of the slow [Ca®*]; increase unchanged
(Fig. 5B). Peak Ca®" increases were 56.9 *= 3.2% (D),
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FG. 3. Critical role played by Ca®* release via inosiol-1,4,5-trisphosphate
receptors (IP;Rs) in the Ceh-induced enhancement of Iyp. AI: heparin injec-
tion prevented the Cch-induced -enhancement of L. With heparin, Cch
application rather reduced [ayp (Cch). A2: time course of the drug effects on
the charge transfer illustrated similarly to Fig. 1B2. B, I and 2: thapsigargin
also prevented the enhancement of J,gp by Ceh. C, 1 and 2: ruthenium red left
the effect of Cch unchanged. D; the summary diagram of the drug effects on
the charge transfer. E: (RS)-3,5-dihydroxyphenylglycine (DHPG) enhanced
Tavip:

101.8 = 11.1% (S), and 148.6 = 9.1% (N) after Cch
application and significantly greater than before Cch appli-
cation (N, 16.2 = 1.4%, P < 0.001; 8, 55.2 = 11.1%, P <
0.05; D, 93.3 * 6.7%, P <. 0.05; n = 3). Thus taken together
with the findings on I,yp, heparin blocked both the slow
component of Ca®* elevation and the slow enhancement of
Iypp, without affecting SK channels directly. On the other
hand, apamin blocked SK channels directly and thereby

abolished the slow enhancement of /,pp despite occurrence
of the slow phase of [Ca®"]; increase. We therefore con-
cluded that the slow Ca*" elevation, which represents 1P5-
assisted CICR (Yamamoto et al. 2000), activates apamin-
sensitive SK channels.

Ceh-induced enhancement of spike-frequency adaptation
depended on SK channels

As shown thus far, IP;R activation added a second slow
phase of depolarization-induced SK currents to the first phase,
which was evoked already without IP;R activation. The entire
time course of SK currents was thereby prolonged, and the
total outward charge fransfer increased. We then tested
whether such prolongation of SK currents reaily decreases
membrane excitability after spike discharge. Under current
clamp, Cch deepened and prolonged mAHP induced by a
single action potential (Fig. 64). The amplitude of mAHP was
4.46 *+ 0.55 mV without Cch and became significantly larger
with Cch (6.16 * 0.52 mV; n = 5, P < 0.05; Fig. 6C). The
time to peak of mAHP was also significantly longer with Cch
(228 *+ 15 ms) than without Cch (149 + 10 ms, n = 5, P <
0.01). Intracellular injection of heparin curtailed this effect of
Cch. With heparin intracellularly injected, the mAHP ampli-
tude (2.18 * 0.24 mV before Cch application) was not en-
larged by Cch application (0.92 = 0.3 mV, n = 5; Fig. 6B).
Rather the mAHP amplitude was reduced, and a presumed
spike afterdepolarization was overridden. Spike-induced cal-
cium release from IP;Rs (IP,-assisted CICR) was thus sug-
gested to play a critical part in the Cch-induced enlargement of
mAHP.

Furthermore, calcium imaging revealed that the Cch-in-
duced enhancement of mAHP during single spikes was accom-
panied by increases in spike-induced calcium elevation. We
plotted Ca®" increase during a single spike in a ROI located at
the soma-dendrite border (Fig. 6D). After application of Cch, a
delayed phase of calcium elevation emerged, and the whole
calcium increase was enhanced (red line, Fig 6D). According
to the findings obtained with voltage clamp (Fig. 4), the en-
hanced part of Ca®" increase is likely to represent spike-
induced calcium release. The peak calcium increase after Cch
application, expressed by percent of the control level (AF/F),
was significantly greater (74.2 = 13.7%) than before Cch
application (41.2 = 4.1%, P < 0.05; n = 4). Thus spike-
induced calcium release from IP;Rs was suggested to contrib-
ute to Cch-induced enhancement of mAHP during a single
spike.

We then examined effects of Cch on repetitive spike firing.
Depolarizing currents of longer duration (500 ms) were in-
jected. On injection, all the neurons fired in the regular spiking
fashion (McCormick et al. 1985). The current intensity was
adjusted to evoke 8-10 action potentials for 500 ms. Cch
application enhanced spike-frequency adaptation as previously
reported (Yamamoto et al. 2002a) and diminished the number
of action potentials by 1.6 = 0.3 (n = 9, P < 0.01; Fig. 74 and
B). Then by using the SK channel blocker apamin, it was
studied whether this Cch-induced enhancement of spike-fre-
quency adaptation depends on SK channels. Currents of the
same intensity evoked a larger number of spikes (9.7 = 0.62)
in apamin-containing medium than in control medium 7.7 =
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FiG. 4. Slow enhancement of depolarization-in-
duced [Ca®*]; increase by Cch. 4: fluorescence im-
age of a pyramidal cell. To calculate the time course
of Ca** concentration changes, regions of interest
(ROIs) were selected over the nucleus (N), extrami-
clear soma (S), and proximal dendrite (D). B and C:
[Ca**); increase without (black lines) and with Cch
(red lines). The green lines in C, as well as those in
Fig. 5, indicate the subtractions between black and
red lines; hence the net enhancement of [Ca®*7];
increase.
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0.62, P < 0.03, n = 10). Therefore the current intensity under
apamin application was so reduced that much the same num-
bers of spikes could be evoked as in normal medium. To
confirm the dependence of Cch-induced effects on SK chan-
nels, we first recorded spike firing under blockade of SK
channels by apamin, and then Cch was further applied. Under
SK channel blockade by apamin, Cch application failed to
enhance spike-frequency adaptation, confirming our conclu-
sion that Cch-induced enhancement of spike-frequency adap-
tation depends on SK channels. Cch application rather in-

heparin

N S D
Cch

creased the number of action potentials by 1.8 = 0.5 (n = 10,
P < 0.001). This excitability increase is due likely to blockade
of M channels by Cch (Marrion 1997) because the M channel
blocker linopirdine slightly exaggerated the Cch-induced en-~
hancement of spike-frequency adaptation (» = 8, data not
shown). The BK channel blocker iberiotoxin failed to affect
Cch-induced enhancement of spike-frequency adaptation (n =
7, data not shown), again supporting the conclusion that SK
channels are the target of depolarization-induced calcium re-
lease enabled by mAchR activation.

