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Figure 3.  (aD effect on actin dynamics. A, The fluorescence recovery of mCherry- 3-actin over time after photobleaching, measured in neurons transfected with a mock vector (control) or
myc-tagged-CaD (+ CaD). Data are means = SE of values from 10 cells (**p << 0.01). B, Hippocampal neurons were transfected with GFP and mCherry-LifeAct to visualize spine volume changes
and F-actin dynamics. The neurons were treated with Jasp or LatB for 30 min in the midcle of the observation period, and changes in the mCherry and GFP fluorescence intensities in the spines were
measured. The graph shows F-actin dynamics, corrected for the spine volume change (mCherry/GFP). F-actin dynamics were suppressed at high Jasp or low LatB levels; these agents elicit F-actin
stabilization and depolymerization, respectively. C, Neurons were transfected with GFP, mCherry-LifeAct, and either a mock vector (control) or myc-CaD ( + CaD). Changesin fluorescence intensities
in spines, observed every 105 (top) (scale bar, 2 um), are shown in the graph (bottom). Compared with GFP intensity changes, the mCherry intensity fluctuated dramatically in control neurons,
whereas both the GFP and mCherry intensities were relatively stable in CaD-transfected neurons. D, Spine F-actin dynamics, observed with mCherry-LifeAct. The graph shows change rates of
mCherry-LifeAct fluorescence intensityin spines. Data are means = SEof values from at least 18 spines (**p << 0.01). E, Neurons were transfected with GFP and mCherry-LifeAct to visualize the spine
shape and the F-actin activity, and F-actin accumulation in spines was observed before or after LatB treatment. Scale bar, 10 p.m. F, Spine morphology in neurons transfected (Figure fegend continues.)
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spines and was resistant to Triton X-100

treatment (Fig. 1D, left). The Triton
X-100 resistance was abolished by the

120
100 g
W :| F-actin-depolymerizing agent latrunculin B
(LatB) (Fig. 1D, right). In sedimentation
assays, ~60% of the CaD protein cosedi-
mented with $-actin in the Triton X-100-
20 insoluble fraction, and LatB treatment
0 shifted their localization to the soluble

fraction (Fig. 1E). After treatment with
the actin-polymerizing agent jasplakino-
lide (Jasp), >80% of the CaD and fB-actin
cosedimented in the insoluble fraction
(Fig. 1E). Fluorescence recovery after
photobleaching (FRAP) assay also re-
vealed that Jasp treatment reduced the
GFP-CaD turnover rate in spines (Fig.
1 F). These data demonstrate that CaD is

actively accumulated into spines through
its association with F-actin.

CaD enlarges the spine heads by

= stabilizing actin filaments
To determine the function of CaD in spine
dynamics, we overexpressed the CaD frag-
ments in neurons. While GFP-CaD or GFP-
C-CaD induced larger spine heads than
GFP did alone, GFP-N-CaD did not (Fig,

2A-C). We also depleted endogenous CaD
using plasmid-type miRNA expression vec-

before cLTP O before cLTP
A = D control @ after cLTP
W ‘
| i
g.a 60
=c
ol 40
Z2E
&
®
50 0 50 100 150 200 250
times after photobleaching (sec)
iRN
180 miRNA1
100
ns
B 80
60
GFP
40
caD =
0 -
-50 0 5 100 150 200 250
merge times after photobleaching (sec)
miRNA
3 20[ RNA2
C i +-cLTP = +cLTP 100
> 16 80
o
gsn p
=10 A0
1] -
5s @ 20
'5§ [ B
2= 56 8 50 100 150 200 250
2 times after photobleaching (sec)
o
) 2.5

0.5 1 15 2
spine size (pm?)

Figure4. (CaDis necessary for chemical LTP to induce F-actin stabilization in spines. A, Spine morphology before and after cLTP;
yellow arrowheads indicate enlarged spines after cLTP (scale bar, 10 pum). B, CaD accumulation in enlarged spines after cLTP (scale
bar, 5 pum). €, Scatter plot of spine sizes versus CaD intensities in each spine in neurons with (red square) or without cLTP (blue
diamond). Data are obtained from at least 727 spines (p << 0.01). D, Fluorescence recovery of mCherry- 3-actin over time after
photobleaching, in hippocampal neurons transfected with control miRNA, CaD miRNA1, or CaD miRNA2. FRAP assays were per-
formed before and after cLTP. Data are means == SE of values from at least 10 cells (**p << 0.01).

least three times independently. Statistical significance was evaluated by
classical Student’s ¢ test, paired ¢ test, or one-way ANOVA.

Results

CaD accumulates in spines

CaD levels increased during development of rat hippocampal
neurons in culture and reached a peak at 16-21 d in vitro (DIV),
concurrent with dramatic increases in the postsynaptic protein
PSD-95 and the presynaptic protein synapsin I (Fig. 1A). GFP-
tagged full-length CaD (GFP-CaD) exogenously expressed in the
neurons appeared to accumulate in spines (Fig. 1B). The CaD
(GFP-C-CaD) C-terminal fragment, which includes actin-
binding domains, was also localized to spines, while the
N-terminal fragment (GFP-N-CaD), which lacks actin-binding
ability, was dispersed through both dendrites and spines (Fig,
1 B,C). These results suggest that CaD accumulates in spines by
associating with F-actin via its actin-binding domains. Consis-
tent with this scenario, endogenous CaD was localized in the

-—

(Figure legend continued.)  with GFP, GFP-CaD, and/or cof(S3A) (scale bar, 10 p.m); the graph
shows spine sizes and their cumulative distributions (G) and classification of spine morphology
(H). Dendritic protrusions in the neurons were classified by morphology: mushroom, thin,
stubby, or filopodial. Data are means == SE of values from at least 147 spines.

tors, which were validated in previous stud-
ies (Fukumoto et al., 2009; Morita et al.,
2012). Depleting endogenous CaD mark-
edly reduced the spine-head size and
changed the spine shape from mushroom to
thin or filopodial (Fig. 2 D—F). FRAP assay
using mCherry- 5-actin revealed that exog-
enous CaD significantly reduced the actin
turnover rate within spines (Fig. 34). The
time constants (inverse of the turnover rate)
for actin turnover were 19.3 = 1.1 s in GFP-transfected neurons
versus 24.6 = 0.9 s in GFP-CaD-transfected neurons (p < 0.01).
These data indicated that F-actin was stabilized. We also measured
F-actin dynamics using mCherry-LifeAct, which selectively binds
to F-actin and demonstrated real-time changes in the amount of
F-actin within spines (Fig. 3B). The dendritic spines exhibit sponta-
neous motility as previously reported (Fischer et al., 1998, 2000;
Korkotian and Segal, 2001; Star et al., 2002), and the dynamic mo-
tility is crucially based on the actin cytoskeleton (Fischer et al., 1998;
Star et al., 2002). In control neurons, the amount of F-actin in spines
varied dramatically compared with the spine volume traced by GFP
(Fig. 3C). F-actin localization in CaD-transfected spines was more
stable than that in control spines (Fig. 3C,D). This localization was
resistant to LatB treatment (Fig. 3E), implicating that CaD stabilizes
F-actin turnover in spines. Cofilin is considered to be a main factor
for F-actin depolymerization and severing in spines (Lisman, 2003;
Sarmiereand Bamburg, 2004). Indeed, cof(3A) (constitutively active
cofilin) reduced the spine-head size (Fig. 3 F, G). Interestingly, GFP-
CaD protected F-actin from cof(3A) attack and thus promoted
mushroom-shaped spines (Fig. 3F-H). Together, these results indi-
cate that CaD stabilizes actin filaments in spines, leading to larger
spine heads.
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tured hippocampal neurons, we first
examined the concentration of cortico-
sterone (CORT), the principal GC in
many species including rodents, in rat
blood plasma and brain extracts after
foot-shock stress. The CORT concentra-
tion increased markedly after stress, from
77.9 £30.0nMto 1577.8 X 191.6 nm (p <
0.01) in the blood plasma and from 16.7
0.5 nM to 275.0 = 36.0 nm (p < 0.01) in the brain (Fig. 5A). To
culture hippocampal neurons with these CORT concentrations,
our culture medium was prepared using CORT-free B27 supple-
ment, with CORT added to defined concentrations. Importantly,
the CaD levels decreased markedly according to the CORT dos-
age (Fig. 5B-E), and the F-actin was simultaneously decreased in
spines (Fig. 5D, bottom). Thus, these results suggest that chronic
CORT treatment decreases the localization of F-actin as well as
CaD in spines, leading to the reduction of spine head size.

