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ogy, the IC occupies an extremely small die area of only
3 x 3 mm?. We have proposed a new low-IF transceiver ar-
chitecture to simultaneously achieve both a small chip area
and good minimurmn input sensitivity.

The distinctive point of the receiver architecture is that
we replace the complicated high-order analog filter for chan-
nel selection with the combination of a simple low-order
analog filter and a sharp digital band-pass filter. This archi-
tecture can eliminate large-value capacitors from the chan-
nel selection filter. We also proposed a high-speed conver-
gence AGC and a demodulation block to realize the pro-
posed digital architecture. The proposed AGC converges
within 6 us, which is fast enough for the frequency hopping
access method used by Bluetooth transceivers.

For the transceiver, we reduced the chip area by ap-
plying a new form of direct modulation for the VCO. Since
conventional VCO direct modulation tends to suffer from
variation of the modulation index with frequency, we have
developed a new compensation technique. The proposed
technique can reduce the variation by one-third of the value
without this technique, 1o less than +1.8%. We also devel-
oped a new method of biasing to improve the VCO’s PSRR,
and achieve a good phase-noise result, with levels below
—128 dBc/Hz at a 3-MHz offset frequency.

The transceiver achieved good minimum input sensitiv-
ity of —85dBm at the maximum bit-error rate and showed
all of the interference performance that satisfied the require-
ments of the Bluetooth standard.
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A GFSK Transmitter Architecture for a Bluetooth RF-IC,
Featuring a Variable-Loop-Bandwidth Phase-Locked

Loop Modulator

Masaru KOKUBO'#, Takashi OSHIMA', Members, Katsumi YAMAMOTO't, Kunio TAKAYASU'Y,

SUMMARY  The use of a twe-point modulator with variable PLL loop
bandwidth as a GFSK signal generator is proposed. Delta-sigma modula-
tion is adopted for the modulator. Through the combination of a variable
PLL feedback loep and delta-sigma modulation, both a fast settling time
and very clear eye opening are achieved for the modulator. We fabricate
it in 0.35-um BiCMOS process technology. The two-point modulator has
a center-frequency drift of only 14.9kHz, much lower than the 178-kHz
result for a single time slot in the case of direct VCO modulation. This
is due to the PLL feedback loop. Evaluation also confirmed that the cir-
cuit satisfies the various characteristics required of a Bluetooth transmitter.
The two-point modutator is also applicable to other transceivers which use
FSK or PSK modulation, i.e. forms of modulation where a constant signal
level is transmitted, and thus centributes to the simplification of a range of
wireless transmitiers.

key words: FSK. modulator, delta-sigma, PLL, variable loop bandwidth,
Bluetooth

1. Introduction

The various popular forms of wireless communications in-
clude wireless LAN, the Personal Handyphone System,
CDMA, GSM, and other mobile-phone standards. Per-
sonal area networks (PANs), in which the network is formed
through a base station or directly among individual termi-
nals, are now being added to this list. The Bluetooth stan-
dard for wireless communications is the best-known short-
range wireless access method for the realization of PANSs.

The Bluetooth standard specifies a method of commu-
nication over ranges within 10m [1]. Bluetooth terminals
will popularize direct inter-device wireless data communi-
cations for multiple items of personal equipment, and will
dramatically improve the versatility and interoperability of
mobile devices such as cellular phones, PDAs, and portable
personal computers.

FSK (frequency-shift keying) modulation is adopted in
the Bluetooth standard. In FSK, changes in frequency rep-
resent the transmitted data. Well-known ways of generating
F5K signals include heterodyne modulation [2] and direct
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in-phase/quadrature (IQ) modulation [3}-[7]. Both are al-
ready in common use. When these modulation techniques
are adopted in a Bluetooth transmitter, the data for transmis-
sion is initially converted to 1 and Q elements, which are
90° out of phase with each other. The I and Q elements are
then multiplied by local carrier waves at the 2.4-GHz radio
frequency in two mixers, so the results also have a phase dif-
ference of 90°. After that, to avoid the generation of image-
frequency components, the outputs of the mixers are added
to each other by wired-OR connections. This method gen-
erates an FSK-modulated radio-frequency wave with very
small image-frequency components. Furthermore, both di-
rect and heterodyne modulation are applicable to the realiza-
tion of various kinds of modulated waves, including PSK,
QPSK, and QAM.

In transceivers based on FSK modulation such as those
for Bluetooth, however, these methods of modulation gen-
erate phase or frequency fluctuations according to the non-
linear characteristics of the power amplifiers, i.e. amplitude
modulation is converted to phase modulation. This AM-PM
problem occurs with even a small mismatch in amplitudes
of the [ and Q elements, and is also cansed by amplitude
mismatches between local carrier waves. Furthermore, we
must also consider the VCO (voltage controlled oscillator)
frequency-pulling problem when using direct IQ modula-
tion. Moreover, it isn’t easy to decrease power consumption
in the transmitter because the modulation methods require
mixers that operate in very high frequency bands, such as
2.4 GHz in the case of Bluetooth.

Direct VCO modulation is an alternative to these tech-
niques and is used in many Bluetooth transceivers. This
provides a very simple transmitter architecture that suits the
generation of FSK-modulated signals. In this method, FSK
signals are transmitted while the PLL (phase locked loop) is
cut out to open the otherwise closed loop and the frequency-
modulation signal or data for transmission is directly input
to the VCO’s frequency-control terminal. Of course, the
PLL operates normally before transmission starts. That is,
the circuit forms a closed loop and PLL frequency synthesis
produces the carrier frequency for transrission.

The specified transmission bandwidth for Bluetooth is
about 500 kHz, and this bandwidth is wider than the loop
bandwidth of a typical PLL, which is several tens of kilo-
hertz. Therefore, generating a Bluetooth FSK modulation

Copyright © 2003 The Institute of Electronics, Information and Communication Engineers
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signal through the combination of a closed-loop PLL and di-
rect VCO modulation is very difticult, because the frequency
deviation is absorbed by the effect of the feedback loop of
the PLL in the case of the repeated transmission of either
value, i.e. “1” or “0.”

A circuit for direct VCO modulation can be constructed
by simply adding an analog low frequency circuit that con-
trols the VCO control terminal to the original PLL synthe-
sizer structure, and the circuit doesn’t require the two ra-
dio frequency mixers of the direct IQ modulation method.
A transceiver based on direct VCO modulation thus con-
sumes much less power and has a smaller chip area than
a transceiver based on direct 1Q modulation. Direct VCO
modulation is thus adopted in many transceivers [8]~[12].