AFIF115% AFIF [25% AFIF [50%
200ms FIG. 5. Pharmacological perturbation of the Cch-
‘+10rnv -55mV | | dependent, siow enhancement of depolarization-in-
duced [Ca**]; increase. A: heparin prevented the
enhancement of [Ca®*}; increase by Cch. B: bath-
application of apamin left the amplitude and time
course of the slow [Ca®*); increase unchanged.
N S D
Cch
"o/ .!
w}‘“wk. ﬂ\ $
}\"‘q'f‘fw"i@f\d‘l S: w\[m ij\ ;IJ. w T
i ! . : W N i
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FIG. 6. Cch-induced enhancement of medium afterhyperpolariza-
tion (MAHP) and spike-induced calcium release after a single action
potential. 4: Cch deepened and prolonged mAHP after a single
action potential. Single spikes were induced by injecting depolariz-
ing currents. Intensity and duration of the current were adjusted to
induce a single action potential. B: intracellular application of hep-
arin blocked the effect of Cch on mAHP, suggesting that the Cch
effect depends on IP3Rs. C: the depth (amplitude) and time to peak
were both significantly larger with Cch than without, which clearly
indicates an enhancement of mAHP rather than fast AHP (fAHP).

C mv) amplitude (s} time o peak D Cch Heparin prevented these effects of Ceh. D: [Ca**]; increase with (red
8 250 g / line) and without Cch (black line) during a single spike, obtained
N from a ROI located at the soma-dendrite border (see Fig. 4). Cch

’ “‘*,, application enhanced calcium increase induced by a single spike.

W e The net enhancement of [Ca>*}; increase exhibited a delayed time

iy
J ‘\L"\nl‘\m\r.ﬁ.\wm i
o \ ki g

course similar to that obtained by using voltage clamp (Fig. 4),
suggesting that the enhanced part is due to calcium release.

:P contro!
control  Cch control  Cch
AFIF|25%
200ms

DISCUSSION

The present experiments demonstrated a Ca>*-dependent,
functional triad composed of VDCCs, IP;Rs, and SK channels.
This triad is linked functionally by spike-triggered Ca** inflow
and Ca?* release from IP;Rs. Although it remains unknown
whether these channels are physically coupled or not, we have
at least revealed a functional linkage among them. This func-
tional triad regulates spike-frequency adaptation under the
influence of IP;-mobilizing neurotransmitters. Spike-frequency
adaptation may operate even with this triad switched off,
depending solely on VDCCs and SK channels. Our discussion
in the following text is focused on how functionally advanta-
geous the mode of spike-frequency adaptation could become
once this triad is switched on.

Spike-frequency adaptation is-a typical example of Ca**-
mediated regulation of membrane excitability in which a class
of Ca*-activated K+ channels, SK channels, are activated by
spike-induced increases in intracellular Ca’", thereby stabiliz-

ing membrane excitability in a negative feedback fashion (Sah
1996). SK channels, activated voltage-independently and inac-
tivated with a slow time course (Hirschberg et al. 1998), play
the principle role in spike-frequency adaptation by evoking
mAHP (Sah 1996). Because spike firing opens VDCCs and
generate mAHP, it is naturally understood that Ca®* entry
through VDCCs will attenuate spike firing in a feedback man-
ner (Sah and Davies 2000). The gain of this minimal feedback
may not necessarily depend on the firing rate because the per
spike Ca®™ increase here has been shown constant (Yamamoto
et al. 2002a). As a second source of Ca®" increase, IP;-induced
Ca®" released from IP,Rs (IICR) is also reported to open
Ca*-activated K" channels including SK channels in mid-
brain (Fiorillo and Williams 1998, 2000; Morikawa et al. 2000)
and neocortex neurons (Stutzmann et al. 2003). However,
because IICR occurs depending on release of neurotransmitters
that lead to IP, synthesis but not on spike firing, a direct
activation of SK channels by IICR cannot constitute a feedback

A B
A { number of action potential )
3
kU\J . w FIG. 7. Enhancement of spike-frequency adaptation by Cch
W 2 application depends on small conductance Ca>* dependent K*
(SK) channels. In control medium, Cch diminished the number
L e———] L r— 3 of action potentials induced by a 500-ms-long depolarization
control Cch pulse (4, top; B, Cch), Under. blockade of SK channels by
1omv apamin, Cch application rather increased t.heir number (4, bot-
1—100ms € SRR tom; B, apamin + Cch). Note that apamin application makes
firing rate higher than in control medium when currents of the
same intensity was injected. Therefore before Cch application,
. -1 the current intensity in apamin-containing medium was so ad-
+ justed that much the same numbers of spikes could be evoked as
.2 in normal medium.
. . Qé\ C_:&
apamin apamin+Cch é\«\"
&
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regulation of spike firing. Also, an upregulation of SK channels
by IICR would not slow down the time course of Ca®* entry
and therefore would not explain the associated emergence of
the slow components of both Ca** increase and I, yp shown in
the present experiments. As a third possibility, spike-triggered
Ca*" influx persuades RyRs to release Ca®* [the conventional
CICR (Llano et al. 1994; Verkratsky and Shmigol 1996)],
which was documented to open Ca’*-activated K" channels,
including SK channels, in sympathetic neurons (Akita and
Kuba 2000; Davies et al. 1996; Jobling et al. 1993). This
conventional CICR could therefore boost the ability of spike-
triggered Ca®" influx to open SK channels activity-depen-
dently. Some intracellular signals, such as cADP ribose or FK
binding protein, are known to modulate RyRs in neurons
(Berridge 1998; Higashida et al. 2001). However, these signals
are not unequivocally shown to be mobilized by extracellular
signals like neurotransmitters. Thus so far, a synaptic control
cannot be held possible on spike firing regulation based on the
conventional CICR.