We previously reported that the CaD gene encodes multiple
isoforms, and that the fibro- and HeLa-type promoter regions,
which function independently, regulate their transcription (Yano
et al.,, 1994). In hippocampal neurons, CORT treatment sup-
pressed the fibro-type isoforms more severely than the HeLa-type
isoforms (Fig. 6 A). Reporter assays showed that CORT reduced
the CaD fibro-type promoter activity (Fig. 6B). The CaD pro-

CORT concentrations were measured shortly after rats received four uncontrollable, inescapable foot shocks. Data are means -+ SE
of values from three independent experiments (**p << 0.01). B, CORT dose-dependent effects on CaD, PSD-95, and f3-actin
protein levels in neurons. Neurons were cultured with the indicated concentrations of CORT throughout the culture and
prepared samples at 21-24 DIV. €, Immunoblots shown in B were quantified by densitometry. Data are means = SE of
values from three independent experiments (*p << 0,05, **p << 0.01). D, GFP-transfected neurons cultured with 0 or 200
nu CORT were fixed and stained with anti-GFP and anti-CaD antibodies (scale bar, 10 um). E, CORT dose-dependent effects
on (aD, PSD-95, and [3-actin mRNA levels, determined by RT-PCR. Data are means = SE of values from three independent
experiments (*p << 0.05, **p << 0.01).

moter contains two putative cis-elements: a serum response fac-
tor (SRF)-binding CArG-box and a positive glucocorticoid
receptor (GR)-binding glucocorticoid-responsive element (GRE)-like
sequence (Mayanagi et al., 2008). In hippocampal neurons, the
positive GRE-like sequence was not involved in CaD promoter
activity, whereas a CArG-box mutation reduced the CaD pro-
moter basal activity; CORT treatment did not produce any addi-
tional effect on this activity (Fig. 6 B). These results suggest that
CaD transcription was promoted by the SRF/CArG-box and was
reduced by CORT through inhibition of the SRF/CArG-box-
dependent transcription.

CORT prevents spine development by downregulating CaD

Consistent with the decrease in CaD and F-actin contents, CORT
treatment resulted in smaller spine heads and a larger proportion
of thin spines. At CORT levels of 100200 num, as found in the rat
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Figure6. CORTeffects on CaDisoform levels. A, Hippocampal neurons were cultured with CORT at the indicated concentrations.
Total RNA was extracted, and RT-PCR was performed using specific primers for total CaD, fibro-type CaD, and Hela-type CaD. Data
are means = SE of values from five independent experiments (*p < 0.05, **p < 0.01). B, A schematic diagram of
mutation constructs of the CArG-box or GRE-like sequences in the rat fibro-type CaD promoter. Reporter assays were
performed in hippocampal neurons (21-23 DIV) cultured with 0 or 200 nm CORT using the indicated promoter constructs.
Reporter plasmid containing SV40 promoter (pGL3promoter) was used as a control. Data are means = SE of values from

three independent experiments (**p << 0.01).

brain under stress conditions, thin spines predominated with a
corresponding decrease in the number of mushroom spines (Fig.
7A-C). FRAP assay demonstrated that CORT increased actin
turnover rate (Fig. 7D). The time constants for actin turnover
were 19.1 = 0.7 s in the neurons cultured with 200 nm CORT
compared with 28.6 £ 0.6 s in those cultured without CORT
(p < 0.01). LifeAct assay also showed that CORT reduced the
spine F-actin stability (Fig. 7E). As many actin-regulating pro-
teins have been reported to modify spine shape, head size, and
function (Lisman, 2003), we used RT-PCR to examine the ex-
pression of 25 actin-regulating genes. While CORT treatment
affected the expression of some of these genes to a degree (data
not shown), only CaD expression was markedly decreased
(Fig. 5B-E). To confirm the importance of CaD reduction in
the detrimental effect of CORT on dendritic spine develop-
ment, we overexpressed CaD under high CORT concentra-
tions. Exogenous CaD enlarged the spine-head size and
promoted mushroom-shape spines even in the presence of 200
nM CORT (Fig. 8A-C). The spine F-actin stability that was
reduced by CORT treatment was recovered by exogenous CaD
(Fig. 8 D, E). Both FRAP and LifeAct assays showed that exog-
enous CaD stabilized F-actin even under 200 nmM CORT treat-
ment [time constants in FRAP for CORT-treated spines:
17.8 = 0.9 s vs for GFP-CaD-transfected CORT-treated
spines: 28.0 = 0.8 s (p < 0.01)]. These results suggest that CaD
is a critical downstream player in the detrimental effects of
CORT on actin cytoskeleton-dependent development of den-
dritic spines.

