
HYDROGEN PEROXIDE INCREASES THE ACTIVITY OF RAT
SYMPATHETIC PREGANGLIONIC NEURONS IN VIVO AND IN VITRO

H. H. LIN,a C.-H. CHEN,b W.-K. HSIEH,b T. H. CHIUb

AND C.-C. LAIb*
aDepartment of Nursing, Tzu Chi College of Technology, 880 Section
2, Chien-Kuo Road, 970 Hualien, Taiwan
bDepartment of Pharmacology, Tzu Chi University, 701 Section 3,
Chung-Yang Road, 970 Hualien, Taiwan

Abstract—Reactive oxygen species (ROS) have been shown
to modulate neuronal synaptic transmission and have also
been implicated in cardiovascular diseases such as hyper-
tension. The hypothesis that H2O2 acting on sympathetic
preganglionic neurons (SPNs) affects spinal sympathetic
outflow was tested in the present study. H2O2 was applied
intrathecally via an implanted cannula to the T7–T9 segments
of urethane-anesthetized rats. Blood pressure and heart rate
were used as indices to evaluate the spinal sympathetic ef-
fects of H2O2 in vivo. Intrathecal H2O2 (100–1000 nmol) dose-
dependently increased both the mean arterial pressure and
heart rate. Reproducible pressor effects of H2O2 (1000 nmol)
applied consecutively at intervals of 30 min were observed.
The pressor effects of intrathecal H2O2 (1000 nmol) were
attenuated by pretreatment with intrathecal administration of
catalase (500 units), or N-acetyl-cysteine (1000 nmol). The
pressor effects of intrathecal H2O2 (1000 nmol) were also
antagonized dose-dependently by prior intrathecal injection
of AP-5 (DL-2-amino-5- phosphonovaleric acid, 10 and
30 nmol), or 6-cyano-7- nitroquinoxaline-2,3-dione, 10 and
30 nmol. In vitro electrophysiological study in spinal cord
slices showed that superfusion of 1 mM H2O2 for 3 min, which
had no effect on membrane potential, caused an increase in
amplitude of excitatory postsynaptic potentials in SPNs, but
had little effect on that of inhibitory postsynaptic potentials.
Taken together, these results demonstrated that oxidative
stress in spinal cord may cause an increase in spinal sym-
pathetic tone by acting on SPNs, which may contribute to
ROS-induced cardiovascular dysfunction. © 2003 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.
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Reactive oxygen species (ROS) such as superoxide anion,
hydrogen peroxide, and hydroxyl radicals are potentially
cytotoxic. In addition, considerable evidence suggests that

these species are able to act as cellular signaling mole-
cules to regulate biological function (Adler et al., 1999).
Oxidative stress results when ROS are not adequately
removed. In addition to endogenous sources, xenobiotics
with the ability to produce electrophilic metabolites may
increase cellular oxidative stress. Elevated oxidative stress
demonstrated in many disease states and the alleviation of
the symptoms by antioxidants suggest the involvement of
ROS in these diseases. The potentially pathological role of
oxidative stress in cardiovascular diseases has been well
documented (Dhalla et al., 2000). Treatment with ascorbic
acid may lower blood pressure in hypertensive patients
(Duffy et al., 1999). Alteration of the functions in endothe-
lial cells and vascular smooth muscle by oxidative stress
may be an important mechanism involved in ROS-induced
cardiovascular diseases (Cai and Harrison, 2000; Irani,
2000). On the other hand, based on the examination of
microinjection of superoxide dismutase into the rostral ven-
trolateral medulla (RVLM) of pigs treated with organic ni-
trate to induce oxidative stress, a recent study indicated
indirectly that oxidative stress may exert excitatory actions
on neurons in RVLM, which may disturb central sympa-
thetic outflow and the cardiovascular function controlled by
RVLM (Zanzinger and Czachurski, 2000). The effects of
ROS such as H2O2 on neuronal synaptic transmission
have been studied extensively in hippocampus. Electro-
physiological studies indicated that H2O2 caused a revers-
ible inhibition of field synaptic potentials and population
spikes recorded in CA1 pyramidal cell by Schaffer collat-
eral stimulation (Pellmar, 1995; Fowler, 1997; Avshalumov
et al., 2000). However, augmentation of population spikes
and field excitatory postsynaptic potentials have also been
reported (Katsuki et al., 1997). Neurochemical studies
showed an increase in the release of glutamate by ROS in
cultured cortical neurons and cerebellar granule neurons
as well as in hippocampal slices (Pellegrini-Giampietro et
al., 1988; Satoh et al., 1998; Mailly et al., 1999). However,
in cerebrocortical synaptosome preparations, H2O2 was
found to inhibit Ca2�-dependent exocytosis of glutamate
(Zoccarato et al., 1995). Thus, the effects of ROS on
neuronal synaptic transmission or the release of glutamate
were variable.