Yet another form of CICR has been described in hip-
pocampus (Nakamura et al. 1999; Power and Sah 2002) and
neocortex pyramidal cells (Larkum et al. 2003; Yamamoto
et al. 2000). Here, IP;Rs are initially primed by IP, increase,
and then a subsequent spike-induced inflow of Ca®™ triggers
Ca’" release from IP;Rs. This is a CICR by definition. But,
Ca®" is released from IP3Rs instead of RyRs. Also, this
mode of CICR, called IP;-assisted CICR in Yamamoto et al.
(2000, 2002a), is different from HCR that is triggered
by increase in IP; alone. The functional significance of
IP;-assisted CICR seems to originate from the supra-linear-
ity of the per spike Ca®* increase during its occurrence
(Yamamoto et al. 2002a). The present findings have shown
that Ca®>" recruited by IPs-assisted CICR aimed at SK
channels in pyramidal cells. A functional triad is thus
established that consists of VDCCs, [P;Rs, and SK chan-
nels. With this triad, because of an activity-dependent Ca>™"
release, the per spike Ca*" increase may grow supra-lin-
early with the firing rate increased, resulting in a supra-
linear increase in SK channel open probability. Thus the
gain of spike-frequency adaptation will be modified activi-
ty-dependently. Such gain modifiability may enable a finer
tuning of spike firing. More remarkably, this gain control is
regulated synaptically by neurotransmitters leading to IP,
synthesis.
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Targeted Disruption of TGF-B-Smad3 Signaling Leads to
Enhanced Neointimal Hyperplasia With Diminished Matrix
Deposition in Response to Vascular Injury

Kazuki Kobayashi, Koutaro Yokote, Masaki Fujimoto, Kimihiro Yamashita, Akemi S akamoto,
Masaki Kitahara, Harukiyo Kawamura, Yoshiro Maezawa, Sunao Asaumi, Takeshi Tokuhisa,
Seijiro Mori, Yasushi Saito

Abstract—The role of transforming growth factor (TGF)-B and its signal in atherogenesis is not fully understood. Here,
we examined mice lacking Smad3, a major downstream mediator of TGF-B, to clarify the precise role of
Smad3-dependent signaling in vascular response to injury. Femoral arteries were injured in wild-type and Smad3-null
(null) male mice on C57Bl/6 background. Histopathological evaluation of the arteries 1 to 3 weeks after the njury
revealed significant enhancement of neointimal hyperplasia in null compared with wild-type mice. Transplantation of
null bone marrow to wild-type mice did not enhance neointimal thickening, suggesting that vageular cells in sito play
a major role in the response. Null intima contained more proliferating smooth.muscletéellsi(S ,@1\4 with less amount of

collagen compared with wild-type intima. TGF-B caused significant inhibition: of: cellitkii. proliferation in wild-type

aortic SMC, whereas the growth of null SMC was only weakly inhibited by: TGE-$ in vitro,- 1}1d1cat1ng a crucial role
of Smad3 in the crrowl;h mhlbltory funcuon On the other hand Smad3 deflclcn(,y dld not attenuate chemotax1s of SMC

vasculoprotegtive, role of endocenous Smad3 in response toiinjury (Czrc Res. 2005;96:000- ()OO)
i ' T A
actgrr\—f% | Sym

proteases; and upregulating protease inhibitors, such as plas-
minogen act1vator mhlbitor type 8} (PAI 1) and tissue inhibitor

o Yiats TGF-B transgene into
ﬁbgoproh_‘feratlve intimal thickening in
animal models in the presence or absence of vascular inju-

t va €/
functions of TGF- B mcludmc gr0th mhlbmon cgell mlcrr
tion, differentiation, extracellular matrix production, and

immunomodulation. Abnormality in TGF-8 signaling may
cause pathological conditions such as tumorigenesis, fibrotic
disorders, and vascular diseases.? At present, however, the
role of TGF-J and its signaling molecules in atherogenesis is
not fully understood.

TGF-p is often regarded to have proatherosclerotic effect
on arteries. For example, TGF-f expression is increased in
human restenotic lesions as well as in neointimal hyperplasia
afier balloon injury in animals.® TGF-8 facilitates exiracel-
lular matrix deposition by stimulating production of procol-
lagen and fibronectin, downregulating the expression of

ry.®!¢ Moreover, TGF-f antagonism by antibody, soluble
receptor, or ribozyme reduces constrictive remodeling after
balloon injury in animals.11-13

On the other hand, considerable evidence implies antiath-
erosclerotic effects of TGF-B. TGF-B has been shown to
inhibit proliferation and migration of vascular smooth muscle
cells (SMCs) in vitro.!415 Inhibition of TGF-8 signal system-
ically by use of neutralizing antibody and soluble TGF-8
receptor type (TPR)-TI or in T-cells by expressing a
dominant-negative TAR-II results in an unstable plaque
phenotype in mouse models of atherosclerosis.!6-18 SMCs
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obtained from human atherosclerotic plagues were shown to
be defective in the TGF-B signal pathway and were resistant
to TGF-B-mediated growth suppression and apoptosis. 1?20
Furthermore, low blood levels of active TGF-B were associ-
ated with severity of vascular disease in a manner consistent
with an antiatherosclerotic effect of TGF-f.2!