Discussion

In this study, we demonstrated that CaD modulates the spine-
head size in cultured hippocampal neurons by regulating F-actin
dynamics. CaD inhibits actin-myosin interactions and potently
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stabilizes F-actin (Sobue and Sellers, 1991;
Mayanagi and Sobue, 2011). In hip-
pocampal neurons, CaD was accumulated
in spines via an interaction with F-actin
(Fig. 1B), indicating that the function of
CaD in spines depends on actin. Both full-
length CaD and the CaD C-terminal frag-
ment stabilized F-actin and increased the
spine-head size (Fig. 2). Chemical LTP in-
duction requires reorganization of the
actin cytoskeleton, which shifts the G/F-
actin ratio toward stable F-actin and in-
creases the spine-head size (Gu et al,,
2010). CaD was accumulated in spine
heads in response to cLTP and stabilized
the actin dynamics (Fig. 4). These results
indicated that CaD was integral to this ac-
tin reorganization in spines (Figs. 2—4).
Thus, F-actin dynamics regulated by CaD
3 is critically involved in spine development
and plasticity. Because CaD localization at
spine heads also depends on F-actin, co-
operative bidirectional interactions be-
tween CaD and F-actin may be ultimately
required for regulating spine stability.
Neuronal architectures such as den-
dritic arborization and synaptic structure
have plasticity in response to various fac-
tors, and this structural remodeling oc-
curs throughout the lifespan (Dumitriu et
al., 2010; McEwen, 2010; Liston and Gan,
2011; Bloss et al., 2011). These alterations correlate with cognitive
and behavioral functions (Dumitriu et al., 2010; Bloss et al.,
2011). Although transient stress exposure evokes adaptive re-
sponses of the hypothalamus-pituitary-adrenal (HPA)-axis, re-
peated or chronic stress causes the hyperactivation of this
cascade. GCs have been intensely studied as a principal stress
mediator. Exposure to high GCs triggers adverse effects on syn-
apse formation, dendritic arborization, and hippocampal vol-
ume (Watanabe et al., 1992; Magarifios et al., 1996; McEwen,
1999, 2005; Wellman, 2001; Radley et al., 2004; Radley et al.,
2006; Liston and Gan, 2011). However, the molecular mecha-
nisms are not fully understood. To examine the effects of GCs on
cultured hippocampal neurons, we first measured the actual
CORT concentrations in the blood plasma and brain of rats with
or without foot-shock stress. Unexpectedly, the CORT concen-
trations in the brain were fivefold lower than those in the blood
plasma, but they increased 16-fold after foot-shock stress (Fig,
5A). To test the effect of CORT levels on hippocampal neurons,
we used a culture medium with a CORT-free B27 supplement
and added CORT to defined concentrations. Using this culture
system, we demonstrated that CORT at physiological concentra-
tions inhibited dendritic spine development (Fig. 7A-C). F-actin
dynamics are strongly linked to spine shape, motility, and plas-
ticity (Hotulainen and Hoogenraad, 2010). CORT treatment de-
stabilized the spine F-actin dynamics, changing the spine
morphology from a mature mushroom shape to premature, thin,
and filopodial shapes, as well as decreasing the spine-head size
(Fig. 7). These data provide a novel insight regarding CORT-
induced spine shrinkage as well as suppression of synapse forma-
tion and maturation. Previous in vive histological studies have
shown that chronic stress exposure decrease the number of den-
dritic spines (Radley et al., 2006). In addition, Liston and Gan
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suppressed the fibro-type CaD promoter’s
SRF/CArG-box-dependent activity (Fig. 6).
In this regard, activated GR inhibits SRF ac-
tivity in human prostate adenocarcinoma
cells (Yemelyanov et al., 2007). We previ-
ously demonstrated that GC upregulates
CaD expression via positive GRE-like se-
quences in both human lung cancer cells
and cortical neural progenitor cells (Mayan-
agi et al, 2008; Fukumoto et al., 2009).
However, in hippocampal neurons the
GRE-like sequences did not function for the
negative regulation of CaD transcription 120
and the direct contribution of GR via the
GRE-like sequences, therefore, seems to be
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As documented here, CaD playsanim-
portant role in synaptic plasticity as well,
because CaD is required for synaptic re-
modeling accompanied with chemically
induced LTP. CaD plays also a role as a
crucial downstream target in the stress/
GC-induced effects on dendritic spine de-
velopment. The abnormality of spine
structure is considered to be associated
with pathological dysfunction of the syn-
apse. Indeed, psychiatric and neurologic
disorders such as depression, schizophrenia, and Alzheimer’s dis-
ease are characterized by pathologically altered spines (van
Spronsen and Hoogenraad, 2010; Penzes et al., 2011). Thus, CaD
may be involved in the stress-induced psychiatric disorders. Since
spines and dendrites in young or aged rat brains are reported to
exhibit different responsiveness against chronic stress (Dumitriu
et al., 2010; Bloss et al., 2011), future study is required for this
mechanism involving CaD. Qur present study provides new
insight into the molecular basis of stress/GC-induced synaptic
remodeling, and detailed investigation of the relationship be-
tween stress/GCs and CaD should improve our understanding
of stress-induced neuronal plasticity and the related psychiat-
ric disorders.

Figure 7.
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Background: Axon extension, an essential step for creating neural circuits, is regulated by cytoskeletal dynamics.

Results: Caldesmon is a regulator of the actin cytoskeleton and enhances axon extension through direct interaction with myosin II.
Conclusion: Caldesmon binding to myosin II inhibits myosin II function, resulting in the enhancement of axon extension.
Significance: This study elucidates how caldesmon-regulated actin-myosin system is involved in axon extension.

To begin the process of forming neural circuits, new neurons
first establish their polarity and extend their axon. Axon exten-
sion is guided and regulated by highly coordinated cytoskeletal
dynamics. Here we demonstrate that in hippocampal neurons,
the actin-binding protein caldesmon accumulates in distal
axons, and its N-terminal interaction with myosin Il enhances
axon extension. In cortical neural progenitor cells, caldesmon
knockdown suppresses axon extension and neuronal polarity.
These results indicate that caldesmon is an important regulator
of axon development.

Neurons in the developing brain extend axonal and dendritic
arbors that create a complex circuitry, and the guided extension
of axonal fibers is an essential step in this process. Axon exten-
sion is regulated by the coordinated interaction of microtubules
and actin filaments in the axonal growth cone. A growing body
of evidence indicates that microtubule polymerization and sta-
bilization play positive roles in axon extension (1), whereas
actin filament roles are more complicated. For example, knock-
ing out Ena/VASP or Cdc42, which positively regulate actin
polymerization, causes axonal tract loss (2, 3). In contrast,
inhibiting the actin nucleation factor Arp2/3 and pharmacolog-
ically destabilizing actin filaments enhances axon extension (4,
5). Thus, the fundamental details of axon guidance and regula-
tion by actin filaments are not well understood.

Caldesmon (CaD)? was first identified as a smooth-muscle
protein that binds calmodulin and actin (6). It has since been
found to be ubiquitously expressed in smooth muscle and non-
muscle cells, and to regulate Ca®* -dependent actomyosin con-
traction (7, 8). CaD binds to the side of filamentous actin (F-ac-
tin) and inhibits actin-myosin interactions, as revealed by
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superprecipitation assays and actin-activated myosin ATPase
activity (9 -11). CaD binding also stabilizes F-actin filaments by
enhancing actin-tropomyosin binding and preventing the
actin-severing activity of gelsolin or cofilin (12, 13). CaD plays
important roles in migration of non-muscle cells via regulating
actin-myosin system (8). We recently reported that CaD is
involved in detrimental glucocorticoid-induced effects during
cortical brain development (14, 15): glucocorticoids increase
CaD levels, transiently retarding the radial migration of cortical
neuronal progenitor cells. We also reported that CaD localizes
to neuronal growth cones (16). Thus, it seems that CaD plays
multiple important roles in neuronal development. In this
report, we demonstrate a novel role for CaD in axon extension
via its N-terminal myosin binding sequence.

EXPERIMENTAL PROCEDURES

Materials—The myosin Il ATPase inhibitor blebbistatin, the
myosin light chain kinase inhibitor ML-7, and the Rho-associ-
ated protein kinase inhibitor Y27632 were purchased from
Merck. The following antibodies were purchased: anti-taul
(Chemicon), anti-MAP2 (Chemicon), anti-nonmuscle myosin ITA
(Abcam), anti-nonmuscle myosin IIB (Abcam), anti-GFP (Invitro-
gen), anti-FLAG (Sigma), anti-Myc (9E10, Santa Cruz Biotechnol-
ogy), and anti-GAPDH (FL-335, Santa Cruz Biotechnology). Anti-
CaD antibody was generated as previously described (17).

