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Abstract

Background/Aim: Among various kidney disease
models, there are few rat glomerulonephritis (GN)
models that develop in a short time, and with mainly
glomerular  lesions. Hypoxia-inducible  factor
(HIF)-1o is a transcriptional factor that induces genes
supporting cell survival, but the involvement of
HIF-1« in attenuating the progression of GN remains
to be elucidated. We developed a new model of rat
GN by co-administration of Angiotensin II (AIl) with
Habu snake venom (HV) and investigated whether
HIF-1ct is involved in renal protection. Methods:
Male Wistar rats were unilaterally nephrectomized on
day -1, and divided into 4 groups on day 0; N group
(no treatment), HV group, A group (All), and H+A
group (HV and AIl). To pre-induce HIF-1a, cobalt
chloride {CoCl;) was injected twice before injections
of HV and All in 11 rats.

Results: GN was detected only in the H+A group;
observed first on day 2 and aggravated thereafter.
HIF-1a. was expressed in the glomeruli and renal
tubules in the A and H+A groups. In the H+A group,
GN was remarkably reduced by CoCl; pre-treatment
{44.9% to 12.2%, p<0.01). Conclusion: Both HV and
All were critical for the development of GN, and
HIF-1a remarkably attenuated the progression of
GN.

Key Werds
Glomerulonephritis, Habu snake venom, Angiotensin
IL, HIF-1a

Introduction

Many animal studies have been performed in
attempts to overcome the poor prognosis of chronic
repal failure due to diabetic nephropathy and
glomerulonephritis (GN) [1-5]. Although factors
involved in the pathogenesis of GN have been
intensively investigated, the development of a proper
animal GN model with high reproducibility and

simplicity as well as a model without
time-consuming process are required. Experimental
rat models of GN are classified into several groups in
terms of the pathophysiological mechanisms of renal
diseases. Anti-glomerular basement membrane
(GBM) nephritis was developed with depositions of
immune complex using anti-glomerular basement
membrane antibody [3,6], tubulo-interstitial injury
was caused by cyclosporine A [4] and injury of renal
tubules by ischemia [5]. However, there are few rat
GN models with mainly pathological features in the
glomeruli that are developed in a short time [7].
Angiotensin II (AIl) is known to increase blood
pressure through vascular contraction, and to be
profoundly invelved in vascular hypertrophy and the
contraction of intrarenal arteries. All is also directly
involved in the progression of glomerulosclerosis via
the effect of hyperfiltration with or without
hypertension [8,9]. Many studies have revealed
important factors involved in the pathogenesis of GN
or factors aggravating GN, but evaluating further
factors that suppress the occurrence of GN is also
crucial. To investigate the features of renal protection,
we focused on hypoxia-inducible factor (HIF)-1a.
HIF-1q, a transcriptional factor with formation of a
heterodimer with HIF-1p [10], is
post-transcriptionally regulated and its protein level is
elevated by hypoxia through inhibition of
ubiquitin-mediated degradation. HIF-1c is known to
be a survival factor responsible for inducing lines of
genes supporting cell survival such as glucose
metabolism {glucose transporters and glycolysis
enzymes), vasomotor regulation (heme oxygenase-1
and endothelin-1), angiogenic growth (vascular
endothelial growth factor), and anemia control
(erythropoietin  and transferrin) [11-13]. Recent
studies have demonstrated that non-hypoxic stimuli
like ATl can also activate HIF-1a [14,15], but the role .
of HIF-1c¢ induction in attenuating the progression of
GN remains to be elucidated. Accordingly, we



developed a new rat GN model by co-administration

-of Al with Habu snake venom (HV) and investigated
whether pre-induction of HiF-1g leads to renal
protection,

Materials and Methods
Development of Rat GN Model

All  experiments were approved by the
institutional review board for the care of animal
subjects and were performed in accordance with
guidelines of Kochi Medical School. Nine-weeks oid
male Wistar rats (180-220g) were purchased from
Japan SLC (Shizuoka, Japan). Rats were unilaterally
nephrectomized on day -1. On day 0, the rats were
divided into 4 groups. In the first group, no treatment
was performed with any reagents or surgical
procedure (N group, n=6). In the second group, rats
were injected with 3.5 mg/kg of HV (Sigma-Aldrich
Co., Steinheim, Germany) through the femoral vein
(HV group, n=11). In the third group, rats were
continuously administered with AIl (100ng/min,
Peptide Institute, Inc., Osaka, Japan) using Alzet
osmotic pumps (DURECT Co., Cupertine, CA) (A
group, n=11). In the fourth group, rats were
administered with both HV and AIl (H+A group,
n=22}. Rats were sacrificed on days 1, 2, 3 or 4, and
kidneys excised for histochemical analysis (fig. 1).

Measurement of Systolic Blood Pressure

Systolic blood pressure (SBP) was measured by
the tail-cuff method with an
electro-sphygmomanometer (BP-98A, Scoftron Co.,
Tokyo, Japan). SBP was measured in conscious rats
every day from day -1 to day 2. The SBP value for
each rat was calculated as the average of 3 separate
measurements at each session. SBP measurement was
performed between 9 and 12 am. by a single blinded
investigator.
Measurements of Serum Urea Nitrogen and
Creatinine

Before the sacrifice, blood samples were obtained
via an axillary vein for determination of serum urea
nitrogen (UN) and creatinine (Cr) levels. Serum UN
and Cr levels were determined enzymatically with
automation-analysis equipment (Hitachi 7350,
Hitachi Co., Ibaragi, Japan) in our laboratory center,

Histological Analysis

To evaluate the progression of GN in our animal
model, histological analyses were performed using
the periodic acid-Schiff (PAS) and periodic
acid-methenamine silver (PAM) reagents. After the
specimens were paraffin-embedded, 4-micrometer
sectioned samples were stained with PAS and PAM
reagents and counterstained with hematoxylin. For
quantitative analysis, the ratio of damaged glomeruli
to all glomeruli in the sectioned sample was
calculated and the percentage of GN in the section
was evaluated. Moreover, semiquantitative analysis
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iwasi performed to evaluate more precisely the

'morphological changes of our GN modgl according
to the protocol in previous studies [16,17]. A
minimum of 20 glomeruli (ranging from 20 to 60
glomeruli} in each specimen were examined and the
severity of the mesangiolysis lesion was graded from
0 to 4+ according to the percentage of glomerular
involvement; a 1+ lesion represented an involvement
of 25 % of the glomerulus while a 4+ lesion indicated
that 100 % of the glomerulus was involved. Thus, the
mesangiolysis score (MES) was then obtained by
multiplying the degree of damage (0 to 4+) by the
percentage of the glomeruli with the lesion. Tubular
injuries including tubular necrosis or occlusion of
collecting ducts by cast material were graded as mild
(1+), moderate (2+), or severe {3+).