TGF- elicits its effects via signaling through tetrameriza-
tion of two different receptor serine/threonine kinases, TBR-1
and TBR-I1.2223 Activation of the receptors leads to phos-
phorylation of cytoplasmic stgnal transducers Smad2 and
Smad3, classified as so-called receptor-activated Smads R-
Smad). The activated R-Smad heteroligomerizes with Smad4,
a common mediator Smad, and the complex is transported to
the nucleus where it regulates gene expression. In addition,
pathways independent of Smads, which involve MAP kinases
have also been described.?3 In mice lacking TGF-f3 signaling
molecules, ie, TAR-I and TAR-II, Smad2 and Smad4 turned
out to be embryonic lethal.?4-26 However, it was recently
found that the mice null for Smad3 survive into adnlthood.”’

We underfook the present study examining Smad3-null
mice in vivo and in vitro to elucidate the precise tole of
Smad3-dependent TGF-f signaling in the vascular response
to injury.
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Materials ai}

Reagents S B T

Reagents are dcggrib_gg in an expanded Materials and Methods
section in the online data i
http://circres.ahajoirnals.org; ;

tion was describe
ods section for'd

Femoral Artfe}fr Injury;
Mice femoral éfteﬁe§§§ \Afgr j

induced thrombosis method.?® See expand
section for details.

Histological Evalunation

Fixed femoral artery segments were embedded in paraffin and cut
into 5-pwm-thick serial sections. Six sections per one irradiated
segment at 1-mm intervals were stained with hematoxylin and eosin.
Neointima was defined as the region between the lumen and the
internal elastic lamina. The media was defined as the region between
the internal and external elastic lamina. The cross-sectional areas of
infima and media were measured using NIH image version 1.62f
(National Instituies of Health, USA). The intima-to-media (/M) ratio
was then calculated, and the mean I/M of all 6 sections per one
irradiated segments was determined. The sections with intimal
hyperplasia were also subjected to Masson’s trichrome staining and
immunohistochemistry. Masson’s trichrome-positive intimal area
was analyzed using Photoshop version 7.0 (Adobe). All the mea-
surements were made in blinded manner.

Immunohistochemistry

Immunohistochemistry is described in the expanded Materials and
Methods section.

Bone Marrow Transplantation

Bone marrow transplantation (BMT) was performed principally as
described previously.? Briefly, bone marrow cell suspensions ob-
tained from either Smad3-null or wild-type mice thigh bone were

available at

ol
& @’é%gtln Zymograp

s

“Statistical Analysis

treated with ACK lysis buffer (0.155 mol/L ammonium chloride, 0.1
mol/L disodium EDTA, and 0.01 mol/L potassium bicarbonate) to
lyse erythrocytes. The cells were intravenously injected to recipient
Smad3-null or wild-type mice (1X 109 per body) between the age of
6 and 9 weeks 3 hours after lethal irradiation (8.5 Gy). Engraftment
of the transferred bone marrow was confirmed by polymerase chain
reaction (PCR) on peripheral blood DNA according to the protocol
by Yang et al.26 Femoral artery injury was performed 6 weeks after
the bone marrow transfer.

Cell Culture
Mouse aortic SMCs were obtained and cultured as described by
Ohmi et al?® (see expanded Materials and Methods section). Exper-
iments were performed on cells after 5 to 10 passages from the
primary culture.

Immunocytochemistry

Immunocytochemical staining using anti-c-SMA and SMM anti-
bodies was performed as described by Hasegawa et al?! with some
modification (see expanded Materials and Methods section).

e

Immunoblotting,;,. ... {jv - ,
Immunoblotting was egsentially performed. s previously described3?

(see expanded Materi‘alsv:m_ld:M@thods Settion).

(%}‘owth Inhibition Assay
Growth inhibition assay was performed as described by Datto et al??

23
I

Cell Migration Assay

- ($Be e ﬁﬁ’ﬁded"Mdféfr‘isals and Methods section).
i .

-SMC migration was evaluated by modified Boyden chamber meth-

§d34 (see expanded Materials and Methods section).
'S-"*_ 5

L -
Real:Time Quantitative PCR

[P . . . . .
# . Real-time quantifative PCR is described in expanded Materials and
agethods section,

y

Gelat;&gymogrgphy is de&cri}%ed in the expanded Materials and

Ty

Resulis were presented as mean+SEM. Statistical analyses used
two-tailed, unpaired student 7 test.

Methods sectio
¥ ;‘,y&'ht £

f

Results

Mice Lacking Smad3 Show Enhanced Neontimal
Hyperplasia in Response to Injury
To evaluate a role of Smad3 in the pathogenesis of neointimal
hyperplasia, femoral arteries of wild-type (n=12) and
Smad3-null (n=10) male mice were injured by use of
photochemically-induced thrombosis method.?s Histopatho-
logical examination of the arteries 1 to 3 weeks after the
injury revealed markedly enhanced neointimal thickening in
Smad3-null mice compared with wild-type mice (Figure 1A
and 1B). As shown in Figure 1C, mean /M ratios evaluated
at 1 and 3 weeks after the injury were significantly higher in
Smad3-null arteries (0.193+0.034 at 1 week and
0.541+0.093 at 3 weeks) than those of wild-type arteries
(0.059+0.018 at 1 week and 0.115+0.060 at 3 weeks,
P<0.01 at each time point).

