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Abstract

Hypoxia elicits hyperventilation and hypothermia, but the mechan-
isms involved are not well understood. The nitric oxide (NO) pathway
is involved in hypoxia-induced hypothermia and hyperventilation,
and works as a neuromodulator in the central nervous system, includ-
ing the locus coeruleus (LC), which is a noradrenergic nucleus in the
pons. The LC plays a role in a number of stress-induced responses, but
its participation in the control of breathing and thermoregulation is
unclear. Thus, in the present study, we tested the hypothesis that LC
plays a role in the hypoxia-induced hypothermia and hyperventilation,
and that NO is involved in these responses. Electrolytic lesions were
performed bilaterally within the LC in awake unrestrained adult male
Wistar rats weighing 250-350 g. Body temperature and pulmonary
ventilation (VE) were measured. The rats were divided into 3 groups:
control (N = 16), sham operated (N = 7) and LC lesioned (N = 19), and
each group received a saline or an NG-nitro-L-arginine methyl ester (L-
NAME, 250 µg/µl) intracerebroventricular (icv) injection. No signifi-
cant difference was observed between control and sham-operated rats.
Hypoxia (7% inspired O2) caused hyperventilation and hypothermia in
both control (from 541.62 ± 35.02 to 1816.18 ± 170.7 and 36.3 ± 0.12
to 34.4 ± 0.09, respectively) and LC-lesioned rats (LCLR) (from
694.65 ± 63.17 to 2670.29 ± 471.33 and 36 ± 0.12 to 35.3 ± 0.12,
respectively), but the increase in VE was higher (P<0.05) and hypo-
thermia was reduced (P<0.05) in LCLR. L-NAME caused no signifi-
cant change in VE or in body temperature under normoxia, but abol-
ished both the hypoxia-induced hyperventilation and hypothermia.
Hypoxia-induced hyperventilation was reduced in LCLR treated with
L-NAME. L-NAME also abolished the hypoxia-induced hypothermia
in LCLR. The present data indicate that hypoxia-induced hyperventi-
lation and hypothermia may be related to the LC, and that NO is
involved in these responses.
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Introduction

Hypoxic activation of arterial chemore-
ceptors increases the excitatory synaptic drive
of respiratory neurons in vivo (1). An in-
crease in central respiratory activity also
occurs in in vitro preparations in which
chemoreceptor afferents are deleted (2,3).
Hence, activation of medullary chemosen-
sory neurons (4) or direct stimulation of
respiratory neurons (2) contributes to the
increased respiratory response to hypoxia.

Moreover, oxygen consumption and body
temperature decrease during acute exposure
to hypoxia in a variety of animal species (5).
Although the precise nature for this hypoxic
hypothermia is not fully understood, it is
generally admitted that it results from a re-
duction in the thermoregulatory set point,
which has been referred to as anapyrexia (6),
rather than from a reduction in body temper-
ature due to an impairment of the thermoregu-
latory effector mechanisms caused by a limi-
tation in oxygen availability (7). The impor-
tance of this response is emphasized by re-
ports that show an increase in survival of the
tested species if they are allowed to become
hypothermic during hypoxia exposure (8).

Sympathetic activation is one of the ma-
jor components of the adaptive responses to
oxygen reduction, especially in the regula-
tion of cardiovascular events that accom-
pany hyperventilation (9-11). Sympathetic
neurons receive both excitatory and inhibi-
tory influences from noradrenergic cell
groups located in the brainstem (12). The
locus coeruleus (LC), a pair of nuclei located
in the pons, is an assembly of densely packed
noradrenergic neurons; its extensive projec-
tions provide noradrenergic innervation to
many brain areas and to the spinal cord (13).
Hypoxia causes a significant increase in c-
fos in the LC (14). Although little is known
about the central pathways and neuromodu-
lators involved in the neuro-physiological
adjustments occurring during hypoxia, some
candidates have been proposed, including

nitric oxide (15).
The diffusible lipophilic gas nitric oxide

(NO) has been recognized as a physiological
molecule because of its role in body temper-
ature regulation (16,17). A previous study
indicated that the hypoxia-induced hypo-
thermia depends on the NO pathway (17).
Also, NO may serve as a neurotransmitter in
the central nervous system (CNS) and inhib-
it inhibitory synaptic transmission that is
triggered by CNS hypoxia (15).