Cell Culture and Immunostaining—Hippocampal neurons
were prepared from rat hippocampi on embryonic day 18.5.
The dissociated neurons were plated on poly-1-lysine-coated
coverslips, and cultured in glial-conditioned MEM containing 1
mM pyruvate, 0.6% (w/v) D-glucose, and 2% B27 supplement
(Invitrogen). The next day, the culture was changed to a neuro-
basal medium containing 2% B27 supplement and 0.5 mM L-glu-
tamine. Cortical NPCs were prepared from rat cerebral cortex
on embryonic day 15.5 (E15.5), cultured as previously described
(14), plated on laminin-coated coverslips, and cultured under
basic FGF-free conditions to induce their differentiation into
polarized neurons. A549 and HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum. Cells cultured on coverslips were fixed using
4% paraformaldehyde and then processed for immunocyto-
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FIGURE 1. CaD involvement in axon extension. A, CaD protein localization in primary cultured hippocampal neurons. The neurons were fixed and triple-
stained with anti-CaD, anti-tau1 antibodies, and phalloidin (F-actin). Bar, 50 p..m. B, dendrite and axon fluorescence intensities measured in the CaD-immuno-
stained image shown in A; arrows indicate growth cones. C, neurons, which had been transfected with GFP as a cell volume maker, were fixed and triple-stained
with anti-CaD, anti-GFP, and anti-taul antibodies. Bar, 50 um. D, dendrite and axon fluorescence intensities were measured in the CaD-immunostained and
GFP-immunostained images shown in C, respectively, and then GFP-intensity was subtracted from CaD-intensity to correct for the influence of cell volume.
Arrows indicate growth cones. E, changes in CaD protein expression during neuronal development. F, morphology of GFP- or GFP-CaD-transfected neurons
after 3 days in culture (bar, 100 pm) and G, quantification of their axonal and dendritic length. Axonal length represents the longest axon branch. Data are
means = S.E. from six independent experiments. H, morophlogy of CaD-induced filopodia-like protrusions. The myc-CaD-transfected neurons were fixed and
stained with anti-tubulin and phalloidin (F-actin). Bar, 25 pm. I, morphology of neurons transfected with control miRNA, CaD miRNA1, or CaD miRNAZ, and
cultured for 5 days (bar, 100 m), and J, quantification their axonal and dendritic lengths. Data are means = S.E. from four to six independent experiments.

chemistry. To label F-actin, Alexa 568-phalloidin (Molecular
Probes) was added to the secondary antibody solution.

tional) and incubated with the precipitates for 3 h. The trans-
fected neurons were replated on poly-1-lysine-coated cover-

Transfection—Hippocampal neurons prepared from rat
embryos on E18.5 were transfected by the calcium phosphate
method as described previously (18). In brief, DNA-calcium
phosphate precipitates were prepared using a calcium phos-
phate transfection kit (Invitrogen). The hippocampal neurons
were plated on a NunclonA surface plate (Nalge Nunc Interna-

3350 _JOURNAL OF BIOLOGICAL CHEMISTRY

slips and cultured for 3 to 5 days. A549 and HEK293T cells were
transfected using Lipofectamine 2000 or Lipofectamine LTX
{Invitrogen).

Expression Plasinids— The coding regions for human I-CaD,
its N terminus (1-263 amino acids), C terminus (264 -558
amino acids), and N terminus A21-47 (lacking amino acids
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FIGURE 2. CaD involvement in cortical NPC axon development. A, proliferating cortical NPCs were incubated with control siRNA, CaD siRNA1, or CaD siRNA2
for 3 days, and cultured in basic FGF-free medium for 3 days. The cultured cells were fixed and stained with anti-tau1 (green) and anti-MAP2 (red) antibodies.
Bar, 200 wm. B, percentage of taul-negative non-polarized cells among the differentiating progenitor cells. Data are means = S.E. from at least 120 cells.
C, quantification of axonal length in taul-positive cells. Data are means = S.E. from at least 30 cells.

21-47 from the N terminus), and the N-terminal fragments of
rat myosin IIA (1-1961 amino acids) and IIB (1-1976 amino
acids) were amplified by PCR and subcloned into the highly
efficient mammalian expression plasmid pCAGGS. EGFP and
Myc tag sequences were fused to the 5'-end of the coding
sequences. The mcherry-LifeAct expression vector was con-
structed as previously reported (19).

RNA Interference—Short-interfering RNAs (siRNAs) against
rat CaD were transfected into growing cortical NPCs using
Lipofectamine RNAi MAX (Invitrogen). MicroRNA (miRNA)
plasmids against rat CaD were constructed as previously
described (14) and transfected into hippocampal neurons by
calcium phosphate precipitation. The targeting sequences and
the siRNA and miRNA knockdown efficacy were reported in
our previous studies (14, 20).

Immunoprecipitation—HEK293T cells with transfected ex-
pression vectors were lysed with Triton-X-buffer (0.05% Triton
X-100 (pH 7.6), 30 mm Tris-HCI, 50 mm NaCl 5 mm EGTA, 5
mMm MgCl,, 1 mm ATP, and protease inhibitor mixture for use
with mammalian cell and tissue extracts (Nacalai Tesque)).
Immunoprecipitation was performed using the earlier-listed
antibodies and protein G-Sepharose (GE Healthcare Life Sci-
ences). The Sepharose beads were boiled in SDS-sample buffer
to elute the immunocomplexes.

RESULTS

CaD Enhances Axon Extension in Hippocampal Neuromns—
CaD, a ubiquitous regulator of the actin cytoskeleton, localizes
along actin fibers and in the ruffling membrane (7, 8). Here, we
found that CaD was located in the soma and growth cones of
primary cultured hippocampal neurons, with the strongest
expression in the distal axon (Fig. 1, A-D). CaD levels increased
for 3 to 7 days in vitro (DIV) (2.3 * 0.8-fold at 7 DIV versus 2
DIV) while the neurons established polarity and actively
extended axons (Fig. 1E). The location and time-course of CaD
expression in these cells are consistent with its having a role in
axon extension.

We therefore investigated CaD function in neurite out-
growth by overexpressing or knocking down CaD in hippocam-
pal neurons. We used GFP-fused CaD (GFP-CaD), which has
the same functions as endogenous CaD (14, 20). GFP-CaD dra-
matically enhanced axon extension but did not significantly
affect dendrite length as compared with the control, GFP (Fig.
1, Fand G). GFP-CabD also enhanced formation of filopodia-like
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protrusions from the soma and axon branches (Fig. 1F). These
CaD-induced protrusions were composed of concentrated
actin filaments and were distinct from the main axonal
branches, which were filled with microtubules (Fig. 1H).
Knocking down the endogenous Cal) decreased axon length,
but not dendritic length (Fig. 1, I and J), indicating that CaD
accumulates in the distal axon of hippocampal neurons during
their development and enhances axon extension.

CaD Regulates Axon Development in Cortical NPCs—To
monitor CaD involvement in early events in neurite outgrowth,
we used cortical neural progenitor cells (NPCs), which prolif-
crate as non-polarized cells in the presence of basic fibroblast
growth factor (FGF) (14, 21). Under basic FGF-free conditions,
however, NPCs stop proliferating and establish neuronal polar-
ity with MAP2-positive dendrites and a taul -positive axon (Fig.
2A). When CaD was knocked down with siRNAs in proliferat-
ing NPCs, taul-staining showed that the establishment of neu-
ronal polarity was significantly suppressed within three culture
days under basic FGF-free conditions (Fig. 2, A and B). Even in
polarized cells, the length of taul-positive axons was signifi-
cantly shortened by CaD knockdown (Fig. 2, A and C), as
observed in hippocampal neurons. At an early stage of NPCs
differentiation into polarized cells, immature axons were often
stained with both anti-MAP2 and anti-taul antibodies. In the
CaD-knockdown NPCs, some short axons were MAP2/taul
double positive, suggesting delayed development of these cells.
These findings indicate that CaD plays important roles in estab-
lishing neuronal polarity and in axon extension in developing
NPCs.