Due to supply-voltage fluctuation, noise on the VCO
control terminals, and the leakage current of the charge
pump and other components of the PLL's loop filter, how-
ever, direct VCO modulation generally suffers from a drift in
the center frequency of transmission. Since the ground and
power-supply lines of a small and cheap mobile transceiver
are usually far from ideal, keeping the center-frequency drift
within the required frequency range (less than 25 kHz) dur-
ing a single-time-slot packet-transmission period in a Blue-
tooth transceiver is very difficult unless feedback loops are
used. Since signals are transmitted to the antenna while
the PLL is open loop in direct VCO modulation, a large
center-frequency drift is caused by very low levels of noise
or leakage at the VCO control terminal. It isn't easy to
avoid this center-frequency drift and achieve good charac-
teristics, even when careful circuit and layout design for re-
duced noise is done both inside and outside the integrated
circuit.

Cheah et al. [13] have proposed a closed-loop transmis-
sion method in which a frequency divider in the feedback
path is controlled according to the FSK modulation signal
(current state of the data). However, this method needs a
compensation technique to adjust the frequency character-
istics of the PLL closed-loop transfer function because the
PLL loop bandwidth of the transceiver is usually much nat-
rower than the modulation bandwidth of the Bluetooth trans-
mitter.

Compensation of frequency characteristics at this point
requires a large gain in the high-frequency range, i.e. a dif-
ferentiator or HPF. Noise from the PLL will increase if we
apply this technique to the transmitter. Moreover, determin-
ing the compensation characteristics isn't easy, because the
loop bandwidth of the PLL readily changes due to variation
in the voltage-to-frequency conversion gain of the VCO and
the charge-pump current. Compensation is thus inadequate
for applications that require highly precise modulation. An-
other example of closed-loop modulation [14] requires two
DACs (digital to analog converters) for separate correction
of mismatches of the VCO gain and of the charge-pump cur-
rent, thus realizing precise modulation.

Two-point modulation method is well known as a
method for closed-loop FSK signal generation. Filiol et
al. [15] describe a two-point modulation method in which

IEICE TRANS. ELECTRON,, VOL.EZ8-C, NO,3 MARCH 2005

direct VCO modulation is combined with closed-loop trans-
mission. A premise of this form of modulation is that the
modulation indices on both paths, i.e. the direct VCO modu-
lation path and the frequency-divider modulation path in the
PLL feedback loop, are equal. Two-point modulation will
not operate properly when the indices are different. While
two-point modulation is useful as a technigue for the gen-
eration of FSK signals for Bluetooth transceivers, we must
consider degradation due to the PLL loop bandwidth and
drift in the center frequency of the output signal. Further-
more, while Staszewski et al, [16} have presented a method
of two-point modulation that is specifically for digital sig-
nals, the method requires a means of compensation to ab-
sorb quantization noise introduced because of the restricted
clock rate and a means for adjusting the DCO (digitally con-
trolled oscillator) to maintain constant voltage-to-frequency
conversion gain with varying carrier frequency.

Our proposed modulator is based on direct VCO mod-
ulation with fractional frequency divider control achieved
through delta-sigma modulation. Here, we newly develop
the variable loop bandwidth control technique of PLL and
adopt it into the GFSK modulator for satisfying the Blue-
tooth specifications, The proposed new techniques reduce
out-of-band frequency noise, improve the eye opening for
transmitting signals, and also reduce the drift in center fre-
quency due to noise and leakage of circuits. We have already
reported on the results of simulation of the new two-point
modulation architecture with a variable loop bandwidth for
the PLL [17].

In this paper, we review the design methodology for the
modulator and report on our integration of the full transmit-
ter into 0.35-um BiCMOS and the evaluation of its perfor-
mance. We demonstrate that the new architecture is effective
in reducing center-frequency drift,

Design of the transmitter with a structure that allows
variable loop bandwidth is described in the second section,
and we report on the results of evaluation of a test chip in
the third section. Finally, we conclude the paper with a brief
summary as the fourth section.

2. Transmitter Design

The important requirements of the Bluetooth specification
that apply to transmitters are listed in Table 1. Although a

Table1 Bluetooth transmitter specifications.

No. [tem Bluetooth specification

1 Initial frequencey offset < *+25kHz

2 Center frequency drift <25 kHz

3 Freguency drilt rate <20 kilz/50 ps

4 Frequency Average 140 - 175 kllz

5 deviation Minimum { > 115 kHz

6 Eye-opening ratio >0.8

7 -20-dB bandwidth <1 Mllz

8 In-band < 2MHz <-20 dBm

9 spurious > 3MHz <=-40 dBm

10 | Out-ol-band spurious <-30d4Bin

11 PLL scttling time <220 ps
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PA: Power amplifiar
GF: Gaussian filter

Fig.1  Block dizgram of a Bluetcoth transceiver,

frequency offset of less than +75kHz is specified, the al-
lowable frequency offset of a crystal oscillator for use with
the transceiver is specified as less than +20ppm, the ini-
tial frequency offset is that listed against item 1, that is,
+25kHz. Since noise from outside the IC will often have
an effect, center frequency drift (item 2} arises because of
power-supply noise on the board and so on. Items 4 to 7 are
important in terms of the quality of the modulator. Item &
indicates the extent to which in-band noise elements must
be restrained so that they do not interfere with signal trans-
fer on other Bluetooth channels. Item 9 indicates how much
out-of-band noise elements have to be restrained so that they
do not interfere with other {non-Bluetooth) signals. Non-
linearities of the power amplifier (PA) and VCO are usually
responsible for these disturbances. A short settling time for
the PLL is also desirable, since this is part of the overall
time taken to transmit a frame. The settling time listed in
the table is the maximum permitted with Bluetooth.

The following sections will cover construction of the
proposed transmitter.

2.1 Transmitter Block Diagram

A block diagram of a typical Bluetooth transceiver is shown
in Fig. 1. We integrated the blocks inside the area marked
by the dotted line.

The transmitter of this integrated circuit consists of the
GF (Gaussian filter, i.e. a filter with a Gaussian characteris-
tic), PLL, VCO, DAC, and PA. Tx, which indicates the data
sequence to be transmitted, is input to the GF. The output
of the GF is converted into an analog signal by the DAC.
The VCO has two control terminals, one controlled by the
PLL and the other controlled by the modulating signal from
the DAC so that the FM signal for transmission is gener-
ated. The PA amplifies the output of the VCO and drives an
antenna when connected through the switch (Sw.).

On the receiver side, microwave signals received from
the antenna are input to the integrated circuit via the switch
and a band-pass filter which selects the ISM (Industrial, Sci-
ence, and Medical} band at 2.4 GHz. In the first stage of the
integrated circuit, the input signal is amplified by the low-
noise amplifier (LNA). In the next stage, the signal is con-
verted to an intermediate frequency by the mixer (Mix.). Af-
ter that, the narrow intermediate-frequency band-pass filter
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Fig.2  Block diagram of the two-point medulation transmitter.

reduces the amplitude of disturbances potentially generated
by other transceivers, sclecting only the desired frequency
component. Finally, the demodulator {Demod.) regenerates
Rx, the received digital data. The receiver circuits of this
integrated circuit have been described in a previous report
[18].