The purpose of the present study was to
test the hypothesis that the LC participates in
the control of body temperature and pulmo-
nary ventilation (VE) under normoxic and
hypoxic conditions, and that NO is involved
in this process in the CNS.

Material and Methods

Animals

Experiments were performed on adult
male Wistar rats weighing 250-350 g, housed
at controlled temperature (25 ± 2oC) and
exposed to a daily 12:12-h light-dark cycle.
The animals were allowed free access to
water and food. Experiments were performed
between 10:00 a.m. and 3:00 p.m.

Animals were divided into three groups:
control (N = 16), sham-operated (N = 7) and
LC-lesioned rats (LCLR) (N = 19). The ex-
perimental group comprised rats submitted
to bilateral lesion within the LC. Each group
was divided into 2 other subgroups: 1) ani-
mals which received an intracerebroventricu-
lar (icv) injection of saline (1 µl) and 2)
animals which received an icv injection of
NG-nitro-L-arginine methyl ester (L-NAME,
250 µg/µl; Sigma Chemical Co., St. Louis,
MO, USA).

Surgery

Rats used for LC lesion were submitted
to general anesthesia with 2,2,2-tribromo-
ethanol (Aldrich, Milwaukee, WI, USA) and
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mounted in a Kopf stereotaxic apparatus.
Bilateral electrolytic lesions (2 mA, 10 s,
positive electrode) were made using a con-
stant current source and coated stainless steel
electrodes in the LC (coordinates: A -3.4
mm from lambda, L ±1.2 mm, D 6.8 mm)
(18). Sham-operated rats were similarly pre-
pared, but the electrode was placed 2 mm
above the dorsal coordinate and no current
was passed through the electrodes. This dis-
tinction was made to test the possibility of
alteration in body temperature and VE in-
duced by the surgical intervention. Experi-
ments were initiated 24 h or seven days after
lesion.

At the end of the experiment, the animal
was killed with ether and the brain was
removed and post-fixed in formol saline
(10%) for 1 week. After fixation, the brain-
stem was embedded in paraffin. Serial 13-
µm frozen sections were cut and stained by
the Nissl method for histological verifica-
tion of the location and extension of the
lesions (or their absence in the case of sham-
operated rats) and schematically presented
in neuroanatomic maps (19). The LC lesions
comprised a necrotic core surrounded by a
zone of gliosis tissue. The sham-operated
rats had an identifiable electrode tract, but
no discernible lesion. Only the animals with
50 to 100% bilateral LC lesion were used for
analysis of the results.

Rats used for icv injection of L-NAME
were also anesthetized with 2,2,2-tribromo-
ethanol and fixed in a Kopf stereotaxic appa-
ratus. A stainless steel guide cannula (14
mm) was implanted into the right lateral
ventricle of the brain (coordinates: A -1.0
mm from bregma, L ±1.6 mm, D -3.2 to -3.7
mm) (18). The displacement of the meniscus
in a water manometer ensured correct posi-
tioning of the cannula in the right lateral
ventricle. The cannula was attached to the
bone with stainless steel screws and acrylic
cement. A tight-fitting stylet was kept inside
the guide cannula to prevent occlusion. The
surgical procedures were performed over a

period of 40 min. Six days after cannula
placement, the animals were submitted to
LC lesion or sham operation.

Experimental protocol

Experiment 1. Determination of the com-
bined effect of lesion and hypoxia on body
temperature and VE. Experiments were per-
formed using animals first exposed to hu-
midified room air and then to a humidified
hypoxic mixture of 7% O2 (AGA, Sertãozi-
nho, SP, Brazil). VE was determined by the
plethysmograph method (20), and body tem-
perature was determined by inserting a ther-
mocouple probe into the colon. Before the
experiment, the animals were habituated to
temperature measurements in order to avoid
stress-induced elevations in body tempera-
ture.