Western Blot Analysis

Nuclear protein from whole kidney was prepared
using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Picrce Biotechnology, Inc. Rockford,
Iltinois, USA). Nuclear protein was electrophoresed
using 10% SDS-PAGE gels and transferred to
polyvinylidene difluoride membrane (Emmobilon-P,
Millipore Co., Bedford, Massachusetts, USA). A
monoclonal IgG HIF-la antibody 67 (Novus
Biological, Littleton, Colorado, USA) was used; a
horseradish peroxidase-conjugated antibody
(Promega Co., Madison, USA) was used as a
secondary antibody. The ECL Western blotting
systems (Amersham Bioscience, Upsala, Sweden)
was used for detection.

Immunohistochemical Analysis

Paraffin sections including the samples were
dewaxed in xylene and rehydrated in a series of
cthanol, and then washed in distilled water before
staining procedures. According to the instruction
provided by the manufacturer, HIF-1c was identified
with rabbit polyclonal anti-HIF-1ct antibody H-206
(Santa Cruz Biotechnology, California, WUSA)
utilizing the catalyzed signal amplification system
(Dako, Hamburg, Germany) based on the
streptavidin-biotin-peroxidase  reaction.  Antigen
retrieval was performed for 5 min in a preheated
Dako target retrieval solution using a microwave.
Incubation procedures were performed in a
humidified chamber. Following the incubation,
specimens were washed 3 times in TBST buffer. The
specificity of staining was confirmed by substitution
of the primary antibody for a normal rabbit IgG and
additionally by an immunochistochemical reaction
without a primary antibody but with the secondary
antibody alone.

An  Experiment
Pretreatment
Rats were twice subcutaneously administered
30mg/kg of cobalt chloride {CoCl,) at a 12 hour
interval (CoCl, group) (n=11), followed by unilateral

using Cobalt Chloride as a



nephreciomy. Then, the rats were administered with
HV and AIlL As a comparison, rats were injected with
0.9% NaCl solution instead of CoCl,, followed by the
same protocol as the CoCl; group (n=11). After
CoCl, administration, however, before injection of
HV and All, a kidney was excised as a sample to
examine expression level of HIF-la (CoCl; Pre).
Likewise, 2 days after administration of HV and All,
a kidney was also excised (CoCl; Day2). To
compare the expression level of HIF-1a by CoCh
before GN and the severity of pathology of GN, we
investigated whether pre-induction of HIF-la  is
involved in renal protection.

Statistical Analysis

" Data are reported as mean + SEM. A paired ¢ test
was used for paired samples and Student’s ¢ test was
used to compare the 2 groups. One-way layout
analysis of variance or repeated measures of analysis
of variance’ were used to compare muitiple groups. If
the p value was significant, Scheffe’s multiple
comparison was performed. A p value < 0.05 were
considered significant.

Results
AIl combined with HV developed GN

Morphological studies using PAS and PAM
staining revealed that there are no glomerular or
tubular injuries in N group (fig. ZA), HV group (fig.
2B), A group (fig. 2C), however, GN was detected
only in the H+A group (fig. 2E). Although renal
tubular casts were observed, glomerular changes
were scarcely observed on day 1 after All and HV
administration (figs. 2D, 3}. GN was initially detected
on day 2 (figs. 2E, 2F, 3), followed by further
aggravation during the time course (data not shown).
Renal tubular injury including tubular necrosis was
not remarkable, and extensive cellular infiltration was
not found in the interstitial regions (fig. 3). On the
other hand, characteristic focal and segmental
mesangiolysis, explained as capillary aneurysmal
ballooning, was observed with dilatation of
glomerulus (figs. 2E, 2F). The rate of occurrence of
GN on day 2 was 44.9+2.6 %, and the MES score of
the H+A group was 199+15 (fig. 3). On the other
hand, in the HV group, less than 2 % had
morphologic changes of mesangiolysis during 4 days,
and the MES score was 10x5 (figs. 2B, 3). Moreover,
in the A group, there were no morphologic changes
during the time course (fig. 2C}.

Changes in serum UN and Cr

Serum UN and Cr were 18.420.7, 0.31x0.01
mg/dl, respectively, on day 2 in the N group. In the
H+A group, serum UN and Cr levels increased to
41.5+4.0, 0.57£0.05 mg/dl, respectively, on day 2;
significantly higher than those in the N group (figs.
4A, 4B). In contrast, serum UN and Cr levels in the
H+A group on day 1 (24.0+1.8 and 0.42+0.02 mg/d],
respectively) were similar to the level of the N group.
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There were ng significant” differences in serum UN
and Cr level among the HV, A and N groups.

SBP response

SBP values of each group are shown in figure 4C,
There were no significant differences in SBP after
nephrectomy among the 4 groups. Administration of
All caused a significant increase of SBP on day 1
(186+4 mmHg) and persisted to day 2 (192*1
mmHg). SBP in the H+A group on day 2 (183+3
mmHg) was comparable to that in the A group.
Administration of HV had no influence on SBP
during the 2 days.

Expression Level of HIF-1a Protein

‘Western blot analysis revealed that the expression
level of HIF-1q protein increased in the H+A and A
groups (fig. 5A), compatible with the resulis of
immunohistochemical analysis. Expressions of
HIF-la protein were observed in the A and H+A
groups, but protein expression was not detected in the
N and HV groups. These data suggest that HIF-1a
was induced mainly by All, and, at least in part, was
related to the pathogenesis of GN or to the defense
mechanism against the progression of GN.

Induction of HIF-1c in Glomeruli and Renal Tubules

Immunohistochemical  study  demonstrated
positive nuclear staining of HIF-la in glomeruli,
renal tubules (figs. 2I, 2J), collecting ducts and
epithelium of the papilla (data not shown) in the A
and H+A groups. In contrast, no positive nuclear
signals were detected in the N (fig. 2H) and HV (data
not shown) groups. HIF-la positive cells were
mainly detected in mesangial cells in glomeruli (figs.
2L, 27). As demonstrated, especially in the H+A group
(fig. 21), HIF-1a was expressed in the intact part of
the glomerulus, but not in the injured part of the same
glomerulus. Furthermore, nuclear HIF-1a positive
signals were observed in smooth muscle cells in
peripheral renal arteries (data not shown).

CoCl, Pretreatment Inhibits the Progression of GN

To further investigate whether HIF-1a is involved
in the development of nephropathy or in the
anti-progressive action, we pretreated rats with CoCl,.
As demonstrated in fig. 5B, pretreatment with CoCl,
increased HIF-1o expression before administration of
HV and AIl (Pre-1), suggesting that HIF-la was
induced by CoCl; before development of GN. Even
on day 2, the expression level of HIF-lo was
increased in the CoCl, group (CoCl; Day2-1). In the
CoCl, group, focal mesangiolysis with glomeruli
enlargement was still observed, but the number of
GN was much less than in those without CoCl,
pretreatment (fig. 2G).