Central sympathetic activity is an important factor in
the regulation of cardiovascular function. Sympathetic
preganglionic neurons (SPNs), located in thoracolumbar
spinal cord, are the only link between central sympathetic
output and the peripheral ganglia. Glutamate, GABA, and
glycine have been shown to be the fast synaptic transmit-
ters mediating the activity of SPNs (Inokuchi et al.,
1992a,b). Both non-N-methyl-D-aspartic acid (non-NMDA)
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and NMDA receptors in SPNs mediated the excitatory
action of glutamate (Inokuchi et al., 1992b). In contrast to
brain, spinal cord is not protected by blood-tissue barriers.
Thus, neurons in the spinal cord may be more liable to the
action of exogenous agents with the ability to increase
oxidative stress. In addition, many conditions such as isch-
emia-reperfusion, trauma, and infection may cause an in-
crease in oxidative stress (Halliwell and Gutteridge, 1999).
Spinal cord injury has been shown to increase the produc-
tion of superoxide and H2O2, which may be involved in
secondary spinal cord damage (Liu et al., 1998, 1999).
Whether oxidative stress may affect the activity of SPNs
and the underlying sympathetic activity remains unclear.
Because the modulation of neuronal electrophysiological
properties by ROS and the crucial role of oxidative stress
in cardiovascular diseases such as hypertension have
been suggested by previous studies, we hypothesized that
ROS may affect the activities of SPNs and the underlying
sympathetic outflow. To test the hypothesis, the present
study was undertaken to (1) examine the effect of H2O2

applied intrathecally on spinal sympathetic outflow, using
blood pressure and heart rate (HR) as indices, and (2)
evaluate the electrophysiological effects of H2O2 on SPNs
in vitro.

EXPERIMENTAL PROCEDURES

Animals

A breeding colony of Sprague–Dawley rats purchased from the
National Laboratory Animal Breeding and Research Center (Tai-
pei, Taiwan) was established at the Laboratory Animal Center,
Tzu Chi University. Animals were housed two per cage in a room
maintained at 22�1 °C with an alternating 12-h light/dark cycle.
Food and water were available ad libitum. Rats at desired body
weight and age were selected from the colony for use in the
present study. All procedures were carried out in accordance with
the guidelines of Institutional Animal Care and Use Committee of
Tzu Chi University. Efforts were made to minimize both the suf-
fering and the number of animals used.