Each animal was placed in a 5-liter
plexiglass chamber and allowed to move
about freely while the chamber was flushed
with humidified air. After the animals re-
mained calm (at least 60 min), control body
temperature was measured. Control VE was
measured and the test gas mixture (7% in-
spired O2) was flushed through the chamber
for 60 min. Ventilation was also measured
after 5, 15, 45 and 60 min of exposure to
hypoxia, and body temperature was meas-
ured at the end of the hypoxic period. The
chamber was then flushed with humidified
air for 30 min and during this period VE was
measured at 15-min intervals. At the end of
the experiment, body temperature was meas-
ured again.

During the ventilation measurements, the
flow was interrupted and the chamber sealed
for short periods of time, and the oscillations
in air temperature caused by breathing were
measured as pressure oscillations. Calibra-
tion for volume was obtained during each
measurement by injecting the chamber with
a known amount of air (0.2 ml) using a
graduated syringe. Signals from a differen-
tial air transducer displayed on a paper re-
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Statistical analysis

Data are reported as means ± SEM.
Changes in body temperature, VT, fR and VE

were evaluated by ordinary analysis of vari-
ance (ANOVA) or ANOVA for repeated
measures to analyze the temporal effect of
hypoxia on body temperature and VE. The
differences between means were assessed
by the Tukey-Kramer multiple comparisons
test. Values of P<0.05 were considered to be
significant.

Results

In all experimental protocols, the mean
chamber temperature was 25.41 ± 0.52oC
(SEM), and the room temperature was 24.55
± 0.47oC. Figure 1 shows the lesion sites of
individual rats (N = 7).

During normoxia and the recovery pe-
riod after hypoxia, body temperature and VE

did not differ between groups. Also, body
temperature and VE during the return to air

Figure 1 - Representative
drawings showing the lo-
calization of the locus coe-
ruleus (LC) (A) and lesions
(dark areas, B) placed bi-
laterally in the nucleus.
Sequential sections of
seven different animals.

corder (HP) allowed the calculation of respi-
ratory frequency (fR) and tidal volume (VT)
by appropriate correction factors (21).

Experiment 2. Determination of the com-
bined effects of NOS blocker and hypoxia on
body temperature and VE. Rats were treated
with an icv injection of L-NAME or saline.
A 705-LT, 50-µl Hamilton syringe and a
Mizzy dental injection needle (200 µm OD)
were used for icv injections. Sterile saline
was the vehicle in which L-NAME was dis-
solved, in a final volume of 1 µl. The injec-
tion was performed over a period of 2 min,
and 1 min was allowed to elapse before the
injection needle was removed from the guide
cannula, to avoid reflux. The same protocol
described above was then used.

Experiment 3. Determination of the com-
bined effects of LC lesion, NOS blocker and
hypoxia on body temperature and VE. Six days
after cannula placement, animals were sub-
mitted to LC lesion or sham operation and the
same protocol as described above, with an icv
injection of L-NAME or saline, was used.
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LC
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LC
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Figure 2 - Effects of hypoxia on tidal volume (VT), respi-
ratory frequency (fR) and pulmonary ventilation (VE) of
control rats (filled squares) (N = 16) and LC-lesioned
rats (open squares) (N = 7). Values are reported as
means ± SEM. The hypoxia-induced hyperventilation
was higher in LC-lesioned rats. +Significant increase
(P<0.05) in VT, fR and VE after hypoxia compared to
normoxia. *Significant increase in VT and VE of LC-
lesioned rats compared to control group. BTPS, Body
temperature, pressure, saturated with water vapor.
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after hypoxia did not differ from the baseline
value in any group. The sham-operated group
did not differ significantly from control ani-
mals in any variable (data not shown). Data
obtained from LCLR 1 week after lesion did
not differ from control or sham-operated rats
(data not shown).