Immunohistochemical examination showed that both neo-
intimal and medial cells were positive for a-SMA. (Figure 2A
and 2B) but negative for pan-lenkocyte marker CD45 (Figure
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Figure 1. Neointimal thickening in injured
femoral arteries of wild-type and Smad3-
null mice. Photomicrographs showing
representative cross sections of hema-
toxylin and eosin-stained femoral arteries
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2C and 2D), indicating that the intima was exclusively
composed of SMCs. The same anti-CD45 antibody recog-
nized levkocytes in vasa vasorum (Figure 2D) as well as
lymphocytes in the mouse spleen (Figure 2E).

TGF-B is well known for its antiinflammatory effect.}2 To
determine whether systemic inflammation due to Smad3
deficiency contributes to enhanced neointimal formation, we
injured femoral artery of wild-type and Smad3-null mice after
bone marrow transplantation (BMT). Lethally irradiated
Smad3-null mice received 1X10° bone marrow cells from a
wild-type mouse (BMT"™™! mjice). At the same time,
irradiated wild-type mice were given bone marrow either
from Smad3-null or wild-type mice (BMT™~"¢ and
BMT*"*" mice). Photochemical injury was performed 6
weeks after the bone marrow transfer, and the arterial cross
section was analyzed 3 weeks later. As shown in Figure 1D,
mean I/M ratio was significantly higher in BMTwld—ml
arteries (0.353:0.091) than those of BMTui—-wild
(0.067%£0.031, P=0.011) or BMT™~¥ (0.073%0.018,
P=0.039) arteries. /M ratios in BMTY%~m¥ and BMTI—wild

BMTod . SETe el BRETww
(o=3) @=3)

from wild-type (A) and Smad3-null (B)
and BMTuli-wid (E) and BMTwid—null (F)
mice 3 weeks after endothelial injury. L
indicates vascular lumen. Arrows indicate
the positions of the internal elastic lam-
aghnification xX200;
tima-to-media (/M) ratios
: eks in wild-type and
Smad3-null mice (C) and in BMTW—wid,
BMTwid=nul and BMTWd—wld 5t 3 waeks
(D) were calculated from cross sectional
areas morphometrically measured using
an image analyzer. Open and closed col-
umns indicate wild-type and Smad3-null
mice, respectively. *P<0.01 compared
with wild type at each time point;
TP<0.05 compared with BMTul—wid

mice tended to be lower than those of Smad3-null and
wild-type mice, respectively, presumably due to the effect of
vascular irradiation.336 Representative cross sections of
BMT™'~M and BMT¥™>"! femoral arteries are shown in
Figure 1E and 1F.

Smad3-Null Intima Is Rich in Proliferating Cells
but Contains Low Amounts of Collagen Fibers
Intimal cell proliferation was assessed by immunohistochem-
ical detection of PCNA in the femoral artery sections 1 week
after the injury (Figure 3A and 3B). The ratio of the
PCNA-positive nuclei to total cell nuclei was higher by
1.8-fold in Smad3-null intima compared with wild-type
intima (Figure 3C). The result shows an increased prolifera-
tive activity of SMCs in Smad3-null artery at the early stage
after injury.

We next evaluated intimal cell density in hematoxylin and
eosin-stained arterial sections 3 weeks after the injury. As
shown in Figure 4A, the ratio of intimal cell number to total
intimal area was 1.6-fold higher in Smad3-null artery
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P<0. 01) 1nd1cat1n0 hwher cell densﬁy relative to extrace

lular area in Smad3-null intima. Because TGF-B/Smad3

signal is implicated in extracellular matrix (ECM) deposition,
Masson trichrome staining was also performed on a 3-week
artery specimen (o evaluate the amount of extracellular
collagen fibers (Figure 4C and 4D). As summarized in Figure
4B, Smad3-null neomtima showed 60% reduction in the ratio
of Masson trichrome-positive area to total intimal area
compared with that of wild-type intima. These resuits suggest
that Smad3 deficiency caused increased SMC number with
less collagen deposition in neointima.

Growth Inhibition by TGF-$ Is Attenuated in
SMCs Lacking Smad3

To identify the mechanisms by which Smad3 deficiency
caused exaggerated intimal hyperplasia, biological responses
of the aortic SMCs obtained from wild-type and Smad3-null
mice were examined in vitro. The cells were positive for both
a-SMA and SMM (Figure 5A and 5B) as examined by
immunocytochemistry. They also exhibited the classic “hills
and valley” appearance, a feature characteristic of confluent
cultured vascular SMCs. No morophological differences were
observed between wild-type and Smad3-null SMCs (data not

Figure 2. Immunohistochemical analysis
of neointimal components. Cross sec-
tions of femoral arteries from wild-type
(A and C) and Smad3-null (B and D)
mice 3 weeks after endothelial injury and
of mouse spieen (E). Immunostaining
was performed using specific antibodies
for a-SMA (A and B) and CD45 (C, D,
and E). L. |nd|cates vascular lumen.

indi ie positions of the inter-
nal elastic | ‘Arrowheads indicate
the positions of representative CD45-
positive leukocytes. Original magnifica-
tion X200; bar=50 um.