In vivo experiments

Procedures for intrathecal (I.T.) administration to anesthetized
rats were similar to those described earlier (Lai et al., 2000, 2002).
Adult male rats weighing 250–350 g were used in this series of
experiments. Under urethane anesthesia (1.2–1.5 g kg�1, i.p.),
the left femoral artery was cannulated with a polyethylene tubing
(PE 50) and connected to a pressure transducer with its output to
a Grass pen recorder (Model 7400) for recording of blood pres-
sure. The mean arterial pressure (MAP) was calculated using
[(S�D)/3�D], where S indicates systolic blood pressure and D
indicates diastolic blood pressure. The beat-by-beat heart rate
(HR) were provided by built-in tachygraph function of the recorder
from electrocardiogram (ECG) signals (three lead). The right fem-
oral vein was cannulated for i.v. injection of hexamethonium. Rats
were mounted in a stereotaxic header and implanted with a spinal
catheter for I.T. injection. The spinal catheter is made of a length
of PE-10 tubing. A slit was made in the atlanto-occipital membrane
and the catheter was inserted down into the spinal subarachnoid
space so that the tip was placed in the vicinity of T7–T9 segment;
the position of the tubing was visually verified at the end of the
experiment. Hydrogen peroxide and other agents at known con-
centrations were dissolved in saline and injected intrathecally at a
volume of 10 �l, which was followed by 10 �l saline to wash in the

agents. Results were reported as change in MAP and HR or
percentage of maximal change in MAP and HR relative to the
basal value prior to I.T. injection of various agents.

Whole-cell recording techniques

Immature (8–12 days old) rats were used in this series of exper-
iments. Procedures used in obtaining 500 �m transverse spinal
cord slices of T6–T10 segments were similar to those described
previously (Lai et al., 2000, 2002). The spinal cord slice placed in
recording chamber (RC-22, Warner Instrument Corporation, Ham-
den, CT, USA) was continuously perfused with a Krebs solution of
the following composition (in mM) 117 NaCl, 2.0 KCl, 1.2 KH2PO4,
2.3 CaCl2, 1.3 MgCl2, 26 NaHCO3, and 10 glucose; the solution
was saturated with 95% O2 and 5% CO2. The flow rate of Krebs
solution was kept constant at 2–3 ml/min. Whole-cell recordings
were made from antidromically identified SPNs under current-
clamp mode with the use of an Axoclamp 2B. Patch electrodes,
filled with a solution containing (in mM) 130 K� gluconate, 1
MgCl2, 2 CaCl2, 4 ATP, 10 EGTA and 10 HEPES, had a resis-
tance of 3–5 M�. A bipolar stimulating electrode (NEX-100;
Rhodes Medical Instruments, Inc., Woodland, CA, USA) was
placed near the ventral root exit for antidromic identification of
SPNs and a second electrode was placed on the white matter
dorsolateral to intermediolateral cell column (IML) for activation of
the lateral funiculus, which presumably provides descending input
to the SPNs. The postsynaptic potentials were displayed and
saved on Tektronix digital oscilloscope (TDS 360). The potentials
were also sent to a data acquisition system (DigiPack 1200B and
pClamp 7.0; Axon Instruments, Inc., Foster City, CA, USA) for
continuous recording. The stimulus artifact was eliminated by
activating the BLANK ACTIVATE input of Axoclamp 2B. Record-
ings were made at room temperature (22�1 °C).

Chemicals and statistical data analysis

Hydrogen peroxide was purchased from Riedel-de Haen (Deisen-
hofen, Germany). CNQX (6-cyano-7-nitroquinoxaline-2,3-dione)
disodium and DL-2-amino-5-phosphonovaleric acid (AP-5) were
obtained from Tocris Cookson Ltd. (Bristol, UK). Tetrodotoxin
citrate was from Alomone Laboratories (Jerusalem, Israel). Cata-
lase, N-acetyl-L-cysteine (NAC), and other chemicals for electro-
physiology were purchased from Sigma Co. (St. Louis, MO, USA).
For in vivo experiments, data were analyzed statistically using the
repeated measure ANOVA (followed by Dunnett’s post test) or
paired Student’s t-test with Prism version 3.0 2 for Windows,
Graphpad Software (San Diego, CA, USA). P�0.05 was consid-
ered statistically significant. For in vitro electrophysiological ex-
periments, data were analyzed using paired Student’s t-test. Re-
sults were expressed as mean�S.E.M.