2.2 Application of the PLL in the Transmitter Architecture

Figure 2 is a block diagram of the two-point modulator in
which variable loop bandwidth is applied. The key tech-
nique is the use of a PLL synthesizer capable of fractional
frequency multiplication. The two-point modulator consists
of the direct VCO modulation circuit and the PLL, which in-
cludes a frequency divider (Div.). The divider is controlled
by the delta-sigma modulator (Mod.), which takes the data
sequence for transmission (Tx) and transmission channel in-
formation (Tx-ch) as inputs.

As stated above, the PLL is the basis of the proposed
transmitter circuit. The PLL consists of a phase-frequency
camparator (PFC), which compares the phase and frequency
differences between the reference clock signal (fr) and the
output of divider, charge-pump (CP), which converts the
PFC output into an analog signal, and VCO. The loop fil-
ter between the CP and VCO consists of passive resisters
and capacitors. Its role is to maintain stability and suppress
noise. The current from the CP is variable. Control is pro-
vided by the signal Bw-sel, as is shown in Fig. 2.

The VCO is for two-point modulation and thus has two
control terminals (V¢y, Ve2). Vi is used as a conventional
PLL control terminal and Vi is used to apply the mod-
ulating signal, that is, the signal generated by passing Tx
through the GF and DAC,

Next, Tx-ch and Tx are processed by the modulator
to control the divider. TX-ch is an integer multiple N2 of
the reference frequency; this selects the transmission chan-
nel of the transceiver. The modulator outputs a signal at
N2 plus or minus one according to the current value of
the data sequence for transmission. The maximum devia-
tion of modulated signals from center frequencies in a Blue-
tooth transceiver is 0.16 MHz. Therefore, we use fractional
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Fig.3  Frequency characteristics of two-point modulation.

frequency division to generate non-integer multiples of the
1-MHz reference frequency, for example, —0.16 MHz or
+0.16 MHz. The average divisor for the divider is equal
to the channel number, N2, We give further details on a
modulator, the so-called delta-sigma modulator, in the next
sub-section.

2.3 Loop Bandwidth

The principle of modulation for the transmitter is now ex-
plained with the aid of Figs.2 and 3. The transmitter has
two modulation paths, the path of direct VCO control by
Tx, which includes the GF and DAC (indicated by arrow A
in Fig.2) and the path for modulated divider-control of the
PLL, feedback loop (indicated by the dotted arrow, B, in the
same figure).

After smoothing by the GF, the data for transmission is
input to the DAC, which produces an analog signal (Vcs).
This signal arrives at the VCO along path A and modulates
the VCO's frequency by adjusting the value of an internal
variable capacitor. Therefore, the closed-loop transfer func-
tion for direct VCO modulation from Vg to Vy is given by

Vs) 1
Vea(s) 1+ H(s)

We define the closed-loop transfer function of PLL as H(s)
[19].

The frequency characteristics of H(s) are shown by
the upper trace in Fig. 3. Therefore, the closed-loop trans-
fer characteristic from the DAC output to the VCO output
is the high-pass characteristic labeled A in the lower trace
of Fig.3. The cut-off frequency of the closed-loop transfer
function is almost equal to the loop bandwidth, w,, of H(s).

Next, Tx and Tx-ch are input to the modulator, which
produces the control signal (N2 1) for the divider. To make
the result of N2 x fr equal to the carrier frequency, the aver-
age control signal for the divider, denoted by N2 _aor, must
be equal to N2. The frequency divisor for the divider is im-
mediately updated by the control signal.

(h
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Modulation frequency

Time {us)

Fig.4 Eye pattern (the PLL's loop bandwidth is 9 kHz).

The transfer function from TX to Vp is given by

Vo(s) _ N2-H(s)
T 7 1-H(®)

@

In other words, the signal from the modulator has a
low-pass frequency characteristic with a cut-off frequency
of w, {labeled B in Fig. 3). We adopted a delta-sigma mod-
ulator for the modulator. A delta-sigma modulator spreads
the quantization noise E(z) into the higher-frequency range.
The transfer function Y(z) of the noise processed by delta-
sigma modulation is given by

Y(2) = E@(1 -z (3)[20]

Here, N is the order of the delta-sigma modulator and z-! is
unit delay time, which is equivalent to the sampling period
of the delta-sigma modulator.

The frequency characteristic corresponding to Eq. (3)
is labeled C in Fig.3. The noise component is thus con-
centrated in the higher-frequency range. This noise com-
ponent doesn’t affect the output, Vy, because multiplication
by the PLL's low-pass frequency characteristic leads to the
quantization-noise response labeled D in Fig, 3.

Therefore, we can maintain the feedback loop of the
PLL while generating the GFSK signal. All-pass character-
istics are obtained with respect to the signal input, since the
transfer function is the superposition of the low-pass and
high-pass characteristics for modulation on the two trans-
mitter paths.

The loop bandwidth, w,, is an important parameter
which decides the noise contribution ratio of the two paths
in the output signal. In other words, the noise contribution
of the direct VCO modulation path increases when w, is
lowered so that the PLL has a narrower loop bandwidth, and
the noise contribution of the delta-sigma modulator path in-
creases when w, is raised so that the PLL has a wider loop
bandwidth. The contribution of quantization noise from the
delta-sigma modulator becomes larger in the latter case; that
is, we know the transmitted waveform will have a lot of
noise when the loop bandwidth of the PLL is wide.

Eye patterns of the transmitted signal with three loop-
bandwidth values for the PLL are shown in Figs. 4, 5, and 6.
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Fig.7 Frequency drift-rate: result of simulation.

For this simulation, the order & of the delta-sigma modula-
tor was set to two, and we set w, to 9kHz in Fig. 4, 12kHz
in Fig. 5, and 17 kHz in Fig. 6. Further conditions of simula-
tion were a large frequency drift of 600 Hz/us for the VCO,
due to noise and leakage current, and a 1-MHz sampling
frequency for the delta-sigma modulator.

The figures show that a wide loop bandwidth for the
PLL makes it very difficult to get an output modulated wave
that contains little noise.

On the other hand, too narrow a loop bandwidth means
that the PLL cannot compensate for VCO frequency drift
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Fig.B  Start-up procedure and VCO frequency fuctuation.

due to noise or leakage current. Results of simulation of the
frequency drift rate vs. the loop bandwidth of the PLL are
plotted in Fig. 7, along with the specified rate for Bluetooth.
For the simulation shown in Fig. 7, we considered the noises
and leakage currents occurred in PLL as the equivalent noise
source at the VCO input. We measured the frequency fluc-
tuations over the all conditions of temperature and supply
voltage variations and set the VCO parameter in the sim-
ulation with the worst case drift of 600 Hz/us. The figure
clearly shows that a loop bandwidth of more than 6.5kHz
is necessary for tracking of the worst case VCO frequency
drift.