Thus, 7 of 11 rats (63.6%) with CoCl;
pretreatment were rescued from GN alone, while the
other 4 (36.4%) were not; showing a comparable
severity level of GIN with the non-CoCly group. As



demofsirited-in' fig: 5B, unlike Pre-1, Pre-2 did not
inducé"*HIF-1a with CoCl, and showed nc- CoGly
suppression of GN. The ratio between rats rescued or
not-rescued from GN was comparable with that
between pre-induction and non-induction of HIF-1c
by CoCl,, as demonstrated in fig. 5C. In the CoCl,
group the rate of GN from each rat decreased to
12.2+2.1%, which was in great contrast to 44.9+2.6%
in the non-CoCl, group. Furthermore, serum UN and
Cr levels on day 2 were significantly lower in the
CoCl, than in the non-CoCl, group (p<0.05) (figs. 6A,
6B}, despite comparable SBP values between the 2
groups (fig. 6C).

Discussion

In this study, we developed a new model of GN
induced by both HV and Al This model has several
distinct characteristics. First, GN developed rapidly,
and was detected on the second day after
administration of HV and AIl. Many models of GN
have been reported including 5/6 nephrectomized and
Thy-1.1 nephritis models [18,19]. However, these
models take a long time to develop nephropathy. In
contrast, our protocol induced GN in 2 days,
sugpesting that one of the advantages our model has
over others is in terms of the time course. Further,
pathological findings were restricted to glomerular
regions without remarkable fubular or interstitial
lesions. Since our GN model developed within 2 days,
our model also has advantages for disclosing the
specifically critical time point of the development of
GN. Further, the development rate of GN was almost
100%, indicating the high reproducibility of our
model. This basis of the rat model was initially
developed by Barnes JL et al. who reported that the
progression of All-induced renal injury was
accelerated by preexisting injury induced by HV
[20]; ours, which now optimizes the reproducibility
of GN, is a modification of their model,

Habu induced mnephropathy was reported to
develop within 1 day by a dose of 2.0-4.0 mg/kg HV
(in our model 3.5 mg/kg) and the main pathelogical
change was "mesangiolysis” [21,22]. However, for
reasons we haven’t as yet ascertained, in our study no
rats showed Habu-nephropathy specific pathological
findings during the first week in the HV group. On
the other hand, AIl is one of the major factors
responsible for the pathogenesis of GN, because it
remarkably increases glomerular pressure causing
hyperfiltration, production of extracellular matrix and
expression of lines of genes involving GN [23-25].
Further, since AIl has some ischemic effects on
kidney, there is the possibility that an All-induced
ischemic effect causes the GN depicted in our model.
However, as demonstrated in this study, glomerular
injury was predomipantly observed, and was not
associated with renal tubular lesions, i.e., tubular
necrosis suggesting renal ischemia. Therefore, in
accordance with the pathological characteristic of this
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GN, All-induced renal ischemia may not:i'be
responsible for the development in our model
Additionally, in this study, SBP increased in the A
and A+H groups, but GN was not induced in the A
group. Therefore, GN in our model was induced not
by HV or All alone, but by the combination of HV
and All, independent of any increase in systemic
blood pressure.

HIF-1ot is a master transcriptional factor,
transactivating the expression of many genes
important for cell survival under hypoxic conditions -
[11-13,26]. These genes are responsible for glycolysis,
angiogenesis, proliferation and iron metabolism, all
of which are induced by hypoxic stress; thus, the
induction of HIF-1a is a marker of hypoxia. HIF-1a
is regulated at the post-translational level by the
proteasome system through ubiquitination with von
Hippel Lindeau (VHL) protein [27,28]. As previously
reported, this regulation of HIF-1a protein level is
dependent on the concentration of oxygen. Hypoxia
induces enhancement of HIF-la protein stability
leading to the elevation of the protein level due to
inhibition of degradation by VHL. Therefore,
hypoxia induces adaptation in cells including
induction of HIF-1a; the hypoxic pathway. On the
other hand, a line of evidence has recently
accumulated that suggests that HIF-la is also
regulated independent of oxygen concentration
through the non-hypoxic pathway [14,15]. AIl is
reported to regulate HIF-1a both at transcriptional
and post-translational levels in wvascular smooth
muscle cells cultured under normoxic condition
through the AII type 1 receptor [14,15]. Moreover,
HIF-1a is also post-translationally regulated in
several cell lines in the presence of tumor necrosis
factor-o. or nitric oxide independent of oxygen
contents [29,30].

As demonstrated in this study, immunoreactivity
of HIF-lo was not detected in the N group (no
treatment group), but HIF-1la was detected in the
nuclei of glomerular, tubular and epithelium cells of
the papilla by administration of AIl alone or AlIl and
HV together. This is the first evidence showing that
HIF-1et was detected in the kidney by All
independent of systemic hypoxic stress. As indicated
here, HIF-la was found to be expressed only in
intact, not damaged glomeruli. Even within a
glomerulus, only the intact part of glomerular cells
expressed HIF-la. Considering the fact that
induction of HIF-la is one of the defense
mechanisms for cell survival [31-33], our data
indicate that induction of HIF-la is a marker of
glomeruli survival; indeed, it could be a marker of
renal protection.

To further investigate whether HIF-1lo is
involved in the progression or protection of GN,
pre-induction of HIF-1a was performed with CoCl,
before administration of HV and AIl. Surprisingly,
the induction of HIF-la by CoCl, pretreatment



attenuated the progression of GN; the level of GN
was rechuced from 44,9% to 12.2% and the incidence
of GN was reduced from 100% to 36.4%.
Furthermore, as indicated, the pre-induction of
HIF-1c actually affects the inhibition of GN, because
the rate of HIF-1a induction was parallel with that of
the attenuation of GN. Therefore, our data suggest
that HIF-la is involved, at least in part, in the
defense mechanism against the progression of GN,
and hence could be a marker for renal protection.

All is reported to induce HIF-1a [14,15] and it
plays a partial role in the renal protective effect;
however, the other effects of All, such as increasing
glomerular pressure and modulating gene expression
involving in the renal failure, may overcome any
protective effect of All-induced HIF-1c, and so as a
result it may lead to the progression of GN.

In conclusion, we developed a highly
reproducible GN model by combining HV and AllL
Pre-induction of HIF-1ct remarkably attenuated the
progression of GN, indicating that HIF-la was
involved in the defense mechanism of the kidney.
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Figure Legends

Fig. 1. Study Protocol. All rats are unilaterally
nephrectomized on day -1 and divided into 4 groups
on day 0.

N group; no injection of reagents. HV group;
injection of 3.5mg/kg of Habu snake venom (HV). A
group; continuous administration of 100ng/min of
Angiotensin II (All). H+A group; administration of
HV and AIL

Fig. 2. Glomerulonephritis is developed with the
combination of HV and All, and HIF-1a is induced
in the intact glomeruli.

There are no glomerular or tubular injuries in N
group (A), HV group (B), A group (C) and H+A

6

group on day 1 (D). Damaged glomeruli,
characterized by extensive mesangiolysis, are
observed in H+A group on day 2. PAS staining.
Magnification, *100 (E). Focal and segmental
mesangiolysis with large capillary aneurysmal
ballooning are observed in the H+A group on day 2.
PAM staining, Magnification, *400 (F). The number
of GN was significantly less in pre-treatment with
CoCl, than without. PAS staining. Magnification,
*100 (G). Immunoreactive HIF-1a positive signals
are not detected in the N group (H). Nuclear HIF-1a
signals are observed in a glomerulus and tubules in
the A group. Magnification, *200 (I). A glomerulus in
the H+A group on day 2 possesses intact cells with
HIF-1a positive signals, in contrast, other parts have
few HIF-1a signals due to mesangiolysis,
Magnification, *200 (J).