RESULTS

Effects of H2O2 on MAP and HR

The MAP and HR in urethane-anesthetized rats was
81.2�2.1 mm Hg and 338�5 beats per minute (BPM)
under control conditions (n�50). Prior to I.T. injection of
H2O2, saline and glutamate were applied intrathecally as a
negative and positive control, respectively. I.T. saline did
not elicit any significant changes in blood pressure and
HR. In agreement with previous findings (Hong and Henry,
1992a), I.T. glutamate (1000 nmol, 100 mM/10 �l) caused
a rapid rise in MAP and HR. I.T. injection of 30 nmol H2O2

did not cause significant changes in MAP and HR (n�3).
Higher doses of H2O2 (100, 500, 1000 nmol) consistently
increased the MAP and HR in a dose-dependent manner.
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A representative experiment in which I.T. injection of H2O2

(1000 nmol) caused pressor and tachycardic responses is
illustrated in Fig. 1A. The time course of the mean in-
creases in MAP and HR following H2O2 administration is
shown in Fig. 1B and Fig. 1C. The maximal responses
were reached at 1.5–5 min following the injection and
lasted for over 10 min. Fig. 2 shows the percentage of
maximal increase in MAP and HR elicited by H2O2 and
glutamate. The magnitude of maximal increases in MAP
and HR caused by I.T. H2O2 (1000 nmol) was slightly

lower than those caused by the same dose of I.T.
glutamate.

I.v. injection of hexamethonium (20 mg/kg) via the can-
nulated femoral vein, which caused a rapid and large fall in
the blood pressure with no significant change in the HR,
significantly attenuated the pressor and tachycardic effects of
a second I.T. injection of H2O2 (1000 nmol), which was
administered immediately after the BP had stabilized follow-
ing hexamethonium injection. The mean increases in MAP
and HR at 5 min following I.T. H2O2 (1000 nmol) were
13.3�3.4 mm Hg and 35�5 BPM and 8.5�2.4 mm Hg and
15�5 BPM (P�0.05, n�8), respectively, before and after i.v.
injection of hexamethonium. Repeated applications of H2O2

at intervals of 30 min induced reproducible increases in MAP.
The pressor effects were repeatable, being maintained fol-
lowing up to three consecutive applications. Loss of the pres-
sor effects of H2O2 in the fourth exposure was observed in
three of six rats examined. A representative experiment in
which four consecutive applications of H2O2 (1000 nmol) at
intervals of 30 min induced similar degree of pressor effects
is illustrated in Fig. 3.

Effects of catalase and NAC

I.T. injection of catalase (500 unit), an antioxidant enzyme
that decomposes H2O2, or NAC, a scavenger of oxygen
radicals, did not significantly change the MAP, but partially
antagonized the pressor effects of a second I.T. injection of
H2O2 (1000 nmol). The effects of H2O2 on MAP were not
altered by prior I.T. administration of saline. A representa-
tive experiment in which pressor effects caused by I.T.
H2O2 were inhibited by prior I.T. administration of catalase
is demonstrated in Fig. 4A. The mean percentage changes

Fig. 1. Dose-response relationship of H2O2 given intrathecally on MAP and HR in urethane-anesthetized rats. A: Representative blood pressure and
HR recordings after I.T. injection of H2O2 (1000 nmol/10 �l). Arrows mark time of I.T. injection. H2O2 caused a sustained rises in blood pressure and
HR. B: Graph shows an increase in MAP (in mm Hg) over time (minutes) induced by three doses of H2O2 (100, 500, 1000 nmol) given intrathecally.
C: Increase in HR in BPM over time (minutes) induced by three doses of H2O2 (100, 500, 1000 nmol) given intrathecally. Values are mean�S.E.M.
from nine, seven, and 40 animals injected intrathecally with 100, 500, 1000 nmol of H2O2, respectively. * Indicates statistically significant.