24 Changing the PLL’s Loop Bandwidth Over Time

The Bluetooth specification requires that the PLL have a
convergence time of no more than 220 us. Since a margin
for stabilization must also be allowed, the PLL convergence
must be complete somewhat before 220us.  The settling
time of a PLL is known to be a function of w,, where w,
is the free-running frequency of the PLL [21]. We selected
a loop bandwidth of about 6.5 kHz for the PLL, for the rea-
son discussed in Sect, 2.3, Furthermore, we use a damping
factor of £ = 1, We then used Eq. (4) to get a rough esti-
mate of settling time, The largest possible frequency hop
in Bluetcoth is 80 MHz and we assume a frequency error of
less than 100 Hz in the steady state.

Af 100
a5 nl———
ln[BW N n[80x10"

cw, | 2mX65x%10°

T=- 2 330pus 4)

The result indicates that settling within the required
time period is not possible when the PLL has a narrow locop
bandwidth. In this paper, we examine a technique where the
loop bandwidth of the PLL is changed in multiple stages to
achieve a shorter settling time,

A time chart from the point at which the Bluetooth
transceiver activates the transmitter to just after the start of
transmission is given as Fig. 8. The factors that significantly
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obstruct convergence by a PLL are also indicated in the fig-
ure. The top plot in Fig. 8 shows the VCO’s frequency of
oscillation, Successively lower plots show the PLL-start sig-
nal, PA-start signal, Bw-sel (select loop-bandwidth change)
signal, and Vo (Tx data transmission).

Convergence of the PLL starts when the PLL-start sig-
nal goes high (#g). At this time, a wide loop bandwidth is se-
lected for the PLL, so settling is relatively fast at the begin-
ning of convergence. In this case, we set a loop bandwidth
of 40-60-kHz to obtain a settling time shorter than 100 us
for the PLL. Next, the PA is activated at point f;. Activation
of the PA changes the VCO frequency by several hundreds
of kilohertz, even if the PA circuit block is mounted with
an independent power supply and ground line. For this rea-
son, PLL re-convergence is required to return the VCO to
the frequency assigned for transmission,

Next, after the PLL has settled such that the VCO is
within a small error frequency of the assigned frequency,
the loop bandwidth of the PLL is made narrower (point
r2). However, a further very short period of re-convergence
is required because of the change to the loop bandwidth,
since the control signal that changes the loop bandwidth cre-
ates noise that reaches the VCO control terminals, Further-
more, the phase error of the PLL relative to the reference
clock changes slightly when the loop bandwidth is changed.
Therefore, if the VCO has a large frequency drift, we must
include additional PLL re-convergence time for worst-case
convergence conditions. Data transmission starts at f3, that
is, after the PLL output has settled at the assigned frequency.
The delta-sigma modulator is also started at this point.

To determine an adequate re-convergence time for the
transmitter, we measured the frequency fluctuations induced
by interference in an actual integrated circuit with open-loop
modulation. The VCO frequency drift rate was 600 Hz/us
and the frequency change on PA activation was 200 kHz.
Of course, these parameters will vary with the component
tolerances, wiring layout, and so on. Therefore, our goal is
to identify a margin of re-convergence time that is sufficient
for use in practical design.

As a result, we selected loop-bandwidth changeover
timing of #=80us and £,=120ps, and a final transmission
start point of r;=180us. We confirmed that the transmit-
ter performance in this case fulfills the Bluetooth specifi-
cation, even if the loop-filter time constant, charge-pump
current, and VCO voltage-to-frequency conversion gain are
varied by changing component values in the integrated cir-
cuit through the full range of possible variation. The re-
sults of simulation, including initial frequency deviation
Jo < 10kHz, frequency drift < 16kHz, and eye-opening
ratio > 0.95, indicate the validity of our proposed trans-
mitter architecture. Here, we set the narrower condition of
loop bandwidth for the PLL to $kHz, providing a margin
above the 6.5-kHz minimum in consideration of manufac-
turing dispersal in the active and passive elements of the [C.
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Fig.9 Delia-sigma modulators.

2.5 Modulator

We applied a delta-sigma modulator as a modulator. A block
diagram of a first-order delta-sigma modulator is given as
Fig.9(a). Coefficient m is a modulation index, and in our
case is multiplied by the data signal, Tx. Given the typical
modulation index required by the Bluetooth specification of
0.16 and a setting of 2400 as the divisor for the divider in
Fig. 2, the difference between the period of the divider out-
put and the period of the reference clock is 69.2ps. This
value is almost equal to 1/6 (0.16666) of one period (416 ps)
of the 2.4-GHz radio frequency signal used in Bluetooth.
Therefore, we input Tx to the delta-sigma modulator after
multiplication by m=0.16 (= 1/6).

The first-order delta-sigma modulator consists of an in-
tegrator (labeled z7'/(1 ~ z7')), a quantizer (Q), which de-
tects the polarity of the output of the integrator and outputs
plus or minus one, and a subtractor, which calculates differ-
ences between the output of Q and the input.

- After adjusting the delay of the output (N2} of the
delta-sigma modulator to match the fixed delay of the DAC
in the path from the Tx input to the Ve terminal minus the
set-up period required for control of the divider, closed-loop
modulation is initiated by applying N2 to the divider of the
PLL.

A block diagram of a second-order delta-sigma modu-
lator is given as Fig.9 (b). The structure differs from that
of a first-order delta-sigma modulator in the inclusion of an
additional subtractor, which subtracts the output of Q from
the output of the first-stage integrator. Multiplication by a
coefficient k before subtraction is adopted for stability. We
used k=2 in our application.

The unique sequence “1010™ is continuously transmit-
ted for measurement of the center frequency in Bluetooth
transmission. When this sequence is input to the first-order
delta-sigma modulator, either of two output conditions is
possible: continuous output of “I, 1, -1, and ~1,” and con-
tinuous output of “1, =1, 1, and =1." These two output
patterns from the modulator are caused by differences of
their tnitial value of the integrator of the first order delta-
sigma modulator. Of course, the average frequency is the
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same in both cases. However, unsatisfactory frequency drift
and frequency-drift rate occur when being the former con-
dition. The simulated response of the two-point modulator
when the sequence “1, 1, -1, and —1” is continuously out-
put from the first-order delta-sigma modulator is shown in
Fig, 10, where the vertical axis represents modulation fre-
quency and the horizontal axis represents time (the trans-
mitter is activated at 180us). A large frequency drift of
41.5kHz and fast frequency-drift rate of 54.2kHz per 50-
us period are seen under the former condition, while there
is no frequency drift under the latter condition. Therefore,
we conclude that adopting the first-order delta-sigma mod-
ulator into the transmitter is not adequate for Bluetooth ap-
plications.