Experiment 1. Combined effect of lesion
and hypoxia on body temperature and VE.
Figure 2 shows the effect of hypoxia on VT,
fR and VE, in control and LCLR. When in-
spired O2 was reduced from 21 to 7%, a
significant (P<0.05) increase in ventilation
was observed in both groups. The increase in
VE was significantly higher (P<0.05) in LCLR
than in control rats at 5 and 15 min of expo-
sure to hypoxia. The hypoxia-induced hy-
perventilation of LCLR was primarily the
result of a significant elevation in VT, rather
than a change in fR, which did not differ from
control. The breathing pattern was recov-
ered during return to air, when the experi-
mental and control groups showed similar
recordings.

Figure 3 shows the effect of hypoxia on
body temperature of control and LCLR. Af-
ter hypoxia, a significant decrease in body
temperature was observed in both control
(P<0.05) and LCLR (P<0.05), but the hy-
poxia-induced hypothermia was reduced in
LCLR. After hypoxia, the drop in body tem-
perature was significantly lower (P<0.05) in
LCLR compared to control.

Experiment 2. Combined effects of NOS

Figure 3 - Effects of hypoxia on
body temperature of the control
group (N = 16) and locus coeru-
leus (LC)-lesioned rats (N = 7).
Values are reported as means ±
SEM. *Significant reduction
(P<0.05) of mean body tempera-
ture after hypoxia. +Significant
reduction (P<0.05) in the magni-
tude of hypoxia-induced hypo-
thermia.
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Figure 5 - Combined effect of hypoxia and intracerebro-
ventricular (icv) injection of NG-nitro-L-arginine methyl
ester (L-NAME; 250 µg/µl) on body temperature of
saline- and L-NAME-treated rats (N = 7 for both groups).
Values are reported as means ± SEM. *Significant
drop (P<0.05) in body temperature after hypoxia of
saline group compared to normoxia. +Significant differ-
ence (P<0.05) in the magnitude of hypoxia-induced
hypothermia.

Figure 4 - Combined effect of
hypoxia and intracerebroven-
tricular injection of NG-nitro-L-ar-
ginine methyl ester (L-NAME;
250 µg/µl) on tidal volume (VT),
respiratory frequency (fR) and
pulmonary ventilation (VE) in L-
NAME group (open squares) (N
= 7) and saline group (filled
squares) (N = 7). Values are re-
ported as means ± SEM. +Sig-
nificant increase (P<0.05) in VT,
fR and VE of the saline group af-
ter hypoxia compared to nor-
moxia. *Significant difference
(P<0.05), after hypoxia, between
L-NAME-treated rats and saline-
treated rats. BTPS, Body tem-
perature, pressure, saturated
with water vapor.
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significant reduction in VT after hypoxia,
rather than a change in fR.

Hypoxia failed to induce a reduction of
body temperature when L-NAME was given
intracerebroventricularly. These data are plot-
ted in Figure 5.

Experiment 3. Combined effects of LC
lesion, NOS blocker and hypoxia on body
temperature and VE. Figure 6 shows a sig-
nificant increase (P<0.05) in VE in LCLR +
saline and LCLR + L-NAME after hypoxia,
compared to normoxia, which was signifi-
cantly higher (P<0.05) in LCLR + saline
than in LCLR + L-NAME, at 5 and 15 min of
exposure to hypoxia. The reduced hypoxia-
induced hyperventilation of the LCLR + L-
NAME group was primarily due to a signifi-
cant reduction in VT after hypoxia, rather
than a change in fR.

Figure 7 shows that the combination of
LC lesion, saline and hypoxia caused a sig-
nificant (P<0.05) drop in body temperature,
similar to that obtained by LC lesion and
hypoxia only. When L-NAME was injected
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30 min before hypoxia in LCLR, hypoxia-
induced hypothermia was abolished, as ob-
served by application of L-NAME in control
rats. However, there was no significant dif-
ference in body temperature between LCLR
+ saline and LCLR + L-NAME after hy-
poxia.