Fig. 3. Semiquantitative analysis of morphologic
changes in our glomerulonephritis model. The main
lesion in the H+A group is initially detected on day 2
as mesangiolysis in glomeruli; however, there are no
tubular lesions of necrosis except for tubular casts; in
contrast, there are no morphological changes in the N
and A groups. MES, Mesangiolysis score.

Fig. 4. Serum UN, Cr and SBP are increased with the
combination of HV and All The serum UN (A) and
Cr (B) levels in the H+A group on day 2 are
significantly higher than other groups. SBP increases
significantly with administration of AIl (A and H+A

groups) (C).

Fig. 5. The protein level of HIF-1a is increased by
administration of HV and All, and pretreatment of
CoCl; increases HIF-la  expression before
development of GN. HIF-1a is not detected in the N
and HV groups {Day2). However, HIF-1q is detected
in A (Day2) and H+A (Days 1 and 2) groups (A). The
CoCl; group, in accord with the level of HIF-1a
induction, was divided into two groups. HIF-1a is
greatly induced before the development of GN
{CoCl; group Pre-1), and is followed by a high level
{CoCl, group Day2-1); in contrast, it is not efficiently
induced (CoCl, group Pre-2), and also is scarcely
detected on day 2 (CoCl; group Day2-2) (B). The rate
of pre-induction of HIF-1a by CoCl; is comparable
with that of the inhibition of GN by CoCl, (C).

Fig. 6. Pretreatment with CoCl; attenuates GN.
Serum UN {A) and Cr (B) levels in the CoCl, group
on day 2 are significantly decreased compared to
those in the non-CoCl; group. There is no significant
difference in SBP between the CoCl, and non-CoCl,
groups (C).
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SUPPLEMENT ARTICLE

Effect of Electrical Modification of Cardiomyocytes on
Transcriptional Activity through 5-AMP-activated
Protein Kinase

Yoshihiko Kakinuma®, Yanan Zhangt, Motonori Ando*, Tetsuro Sugiuraf, and Takayuki Sato*

Abstract: Endothelin-1 (ET-1) is known as an aggravating factor
of the failing cardiomyocytes and, therefore, a therapeutic method is
indispensable to decrease cardiac ET-1 expression. To study the
mechanisms of how cardiac ET-1 gene expression can be modified,
we investigated the effect of electrical stimulation against
cardiomyocytes. Considering the physiology of cardiomyocytes, in
vitro cultured cardiomyocytes demonstrate distinctive features from
in vivo cardiomyocytes (i.e. the absence of a stretch along with
electrical stimulation). In this study, we especially focused on the
effect of electrical stimulation. The electrical stimulation reduced
the gene expression of ET-1 mRNA in rat primary cultured cardio-
myocytes. Furthermore, this effect on the transcriptional medification
of ET-1 was also identified in H9¢2 cells. Luciferase activity using
HS%c2 cells was decreased by electrical stimulation in the early
phase, suggesting that the attenuation of the ET-1 gene transcription
by electrical stimulation should be due to a transcriptional
repression. To further investigate a trigger signal involved in the
transcriptional repression, phosphorylation of 5’-AMP-activated
protein kinase (AMPK) was evaluated. It was revealed that AMPK
was phosphorylated in the early phase of electrical stimulation of
H9¢c2 cells as well as in rat primary cultured cardiomyocytes, and
that AMPK phosphorylation was followed by ET-1 transcriptional
repression, suggesting that electrical stimulation directly regulates

AMPK. This study suggests that AMPK activation in cardio- -

myocytes plays a crucial role in the transcriptional repression of ET-1.

Key Words: endothelin-1, cardiomyocytes, 5-AMP-activated protein
kinase :

(J Cardiovasc Pharmacol™ 2004;44(supp! 1):S435-8438)

he endothelin (ET} system is known to be indispensable
for the development of the heart. In the developmental
stage, ET-1 exerts the formation of the heart through the
receptors endothelin-A and endothelin-B, and the system
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exerts the biological function through either autocrine or
paracrine fashion, It has been reported that deformity of the
heart is produced in the absence of the ET system. Especially,
cardiomyocytes have been reported to remarkably express
and produce ET-1 in the pathophysiological condition (i.c.
the failing heart) compared with the normal heart.! The
mechanisms have been extensively studied of how the failing
heart expresses ET-1 in the progression of heart failure;
however, our previous study clearly demonstrated one aspect
of the mechanisms --- impaired cardiac energy metabolism.?
The level of cardiac ET-1 gene expression is dependent on
the condition of the cardiomyocytes in vivo; the failing
cardiomyocytes produce more ET-1. However, even normal
primary cultured cardiomyocytes in vitro could extra-
ordinarily express ET-1 compared with in vivo. The
abnormal pattern of cardiac ET-1 gene expression in vitro is
also accompanied with a surprising switch of the myosin
heavy chain isoform from o to B (a fetal pattern), suggesting
that our cultured cardiomyocytes have already biologically
changed their character.® However, this finding might provide
us with some therapeutic clue as to how cardiac ET-1
expression can be depressed using cultured cardiomyocytes.
If we could obtain some tool to repress cardiac ET-1 gene
expression in vitro, it might lead to clarification of one of the
therapeutic strategies against heart failure. Consequently we
have so far concentrated on searching for ways to decrease
cardiac ET-1 gene expression. Among them, we have found
several methods to modify the expression using not
chemicals or drugs, but physical stimulation.® In this study,
using electrical stimulation (ES) we have successfully
inhibited the cardiac ET-1 gene expression, and investigated
the mechanisms by which such stimulation causes a
depression of the gene expression.

METHODS

Cell Culture of Rat Cardiomyocytes and H9¢2
Cells

According to our previous studies,’ cardiomyocytes
were isolated from 2-day-old Wistar—Kyoto rats. 5-Amino-
imidazole-4-carboxamide-1-p-p-ribofuranosyl 5-monophos-
phate (AICAR) was purchased from Sigma (St Louis, MO,
U.5.A), and H9¢2 cells were transiently treated by AICAR.
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Electrical Stimulation

We have developed a specific ES device, which is
modified to simultaneously provide multi-channels of ES and
also to efficiently regulate bidirectional current. Qur protocol
for ES was performed as follows: 10 V, 10 milliseconds of
duration and 4 Hz of frequency.

RNA Isolation and Reverse Transcription-
Polymerase Chain Reaction

As previously described, total RNA was isolated, and
1 pug total RNA was reverse-transcribed and used for a
polymerase chain reaction (PCR) template. PCR primers
were prepared for preproET-1, hypoxia-inducible factor
(HIF)-1ct, B-actin,>* and glucose transporter 3.