The advantage of the second-order delta-sigma modu-
lator in this case is that it does not output a periodical fixed
pattern. However, if the center-frequency-measurement pat-
tern specified for Bluetooth, i.e. continuous repetition of *‘l,
0, 1, 0" is input to the modulator, the output of the second-
order delta-sigma modulator does tend to output a fixed pat-
tern, Frequency drift occurs just after the delta-sigma mod-
ulator is activated because of the discontinuity conveyed to
the PLL, and we simulate the frequency drift in this case.
Fortunately, simulation shows that the second order delta-
sigma modulator is effective in this application, since the re-

Frequency (kHz)

160 ;80 200 220 240 250 230 300 323 340 360 380 400
Time (us)

Fig. 10 Result of simulation for frequency drift when using first-order
delta-sigma modulation.
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Fig.11  Result of simulation for frequency drift when using second-order
delta-sigma modulation.
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sults of simulation for frequency drift are lower than 8 kHz
under all conditions.

Figure 11 shows the center-frequency drift of the trans-
mitter with the second-order delta-sigma modulator when
loop-bandwidth switching is adopted. In Fig. 11, the trans-
mitter is activated at 10 us. This simulation was done with
the maximum possible frequency drift of the VCO due to
leakage current and the greatest possible level of interfer-
ence due to PA activation.

2.6 Calibration for Two-Point Modulation

For correct operation of the two-point modulator, we must
design paths A and B in Fig.2 to have equal gain. Asis
shown in Fig. 2, a gain-adjustment function in the form of
the calibration circuit (Cal.) was included in this IC. Fixed
voltages are independently supplied to each of the control
terminals, V¢, and Vo, and the counter in the divider is
used to count the VCO output. We can then estimate the er-
ror frequency through comparison with the reference clock,
which is gencrated by a crystal oscillator.

Calibration can thus be completed in a short time by
using a very simple and easy structure, with the only extra
requirement being the calibration circuit. Furthermore, cali-
bration is carried out automatically when power is supplied,
and the function thus always corrects any gain imbalance
between the two paths to the two-point modulator.

3. Results of Transmitter Measurement

We used 0.35-pm BiCMOS technology to experimentally
fabricate a transmitter based on the proposed two-point
modulator technique in a Bluetooth RF-LSL. A chip pho-
tograph of the transmitter block is shown in Fig. 12.

The result of frequency analysis of the transmitter out-
put is shown in Fig. 13. The vertical axis represents the fre-
quency deviation from the center frequency of the specified

Chip photograph of the transmitter block.

Fig. 12
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Fig, 13 Transmitter center-frequency drift.
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Fig.14  Qutput spectrum of the transmitter,

channel and the horizontal axis represents the time relative
to activation of the transmitter. Results under two mea-
surement conditions are given in the figure: (a) operation
with conventional direct VCO modulation and (b) operation
with the proposed technique. The figures show the first two-
thirds of a single transmission slot,

The transmitter with conventional direct VCO mod-
ulation has a center-frequency drift of 178kHz in a sin-
gle time slot (625 us). The new circuit reduces the center-
frequency drift to 14.9 kHz. The difference is clearly visi-
ble in Fig. 13(b}), demonstrating the effectiveness of the pro-
posed modulation technique.

The transmitter’s output spectrum and eye pattern are
shown in Figs. 14 and 135, respectively. The measured —~20-
dB bandwidth of the output spectrum is 705kHz and the
eye-opening ratio is 0.87. The transmitter thus has good
performance as a GFSK modulator.

Results of evaluation for the transmitter are summa-
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Fig.15  Transmitter eye pattern.

Table2  Evaluation resuits.

No ttem Bll!ctom_h Evaluation
) specification resulls
I | Initial frequency oftset < *=25kHz =10.7 kliz
2 | Center frequeney drift < 25k« 14.9 kEbx
3 [ Frequency drift rate < 20 kH#/50 us 6.9 kHz/S0ps
4 | Frequency [ Average [ 140-175kilz 164.5 kllz
5 | deviation [ Minimum [ > i15kHz 1229 kHz
6 | Eye-opening ratio > 0.8 0.87
7| -20-dB bandwidth < | MHz 0.7¢5 MHz
8 | In-band { <2MHz [<-20dBm -49.5 dBm
9 | spurious [ >3IMHz [ <-40dBm -53.8 dBm
10 Out-oi-hand spurious <-30 dBm -37.8 éBm
11 § PLL setling time <220 ps 180 ps

rized in Table 2, confirming satisfaction of all items required
by the Bluetooth specification.

4, Conclusions

A two-point modulator with variable PLL loop bandwidth
has been proposed for use as a GFSK signal gencrator. The
device was fabricated in 0.35-um BiCMOS process technol-
ogy.

Delta-sigma modulation was applied in the input of the
two-point modulator. During actual transmission, the delta-
sigma modulator shifts quantification noise to higher fre-
quencies; using the PLL with a narrower loop bandwidth
then prevents deterioration of the eye opening at the output.
On the other hand, the loop bandwidth of the PLL is set wide
for fast convergence during the earliest stage of settling. The
combination of these techniques in this new two-point mod-
ulator achieved both a fast settling time and very clear and
well-defined eye openings.

Center-frequency drift is much lower with the pro-
posed two-point modulator than with direct VCO modula-
tion (14.9 kHz vs. F78 kHz, both for a single time slot). This
demonstrates the effectiveness of the PLL feedback loop in
reducing drift due to leakage current and noise. Further-
more, evaluation confirmed that the transmitter satisfies all
of the various conditions of the Bluetooth specification.

Moreover, this two-point modulator is applicable to
other transceivers in which FSK or PSK modulation is used,
that is, where transmission is at a constant signal level, and
thus contributes to the simplification of a wide range of
wireless transmitters.
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Overexpression of Inducible Nitric Oxide Synthase in
Rostral Ventrolateral Medulla Causes Hypertension and
Sympathoexcitation via an Increase in Oxidative Stress

Yoshikuni Kimura, Yoshitaka Hirooka, Yoji Sagara, Koji Ito, Takuya Kishi, Hiroaki Shimokawa,
Akira Takeshita, Kenji Sunagawa

Abstract—The present study examined the role of inducible nitric oxide synthase (iNOS) in the rostral ventrolateral
medulla (RVLM) of the brain stem, where the vasomotor center is located, in the control of blood pressure and
sympathetic nerve activity. Adenovirus vectors encoding iNOS (AdiNOS) or $-galactosidase (AdBgal) were transfected
into the RVLM in Wistar-Kyoto (WKY) rats. Blood pressure and heart rate were monitored using a radiotelemetry
system, iNOS expression in the RVLM was confirmed by immunohistochemical staining or Western blot analysis, Mean
arterial pressure significantly increased from day 6 to day 11 after AdiNOS transfection, but did not change afier AdSgal
transfection. Urinary norepinephrine excretion was significantly higher in AdiNOS-transfected rats than in AdBgal-
transfected rats. Microinjection of aminoguanidine or S-methylisothiourea, iNOS irhibitors, or tempol, an antioxidant,
significantly attenuated the pressor response evoked by iNOS gene transfer. The levels of thiobarbituric acid-reactive
substances, a marker ol oxidative stress, were significantly greater in AdiNOS-transfected rats than in AdpBgal-
transfected rats. Dihydroethidium fluorescence in the RVLM was increased in AdiNOS-transfected rats. In addition,
nitrotyrosine-posilive cells were observed in the RVLM only in AdiNOS-transfected rats. Intracisternal infusion ol
tempol significantly attenuated the pressor response and the increase in the levels of thiobarbituric acid-reactive
substances induced by AdiNOS transfection, These results suggest that overexpression of iNOS in the RVLM increases
blood pressure via aclivation of the sympathetic nervous system, which is mediated by an increase in oxidative stress.
(Circ Res. 2005;96:252-260.)