: shown) It was conﬁrmed by immunoblotting that SMCs

derived from Smad3-null mice lacked expression of Smad3,
whereas Smad2 level was similar in both cells (Figure 5C).
The SMCs were first tested for proliferation. As shown in
Figure 6A, TGF-B dose-dependently inhibited FBS-
stimulated DNA synthesis in wild-type SMCs with the
maximal inhibition of 70% at 1 ng/mL and higher doses. Tn
contrast, growth of Smad3-null SMCs was only weakly
(<30%) inhibited by TGF-B. In addition, the basal growth
rate of the null cells was approximately 1.4-fold higher than
that of the wild-type. Similar results were obtained for two
additional cell lines of each genotype. The resulis firmly
establish an essential role for Smad3 in TGF-B-mediated
inhibition of cellular proliferation in vascular SMCs.

Smad3 Deficiency Does Not Attenuate
TGF-B-Mediated Migratory Response in SMCs
The cells were next examined for migration, another function
crucial to neointimal formation. Aschcroft et al¥? previously
reported that Smad3-null monocytes and neutrophils were
unable to migrate toward TGF-B, suggesting Smad3 is
required for migration signal downstream of TGF-B. As
shown in Figure 6B, Smad3-null SMCs dose-dependently
migrated toward TGF-B at least to a similar extent as
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Figure 3. In vivo evaluatlon of cell: prohferatlon in neomtlma
Representative anti-PCNA-stained cross sections of femoral
arteries from wild-type (A) and Smad3-null (B) mice obtained 1
week after the injury. Arrowheads indicate PCNA-positive cells
in intima. C, Ratios of PCNA-positive intimal cell number to total
intimal cell number. L indicates vascular lumen. Original magnifi-
cation X200; bar=50 pm. *P<0.05 compared with the wild
type.

wild-type SMCs in a modified Boyden chamber assay.
Moreover, Smad3-null cells showed a higher migratory
capacity (P<<0.05) than wild-type cells at 10 ng/mL TGF-f.
The result suggests that Smad3-dependent signal is not
essential for TGE-f-induced chemotaxis in murine vascular
SMCs.

SMCs Require Smad3 for the Regulation of Type
I Collagen, Matrix Metalloproteinases, and
TIMP-1 by TGF-f

Previous studies suggested that migration of medial SMCs to
intima involves extracellular matrix degradation.?83 Because
TGF-B is implicated in extracellular matrix metabolism
through transcriptional regulation of collagens, matrix metal-
loproteinases (MMPs), and TIMP-1,78 we examined the
ability of TGF-B to regulate mRNA expression of these

. aréa. ngurth, TGF-
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components in wild-type and Smad3-null SMC. Transcript
levels of COL1A2, membrane-type matrix metalloproteinase
1 (MT1-MMP), and TIMP-1 were evaluated by real-time
quantitative PCR. As shown in Figure 7A, TGF-B time-
dependently upregulated mRNA level of COL1A2 in wild-
type SMCs with a maximal increase of 3-fold. Induction of
COL1A2 by TGF-B was significantly less in Smad3-null
SMCs compared with wild-type cells at all time points.
TGE-B suppressed mRNA expression of MT-1 MMP, an
activator of pro-MMP-2,#0 to 64% of the basal level in
wild-type SMCs (Figure 7B). However, MT1-MMP level
was not affected by TGF- in Smad3-null SMCs. Moreover,
TGF-f increased TIMP-1 expression by 5-fold over the basal
level in wild-type SMCs (Figure 7C), whereas no significant
induction was observed in Smad3-null SMCs. Finally, the
effect of TGF-8 on MMP activity in SMC culture media was
examined by gelatin zymography (Figure 7D). The basal
gelatinolytic activity of MMP-2 in a serum-free conditioned
media was similar :for.wild-_typ nd Smad3-null SMCs.
TGFE-p time-dependently suppress MMP-2 activity in wild-
type cells with the maximal suppression of 29% at 24 hours,
but it did not show significant effect in Smad3-null SMCs.
These results suggest that Smad3 plays an essential role in

. TGF B.,, medxated 1egu1at10n of type I collagen, MMPs, and

. hypcrplas1a on endothelial injury compared with correspond-
- ifig W11d -type mice. Second, neointima of Smad3-null mouse

larger'number of PCNA-positive cells
type, -indicdting an increased prolifera-
i 1ty of Smad3 null SMCs in vivo. Third, Smad3-null
Wwed; higher cell dens1ty with reduced collagen
:mduced growth inhibition was dimin-
ished in Smad3-null SMCs in vitro. Fifth, Smad3-null SMCs
retained migratory activity toward TGF-B. And finally,
Smad3-null SMCs were impaired in induction of type I
collagen and TIMP-1 as well as in suppression of MMPs by
TGF-B. These results confirm a regulatory role of endoge-
nous Smad3 in vascular remodeling in response to injury.
Enhanced neointimal hyperplasia in Smad3-null mice (Fig-
ure 1) lend support to previous reports describing the asso-
ciation of low TGF-8 activity either at the ligand or receptor
levels with intimal lesion formation. Grainger et al*! showed
that transgenic expression of apolipoprotein(a) promoted
SMC proliferation and subsequent development of early
vascular lesions by inhibiting proteolytic activation of
TGF-B. Conversely, treatment with the antiestrogen tamox-
ifen increased serum TGE-B; levels and suppressed the
formation of aortic lesions in mice*2; a similar effect was also
observed in human subjects.** McCaffrey et al'® reported that
reduced TBR-II activity due to genomic mutations led to
SMC expansion in human atherosclerosis. Moreover, inhibi-
tion of TGF-B by use of a soluble type II receptor or a
neutralizing antibody accelerated atherosclerosis and induced
an unstable plaque phenotype in apoE-deficient mice.!?18
And our present findings, for the first time, demonstrate a
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(Figure 6A) sugccs that mcreased prohferatlve act1v1ty of

SMCs, plays a maJor role in growth inhibi
TGEF-B. It is to;benoted;that lack: of: Smad3 did-
TGF- B—mduced rowt' suppressmn n SMEs” (Flgure
The residual crowth mhlbltory act1v1ty is likely to depend
another mediator downstream of TGF- receptors, possibly
Smad?2.