Luciferase Assay

As previously reported, the 5'-regulatory region of
preproET-1 gene was subcloned into a luciferase vector. The
reporter vector was transfected into H9¢2 cells by a cationic
reagent, Effecten (QIAGEN, Valencia, CA, U.S5.A.),
according to the manufacture’s protocol. Forty-cight hours
after transfection, cells were lysed for evaluation of
luciferase activity.

Waestern Blot Analysis

Cells were harvested from dishes by scraping, were
washed with phosphate-buffered saline, and cell lysates were
mixed with sample buffer. The samples were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto membranes (Millipore Corp., Bedford,
MA, US.A). After transfer into the membrane, they were
soaked in blocking buffer. The membranes were incubated
with a monoclonal phosphor-5-AMP-activated protein
kinase-ot (Thrl72) antibody (1:1000; Cell Signaling
Technology, Beverly, MA, U.5.A)). After the membranes
were washed, horseradish peroxidase-conjugated secondary
antibodies (Promega, Madison, W1, U.S.A.) were applied and
the signal was detected using an enhanced chemi-
luminescence system {Amersham, Piscataway, NJ, U.S.A).

RESULTS

Electrical Stimulation Affects Gene Expression of
Rat Cardiomyocytes

To investigate transcriptional regulation of cardio-
myocytes, primary cultured cardiomyocytes were subjected
to ES. Even with a bi-directional current, cardiomyocytes
could not be cultured for ES more than 16 hours. As
demonstrated in Fig. 1, ES remarkably decreased gene
expression of preproET-1 and HIF-1e in the cardiomyocytes,
compared with non-stimulated cardiomyocytes. However, the
mRNA level of B-actin was not decreased by ES. Adversely,
gene expression of glucose transporter 3 mRNA was
increased by ES. These results suggested that
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FIGURE 1. Electrical stimulation (ES) modifies gene
expression of preproendothelin-1 (preproET-1), hypoxia-
inducible factor-1a {HIF-10), and glucose transporter
(GLUT) 3 mRNAs. PreproET-1 and HIF-1x gene expressions
were decreased 5 hours after ES. In contrast, GLUT 3 gene
expression was increased by ES. The level of B-actin mRNA
was not affected by ES.

cardiomyocytes respond to ES with an increased gene
expression of glucose transporter 3; however, in contrast,
such an ES modified gene expression of cardiac preproET-1
and HIF-1et.

Electrical Stimulation Transcriptionally Regulates
PreproET-1 Gene Expression

Further to investigate especially the gene expression of
preproET-1 mRNA, a reporter assay was performed using a
reporter vector possessing the 5-promoter regulatory region
of the preproET-1 gene. H9c2 cells, a cell line of rat
ventricular cardiomyocytes, were transfected by the reporter
vector. As shown in Fig. 2, ES of H9c2 cells greatly
decreased the luciferase activity of preproET-1. The
phenomenon of the depressed luciferase activity was
compatible with the decreased preproET-1 mRNA by reverse
transcription-PCR.

Electrical Stimulation Elevates Phosphorylation
of 5’-AMP-activated Protein Kinase

To investigate mechanisms to decrease a transcriptional
level of preproET-1, we studied whether ES activates the
phosphorylation of 5'-AMP-activated protein kinase
(AMPK) using H9c2 cells. The time course study
demonstrated that AMPK phosphorylation was detected soon
after ES (Fig. 3). Furthermore, such an increase in AMPK
phosphorylation was also observed in primary cultured
cardiomyocytes. It was suggested that ES causes activation of

© 2004 Lippincott Williams & Wilkins
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ES Represses ET-1 Expression through AMPK Activation

Fold increase in r iptinnal activity bets ES+ a2nd ES-
{the ratio of luciferase activity of £S+ H9:2 cells tu that of ES-)

20 -
ES+ ES-
B <% preproET-1 mRNA
1.0 4
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FIGURE 2. Electrical stimulation (ES) transcriptionally
represses preproendothelin-1 (preproET-1) gene expression
in H9¢2 cells. Gene expression of preproET-1 in H9¢2 cells
was also decreased by ES. Using a reporter vector of the
preproET-1 gene, luciferase activity was compared between
electrical stimulated {ES+) H9c2 cells and non-electrical
stimulated (ES-) cells. The ratio of luciferase activity of ES+
to that of ES— was measured, where a ratio > 1 suggests
transcriptional activation, contrasting with a ratio < 1
suggesting repression.

AMPK with a comparable time course of suppression of the
preproET-1 gene, and consequently that AMPK phos-
phorylation is profoundly related to the repression of trans-
criptional activity of preproET-1 gene expression.

An Activator of AMPK Causes a Decrease in
PreproET-1 mRNA

H9¢2 cells were treated by AICAR, which is known as
an activator of AMPK. As demonstrated in Fig. 3, AICAR
increased the phosphorylation of AMPK. The activation of
AMPK occurred very rapidly with a comparable time course
of ES. With treatment of AICAR, the mRNA level of
preproET-1 was decreased (Fig. 4). It was suggested that
AMPK activation was involved in the attenuated preproET-
ImRNA gene expression.

DISCUSSION

ET-1 is one of the aggravating factors in heart failure,
because ET-1 further activates the glycolytic system in the
failing cardiomyocytes, resulting in aggravation of
malfunction in the heart. Therefore, one of the therapeutic
goals that inhibit the progression of heart failure might be to
decrease cardiac ET-1 gene expression. There are many
manipulations to decrease ET-1 gene expression, including
blocking the renin-angiotensin system and ET receptor
antagonists. However, we have further investigated whether
other manipulations can modify the cardiac ET-1 expression,

© 2004 Lippincott Williams & Wilkins
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Phuspharylated AMEPK ;
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FIGURE 3. 5-AMP-activated protein kinase (AMPK) is
activated through phosphorylation by electrical stimulation
(ES). ES caused activation of AMPK through
phosphorylation in H9¢2 cells. This phenomencn was also
detected in rat primary cultured cardiomyocytes with a
comparable time course. Also, 0.5 mM S-aminocimidazole-4-
carboxamide-1-B-o-ribofuranosyl 5-monophosphate
{AICAR), an activator of AMPK, phosphorylated AMPK.

AICAR () AICAR (+)

3h 3h 6h

preproET-1 mRNA

B-actin mRNA

FIGURE 4, 5-AMP-activated protein kinase activator
decreases preproendothelin-1 (preproET-1) gene expression
in H9¢2 cells. 5-Aminoimidazole-4-carboxamide-1-3-o-
ribofuranosy! 5-monophosphate (AICAR) 1.5 mM treatment
remarkably decreased the gene expression of preproET-1
mMRNA, in H9¢2 cells.

and then finally we have identified that a mechanical
stimulation (i.e, ES} decreases cardiac ET-1 expression
through activation of AMPK.