Key Words: nitric oxide synthase m blood pressure m sympathelic nervous system m oxidative stress m gene transfer

Nitric oxide (NO) in the central nervous system {CNS),
including the brain stem and hypothalamus, plays an
important role in the regulation of blood pressure via the
sympathetic nervous system.! 7 In general, NO in the CNS
inhibits sympathetic nerve activity, thereby reducing blood
pressure.?-* The rostral ventrolateral medulia (RVLM) in the
brain stem contains sympathetic premotor neurons responsi-
ble for maintaining the tonic excitation of sympathetic
preganglionic neurons involved in cardiovasculur reguia-
tion.¥ -1® The functional integrity of the RVLM is essential for
the maintenance of basal vasomotor tone, and RVLM abnor-
malities might be related to the pathophysiology of hyperten-
sion'! 4 and heart failure.}s19

Recently, we developed a technique for adenovirus-
mediated endothelial NO synthase (eNOS) gene transfer into
the RVLM!'"!-117-1% or the nucleus tractus solitarn (NTS)0.21
in vivo. An increase in NO production in the RVLM induced
by eNOS overexpression decreases blood pressure and heart
rate (HR} by inhibiting the sympathetic nervous system.!t."+1?
In that series of studies, we used eNOS instead of neuronal

NO synthase (nNOS), which is normally abundant in the
CNS, because the purpose of the study was to examine the
effect of an increase in NO production in the RYLM on
cardiovascular function. There are three types of NOS:
eNOS, nNOS, and inducible NOS (iNOS). eNOS and nNOS
are constitutively expressed, but iNOS is expressed only
during pathophysiological states such as hypertension, heart
failure, and endotoxin shock, and in aging.2>-2

The aim of the present study was to examine the effect of
iNOS overexpression in the RVLM on blood pressure in vivo
and to determine whether an increase in oxidative stress in the
RVLM is involved in blood pressure changes. For this
purpose, we transfected adenovirus encoding the iNOS gene
{(AdINOS) into the RVLM and monitored mean arterial
pressure (MAP) and HR using a radiotelemetry system in
awake rats. NO activity is determined by the batance of NO
and reactive oxygen species production,?® Therefore, thiobar-
bituric acid-reactive substances (TBARS) in the RVLM were
measured as an indirect marker of oxidative stress,* % and
tempol, a superoxide dismutase mimetic,* was microin-
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jected bilaterally into the RVLM after transfection of
AdIiNOS.

Materials and Methods

General Procedures and In Vivo Gene Transfer
Inte the RVLM

The present study was approved by the Committee on Ethics of Animal
Experiments, Faculty of Medicine, Kyushu University, and conducted
according to the Guidelines for Animal Experiments of the Faculty of
Medicine, Kyushu University. Male Wistar-Kyoto (WKY) rats (280 to
300 g, 16 to 20 weeks old) were used. Rats were obtained from an
established colony at the Animal Research Institute of Kyushu Univer-
sity Faculty of Medicine (Fukuoka, Japan). Details of the general
procedures of transfection of adenovirus vectors are available in the
ontine data supplement at http:/fcircres.ahajournals.org,

Construction of Adenovirus Vectors

We used adenoviral vectors encoding the bacterial B-galactosidase
gene. mouse iINOS gene, 2 or bovine endothelial NOS (eNOS)
gene (see online data supplement for details), 33

Analysis of Gene Expression for B-Galactosidase
or iNOS

At day 7 after gene transfer, S-gafactosidase expression was con-
firmed by staining with X-Gal in phosphate buffered saline as
described previously.2! We performed double-immunchistochemical
staining for iNOS and phenylethanolamine-N-methyliransferase
(PNMT)™ or nitrotyrosine, Details of the methods of immunohisto-
chemistry arc available in the online data supplement.

Western Blot Analysis for iNOS

To canfirm the local overexpression of iINOS in the RVLM, Western
blot analysis for iNOS protein from tissue containing the injection
sites of the RVLM obtained using the micropunch technique'™ was
performed at day 0, 3, 5, 7,9, 11, or 14 after the gene transfer. The
procedure for Western blot analysis of RVLM tissues was described
previously (see online data supplement for details)." -t

Microinjection Into the RVLM

To confirm that changes in MAP and HR induced by AdiNOS
transfection were the result of an increase in iNOS protein, we
microinjected aminoguanidine (2.5 mmol/L, 50 nl. per site, 250
pmol) or S-methylisothiourea (SMT; 2.5 mmol/L, 50 nL per site, 250
pmol} bilaterally into the RVLM at day 7 after transfection with
AdPgal or AJiNOS. All injections were performed in rats anesthe-
tized with sodium pentobarbital (50 mg/kg, IP fellowed by 20 mg/ky
per hour, IV). A nonselective NOS inhibitor, A-monomethy|-L-
arginine (L-NMMA), was also microinjected bilaterally into the
RVLM. We microinjected L-arginine, a precursor of NO,
(70 mmol/L, 50 nL persite, 7 nmol) bilaterally into the RYLM at day
7 after transfection with AdBgal or AJINOS. To examine whether
the generation of supcroxide anions is involved in blood pressure
alteration induced by AdiNOS transfection, microinjection of tem-
pol, a superoxide dismutase mimetic, was performed bilaterally into
the RVLM (sce online data supplement for details).