CaD-Myosin Interaction Required for Axon Extension—CaD
has been reported to bind smooth muscle myosin at its N ter-
minus and F-actin at its C terminus, suggesting that it functions
to link these molecules (22). In the growth cone of hippocampal
neuronal axons, CaD colocalized with F-actin and myosin ITA/
I1B, the major non-muscle isoforms of myosin II (Fig. 34). To
examine myosin and actin involvement in CaD-induced axon
extension, CalD N- and C-terminal fragments (N-CaD and
C-CaD) were expressed separately in hippocampal neurons.
N-CaD enhanced axon extension like full-length CaD, but
C-CaD did not (Fig. 3, B-D), suggesting that CaD interaction
with myosin, but not F-actin, is necessary for CaD-induced
axon extension. On the other hand, C-CaD, but not N-CaD,
induced formation of the filopodia-like protrusions like full-
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FIGURE 4. CaD and myosin Il interactions. A, HEK 293T cells transfected with myc-CaD and FLAG-HMM IIA or FLAG-HMM [IB were immunoprecipitated using
anti-Myc antibody or B, anti-FLAG antibody. C, HEK 293T cells were transfected with FLAG-HMM IIA and GFP, GFP-CaD, GFP-N-CaD, GFP-N-CaD A21-47, or
GFP-C-CaD and immunoprecipitated with anti-GFP antibody. Arrowhead: IgG light chain position. D, HEK 293T cells were transfected with FLAG-HMM 1A and
GFP, GFP-CaD A21-47, or GFP-CaD and immunoprecipitated with anti-GFP antibody. Arrowhead: IgG light chain position.

length CaD (Figs. 1F and 3, C and E), suggesting that this effect
is dependent on the C-terminal actin binding domains.
Co-immunoprecipitation was used to determine whether
non-muscle myosin II, like smooth- and skeletal-muscle myo-
sins, binds to CaD. Because CaD) is reported to bind to the S-1
and S-2 regions of smooth and skeletal muscle myosins (23), we
examined CaD interactions with myosin IIA or IIB N-terminal
fragments, which are composed of a globular head domain, a
neck region, and a small tail fragment corresponding to heavy
meromyosin (HMM). As with smooth and skeletal muscle
myosins, CaD bound to HMM IIA and IIB, and CaD’s C-termi-
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nal F-actin-binding domains were not necessary for these inter-
actions (Fig. 4, A-C).

Previous studies demonstrated that the 27-amino acid sequence
in CaD’s N terminus (Tyr-21 to Lys-47 in human I-CaD) is neces-
sary for binding to smooth-muscle myosin (24). N-CaD A21-47
fragment, in which this 27-amino acid sequence is deleted, did not
interact with HMM IIA, and a CaD fragment including amino
acids 1-47 was the minimum required for HMM IIA binding (Fig.
4, C and D). Importantly, N-CaD A21-47 fragment completely
lost the ability to enhance axon extension (Fig. 3, Cand D), strongly
supporting the idea that CaD) is accumulated in the growth cone as
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FIGURE 5.CaD fragments ectopically expressed in A549 cells. A549 cells transfected with GFP, GFP-C-CaD, GFP-N-CaD, or GFP-N-CaD A21- 47 were fixed and
stained with anti-GFP antibody (green) and phalloidin (F-actin, red). At right, cells were treated with 10 um blebbistatin (blebb) for 30 min and then fixed and
stained with phalloidin. Bar, 100 um. B, quantification of fluorescence intensity of phalloidin staining in GFP-positive and GFP-negative cells, respectively.

an actomyosin component and enhances axon extension through
direct interaction with non-muscle myosin II.

N-CaD Exhibits the Same Effect as Blebbistatin—To deter-
mine the Signiﬁtaucc of CaD interaction with myosin, N-CaD
or C-CaD was transfected into A549 cells. CaD has been
reported to stabilize actin filaments via its C-terminal F-actin-
binding domains, causing thick actin fibers to form (12, 26). In
A549 cells, C-CaD strongly induced thick actin fiber formation
(Fig. 5, A and B). On the other hand, cells expressing N-CaD
showed significant actin fiber loss and a flat cell shape with
prominent lamellipodia (Fig. 5, A and B). These effects were
completely lost in A549 cells expressing an N-CaD A21-47
fragment lacking the 27-amino acid myosin-binding sequence
(Fig. 5, A and B). Further, these morphological changes were
very similar to those found in cells treated with the myosin
I1-inhibitor blebbistatin (Fig. 54). These results suggest that
CaD binds to myosin at its N terminus, and that it inhibits
myosin II function independently of its C-terminal F-actin-
binding domains.

CaD Changes Growth Cone Morphology and Mpyosin II
Localization—To determine the function of CaD in growth
cones, we observed growth cone morphology and myosin II
localization in the hippocampal neurons expressing CaD frag-
ments (Fig. 6). N-CaD inhibited lamellipodia expansion,
whereas C-CaD enhanced filopodia formation in growth cones.
Full-length CaD induced both lamellipodia retraction and
filopodia formation. N-CaD A21-47 had no effect on growth
cone m()rph()l()g)'.
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CaD, GFP-N-CaD, GFP-N-CaD A21-47, or GFP-CaD were fixed and stained
with anti-GFP (green) and anti-myosin IlA or lIB (red) antibodies. Bar, 10 um.
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In GFP-N-CaD-transfected neurons, myosin II staining was
slightly diffuse, but distinctly strong in the basal region of the
lamellipodia-poor growth cones. In the cells transtected with
GFP-CaD and GFP-C-CaD, myosin IT was tightly associated
with filopodia. N-CalD A21~ 47 had no effect on myosin II local-
ization. These results indicate that C-terminal actin binding
domains enhances actin bundling in growth cones, leading to
filopodia formation, with which myosin II associates. On the
other hand, N-terminal myosin-binding domain inhibits lamel-
lipodia formation in growth cone, but scarcely have an effect on
the myosin II localization.

CaD Enhances Axon Extension by Inhibiting Myosin—To
examine how inhibiting myosin function would affect axon
extension, hippocampal neurons were incubated with blebbi-
statin, myosin light chain kinase inhibitor ML-7, or Rho-asso-
ciated protein kinase inhibitor Y27632, drugs that directly or
indirectly inhibit myosin function. All of these drugs, especially
the direct inhibitor blebbistatin, significantly increased axonal
length compared with the vehicle control (Fig. 7, A and B). In
GFP-CaD-transfected hippocampal neurons, however, blebbi-
statin did not further accelerate axon extension (Fig. 7, C and
D). Coupled with its effects on axon extension, blebbistatin
induced morphological changes in the axonal growth cones,
inducing a switch from lamellipodial to filopodia-like protru-
sions (Fig. 7E). In the GFP-CaD-transfected neurons, axonal
growth cones displayed a filopodia-like morphology without
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expanded lamellipodia, and their morphology was not affected
by blebbistatin treatment (Fig. 7E). These findings indicate that
blebbistatin and CaD enhance axon extension via the same
pathway, through which myosin II function is inhibited.