Ashcroft et al?’ reported that Smad3 is required for
TGF-p-induced migration of monocytes, leukocytes, and
keratinocytes. Unexpectedly, Smad3-null SMCs were able to
migrate toward TGF-B (Figure 6B). The finding suggests
that, in contrast to the growth inhibitory function, Smad3-
dependent signal is not essential for chemotaxis by TGF-Bin
murine vascular SMCs. Tt is therefore likely that the ability of
medial SMCs to migrate into intima is preserved in Smad3-
null arteries. The signaling pathway responsible for TGF-p~
induced SMC motility remains to be elucidated.

TGF-B is known as a potent inducer of ECM deposition. It
has been demonstrated that overexpression and intravenous
adminisiration of TGF-B caused arterial intimal thickening
largely consisted of increased ECM.104 TGF- exerts fibro-
genic activity through enhancement of ECM synthesis as well
as inhibition of ECM degradation by downregulating MMP
expression and upregulating MMP inhibitors.6-# Previous
studies, mainly performed on dermal fibroblasts, showed that
TGF-p-mediated regulation of many ECM-related genes,
such as type I, III, V, and VI collagens, TIMP-1 and MMP-1

Figure 4. Evaluation of cell density and
matrix deposition in neointima. A, Ratios
of intimal cell number to total intimal

. area evaluated on hematoxylin and
eosin-stained femoral arterial sections
from wild-type (n=7) and Smad3-null
(n=6) mice obtained 3 weeks after the
injury. B, Ratios of Masson trichrome-
positive intimal area to total intimal area
in femoral arterial sections from wild-type
(n=7) and Smad3-null (n=6) mice 3
weeks after the injury. C and D, Pho-
tomicrographs showing the representa-
tive Masson trichrome-stained sections
of wild-type (C) and Smad3-nuli (D) fem-
oral arteries. Arrows indicate the posi-
tions of the internal elastic lamina. L indi-
cates vascular lumen, Original
magnification X200; bar=50 um.
*P<0.01 compared with the wild type.

was Smad3-dependent.45-47 In this study, we reported that
Smad3 null neointima was rich in SMCs with relatively less

“ eposmon"'compared with wild-type intima, as evalu-
ated by intimal cell density and Masson trichrome staining
(Figure-4), confl_mrumI a crucial role of Smad3-dependent

"mgnals in vascular ECM regulation. Moreover, TGF-B was

unable to enhance mMRNA expression of COL1A2 and
TH\/IP 1 or suppress MT1-MMP expression in Smad3- null
SMCS (qure 7), establishing Smad3-dependency of these
egulation of MMP-2 or gelatinase
ad3 pathway in SMCs, because
enuated MMP-2 activity in the culture media of
ad3:null-SMCs. Because degradation
y MMPs enables cell movement and

‘mﬁ ffix scaff 1d

“general tissue reorgamzamon,38 39 inability of TGF-f to sup-

press MMPs in Smad3-null SMCs may facilitate cell migra-
tion from media to intima in vivo.* Our in vitro finding that
Smad3-null SMCs show a higher migration than wild-type at
10 ng/ml TGF-B (Figure 6B) may support this idea. MMP
activity uninhibited by TGF-B as well as decreased matrix
deposition might also have contributed to enhancement of
intimal thickening in Smad3-null mice.

There have been reports on injury models suggesting that
TGF-$ promotes intimal thickening.39-134 The present re-
sult that Smad3 deficiency accelerates intimal response to
injury appears inconsistent with these results. However, we
do not think that our findings contradict to other reports on
TGF-B transgene or antagonism. Our model differs from any
other previous models in the point it specifically lacks Smad3
signal but not other TGF-§ signal components, eg, Smad2
and MAP kinases. Smad3 not only transduces signal down-
stream of TGF-f, but also plays a major role in signaling of
activins,2%23 other members of the TGF-B superfamily. Ac-
tivin A is expressed in atherosclerotic lesion™ and promotes
the contractile or nonproliferative phenotype of SMCs,3!
playing a role in stabilization of atherosclerotic plaque.
Adenovirus-mediated overexpression of activin A suppresses
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Figure 5. Cha :
enzymatically

anti-SMM (B, red) antibodies, countersiained w1th DAPI (blue,
for nuclei), and subjegted:to.fluorescent;microscopy. Onglnal

magnification X200. C Totalcell: Jysates of wildstype dnd:’
Smad3-null SMCs were analyzed.by SDS-PAGE:and subjected
to immunoblotting with an anti-Smad?2/3 antibody. Migration
positions of Smad2 and Smad3 are indicated.

neointimal formation.3! Although we have not examined the
involvement of activin A in the present study, it is assumable
that the defect in activin A signal in addition to TGF-8
accounts for the drastic neointimal hyperplasia in Smad3-null
mice. It is of interest to determine whether specific activation
of Smad3 in arterial SMCs in vivo attenuates neointimal
hyperplasia. As another possibility, proinflammatory status
caused by systemic Smad3 deficiency?” might have influ-
enced neointimal response. Although our BMT results (Fig-
ure 2D through 2F) show that the degree of intimal hyper-
plasia mainly depends on the origin of blood vessels and not
of bone marrow cells, further investigation is needed to
elucidate the entire role of inflammation in Smad3-null
vascular response.