AMPK is known as a fuel sensor kinase, which is
activated through phosphorylation when a cellular adenosine
triphosphate (ATP) level is decreased.’ Consequently, cells
respond to a shortage of the energy and activate the
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phosphorylation of AMPK. This kinase is therefore activated
in the early phase to stinuli that might cause mitochondrial
dysfunction, leading to ATP deprivation. This response
through AMPK phosphorylation is considered an adaptation
of cells to avoid cellular death with a shortage of ATP
However, this response is not only involved in pathological
states, but also in physiological states. For example, exercise-
induced muscle hypertrophy leads to remarkable adaptation
of the muscle to the more efficient utilization of energy (i.e.
mitochondrial f-oxidation of fatty acid), and consequently to
activation of the mitochondrial function.® In the case of
exercise, AMPK in skeletal muscle is known to be activated.”
Therefore, it is suggested that the activation of AMPK
through phosphorylation is followed by enhancement of
mitochondrial function in a physiological condition to obtain
more adequate ATP. '

It is known that the cardiomyocytes obtain ATP
predominantly through mitochondrial B-oxidation of fatty
acid; however, when cardiomyocytes were treated by
hypoxia, the cardiac energy metabolic system was changed
from B-oxidation to glycolysis, because fatty acid oxidation
is impaired. In such a case, as our previous study
demonstrated, HIF-lo is induced for upregulation of
glycolytic enzymes, and furthermore HIF-lo trans-
criptionally activates preproET-1 gene expression in the
failing heart.? It is suggested that cardiac ET-1 expression is
accompanied with a cellular glycolysis-dominant energy
system.® With these findings in mind, further speculation is
as follows: if the glycolysis-dominant energy system is
inhibited, and alternatively mitochondrial B-oxidation of
fatty acid is activated, ET-1 gene expression could be
decreased. As our present study demonstrated, ES activates
the phosphorylation of AMPK in a rapid fashion, followed by
a decrease in the transcriptional activity of ET-1.

S438

This is a first demonstration of transcriptional
repression of cardiac preproET-1 gene expression using
methods other than drugs. Moreover, this reaction is very
rapid to decrease preproET-1 mRNA. Therefore, it is
suggested that the manipulation of cardiomyocytes by ES is
one candidate method to inhibit an increase in cardiac ET-1 .
gene expression.
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SUMMARY  We have proposed a new low-IF transceiver architecture
to simultaneously achieve both a small chip area and good minimum input
sensitivity, The distinctive point of the receiver architecture iy that we re-
place the complicated high-order analog filter for channel selection with the
combination of a simple low-order analog filter and a sharp digital band-
pass filter. We also proposed a high-speed convergence AGC (automatic
gain controlier) and a demodulation block to realize the proposed digital
architecture. For the transceiver, we further reduce the chip area by ap-
plying a new form of direct modutation for the VCO. Since conventional
VCO direct modulation tends to suffer from variation of the modulation in-
dex with frequency, we have developed a new compensation technigue that
minimizes this variation, and designed the low-phase noise VCO with a
new biasing method to achieve large PSRR {power-supply rejection ratio)
for oscillation frequency. The test chip was fabricated in 0.35-gm BiC-
MOS. The chip size was 3 x 3 mm?; this very small area was realized by
the advantages of the proposed transceiver architecture. The transceiver
also achieved good minimum input sensitivity of -85dBm and showed
interference performance that satisfied the requirements of the Bluetooth
standard.

key words: Bluetooth transceiver, low-IF, VCO, channel-selection filter

1. Introduction

Recently, lots of useful maobile communication devices have
been reaching the consumer market, and the ability to use
such devices almost anywhere is bringing big benefits to the
many users. Furthermore, wireless transceivers that make
direct inter-device wireless data communication possible are
finally becoming popular, and will dramatically improve the
versatility of mobile devices such as cellular phones, PDAs,
and portable personal computers.

A new standard named Bluetooth is the best-known of
the wireless interface standards. Bluetooth defines a method
of communication that covers a 10-m range [1]. Therefore,
many transceiver ICs that implement the Bluetooth wire-
less standard have been developed [2]-[13]. Since Blue-
tooth transceivers are being embedded in many kinds of
consumer equipment, size and cost are important issues, so
the required ICs must be cheap and have small chip areas.
Furthermore, the minimum input sensitivity expected of the

Manuscript received October 21, 2003.
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Japan.
" The authors are with Renesas Technologies Co., Takasaki-shi,
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transceivers improves year by year.

All designs to date for such RF transceivers include an
analog channel-selection filter. However, since both RF (ra-
dio frequency} and IF (intermediate frequency) analog com-
penents must be integrated on the chip, designing the latter
to include a channel selection filter is very difficult in a chip
with a reasonable area. In particular, since the channel se-
lection filter’s cut-off frequency range is very low and its
noise level has to be low, its component values are large and
the filter occupies a big chip area. We have thus proposed
an all-digital receiver architecture for Bluetooth transceivers
and demonstrated its advantage in terms of chip-area reduc-
tion [14].

The strict interference performance specifications of
the Bluetooth standard require that the channel-selection fil-
ter be implemented as a particularly high-order band-pass
filter; in fact, tenth to fourteenth-order filters are required.
The quality (Q) factor of the filter should also be very high;
furthermore, large-value capacitors must be integrated into
the chip to reduce levels of circuit-generated noise. There-
fore, it is very difficult to achieve both a small chip area and
good minimum input sensitivity for the transceiver,

We have adopted a new digital receiver architecture to
simultaneously achieve both a small chip and good mini-
mum input sensitivity. The distinctive point of this archi-
tecture is that we replace the complicated high-order analog
filter for channel selection with the combination of a sim-
ple low-order analog filter and a sharp digital band-pass fil-
ter. Furthermore, we employ a digital demodulator in the
receiver to take further advantage of fine-design-rule semi-
conductor processes and improve the receiver’s minimum
input sensitivity.

We further reduce the chip area by applying a novel
transmitter architecture, that is, a new form of direct mod-
ulation for the VCO, Since conventional VCO direct mod-
ulation tends to suffer from variation of the modulation in-
dex with frequency, we have developed a new compensation
technique that minimizes this variation,

We have fabricated the new Bluetooth transceiver IC
with 0.35-um BiCMOS technology and evaluated its per-
formance. In this paper, we describe the transceiver archi-
tecture and the design of its core components in Sect. 2, and
give the results of evaluation of the fabricated transceiver in
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Sect. 3.
2, ‘Transceiver Block Diagram

A block diagram of the transceiver is given in Fig. 1. If we
want a small chip, we need a simple transceiver architecture
[15]. We thus adopt a low-IF (low-intermediate-frequency)
receiver and a novel form of VCO direct modulation.

2.1 Receiver

The signal received at the antenna is transferred to the RF
filter via an antenna switch (SW). The RF filter passes the
frequency band component between 2.4 and 2.5 GHz, which
is used for ISM (industrial, scientific, and medical) applica-
tions, The output of the RF filter is input to the low-noise
amplifier (LNA), which amplifies the input signal to the de-
sired signal level without severe noise degradation. The RF
output of the LNA is converted to the desired intermedi-
ate frequency by the mixer (MIX), and is transferred into
a band-pass filter for channel selection. Finally, the demod-
ulator (DEMOD) demodulates the output of the band-pass
filter to generate the received data (RX-DATA).