DISCUSSION

CaD is a ubiquitous regulator of the actin cytoskeleton. Most
of CaD functional domains that bind F-actin, tropomyosin, and
calmodulin are located in its C terminus, and the C-terminal
fragment can inhibit myosin ATPase activity and stabilize actin
tilaments (8, 12, 26 -28). CaD N-terminal region also has a
myosin-binding sequence, through which CaD binds to smooth
and skeletal muscle heavy meromyosins (23). This binding
domain is probably involved in tethering myosin to actin fila-
ments (22, 29), but the significance of myosin binding to CaD
had been unclear. In our present study, we clearly demon-
strated that CaD enhances axon extension through direct inter-
action with non-muscle myosin II via its N-terminal myosin-
binding sequence. N-CaD), which lacks the all C-terminal
functional domains, exhibited the same effect on axon exten-
sion as full-length CaD (Fig. 3, C and D), indicating that axon
extension does not depend on the CaD-mediated physical
bridge between myosin and actin.

In addition to axon extension, CaD induced formation of the
filopodia-like protrusions from soma and axon branches (Figs.
LF and 3E). CaD also enhanced filopodia formation in growth
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cones (Fig. 6). C terminus of CaD, but not N terminus, was
required for both functions. C terminus contains some actin
binding domains, which are necessary for stabilization of actin
bundles (7, 8), and the filopodia-like protrusion were composed
of concentrated actin filaments (Fig. LH). These indicate that
actin stabilization by the C-terminal domains facilitates forma-
tion of these filopodial protrusions independently of N-termi-
nal myosin binding domain.

Results of our experiments using myosin II ATPasc inhibitor
blebbistatin strongly suggest an inhibitory effect of N-CaD on
myosin II function in hippocampal neurons and non-neuronal
A549 cells (Figs. 5 and 7). However, previous in vitro study
showed that the CaD'~**7 fragment, which lacks the C-termi-
nal actin-binding domains, does not inhibit actin-activated
myosin ATPase activity (29). Velaz et al. (22) reported that CaD
inhibits actin-activated myosin ATPase activity via its C-termi-
nal F-actin-binding domains, by preventing the myosin head
from binding to actin in vitro (21). Considering the discrepancy
between these in vitro studies and our in vivo study, we propose
that N-CaD inhibits myosin II function by unknown mecha-
nisms, which may include interacting with or recruiting addi-
tional myosin-inhibitory factors. Further investigations are
required to clarify how N-CaD inhibits myosin I1 function.

Growing evidences indicate that myosin II function is impor-
tant for axon outgrowth and axon guidance (30-35). However,
the molecular mechanism underlying actomyosin-mediated
axon extension has not been fully evaluated. An early study by
Letourneau et al. (36) clearly demonstrated that both “push” by
microtubules and “pull” by actomyosin in the growth cone play
central roles in axon extension. Actually, actin destabilization
by cytochalasin D or ADF/cofilin and myosin II inhibition by
blebbistatin enhance axon extension (Refs. 5, 25 and the pres-
ent study). CalD may inhibit the traction force generated by the
actomyosin contraction, thereby augmenting the pushing force
from microtubule extension.
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Abstract

Background: While the combination of an angiotensin re-
ceptor blocker with thiazide diuretics produces a clinically
beneficial reduction in blood pressure in patients who oth-
erwise only partially respond to monotherapy with an an-
giotensin receptor blocker, blood pressure-lowering ther-
apy with combination antihypertensive drug regimens in
patients with cerebral hemodynamic impairment may ad-
versely affect cerebral hemodynamics. The purpose of the
present exploratory study was to determine whether blood
pressure-lowering therapy with the combination of the an-
giotensin receptor blocker losartan plus hydrochlorothia-
zide (LPH) worsens brain perfusion in patients with both hy-
pertension and cerebral hemodynamic impairment due to

symptomatic chronic major cerebral artery steno-occlusive
disease. Methods: Patients with losartan-resistant hyperten-
sion and reduced cerebrovascular reactivity (CVR) to acet-
azolamide due to symptomatic chronic internal carotid ar-
tery (ICA) or middle cerebral artery (MCA) steno-occlusive
disease were prospectively entered into the present study
and received 50 mg/day of losartan plus 12.5 mg/day of hy-
drochlorothiazideat 14 weeks after the last ischemic event.
Cerebral blood flow (CBF) and CVR were measured before
and 12 weeks after initiating LPH using N-isopropyl-p-['#I]-
iodoamphetamine single-photon emission computed to-
mography (SPECT). A region of interest (ROI) was automati-
cally placed in the MCA territory on each SPECT image using
a three-dimensional stereotactic ROl template. Results:
None of the 18 patients who participated in the study expe-
rienced any new neurological symptoms or adverse effects
related to antihypertensive drugs. Systolic (p < 0.001) and
diastolic (p < 0.001) blood pressures were significantly re-
duced after the administration of LPH, with average reduc-
tions of 11 mm Hg in systolic blood pressure and 10 mm Hg
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in diastolic blood pressure. While in the affected hemisphere
CBF did not differ between measurements taken before and
after the administration of LPH, CVR was significantly higher
after the administration of LPH than before (p = 0.007) and
was significantly improved in 5 of 18 patients. In the contra-
lateral hemisphere, CBF and CVR did not differ between
measurements taken before and after the administration of
LPH. There were no patients who experienced a significant
deterioration in CBF or CVR in the affected or contralateral
hemisphere after the administration of LPH. Conclusions:
Although the present study was exploratory and its results
were preliminary due to the small sample size, the current
data suggest that blood pressure-lowering therapy with LPH
apparently does not result in worsening of cerebral hemo-
dynamics in patients with both hypertension and cerebral
hemodynamic impairment due to symptomatic chronic ICA
or MCA steno-occlusive disease.

Copyright © 2012 5. Karger AG, Basel

Introduction

When the target blood pressure of patients with hy-
pertension is not achieved with one antihypertensive
drug, multidrug therapy should be considered [1]. In fact,
multidrug therapy often produces greater blood pressure
reduction at lower doses of the component agents [1].

Angiotensin receptor blockers inhibit vascular tone
maintained by locally produced angiotensin II, resulting
in vasodilatation of large cerebral arteries [2]. Further,
pretreatment with an angiotensin receptor blocker pro-
tected hypertensive rats from brain ischemia by normal-
izing the cerebral blood flow (CBF) response [2], and a
4-week treatment course with this agent increased CBF
in patients with a history of stroke [3]. In contrast, thia-
zide-type antihypertensive drugs induce diuresis, and
oral long-term administration of these drugs may lead to
dehydration and affect blood rheology. Treatment with
hydrochlorothiazide decreases cardiac output by reduc-
ing extracellular fluid volume and plasma volume [4] and
increases whole blood viscosity and hematocrit [5-8],
which may reduce brain perfusion. However, the effect of
combination therapy with an angiotensin receptor block-
er plus a thiazide-type antihypertensive drug on brain
perfusion remains unknown.