Microdialysis and Measurement of NO Metabolites
We measured NO production in the RYLM as nitrite/nitrate (NOx)
with in vivo microdialysis before and ut day 7 after gene transfer, as
described previously (see online data supplement for details).21-34.35

Measurement of MAP, HR, and Urinary
Norepinephrine Excretion

A UA-1Ctelemctry system (Data Sciences International) was used to
measure MAP and HR. We measured urinary norepinephrine excre-
tion for 24 hours before the gene transter and at day 7 after the pene
transfer (sce onling duta supplement for details).
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Evaluation of Oxidative Stress in the RYLM

The RVLM tissues were homogenized in 1,15% KCl (pH 7.4), and
0.4% sodium dodecyl sulfate, 7.5% acetic acid adjusted w p 3.5 with
NaOH, and 0.3% thiobarbituri¢ acid were added to the homogenate.
The amount of TBARS was determired by absorbance with a
molecular extinction cocfficient of 156 000 and expressed as wmol/g
wet weight, as described previously (sce online data supplement for
details).® Brain superoxide anion levels were estimated in two
groups of rats (AdiNOS-transfected rat, n=5; nontreated, n=5) using
dikydrocthidium (DHE}) staining following procedures used in pre-
vious studics (sce online data supplement for details). -7

Continuous Intracisternal Infusion Experiments
With Tempol

The rats were randomly divided into four groups. Two of the groups
were transtected with ADINOS and two of the groups with AdBgal,
Either vehicle (artificial cerebrospinat fluid, aCSF) or tempol
(12 pmol/dy were continuously infused intracisternally (0.25 pL/h)
for I week with an osmotic minipump {Alzet model 1002; DURECT
Corporation), as described previously (see online data supplement
for details).*-* Half of the animals in each transfection group were
infused with vehicle and the other half were infused with tempul,
producing four groups of animals: AdINGS-VEH, AdiNOS-tempol,
Adfgal-YEH, and AdBgal-tempol.

Statistical Analysis

All values are expressed as mean=SEM. Two-way ANOVA was
used to compare MAP, HR, and NOx levels between the AAiNOS-
treated group and the other groups. Comparisons between any two
mean values were performed using Bonferroni’s correction for
multiple comparisons. A paired f test was used to compare 24-hour
urinary norepinephrine excretion before and at day 7 after the gene
transfer. A level of P<0.05 was considered to be significant.

Results

Analysis of 3-Galactosidase, iNOS, or
Nitrotyrosine Expression

Figure 1B shows the B-galactosidase staining in a section of
the rut brain medulla at day 7 after the gene transfer. A
schematic representing injection site is shown in Figure | A.
B-galactosidase staining was noted in the RVLM, where
AdBgal had been microinjected. There were no X-Gal—
positive cells in the adjacent brain regions. In the AdiINOS-
transfected rats, the expression of iNOS protein was observed
locally in the RVLM, where the AdiNOS had been trans-
fected. Figures 1D, 1E, and IF show the expression of iNOS
in the RVLM at day 7 after the gene transfer by immunohis-
tochemistry. Some of the Cl neurons labeled with the PNMT
antibody were also detected with the anti-INOS antibody
{(Figure 1C). The expression level of iNOS peaked at day 7
after the gene transfer and thereafter declined over time as
detected by Western blot analysis (Figure 2),

Microdialysis and Measurement of NO Metabolites
We measured the production of NO in the RVLM as NOx
using in vivo microdialysis before and after gene transfer.
The level of NOx was significantly higher in rats transfected
with AJINOS or AdeNOS at duy 7 (AdINOS, 58.8+1.2 or
AdeNOS, 294+ 1.0 pmol/20 pb, n=6 for each) than in
AdBgal-treated rats (8.2x0.4 pmol/20 pl., n=6; Figure 3).
NOx levels in AdiNOS-transfected rats were also signifi-
cantly higher than in AdeNOS-transfected rats (£<<0.05).
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MAP, HR, and Urinary Norepinephrine Excretion
Figure 4A and 4B show the changes in MAP and HR before
and after the gene transfer into the RVLM. MAP was
significantly increased in the AdiINOS-transfected rats be-
tween days 6 and 11 after the gene transfer (+56=14 mm Hg
at day 7 after the gene transfer; P<<0.05, n=0). In contrast,
MAP did not change in the AdBgal-transfected rats, Injection

Figure 1. A, Schematic drawing of a
section that includes the RVLM. Arrows
indicate the RVLM. B, Site-specific
expression of g-galactosidase by X-Gal
staining at day 7 after gene transfer. C,
Site-specific expression of PNMT by
immunohistochemistry. D, Site-specific
expression of INOS protein by immuno-
histochemistry at day 7 after gene trans-
fer. E, 0.5-mm rostral from the section as
shown in D; F, 0.5-mm caudal from the
section as shown in D. Arrows indicate
the RVLM. Immunohistochemical staining
for INOS (green, visualized with fluores-
cein isothiocyanate-conjugated fluoro-
probe} (D, E, and F) and PNMT (red,
visualized with rhodamine-conjugated
fluoroprobe) (C).

of AdiNOS 1 mm caudal to the RVLM also did not alter
MAP. HR was not altered in either group (Figure 4B).
Urinary norvepinephrine excretion measured at day 7 after the
gene transfer was significantly increased in the AdiNOS-
transfected rats relative to that measured before gene transfer
(Figure 4C). Urinary norepinephrine did not change in the
AdBgul-transfected rats (Figure 4C).
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Figure 3. Effects of transfection of Adpgal {n=6), AdiNOS (n=6),
and AdeNOS {n=6) into RVLM on NOx release in dialysate of
the RVLM. Basal NOx levels in AJiNOS-transfected rats were
significantly higher than those in Adggal- or AdeNOS-
fransfected rats. Basal NOx levels in AdeNOS-transfected rats
were also significantly higher than in Adggal-transfected rats. Al
data are expressed as amount of NOX in 20 L dialysate of
RVLM. #P<0.01 compared with values of AdiNOS-transfected
rats. *P<0.05 compared with values of AdBgal-transfected rats.

Microinjection of NOS Inhibitors Into the RVLM
Microinjection of aminoguanidine into the RVLM ut day 7
after the gene transfer produced a gradual decrease in MAP in
the AdiNOS-transfected rats (Figure 5A). The maximum
decrease in MAP evoked by aminoguanidine was
—383=12 mm Hg (<0.05, n=35). In contrast, microinjection
of aminoguanidine did not alter MAP in the AdBgal-
transfected rats (64 mm Hg, P<<0.05, n=35). Microinjection
of SMT also decreased MAP in the AdiNOS-transfected rats
{(—42=12 mm Hg, n=35). Microinjection of L-NMMA also
decreased MAP in AdiNOS-transfected rats (Figure 5B), but
the change was smaller than that evoked by microinjection of
aminoguanidine or SMT. In contrast, L-NMMA elicited a
small but significant increase in MAP in AdBgal-transfected
rats (#<<0.05, n=3; Figure 5B).