Fig. 2. Histograms showing the maximal increase in MAP and HR
induced by I.T. H2O2 and glutamate. The basal values of MAP and HR
prior to I.T. injection of H2O2 were used as control (i.e. 100%). Values
are mean�S.E.M. from nine, seven, 40, and 50 animals injected
intrathecally with 100, 500, 1000 nmol of H2O2 and 1000 nmol of
glutamate, respectively. The increases were statistically significant
(P�0.05).
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in MAP caused by H2O2 before and after I.T. saline, cata-
lase or NAC are shown in Fig. 4B.

Effects of CNQX and AP-5

CNQX and AP-5 are selective non-NMDA and NMDA re-
ceptor antagonists, respectively. I.T. injections of different
doses of CNQX (10 and 30 nmol) or AP-5 (10 and
30 nmol), which caused slight decreases or no changes in
MAP, dose-dependently suppressed the pressor effects of
a second I.T. injection of H2O2 (1000 nmol). In comparison
to the pressor effects induced by first I.T. injection of H2O2

which were taken as control of 100%, the second H2O2-
induced pressor effects decreased to 50.7�9.1% (n�5)
and 39.3�4.6% (n�5) of the control 10 min after I.T.
injections of 10 and 30 nmol of CNQX, respectively; the
pressor effects fell to 77.7�6.4% (n�3) and 50.6�4.7%
(n�7) of the control 10 min after I.T. injections of 10 and
30 nmol of AP-5, respectively. A representative experiment
in which H2O2-induced pressor effect decreased by 70%
10 min after I.T. administration of CNQX and the effect was
partially recovered 40 min after the administration is dem-
onstrated in Fig. 5A. The mean percentage changes in
MAP in animals injected with H2O2 before, 10 min and 40

Fig. 3. Representative recordings of blood pressure showing the re-
producible pressor effects induced by repeated applications of H2O2.
Arrow marks time of I.T. injections. Hydrogen peroxide (1000 nmol)
was applied at intervals of 30 min. Four traces from top to bottom in
sequence represent the pressor effects induced by I.T. H2O2 in four
consecutive injections.

Fig. 4. Inhibition of the pressor effects of I.T. injection of H2O2 by prior
I.T. injection of catalase (CAT) or NAC in anesthetized rats. A: Rep-
resentative recordings of blood pressure following I.T. H2O2

(1000 nmol) and the blockage of the effects by prior I.T. administration
of catalase (500 unit). B: Graphs show percentage changes in MAP
following I.T. injection of H2O2 (1000 nmol) and the changes induced
by a second injection of H2O2 in rats pretreated with saline (10 �l),
catalase (500 unit/10 �l) or NAC (1000 nmol/10 �l) given intrathecally.
The second injection of H2O2 was administered 4–5 min after saline,
catalase or NAC injection. The maximal increases in MAP induced by
first I.T. injection of H2O2 were taken as control (i.e. 100%). The
increases in MAP were 16�4.3 (n�5), 15.9�3.4 (n�5), and 14.3�1.6
(n�6), respectively, before the application of saline, catalase, and
NAC. Values are mean�S.E.M. * Indicates statistically significant.

Fig. 5. Inhibition of the pressor effects of I.T. injection of H2O2 by prior
I.T. injection of CNQX or AP-5, a non-NMDA receptor and NMDA
receptor antagonists, respectively, in anesthetized rats. A: Represen-
tative recordings of blood pressure following I.T. injections of H2O2

(1000 nmol) 20 min before (as control), 10 min and 40 min after I.T.
injection of CNQX (30 nmol/10 �l). B: Graphs show percentage
changes in MAP following I.T. injection of H2O2 (1000 nmol) and the
changes induced by second and third injections of H2O2 in rats pre-
treated with CNQX (30 nmol/10 �l) or AP-5 (30 nmol/10 �l) given
intrathecally. The second and third injections of H2O2 were adminis-
tered 10 and 40 min, respectively, after CNQX or AP-5 injection. The
maximal increases in MAP induced by first I.T. injection of H2O2 were
taken as control (i.e. 100%). Values are mean�S.E.M. of responses
from five and seven animals pretreated with CNQX and AP-5, respec-
tively. * Indicates statistically significant.
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min after I.T. administrations of CNQX and AP-5 are illus-
trated in Fig. 5B.