Among patients with symptomatic major cerebral ar-
tery occlusive disease, the subgroup of those with cere-
bral hemodynamic impairment is at increased risk of
recurrent ischemic strokes [9]. Studies have demonstrat-
ed that patients with reduced cerebrovascular reactivi-

Losartan plus Hydrochlorothiazide and
Cerebral Blood Flow

ty (CVR) to acetazolamide measured by single-photon
emission computed tomography (SPECT) show an in-
creased risk of a subsequent stroke [10, 11]. In patients
with both hypertension and cerebral hemodynamic im-
pairment, blood pressure-lowering therapy with an an-
giotensin receptor blocker plus a thiazide-type antihy-
pertensive drug may adversely affect cerebral hemody-
namics, facilitating the development of ischemic stroke.

The purpose of the present exploratory study was to
determine whether blood pressure-lowering therapy with
the combination of the angiotensin receptor blocker
losartan plus hydrochlorothiazide (LPH) worsens brain
perfusion in patients with both hypertension and cere-
bral hemodynamic impairment due to symptomatic
chronic internal carotid (ICA) or middle cerebral artery
(MCA) occlusion.

Methods

Patients

The study prospectively enrolled patients who satisfied the fol-
lowing criteria: age >20 years; carotid artery territory ischemic
symptom within the last 2 months before presentation to our de-
partment; useful residual function (modified Rankin disability
scale 0 or 1); unilateral or bilateral ICA or MCA atherosclerotic
stenosis (=70%) or occlusion on magnetic resonance angiography
or angiography with arterial catheterization; losartan-resistant
hypertension and moderately reduced CVR defined by criteria
described below. Exclusion criteria were: pregnancy or breast-
feeding;angina pectoris or myocardial infarction within 6 months
before presentation to our department; congestive heart failure
(New York Heart Association class 3/4); stenosis of the bilateral or
unilateral renal arteries; serum creatinine >2.0 mg/dl, and aspar-
tate aminotransferase >90 I'U/] and/or alanine aminotransferase
>80 IU/L.

Alocal ethics committee approved the study protocol. Written
informed consent was obtained from all subjects prior to enroll-
ment in the study.

Management and Medications

Upon the patient’s presentation to our outpatient department,
a physician or a nurse measured his/her blood pressure twice con-
secutively using the auscultatory method with a mercury sphyg-
momanometer while the patient was in the sitting position after
a rest of at least 2 min. Blood pressure was defined as the average
of the two measurements.

No antihypertensive drugs were given to patients within 8
weeks after the last cerebral ischemic event. When systolic or dia-
stolic blood pressure 8 weeks after the last cerebral ischemic event
was >140 or >90 mm Hg, respectively, patients received 25 mg/
day of losartan; when the systolic or diastolic blood pressure at 2
weeks after initiating the administration of losartan was above
the target value, patients received 50 mg/day of losartan; when the
systolic or diastolic blood pressure at 4 weeks after initiating the
dose escalation of losartan was still above the target value, pa-
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tients were defined as having losartan-resistant hypertension and
received 50 mg/day of losartan plus 12.5 mg/day of hydrochloro-
thiazide (LPH) (Preminent®).

During the study period, all patients received antiplatelet
drugs such as aspirin (100 mg/day) or clopidogrel (75 mg/day).

Patients visited our outpatient clinic at 2-week intervals until
12 weeks after initiating the administration of LPH. At these vis-
its, clinicians determined whether new neurological symptoms
developed, and blood pressure was measured.

Measurement of Brain Perfusion Using SPECT

Brain perfusion was assessed using [*’I]N-isopropyl-p-iodo-
amphetamine (IMP) and SPECT. The IMP SPECT studies, in-
cluding measurements at the resting state and with acetazolamide
challenge, were performed as described previously [12]. Studies
were performed twice: the day before initiating the administra-
tion of LPH and 3 months later. The CBF images were calculated
according to the IMP autoradiography method [12, 13].

All SPECT images were transformed into the standard brain
size and shape by linear and nonlinear transformation using
SPM99 for anatomic standardization [14]. Thus, the brain images
of all patients had the same anatomic format. Next, 318 constant
regions of interest (ROIs) were automatically placed in both the
cerebral and cerebellar hemispheres using a 3D stereotaxic ROI
template [15]. The ROIs were grouped into 10 segments (calloso-
marginal, pericallosal, precentral, central, parietal, angular, tem-
poral, posterior, hippocampus and cerebellum) in each hemi-
sphere according to the arterial supply. Only 5 (precentral, cen-
tral, parietal, angular and temporal) of these 10 segments were
combined and defined as a ROI perfused by the MCA (fig. 1). The
mean CBF value at the resting state and with an acetazolamide
challenge in all pixels in the MCA ROI was calculated in each
hemisphere. Then, CVR to acetazolamide was calculated as fol-
lows: CVR (%) = [(acetazolamide challenge CBF - resting CBF)/
resting CBF]/100.

Using the same method, 10 normal subjects (8 men and 2
women; age, 35-65 years; mean age, 52.3 years) were studied twice
at an interval of 3 months to obtain control values. For the first
study, the means * standard deviations (SDs) of CBF and CVR
in the MCA ROI were 35.9 * 4.4 m1/100 g/min and 36.8 * 9.2%,
respectively. When CVR in the MCA ROl of a patient was between
the mean - 2SD (i.e. 18.4%) and the mean - 3SD (i.e. 9.2%) of the
control value, it was rated as moderately reduced CVR; when CVR
was < the mean - 38D, it was rated as severely reduced. Patients
with moderately reduced CVR participated in the present study.

Differences between values obtained at the two studies (the
second study - the first study) in the normal subjects were also
calculated: 0.1 * 4.5 ml/100 g/min for CBF and 1.1 * 6.3% for
CVR. When the difference between CBF or CVR obtained at the
two studies (the second study - the first study) in a patient was
=>2SD above the mean control difference obtained from normal
subjects (i.e. 9.1 ml/100 g/min for CBF; 13.7% for CVR), the pa-
tient was rated as having improved CBF or CVR, respectively;
when the difference in a patient was <2SD below the mean con-
trol difference obtained from normal subjects (i.e. -8.9 ml/100
g/min for CBF; ~11.5% for CVR), the patient was rated as having
deteriorated CBF or CVR, respectively; when the difference in a
patient was between 2SD above and below the mean control dif-
ference obtained from normal subjects, the patient was rated as
having unchanged CBF or CVR, respectively.

356 Cerebrovasc Dis 2012;33:354-361

Fig. 1. Diagrams showing the ROIs of a
three-dimensional stereotaxic ROI tem-
plate. The white ROIs (precentral, central,
parietal, angular, and temporal segments)
indicate territories perfused by the bilat-
eral MCAs.

Statistical Analysis

Because the present study was an exploratory trial, the re-
quired sample size could not be definitely estimated. Data are ex-
pressed as means * SDs. Differences between blood pressure,
CBF or CVR before and 12 weeks after initiating the administra-
tion of LPH were evaluated using the Wilcoxon signed-rank test.
When there were patients with improved or deteriorated CBF or
CVR, each variable was compared between patients with and
without such a condition using the Mann-Whitney U test or Fish-
er’s exact test. A multivariate statistical analysis of factors related
to such a condition was also performed using a logistic regression
model. In addition to variables with p<0.2 in the univariate anal-
yses, age and gender were selected for analysis in the final model.
Statistical significance was set at the p < 0.05 level.