We adopted a low-IF receiver architecture. With this
architecture, selection of an appropriate center frequency is
very important. Two constraints affect the selection of IF
frequency: the settling time of the band-pass filter and the
interference-suppression ratio. Qur results of simulation,
shown in Fig. 2, indicate that if we want an IF frequency
higher than 2 MHz, the band-pass-filter’s settling time has

Fig.1 . Block diagram of a Bluetooth transceiver.
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Fig.2  Seuling time for the band-pass filter.
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to be less than 6 us. The conditions of this simulation are (1)
allowance for the frequency offset between the received and
local reference signals and (2) eye degradation of no more
than 2 dB. Furthermore, if a lower IF frequency is used for
the receiver, we obtain a better interference-suppression ra-
tio, therefore, we used 2-MHz IF frequency.

The low-IF architecture lets us implernent an on-chip
channel-selection filter. The problem is that a large Q factor,
greater than three, is necessary to secure a sufficient level of
loss for interference components in the channel filter. How-
ever, an analog filter with a large Q factor is unsatisfactory
in this role, since an area-hungry large capacitor must be
applied to avoid amplification of thermal noise generated by
the resistors.

This is why we realize the channel-selection filter as a
digital filter, only using an analog filter to keep the input sig-
nal within the dynamic range of the ADC. Furthermore, an
AGC (automatic gain controller) capable of high-speed con-
vergence is also very important for our proposed digital ar-
chitecture, because of the frequency-hopping access methed
used by Bluetooth transceivers,

Detailed descriptions of the receiver blocks follow,

2.1.1 LNA and Mixef

The LNA is shown in Fig.3. The RF signal is provided
to the LNA through a matching network from the RF input
node (Vgp). The LNA consists of two common-emitter cas-
caded amplifiers with symmetrical layout. Furthermore, to
improve the LNA’s input compression point, we utilized par-
asitic inductances (Ly;, Ly2) of the bonding wires and pins
for emitter degradation with no chip penalty.

The image-rejecting mixer (IRMIX, which serves as
the MIX block of Fig. 1) is composed of two poly-phase fil-
ters [16] and two Gilbert mixers [17], as shown in Fig.4.
One poly-phase filter is used as the RF-local-signa! (RF-
Lo} phase shifter, which produces two local signals from
the VCO output, these are 90° phase-shifted with respect to
each other and supplied as local clock signals in two phases
{Lo-I and Lo-Q) to the two Gilbert mixers. The other poly-
phase filter is designed so that image-frequency interference
is cancelled out over a wide frequency range. The outputs

vee —¢——
‘ }vo+
Matching network Vaz +—Vo-
LAY b Q4
Var 41
Q2

Fig.3 The LNA circuit.
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Fig.4  Circuit diagram of IRMIX.
Tablel LNA and MIX characteristics.
; Measurement | Simulation
(Gain 17.1dB 18.5dB
ICP -23.6 dBmn -24.0 dBm
NF 4.5dB 3.9dB
IMR/@2MHz 33dB 31.0dB
lce 13.3 mA 12.9 mA
a
=
2
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£
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Fig.5 1Image rejection ratio of IRMIX,

of the respective mixers, shifted by 45° in the positive and
negative directions, are added at the poly-phase filter.

Table 1 summarizes the results of measurement and
simulation for the low-noise amplifier and image-rejecting
mixer. The results are in fairly good agreement with each
other thanks to the careful extraction of parasitic compo-
nents from the layout. Figure 5 shows how the image-
rejection characteristic varies with IF frequency. The
mixer achieves a good image-rejection ratio, well below the
—20dB minimum required by the Bluetooth standard.

2.1.2 Band-Pass Filter with Variable Gain Amplifier

The output of the image-rejecting mixer is input to the ana-
log BPF via a variable gain amplifier {VGA). Compensa-
tion for the inter-symbol interference (ISI) introduced by
this analog BPF is applied in the digital domain.

The gain-control circuit for the VGA is shown in Fig, 6.
It is very important that the AGC settle within 6 symbol pe-
riods (= 6 us), because the Bluetooth standard requires that
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Fig.6  The AGC: block diagram,
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Fig.7 The AGC: loop gain.

the transceivers have fast performance in capturing.

For high-speed control of the gain, we use a logarith-
mic error function in the feedback loop. The AGC con-
sists of a level estimator that calculates the average out-
put level of the ADC, a subtractor that subtracts the target
tevel (ref) from the result, a logarithmic error function (Fx),
20log(a*comp+1), an intcgrator that includes a limiter, and
a selector that selects the appropriate gain tap of the VGA.

Casting the error function Fx in a logarithmic form
gives the AGC a very large initial loop gain, at which point
the gain error of the AGC is large. However, the loop gain
of the AGC becomes small after its activation, because the
weight of the logarithm is very small when the error is
around zero. The loop gain is shown in Fig.7. Results
for both the proposed method (solid curve) and the conven-
tional logarithmic feedback method (dashed line) are given
for comparison [19]. We see that the new AGC has fast con-
vergence and its operating point remains stable after conver-
gence. The VGA is controllable through a range of 60dB,
with a gain step of 2dB. After convergence, the level esti-
mator controls the signal SAT to reduce the gain, a, of the
logarithmic error function to 1/4; this prevents further fluc-
tuations in the gain of the VGA.

Figure 8 shows the result of simulation for settling of
the convergence process of the AGC, as obtained by using
the Advanced Design System (Agilent Technologies). To
cover the range of AGC settling time, we performed six sim-
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Fig.9  Frequency characteristic of the digital filier.

ulation runs, with the received signals at maximum (worst-
case) input level and in six different phases. After the start of
transmission, convergence of the gain to within the allowed
tolerance around the target level took no more than six sym-
bol periods. Since the Bluetooth standard specifies that a
signal being transmitted take two symbol periods to raise
and then have a four-symbol preamble, the settling speed of
the proposed AGC is adequate.

2.1.3 Demodulator

The channel-selection filter, realized as an FIR filter, is fol-
lowed by a PLL-based demnodulator with limiters. The fre-
quency characteristic of the digital channel-selection filter is
shown in Fig. 9. The frequency response of the filter is care-
fully designed to obtain a good eye-opening at the output of
the demodulator.

Figure 10 shows the structure of the PLL-based demod-
ulator. It consists of an image rejecter, which includes a
Hilbert-transform-based 90° phase shifter, a digital loop fil-
ter, a numerically controlled oscillator (NCO), and a low-
pass filter (LPF). The loop filter used was a lag-lead type
that includes an integrator and multipliers, The coefficient
Ka sclects a period of 2-MHz for the NCO. The advantage
of the PLL-based demodulator is that it is inherently robust
against input-level fluctuation, since its operation is solely
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Fig.10  Limiter-equipped PLL demodulator.
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Fig.12  Transmitter including 2 modulation-index compensatar.

based on the phase information in the input signal.

However, we have to be careful to avoid side-locking of
the PLL, i.e., locking to higher harmonics of the carrier fre-
quency. The two limiters in the loop prevent this. Figure 11
shows the result of simulated demodulation of a signal with
a 50-kHz frequency offset in the presence of interference at
2ZMHz. As the figure shows, the transmitted four-symbol
preamble (“1, 0, 1, 0™) is recovered correctly.

