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Demchenko IT, Zhilyaev SY, Moskvin AN, Piantadosi CA,
Allen BW. Autonomic activation links CNS oxygen toxicity to
acute cardiogenic pulmonary injury. Am J Physiol Lung Cell Mol
Physiol 300: L102–L111, 2011. First published October 22, 2010;
doi:10.1152/ajplung.00178.2010.—Breathing hyperbaric oxygen
(HBO2), particularly at pressures above 3 atmospheres absolute, can
cause acute pulmonary injury that is more severe if signs of central
nervous system toxicity occur. This is consistent with the activation of
an autonomic link between the brain and the lung, leading to acute
pulmonary oxygen toxicity. This pulmonary damage is characterized
by leakage of fluid, protein, and red blood cells into the alveoli,
compatible with hydrostatic injury due to pulmonary hypertension,
left atrial hypertension, or both. Until now, however, central hemo-
dynamic parameters and autonomic activity have not been studied
concurrently in HBO2, so any hypothetical connections between the
two have remained untested. Therefore, we performed experiments
using rats in which cerebral blood flow, electroencephalographic
activity, cardiopulmonary hemodynamics, and autonomic traffic were
measured in HBO2 at 5 and 6 atmospheres absolute. In some animals,
autonomic pathways were disrupted pharmacologically or surgically.
Our findings indicate that pulmonary damage in HBO2 is caused by an
abrupt and significant increase in pulmonary vascular pressure, suffi-
cient to produce barotrauma in capillaries. Specifically, extreme
HBO2 exposures produce massive sympathetic outflow from the
central nervous system that depresses left ventricular function, result-
ing in acute left atrial and pulmonary hypertension. We attribute these
effects on the heart and on the pulmonary vasculature to HBO2-
mediated central sympathetic excitation and catecholamine release
that disturbs the normal equilibrium between excitatory and inhibitory
activity in the autonomic nervous system.

hyperbaric oxygen toxicity; cardiogenic pulmonary hypertension; au-
tonomic nervous system; sympathetic excitation; nitric oxide bioac-
tivity

BREATHING OXYGEN AT ELEVATED pressures (hyperbaric hyper-
oxia), especially above 3 atmospheres absolute (ATA), can
cause severe pulmonary damage in minutes. By contrast, the
lung injury caused by inhalation of high concentrations of O2

at 1 ATA (normobaric hyperoxia) develops over hours or days.
In hyperbaric oxygen (HBO2), acute pulmonary damage is
characterized by transpulmonary leakage of fluid and protein
and by focally distributed intra-alveolar hemorrhage (3, 17)
and is particularly likely in subjects in which central nervous
system (CNS) O2 toxicity has also occurred, as manifested by
electroencephalogram (EEG) spikes or motor convulsions (5,
6, 41). Neuroendocrine pathways, especially in the sympathoa-
drenal system, have been implicated in this abrupt pulmonary

damage (reviewed in Ref. 12). Indeed, interruption of these
pathways before HBO2 exposure, by hypophysectomy and
adrenalectomy (8) or by adrenergic blockade (7), can mitigate
pulmonary injury. In our laboratory, for example, we have
found that the �-adrenergic antagonist propranolol protects the
lungs of conscious rats exposed to 3 ATA O2 (17).

Because adrenergic blockade can diminish or prevent the
severe pulmonary injury associated with oxygen seizures, it
appears that the sympathetic nervous system links CNS toxic-
ity and pulmonary injury in HBO2. Although it is not known
how this occurs, we hypothesize that sympathetic activity, with
consequent catecholamine release, potentiates pulmonary O2

toxicity by altering cardiac dynamics and central hemodynam-
ics. Past studies, as well as our own more recent observations,
have shown that the severe lung injury seen in rats that exhibit
motor convulsions or EGG spikes in HBO2 is characterized by
pulmonary edema and extravasation of red blood cells (RBCs)
into the alveoli (9, 17, 26). The most straightforward explana-
tion for such a pathological pattern is that pulmonary or left
atrial hypertension mechanically compromises the integrity of
alveolar-capillary membrane, allowing RBCs to enter the air
spaces. Indeed, HBO2 does increase systemic arterial blood
pressure (BP) and reduce cardiac output (CO), which together
would shift blood from the systemic to the pulmonary circu-
lation and increase pulmonary blood volume (PBV) and pres-
sure. Although these responses to HBO2 may be rapid and
transient, any resulting disruption of pulmonary capillaries
would persist for a time, allowing protein leak, pulmonary
edema, and extravasation of RBCs. The hemodynamic com-
ponents of pulmonary hypertension in HBO2 and the auto-
nomic discharges that could produce these changes have not
been demonstrated experimentally, nor have such changes
been explicitly linked to CNS O2 toxicity.