Results

During 30 months, 19 patients satisfied the inclusion
criteria. Of these 19 patients, 1 had experienced angina
pectoris within 6 months before presentation to our de-
partment and was excluded from the present study. Writ-
ten informed consent was obtained from the remaining
18 patients, who ultimately entered into the present study.
The characteristics of these 18 patients are summarized
in table 1.
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Fig. 2. Systolic (a) and diastolic (b) blood pressure values at each time point. Dashed horizontal line denotes a target value.

Table 1. Patient characteristics

67 M 26.9 yes no yes yes
47 M 253 no no no no
58 M 21.4 no no no no
61 M 243 no no no no
68 M 27.6 no yes no yes
56 F 20.4 yes no yes no
76 M 22,9 no no no no
55 M 25.3 no no no no
65 M 25.9 yes no yes yes
48 M 27.3 no no no no
57 M 23.6 no no no yes
68 F 26.0 yes no no no
55 B 22.7 no no no no
65 M 222 no no no no
48 M 26.4 no no yes yes
72 M 22,5 yes no no no
70 M 26.9 yes no no yes
62 M 27.1 no no no no

MCS border zone INF right ICAstn  CP
TIA none right MCA stn  AS
TIA none left ICA occl CP
TIA none left ICA stn AS
MCS border zone INF  left ICA occl Cp
TIA border zone INF left MCA occl  AS
MCS border zone INF  left ICA occl CP
TIA none right MCA stn  AS
MCS border zone INF left MCA occl CP
TIA border zone INF right MCA occl AS
TIA none left ICA occl AS
MCS border zone INF  left ICA occl CP
TIA none left MCA occl  AS
TIA none right MCA occl CP
TIA none left MCA occl  AS
MCS border zone INF right ICA occl CP
MCS border zone INF right ICA occl  AS
MCS border zone INF  left ICA ocl CP

Excessive drinking is defined as drinking alcohol >60 g/day. MRI = Magnetic resonance imaging; MCS = minor complete stroke;
TIA = transient ischemic attack; INF = infarction; stn = stenosis; occl = occlusion; CP = clopidogrel; AS = aspirin.

All these 18 patients were followed up until 12 weeks
after initiating the administration of LPH. All the patients
also received antihypertensive drugs and underwent brain
perfusion SPECT studies during the study period. None of

Losartan plus Hydrochlorothiazide and
Cerebral Blood Flow

the 18 patients experienced new neurological symptoms or
adverse effects related to antihypertensive drugs.

Time courses of systolic and diastolic blood pressures
for each patient are shown in figure 2. Systolic (p <0.001)
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Fig. 3. Change in CBF in the affected (a) and contralateral (b) MCA territories before and after initiating the administration of LPH.

and diastolic (p < 0.001) blood pressures were significant-
ly lower at 12 weeks after initiating the administration of
LPH (138 £ 7 mm Hg for systolic blood pressure; 82 +

7 mm Hg for diastolic blood pressure) than before the
administration of LPH (149 * 5 mm Hg for systolic
blood pressure; 92 £ 10 mm Hg for diastolic blood pres-
sure), respectively. Differences between values before and
after the administration of LPH (values after administra-
tion - values before administration) ranged from 5 to 18
mm Hg for systolic blood pressure (11 * 4 mm Hg) and
from 2 to 18 mm Hg for diastolic blood pressure (10 %

5 mm Hg).

CBF did not differ between measurements taken be-
fore and after the administration of LPH in the affected
hemisphere (30.0 * 4.2 ml/100 g/min before administra-
tion; 31.1 £ 4.1 ml/100 g/min after administration) or in
the contralateral hemisphere (33.9 £ 3.9 ml/100 g/min
before administration; 35.0 * 4.3 m1/100 g/min after ad-
ministration) (fig. 3). When based on differences between
CBF before and after the administration of LPH, all pa-
tients studied were rated as having unchanged CBF in the
affected and contralateral hemispheres.

While CVR in the affected hemisphere was signifi-
cantly higher after the administration of LPH (23.6 £
12.0%) than before (14.5 % 2.3%) (p = 0.007), CVR in the
contralateral hemisphere did not differ between these
two measurements (40.0 £ 11.1% before administration;
41.7 * 10.2% after administration) (fig. 4). When based
on differences between CVR before and after the admin-
istration of LPH, in the affected hemisphere, 5 and 13
patients were rated as having improved and unchanged
CVR, respectively. In the contralateral hemisphere, all
patients were rated as having unchanged CVR. None of
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the patients were rated as having deteriorated CVR in the
affected or contralateral hemisphere.

The results of the univariate analysis of factors related
to improved CVR in the affected hemisphere are sum-
marized in table 2. None of the variables, including blood
pressure difference, were significantly associated with
improved CVR. The following confounders were also ad-
opted in the logistic regression model for the multivariate
analysis: age, gender and site of lesion on angiography.
The analysis revealed that none of the variables were sig-
nificantly associated with improved CVR (table 2).

Figure 5 shows brain perfusion SPECT images in the
resting state and with acetazolamide challenge before
and 12 weeks after initiating the administration of LPH
in patient 3.

Discussion

The present exploratory study suggests that blood
pressure-lowering therapy with LPH does apparently not
result in worsening of cerebral hemodynamics in patients
with both hypertension and cerebral hemodynamic im-
pairment due to symptomatic chronic ICA or MCA ste-
no-occlusive disease.

Losartan is the first nonpeptide angiotensin II recep-
tor antagonist studied in large clinical trials of patients
with hypertension and diabetic nephropathy or left-ven-
tricular hypertrophy [16, 17]. LPH produces a clinically
beneficial reduction in blood pressure in patients who
otherwise only partially respond to losartan monothera-
py [18]. In the present study, systolic and diastolic blood
pressures were significantly lowered by administration of

Saura/Ogasawara/Suzuki/Kuroda/
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Fig. 4. Change in CVR to acetazolamide in the affected (a) and contralateral (b) MCA territories before and
after initiating the administration of LPH. Upper and lower dashed horizontal lines denote mean -25D and
mean -35D of CBF obtained in healthy volunteers, respectively. Asterisk denotes patients rated as having im-

proved CVR.

Mean age * SD, years

Male gender

Mean body mass index * SD

Current smoking

Excessive drinking

Diabetes mellitus

Dyslipidemia

Only TIA

Border zone INF

ICA steno-occlusive disease

Clopidogrel

Mean difference in systolic blood
pressure = SD, mm Hg

Mean difference in diastolic blood
pressure = SD, mm Hg

Table 2. Factors related to improved CVR in the affected hemisphere

62.6+5.7

60.4*9.6 0.587 0.995

5(100%) 10 (76.9%) 0.522 0.997
246%23 247+23 0.882
2 (40.0%) 4 (30.8%) >0.999
0 1(7.7%) >0.999
1 (20.0%) 3(23.1%) >0.999
3 (60.0%) 3(23.1%) 0.268
3 (60.0%) 7 (53.8%) >0.999
2 (40.0%) 8 (61.5%) 0.608
5(100%) 6 (46.2%) 0.101 0.607
2 (40.0%) 7 (53.8%) >0.999
11.8%3.6 10.7 4.5 0.553
9.8%+3.9 9.8+52 0.804

Excessive drinking is defined as drinking alcohol >60 g/day. TIA = Transient ischemic attack; INF = infarc-

tion.

Losartan plus Hydrochlorothiazide and
Cerebral Blood Flow
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