22 Transmitter
22,1 Transmitter Architecture

The Bluetooth standard specifies that the transmitter use
GFSK (Gaussian frequency-shift keying) to encode sym-
bols. This consists of a Gaussian filter for waveform shaping
and an FM modulator. To achieve a small chip area, we re-
quire a simple FM-modulator architecture. Here, we chose
the open-loop modulation architecture shown in Fig, 12, An
openj/close signal selects set-up-mode or transmitting-mode
operation for the PLL (operating and non-operating, respec-
tively). The VCO used here has two control terminals and
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operates in the range around 2.4 GHz. One control terminal,
Ve, is used to tune the carrier frequency. The output signal
from the DAC, that is, the modulated signal, is applied to
the other contro! terminal, Vy; the GFSK-modulated signal
for transmission is thus produced.

However, one result of this architecture is that the
modulation-index of the transmitter varies over the Blue-
tooth frequency range. The sensitivity of the VCO to mod-
ulation is described by

Gpl_(fOiAf)3 0
Gr2 f0 ’

where f0 is the central carrier frequency and Af is the dis-
tance of the channel in use from f0. The Bluetooth specifica-
tion creates a + 5% variation in carrier frequency. Changes
of modulation index with carrier frequency thus reach half
of the + 11% vartation allowed by the Bluetooth specifi-
cation, i.e., frequency shifts produced by meodulation must
be in the range between 140 and 175 kHz from the carrier.
Furthermore, frequency gain of voltage-to-frequency con-
version by the VCO varies by several percent with tempera-
ture; we thus need to minimize the variation contributed by
the transmitting architecture.

Here, we developed a new compensation technique to
reduce the variation in modulation index across the trans-
mission bandwidth. A variable reference current is applied
to a DAC, defining the maximum output voltage. The cur-
rent source is controlled by the PLL synthesizer’s division
ratio, N. The DAC takes a 5-bit input from the Gaussian
filter, which controls the internal source relative to the ref-
erence current. The operating clock for the DAC runs at
6.5 MHz. The key compensatory technique is selection of
the reference current of the DAC by the division ratio N of
the PLL synthesizer.

This technique reduces the results for modulation-
index variation with carrier frequency by one-third, so that
final variation is less than £1.8% of the value allowed by
Bluetooth.

222 VCO

The VCO is the most important circuit component for good
transceiver performance. The VCO must have a phase-noise
level below =120dBc/Hz and be immune to variation in
VCC. |

Figure 13 shows the VCO circuit, It has two control
terminals, V¢, Vi and tanks tapped by capacitors are used
to provide the same GND plane for both control-terminal
voltages. A single negative capacitor (Cs) ensures that the
oscillation frequency of the VCO is not decreased by the
parasitic capacitance of the inductor.

The transistors, Q| and Q;, are in a cross-coupled struc-
ture, creating a negative conductance. Fluctuation of the
bias levels, Vy,; and Vi, leads to variation of the parasitic
capacitances of the transistors, which in turn leads to varia-
tion of the oscillation frequency. Avoiding this by ensuring
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Fig.15  The VCO: result of phase-noise measurement.

that Vi, and Vy; are fixed is not appropriate, since the volt-
ages between the bases and collectors of Q and Q; will
still vary with VCC. This leads to fluctuations in the fre-
quency of oscillation such that the power-supply rejection
ratio (PSRR) for oscillation frequency is poor.

The biasing method we propose avoids both problems.
As we see in Fig. 13, biasing voltages Vy, and Vg are de-
rived from VCC, so that the voltages between the bases and
collectors of Q; and Q; are kept stable and are less depen-
dent on variations in VCC,



KOKUBO etal.: A SMALL-CHIP-AREA TRANSCEIVER IC

&7 PR Fs 0z 0 e Ee ], + T2 Efe 4
l:}:u: b 3
| 1 E - Lil . H
[E} ) apunneenmnnmnns -
- T
1 HE K
4
q )
UF 1: A -+ e
HENE :
|

1.0E-02

1.0E-03

1.0E-04

1.0E-05 |

Bit-rrror rate

1.0E-06

1.0E-07 . L
-80 -85 -80 75
Input power (dBm}
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Figure 14 shows the results of PSRR measurement for
this VCO and one in which fixed biasing is applied. The
proposed method is highly effective. Results for phase-noise
are shown in Fig. 15. A good phase-noise characteristic is
attained, with variation of only —128 dBc/Hz at a 3-MHz
offset frequency.

3. Transceiver Measurement Results

We fabricated the new Bluetooth transceiver by using four-
metal, 0.35-pm BiCMOS technology. The chip size is 3.0 x
3.0mm?, and a photo of the chip is given as Fig. 16.

Figure 17 shows the measured result for minimum in-
put sensitivity, where the receiver achieves the low value of
—~85 dBm at the Bluetooth-specified maximum bit-error rate.
Interference performance measurement results are summa-
rized in Table 2. All of the requirements of the Bluetooth
standard are satisfied with margins suitable for preduction,
thanks to the receiver’s digital channel-selection filter. Re-
sults of test-chip evaluation are summarized in Table 3.

Results for chip area are compared with those of cir-
cuits presented at previous the ISSC Conferences in Table 4.
Until now, Zeiji et al.’s analog circuit [7] was the smallest of
Bluetooth transceivers. The reported RF area is 5.5 mm?;

. 883
Table2  Measured resuits for interference performance.
[nterference | Bluetooth
frequency Specificatio C/A{dB)
n
IF+3IMHz -40 -43.6
[F+3MHz -40 -43.6
IF+2MHz -30 -34.6
IF+1MHz 0 =32
Co 11 9.3
IF-IMHz 0 -4.7
IF-2MHz -30 -36.6
Image-1MHz -20 =323
Image -9 -22.6
Image+1MHz -20 -40.3

*Image frequency is offset by -4 MHz from the carrier.

Table3  Summary of measured results.

Ttem Result

Supply voltage 27V

Tx 35 mA
Current

Rx 45 mA
Actual sensitivity -85 dBm
YCO phase-noise level at
3-MHz offset frequency -128 dBe/Hz
Output power fevel +4 dBm
Modulatu_)n_ +1.8%
index variation
Frequency drift
(5 packets) 20 ktiz
Initial frequency offset 3.4 kHz
Eye-opening ratio 0.84

Table4  Chip-area comparison.

gzirziﬂ:]};i}p Technology
1?,1 3.9/90 ‘ gig:i:(uon;
Ref {8] 2/19.5 gi?tv.il:)ms
ik Tes B{:gﬁgs
Ref[7] | 5504*)- Oéﬁg?
Ref{14] 59/- Oélri-oug]

* This area is taken up by the 2nalog circuits alone.

this was achieved with a 0.18-um CMOS process. The RE
and IF analog modules of this work take up a total area of
only 3.9mm?, and were implemented by using a (.35-um
BiCMOS process. This demonstrates the effectiveness of
our digital architecture in terms of saving on the overall chip
size.

4. Conclusion

We have developed a small-chip-area transceiver IC for
Bluetooth, Fabricated with 0.35-um BiCMOS technol-