Discussion

This study provides evidence that the LC
participates in the control of pulmonary ven-
tilation and body temperature during hy-
poxia challenge, since bilateral electrolytic
lesions of the nucleus caused an increased
ventilatory response to hypoxia and a re-
duced hypoxia-induced hypothermia. A pos-
sible link between the two responses cannot

Figure 6 - Combined effect of hypoxia and intracerebro-
ventricular (icv) injection of NG-nitro-L-arginine methyl
ester (L-NAME; 250 µg/µl) on tidal volume (VT), respira-
tory frequency (fR) and pulmonary ventilation (VE) of LC-
lesioned rats that received an icv injection of saline
(open squares) (N = 5) or L-NAME (filled squares) (N = 7).
Values are reported as means ± SEM. +Significant in-
crease (P<0.05) in VT, fR and VE after hypoxia compared
to normoxia. *Significant difference (P<0.05) in VT and
VE of L-NAME-treated rats compared to saline. BTPS,
Body temperature, pressure, saturated with water vapor.

Figure 7 - Combined effect of
hypoxia and intracerebroven-
tricular injection of NG-nitro-L-
arginine methyl ester (L-NAME;
250 µg/µl) on body temperature
of locus coeruleus (LC)-lesioned
rats that received an icv injec-
tion of saline (N = 5) or L-NAME
(N = 7). Values are reported as
means ± SEM. *Significant drop
(P<0.05) in body temperature
after hypoxia.
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leus (LC) and nitric oxide (NO)
could mediate hypoxia-induced
hyperventilation and hypother-
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crease in NO in the CNS and in
the firing rate of LC neurons,
which cause an increase in pul-
monary ventilation (VE) and a re-
duction in body temperature
(Tb). NG-nitro-L-arginine methyl
ester (L-NAME) prevents hy-
poxia-induced hyperventilation
and hypothermia by inhibiting
NO synthesis.
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be excluded since a drop in body temperature
leads to a reduced ventilatory drive. These
data suggest that LC plays an inhibitory role
in the hypoxia-induced hyperventilation and
an excitatory role in the hypoxia-induced
anapyrexia. Moreover, NO seems to play an
important role in these responses to oxygen
deprivation, since icv injection of L-NAME
abolished both hypoxia-induced hyperventi-
lation and hypothermia. Additionally, the
inhibitory role of LC in pulmonary ventila-
tion may depend on the NO pathway, since
LCLR treated with L-NAME had a reduced
ventilatory response to hypoxia.

In a wide variety of animal species, hy-
poxia elicits a number of compensatory re-
sponses, including increased ventilation and
cardiac output (5). Decreases in PaO2 are
monitored by peripheral arterial chemore-
ceptors that evoke excitation of chemosen-
sory fibers projecting in the brainstem within
the nucleus tractus solitarius (NTS) (12). In
the brainstem, these afferent inputs are pro-
cessed and integrated together with other
inputs to yield a final command to the respi-
ratory motoneurons resulting in an increase
in respiratory drive (22). However, the in-
creased ventilation is O2 consuming, a fact
that limits its beneficial effect. Hypoxia also
elicits a decrease in body temperature and
oxygen consumption (7), which is consid-
ered to be an adaptive response because it
decreases O2 demand according to the Q10

effect, promotes a leftward shift of the oxy-
hemoglobin dissociation curve, and
blunts the energetically costly response to
hypoxia, e.g., increased cardiac output and
ventilation (5). Previous studies have dem-
onstrated that hypoxia per se causes hypo-
thermia in a variety of organisms ranging
from protozoans to mammals (23), but only
recently did the mechanisms responsible for
the hypoxia-induced anapyrexia start to be
suggested.