Finally, overactivation of TGE-f-Smad3 pathway is im-
plicated in various fibrotic diseases involving organs such as
skin, lung, liver, and kidney. Molecular agents that block
Smad3-dependent TGF-J3 signal are anticipated as an ideal
therapeutic option for these disorders.*s However, our present
results lead us to surmise that systemic suppression of Smad3
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signaling can cause undesirable effects in the arteries by
facilitating proliferative intimal lesions. Therefore, selective
drug-delivery to the affected organs as well as careful
monitoring of possible vascular lesions should be considered
on clinical application of Smad3 inhibitors for fibrotic
diseases.

In conclusion, mice lacking Smad3 developed marked
neointimal hyperplasia on injury accompanying modulation
of growth and matrix regulation in vascular SMCs. This study
documents direct evidence and novel information on the
functional significance: a vasculoprotective role of Smad3-
dependent TGF-f signaling in response to injury.
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Figure 6. TGF-B-induced growth inhibition and migration of
wild-type and Smad3-null SMCs. A, Wild-type (open columns)
and Smad3-null {closed columns) SMCs were assayed for TGF-
B-induced growth inhibition using *H-thymidine incorporation.
Data are expressed as the means of three separate experi-
ments, each performed in quadruplicate. +P<0.01, ++P<0.05,
compared with the value of 0 ng/mbL TGF-8. B, Migration of
wild-type (open circles) and Smad3-null (closed circles) SMCs
toward various doses of TGF-B was measured by use of modi-
fied Boyden chamber method. Data represent the percentage of
cell numbers relative to those in the absence of TGF-3 and are
expressed as the means of five separate experiments, each per-
formed in triplicate. +P<0.01, ++P<0.05, compared with the
value of 0 ng/mL TGF-B. **P<0.05, compared with the value of
wild-type at 10 ng/mL TGF-8.
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Letters

Qur report is, to the best of our
knowledge, the first one describing the
effects of obesity surgery in type 1 diabe-
tes. In our opinion, gastric bypass surgery,
which is being performed increasingly of-
ten (~100,000 operations in the U.S. an-
nually [10}) in obese individuals, also
with type 2 diabetes (4-8), is a feasible,
safe, and effective method of weight re-
duction in young type 1 diabetic patients
with severe obesity and comorbidities
leading to metabolic syndrome (e.g., hy-
pertension, hyperlipidemia) (11). In our
patients, surgery-induced weight loss was
also associated with a decrease in insulin
requirement per kilogram of body weight
(0.60 t0 0.53 TU/kg in the first patient and
from 0.95 to 0.83 1U/kg in the second
patient). This observation may suggest
the presence of clinically significant in-
sulin resistance in severely obese type 1
diabetic subjects (12), which was subse-
quently reduced once weight loss occurred.
Importantly, neither of the patients had
any significant hypoglycemic episodes af-
ter the surgery, despite considerable re-
duction in HbA, level and apparent
increase in jnsulin sensitivity.

In conclusion, gastric bypass surgery
not only leads to a significant and main-
tained weight loss in type 1 diabetic pa-
tients, but also results in remarkable
improvement in metabolic control (abso-
lute reduction in HbA, . of 3—4%) and con-
comitant disorders. Interestingly, the need
for constant intensive insulin therapy in
these patients had no detrimental influence
on weight lossas an effect of obesity surgery.
Both patients lost 50—60% of their exces-
sive body weight during the follow-up pe-
riod, which is alsc the rate reported in
nondiabetic subjects (4,5,7).
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Dysadipocytokinemia
in Werner Syndrome
and Its Recovery by
Treatment With
Pioglitazone

erner syndrome (WS) (Men-

delian Inheritance in Man no.

277700) is an autosomal reces-
sive disorder known for progeroid phenc-
types including graying and loss of hair,
juvenile cataracts, insulin-resistant diabe-
tes, skin atrophy, premature atheroscle-
rosis, and cancer (1). Mutations in WRN,
a RECQ family DNA/RNA helicase gene,
have been identified to cause this disease.
The mechanism for insulin resistance in
WS remains to be elucidated.

Adipocytes secrete a number of hor-
mones (or adipocytokines), such as tumor
necrosis factor-a (TNF-a), leptin, adi-
ponectin, and resistin, thereby regulating
insulin sensitivity (2). WS patients typically
show the lipoatrophic skinny extremities
with an obese trunk (1). The accumulated
intra-abdominal visceral fat (3) suggests an
altered production of adipocytokines.

To investigate the role of adipocyto-
kines in the pathophysiology of Ws, we
examined the serum levels of TNF-a and
adiponectin in WS. Sera sampled from 24
WS patients (14 men and 10 women; 16
with and 8 without diabetes) proven to be
homozygous for WRN mutations, and 40
age- and sex-matched normoglycemic
healthy volunteers were assayed after in-
formed consent was obtained. Age (43 =
8.1vs.41.6 = 7.5years)and BMI (19.4 =
1.9 vs. 18.8 = 2.0 kg/m”) were similar for
diabetic and nondiabetic WS patients.

The serum level of TNF-a, a mediator
of insulin resistance, was significantly el-
evated in WS regardless of having diabe-
tes (21.8 % 8.7 pg/ml, P < 0.0001 by
Mann-Whitney test) or not having diabe-
tes (14.0 * 3.2 pg/ml, P = 0.002) com-
pared with the healthy control group
(6.05 = 3.0 pg/ml). Adiponectin levels in
diabetic WS patients (3.1 £ 2.9 pg/ml)
was significantly lower than in nondia-
betic WS patients (11.6 = 9.2 pg/ml, P =
0.006) or control subjects (14.4 = 8.8
wg/ml, P << 0.0001). The growing evi-
dence indicates insulin sensitizing as well
as antiatherogenic actions of adiponectin
and the association of decreased serum
adiponectin with insulin resistance, obe-
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