Effects of H2O2 on peak amplitude of postsynaptic
potentials

A single electrical stimulus (0.1– 0.3 ms, 3– 8 V) elicited
an excitatory postsynaptic potential (EPSP) and/or in-
hibitory postsynaptic potential (IPSP) in SPNs (Wu and
Dun, 1993). For studying the effects of H2O2 on EPSPs,
strychnine (1 �M, a glycine receptor antagonist) and
bicuculline (10 �M, a GABAA receptor antagonist) were
added to the perfusing Krebs solution to isolate the
EPSPs pharmacologically. The effects of H2O2 on IP-
SPs were examined in the presence of the NMDA re-
ceptor antagonist AP-5 (10 �M) and the non-NMDA
receptor antagonist CNQX (10 �M). Superfusion of
0.3 mM of H2O2 for 3 min had no significant effects on
EPSPs or IPSPs (n�3). Hydrogen peroxide at 1 mM
increased the peak amplitude of EPSPs in most of the
SPNs tested (n�12), but showed insignificant effect on
that of IPSPs (n�5). The increase in EPSPs by H2O2

was reversible upon washing. A representative record-
ing is shown in Fig. 6A. The mean percentage change of
EPSP and IPSP following superfusion of H2O2 for 3 min
and washing for 5 min is shown in Fig. 6B. Superfusion
of H2O2 at a higher concentration (3 mM) for 3 min
increased the amplitude of EPSPs in four of 10 SPNs
tested by 15 to approximately 42% (29�6%, n�4), but
decreased the EPSPs in the remaining SPNs by 16�1%
(n�6); both effects were fully or partially reversible upon
washing. The enhancement of the EPSPs by H2O2 (1 or
3 mM) in some of the SPNs was sufficient to elicit action
potential firing. Superfusion of H2O2 slightly suppressed
the amplitude of IPSPs in all SPNs tested by 10.6�4.5%
(n�5). The membrane potentials and input resistances
of SPNs were not significantly affected by H2O2 at con-
centration of 1 and 3 mM.

DISCUSSION

The present study is the first report to examine the direct
action of H2O2, a ROS, on central sympathetic neurons
both in vivo and in vitro. The results demonstrated an
increase by H2O2 in spinal sympathetic outflow using MAP
and HR as indices, and in excitatory synaptic transmission
in SPNs. The purpose of injecting H2O2 into T7–T9 seg-
ments is to exert effect on SPNs innervating adrenal me-
dulla. Injection of H2O2 to T7–T9 segments may activate
the SPNs including, those innervating adrenal medulla.
Because the pressor and tachycardic effects of I.T. H2O2

were attenuated by pretreatment with i.v. hexamethonium,
a ganglionic blocker, and i.v. injection of H2O2 at doses
equivalent to that of I.T. injection (1000 nmol) did not affect
MAP and HR (results not shown), the pressor and tachy-
cardic effects of H2O2 injected around T7–T9 segments
may result mainly from the activation by H2O2 of SPNs
innervating adrenal medulla and the subsequent release of
catecholamine from adrenal medulla. The heart is con-
trolled by SPNs mainly located in the T1–T3 segment.
H2O2 injected to T7–T9 segments is unlikely to diffuse to
T1–T3 segments and the HR may also be affected by
baroreflex if the magnitude of blood pressure change is
large enough. This may contribute to the complex wave-
form of HR recording following I.T. injection of higher dose
of H2O2 (1000 nmol) in some of the rats tested (Fig. 1A, C).
For around 50% of rats tested, I.T. injection of a higher
dose of H2O2 (1000 nmol) elicited a small drop followed by
a sustained increase in blood pressure and the initial drop
in blood pressure was blocked by prior I.T. administration
of catalase. The initial drop in blood pressure may result
from the activation of SPNs by H2O2 and subsequently the
enhancement of the activity of sympathetic postganglionic
neurons and relaxation of some blood vessels. This effect
may also be related to the inhibition by higher concentra-
tions of H2O2 of EPSPs in some of SPNs examined in the
in vitro electrophysiological study.