The role of CNS in body temperature
control is subjected to numerous modifiers,
such as lactate, adenosine and histamine (for

review, see 23), but none of the possible
candidates can trigger a complete hypother-
mic response. Nitric oxide works as a physi-
ological messenger molecule that may serve
as a neurotransmitter in the CNS (24). NO in
the CNS may have an important role in the
hypoxia-induced hypothermia since during
inhibition of the NO pathway hypoxia failed
to reduce body temperature (17). Besides
mediating hypoxia-induced hypothermia,
oxygen deprivation was recently shown to
lead to activation of the NO-cGMP pathway
in the CNS, contributing to the induction and
maintenance of the hypoxia-induced in-
creased ventilation (15). The importance of
NO can be demonstrated by inhibition of the
effects of NO (25) using L-arginine analogs
such as L-NAME. In the present study we
have chosen L-NAME because it is a nonse-
lective inhibitor of NOS and acts on both the
constitutive and inducible isoforms of the
enzymes.

The present study confirms that hypoxia-
induced hypothermia depends on the NO
pathway since L-NAME injection abolished
hypoxia-induced hypothermia in control and
sham-operated rats. Also, NO may be in-
volved in hypoxia-induced hyperventilation
since control animals which received an in-
jection of L-NAME had no ventilatory re-
sponse to hypoxia (Figure 8). Moreover,
LCLR which received an injection of L-
NAME showed a significantly lower hy-
poxia-induced hyperventilation compared to
LCLR treated with saline, indicating that
increased hypothermia-induced hyperventi-
lation of LCLR may depend on the NO
pathway in the CNS. In the present study, LC
lesion caused no significant change in pul-
monary ventilation or in body temperature
under normoxic conditions, indicating that
the LC plays no tonic role under control
conditions. Conversely, hypoxia-induced
hyperventilation was greatly increased in the
LCLR, which may be related to the observed
reduction in the hypoxia-induced hypother-
mia. Accordingly, previous studies have re-
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ported that the LC is important in the modu-
lation of sensory processing by the brain and
is activated by a variety of stressful somatic
and autonomic stimuli (26,27), but not dur-
ing resting conditions (14). Activity in LC
neurons is highest during wakefulness, par-
ticularly under conditions requiring increased
alertness (28). The major component of a-
daptive responses to hypoxia is the stimula-
tion of the sympathoadrenal system (9,11),
and sympathetic neurons are under the con-
trol of noradrenergic cell groups located in
the brainstem (12), where the LC is the
major noradrenergic nucleus. Recently, it
has been reported that noradrenergic LC neu-
rons send axons to spinal motoneurons, where
they may participate in the control of respira-
tory movements (29). Changes in the activity
of LC neurons would then be expected to
elicit widespread effects in the CNS, includ-
ing those of a respiratory nature. A study
demonstrating the distribution of neuronal
pathways activated by hypoxia reported that
the LC presents an increased c-fos staining
during hypoxia (30). Also, Pérez et al. (31)
observed LC-mediated inhibition of
chemosensory responses in the rat NTS,
which is the zone of termination of afferents
from baroreceptors and chemoreceptors trav-
elling in the carotid sinus (32) and aortic
sinus (33). Furthermore, Moore et al. (34)
observed that LC cooling blocks the fall in

respiratory output during hypoxia in anes-
thetized neonatal sheep. They concluded that
the fall in the biphasic respiratory response
is mediated by the activation of neurons
inhibitory to respiratory output and involves
either axons of passage or cell bodies lying
in the LC region. In agreement with these
data, the present study suggests that if there
is a CNS inhibitory mechanism of hypoxia-
induced hyperventilation, it seems to depend
on neuronal function within the LC.

As to the ventilatory response, LC seems
to be involved in modulation of tidal vol-
ume, since the hyperventilation response
during hypoxia of LCLR differed from the
control group due to a significant increase in
tidal volume and not in respiratory frequency.

In summary, the present results suggest
that LC and NO pathway may participate in
the control of body temperature and pulmo-
nary ventilation under hypoxic conditions,
and that the inhibitory role of the LC on
hypoxia-induced hyperventilation and its ex-
citatory role in hypoxia-induced hypother-
mia may depend on the NO pathway.
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