Microinjection of L-Arginine Into the RVLM
Microinjection of L-arginine into the RVLM at day 7 after the
gene transfer produced a gradual decrease in MAP in the
AdiNOS-transfected rats. The maximum decrease in MAP
evoked by L-arginine was —35%6 mm Hg (n=3),

Oxidative Stress in the RVLM After

Gene Transfer

TBARS levels were significantly higher in the RVLM of
AdiNOS-transfected rats than in AdSgal-transfected rats
(Figure 6A). In AdeNQOS-transfected rats, TBARS levels did
not differ from those of AdBgal-transtected rats (AdeNOS,
0.3220.03 versus AdPgal, 0.2920.05 pmollg, n=5 for
each). Figure 6B and 6C show representative images of
DHE-treated brain slices from the RVLM. Increased fluores-
cence, representing higher superoxide anion levels, was
present in the brain slices from AdiNOS- transfected rats
(Figure 6B) compared with nontreated rats (Figure 6C). Some
of the INOS-positive cells were also detected with the
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Figure 4. A and B, Time course of MAP (A, in mm Hg} and HR
(B, in bpm) in Adpgal-transfected rats and AdINOS-transfected
rats before and after gene transfer. "P<0.05 vs the values
between the two groups. #P<0.01 vs the values between the
two groups. G, Urinary norepinephrine excretion for 24 hours
{0} before and at day 7 after the gene transfer in AdiNOS-
transfected rats and Adggal-transfected rats. *P<0.05, #P<0.01
vs the values before the gene transfer. 1P <0.05 vs AdSgal-
transfected rats. Data are shown as mean=SEM (n=6 per

group}.

anti-nitrotyrosine antibody (Figure 6D and 6E). Microinjection
of tempol elicited a depressor response in the AdJiNOS-
transfected rats, but not in the AdBgal-transfected rats (Figure 7).

Effect of Continuous Intracisternal Infusion

With Tempol

Figure 8A shows the changes in MAP after intracisternal
infusion of tempol for 1 week. Tempol significantly attenu-
ated the increase in MAP in AdiINOS-transfected rats (Figure
8A). Urinary norepinephrine excretion measured at day 7
after the gene transfer was significantly increased in the
AdINOS-transfected rats treated with tempol relative to the
AdiNOS-transfected rats treated with aCSF (Figure 8B),
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Urinary norepinephrine did not change in the AdBgal-
transfected wts (Figure 8B). TBARS levels in AdiNOS-
transtected rats treated with intracisternal infusion of tempol
were significantty lower than in those treated with intracisternal
infusion of aCSF (0.68=0.03 versus 0.52+0.03 pmol/g wet
tissue; P<0.03, n=5 for each).

Discussion
The present study demonstrated that overexpression of iNOS
in the RVLM elicits a pressor response in awake nonnoten-
sive WKY rats in vivo, and that an increase in oxidative stress
in the RVLM is likely to be responsible for this response.
Urinary norepinephrine excretion was higher in AdiNOS-
transfected rats than in AdBgal-transfected rats, indicating
that it was mediated by activation of the sympathetic nervous
system. In addition, the pressor response was mediated by
iNOS, becuuse aminoguanidine or SMT inhibited the re-
sponse. Taken together, these results suggest that overexpres-
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sion of iINOS in the RVLM causes u pressor response via
activation of the sympathetic nervous system, probuably
attributable to an increase in oxidative stress.

Expression of INOS protein in the RVLM was confirmed
by immunohistochemistry and Western blot analysis, as
shown in Figures | und 2. The expression level of iNOS
protein after AAINOS transfection gradually increased,
peaked at day 7, and then gradually declined over time. The
time course of transfected gene expression was consistent
with transfected eNOS expression reported in previous stud-
ies.'1 To confirm the transfection site in the pressor areas in
the RVLM, we identitied the site functionalty by prior
injection of L-glutamate and anatomically by immunohisto-
chemical staining for PNMT, which indicates the Cl urea
where the RVLM neurons are located #1 We did not detect
iNOS-positive neurons in other areas of the brain, such as
the NTS, caudal ventroluteral medulla, and hypothatamus.
Because of the possibility of significant diffusion to the

Figure 6. A, Lipid peroxidation as indi-
cated by TBARS levels in RVLM tissues
from AdiNOS-transfected rats {(n=10)
and Adpgal-transfected rats (n=5}.
#P<0.01. B and C, Images of
dihydroethidium-treated brain slices from
the RVLM from AdiNOS-transfected rats
(B) and nontreated rat (C). D and E,
Images of expression of nitrotyrosine
{green, visualized with fluorescein
isothiocyanate-conjugated fluoroprobe) (D)
or iNCS protein (red, visualized with
rhodamine-conjugated fluorcprabe) (E) in
the RVLM.
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Figure 7. A, Representative recordings
from AdiNOS-transfected rats and

1 Adpgal-transfected rats showing the ar-
oo-{ IR NI - 5o preccure eopones o b
50-

eral microinjections of tempol into the
10min RVLM. Amrows indicate timing of the

microinjection. B, Grouped data of MAP
B (mmHg) and HR responses evoked by microinjec-
0 tion of tempol into the RVLM (n=5 for
__ each). “P<0.05 vs Adpgal-transfected
rats.
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caudal ventrolateral medulla region, which is adjacent to the
RVLM, we slowly injected the adenovirus 50 nL/min with
the total volume injected over 15 minuies. Thus, as shown in
Figure 1D through 1F, expression of the transfected adeno-
virus was observed within a I-mm wide region in the
rostrocaudal direction, and there wus no significant staining
observed in the caudal ventrolateral medulla. Furthermore,
when we injected AJiNOS | mm caudal to the RVLM, there
were no changes in blood pressure (data not shown). There
might be some cells that express iNOS, because Western blot
analysis revealed a small amount of iNOS protein in the brain
of WKY rats.”® In fact, there is iNOS expression in the
cerebral blood vessels (vascular smooth muscle cells) and
ghia (microglia and astrocytes),* although iNOS is normally
induced by inflammatory stimuli.*+

In a previous study, we reported that overexpression of
elNOS in the RVLM decreases blood pressure and HR by

inhibiting the sympathetic nervous system.™ The different
cardiovascular responses induced by overexpression of iNOS
and eNOS might be attributable to differences in the amount
of NO preduction.*>*} Large amounts of NO production
might consume t-arginine, a precursor of NO, thereby induc-
ing chronic r-arginine depletion. In such conditions, iNOS
produces superoxide antons instead of NO.**+% In the present
study, the NO production meusured as NOx was approxi-
mately 4.5-fold higher in AJiNOS-trunstected rats than in
AdpBgak-transfected rats. In contrast, NOx levels in the
RVLM of AdeNOS-transfected rats were approximately
2-fold higher than in AdBgal-transfected rats. This increase in
basal NO production is consistent with the results of a
previous study in which eNOS was transfected into the NTS!
and of another in vivo study#t It is difficult, however, to
explain the different effects of eNOS and iNOS overexpres-
sion in the RVLM on blood pressure based on differences in

Figure 8. A, Changes in MAP caused by
continuous intracisternal (i.c.} infusion
with tempol (2 mol/t, 0.25 ul/h) or aCSF
for 1 week {n=>5 for each; Adpgal or Adi-
NOS). B, Urinary norepinephrine excre-
tion for 24 hours {ug) before and at day
7 after the gene transfer in AdINOS-
transfected rats and Adggal-transfected
rats treated with tempol or aCSF (n=5
for each). *P<0.05 vs AQINOS-
transfected rats with aCSF.
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