Fig. 6. Effects of 1 mM of H2O2 on EPSPs and IPSPs recorded in SPNs of spinal cord slices. Hydrogen peroxide was applied to the spinal cord by
superfusion. A: Representative traces, averaged from eight EPSPs (upper) and IPSPs (lower), were taken before the application of H2O2 (left), 3 min
after the addition of H2O2 to bath (middle), and 5 min after removal of H2O2 from bath (right). B: Percentage changes in peak amplitudes of EPSPs
and IPSPs induced by superfusion of H2O2 for 3 min and 5 min after washout. The basal values of EPSPs and IPSPs prior to superfusion of H2O2

were taken as control (i.e. 100%). Values are mean�S.E.M. for changes in of EPSPs and IPSPs induced by H2O2 from 12 and 5 SPNs tested,
respectively. * Indicates statistically significant.
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As explained previously, change in blood pressure is
more directly related to changes in activity of SPNs at
T7–T9 segments than that in HR. Therefore, in the exper-
iments examining the antagonism of H2O2-induced pres-
sor effects only MAP was taken as an index. The attenu-
ation of the H2O2-induced pressor effects by I.T. pretreat-
ment with catalase or NAC suggested that H2O2 exert an
excitatory action by itself and/or by the production of oxy-
gen radicals in the spinal cord. Hydrogen peroxide, metab-
olized by a catalase pathway, has been demonstrated to
act as a source of O2 in neonatal rat spinal cord maintained
in vitro (Walton and Fulton, 1983). Furthermore, the in-
creased generation of ROS and the release of L-glutamate
by high O2 have been shown in cultured hippocampal
neurons (Ishikawa et al., 1999). Therefore, the possibility
that H2O2 exerts its effects partly through the production of
O2 cannot be ruled out.

I.T. administration of glutamate increased both MAP
and HR as demonstrated in previous reports, indicating
the involvement of glutamate receptors in the regulation
of spinal sympathetic output (Hong and Henry, 1992a).
Both NMDA and non-NMDA glutamate receptors were
involved in mediating the effects of glutamate (Hong and
Henry, 1992a,b). In the present study, the pressor ef-
fects of I.T. H2O2 were antagonized dose-dependently
by I.T. pretreatment with AP-5 (NMDA receptor antago-
nist) or CNQX (non-NMDA glutamate receptor antago-
nist), indicating that the excitatory effects of H2O2 on
SPNs may be associated with the activation of glutama-
tergic synapses. Glutamate acting on non-NMDA recep-
tors contributes more to components of EPSCs evoked
from lateral funiculus than that on NMDA receptors;
EPSCs evoked in the dorsal horn were mainly carried by
NMDA receptors (Krupp and Feltz, 1995). The contribu-
tion of the NMDA receptor-mediated component of EP-
SCs (EPSPs) in SPNs increased with depolarization or
following high frequency stimulations (Krupp and Feltz,
1995; Spanswick et al., 1998). Blockade of non-NMDA
receptors would contribute some loss of NMDA receptor
activation due to failure to depolarize the cell sufficient
to remove the voltage-dependent block of NMDA recep-
tors by magnesium ions. This may explain the results
that CNQX had a slightly greater inhibitory action on
H2O2-induced pressor effects than AP-5.

A specific action of H2O2 on glutamatergic synapses
was indicated since an enhancement was observed only
on EPSPs, not on IPSPs. The action of H2O2 on EPSPs
may result from an increased release of glutamate as
observed in several neurochemical studies and/or an inhi-
bition of the uptake of glutamate (Pellegrini-Giampietro et
al., 1988; Volterra et al., 1994; Satoh et al., 1998; Mailly et
al., 1999; Avshalumov and Rice, 2002). The increased
release of glutamate and the activation of NMDA receptors
have been demonstrated to participate in the neurotoxicity
induced by xanthine (X) plus X oxidase (XO) or H2O2

(Satoh et al., 1998; Mailly et al., 1999). The marked de-
crease of high-affinity glutamate transport elicited by
X�XO or H2O2 has also been shown in rat cortical astro-
cytic cultures (Volterra et al., 1994). In addition, a study

showed that lipid signaling molecules may be involved in
the augmentation of population spikes and field potentials
by H2O2 in the hippocampal slices since the augmenting
effect was largely attenuated by phospholipase A2/C inhib-
itor (Katsuki et al., 1997). Additional factors may be in-
volved in the actions of higher concentrations of H2O2

since inhibition, rather than enhancement of EPSPs, was
observed in some of the SPNs tested. In fact, several
studies have demonstrated the inhibition of field synaptic
potentials and population spike by ROS in rat hippocampal
slices (Pellmar, 1995; Fowler, 1997; Avshalumov et al.,
2000). Presynaptic inhibition of Ca2�-dependent transmit-
ter release has been proposed to be the mechanism ac-
counting for the effect of H2O2 (Pellmar, 1987). However,
a recent study showed that the mechanism of H2O2-in-
duced depression of evoked population spike in hippocam-
pal slice may not involve presynaptic Ca2� per se
(Avshalumov et al., 2000). Whether the inhibition of IPSPs
or EPSPs in some of the SPNs tested in the present study
is related to the interruption of presynaptic Ca2�-depen-
dent mechanisms remains to be investigated and the exact
molecular mechanisms for the effects of H2O2 on the syn-
apse needs to be further clarified.

The electrophysiological results showed that 1 mM of
H2O2 enhanced EPSPs without significant effect on IPSPs
and higher concentrations of H2O2 (3 mM) increased the
amplitude of EPSPs in some of SPNs tested, but slightly
inhibited that of IPSPs in all of the SPNs examined. Thus,
the overall effect of H2O2 on synaptic transmission in
SPNs would be excitatory, which may contribute to the
increase in MAP and HR observed following I.T. adminis-
tration of H2O2 in vivo. Though the magnitude of percent-
age increases in cardiovascular effects of H2O2 in vivo and
the enhancement of EPSPs by H2O2 in vitro was around
20%, these increases were consistently observed in many
rats tested and the increases were statistically significant.
In addition, the magnitude of percentage increases in MAP
and HR by H2O2 at dose (1000 nmol) equivalent to gluta-
mate was only slightly lower than that of glutamate in the in
vivo study. It should be pointed out that the present exper-
iments could not provide an exact concentration of H2O2

that acts on SPNs because of the tissue barriers that H2O2

has to diffuse across and the metabolism of H2O2 by
tissues following I.T. injection and superfusion. However, it
suggested that the final concentration of H2O2 that affects
the activity of SPNs would be much less than the concen-
trations used in the experiment. Actually, the concentra-
tions used in our in vitro electrophysiological study were
similar to the effective concentrations reported for the neu-
rons of rat hippocampal slices (Fowler, 1997; Katsuki et al.,
1997). Thus, the present results indicate that the increase
of oxidative stress in spinal cord may lead to an increase in
MAP and HR by acting on SPNs. In conclusion, the
present study demonstrated that H2O2 exerts a stimulatory
effect on SPNs and the activation of SPNs increases spinal
sympathetic outflow, which may contribute to ROS-in-
duced cardiovascular diseases.
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