The objectives of this study are to investigate real-time
cardiac and hemodynamic responses to HBO2 that may con-
tribute to pulmonary hypertension and acute hydrostatic lung
injury and to study the role of the autonomic nervous system in
linking CNS O2 toxicity and pulmonary injury. Thus we
exposed anesthetized, instrumented rats to HBO2 at 6 ATA to
simultaneously monitor the EEG, sympathetic activity, cardiac
dynamics, and central and pulmonary hemodynamics. Some
animals were vagotomized shortly before HBO2 exposure. In a
separate set of experiments, we exposed awake rats, either
freely moving or lightly constrained, to HBO2 at 5 ATA to
eliminate the confounding effects of the anesthetic and para-
lytic agents. Some of the awake rats were subjected to left
unilateral vagotomy to study the effects of chronic disruption
of vagal pathways, or were chronically catheterized to measure
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hemodynamics and to obtain blood samples to assay for cat-
echolamines.

In all rats, pulmonary damage was assessed immediately
after hyperbaric exposure to correlate the severity of lung
injury with hemodynamic parameters, neuronal activity, or
surgical or pharmacological disruption of autonomic pathways.
Results were compared with findings in untreated control
animals.

METHODS AND EXPERIMENTAL DESIGN

Surgical preparation for rats exposed to 6 ATA HBO2 under
anesthesia. Male Sprague-Dawley rats weighing 398 � 19 g were
used, as approved by the Duke University Institutional Animal Use
and Care Committee (Durham, NC). Anesthesia was induced with
urethane (750 mg/kg ip) and �-chloralose (25 mg/kg ip) and main-
tained by intravenous administration of one-fourth of the initial dose
of anesthetic each hour, or as indicated by BP and heart rate (HR)
responses.

The left femoral artery and vein were catheterized to monitor BP,
withdraw samples, and infuse drugs. For measuring CO, polyethylene
tubing (PE 50) was inserted through the right jugular vein into the
right atrium, and a thermistor (model 511; Yellow Springs Instru-
ments) was advanced into the ascending aorta via the right carotid
artery. To measure ventricular pressures, polyethylene tubing was also
inserted into the right ventricle through the right jugular vein or in the
left ventricle (LV) through the right carotid artery. The positions of
the tubing and thermistor were verified at autopsy.

The trachea was intubated, and anesthetized animals were venti-
lated with 30% O2 in N2 (termed “air” in this study). Anesthetized rats
were given a single dose of pancuronium bromide (0.5 mg/kg iv) to
prevent voluntary respiratory movements and to maintain arterial
PCO2 at 35 to 40 Torr, by adjusting tidal volume.

To measure regional cerebral blood flow (rCBF), the head of each
rat was secured in a stereotaxic frame, the scalp reflected, a craniot-
omy made, and dura mater opened with a small incision. Then an
insulated platinum wire electrode, having a bare conical tip 1 mm in
length with an apical diameter of 10–50 �m, was inserted into the
striatum under stereotaxic control, with an Ag-AgCl reference elec-
trode clipped to the tail. Two stainless steel cranial screws were
positioned over the left and right parietal cortex for EEG recording.

For acutely vagotomized rats, an incision was made in the neck,
and either the left vagus or both vagi were exposed and encircled with
surgical thread that was then passed through a 22-gauge needle,
around which the wound was closed. Approximately 30 min before
HBO2 exposure, control measurements were made, and the thread was
pulled to transect the nerves.

Central hemodynamic measurements. Arterial and venous BPs
were measured continuously through catheters inserted into the fem-
oral artery and the right atrium, respectively, using pressure transduc-
ers (Vigo-Spectramed, Oxnard, CA). The pulse signals were electron-
ically averaged to obtain mean arterial (MABP) or venous BPs. HR
was determined from pulse waves in the arterial pressure tracing. CO
was calculated from transpulmonary thermodilution curves (13) gen-
erated by a 0.075-ml bolus of room temperature glucose solution
(2.5%) injected rapidly into the right atrium by an infusion pump
(Harvard Apparatus, Holliston, MA) operated remotely from outside
the hyperbaric chamber. CO was calculated from temperature changes
in the blood of the aortic root as follows:

CO � Q � �Tb � Ti� � k ⁄ �area under curve�
where CO is in ml/min; Q is the injected volume (0.075 ml); Tb is
blood temperature (°C); Ti is the injectate temperature (°C); K is a
derived constant (62.14); and the area under curve is in units of
°C � seconds. CO was normalized for body weight (ml·min�1·100
g body wt�1).

Cardiopulmonary hemodynamics and ventricular function. Right
(RVP) and LV pressures (LVP) were measured, using catheters
inserted directly into the ventricles. Right ventricular systolic pressure
(RVSP) and LV end-diastolic pressure (LVEDP), averaged over 10 s,
were used as indicators of pulmonary arterial pressure and pulmonary
venous pressure, respectively. Pulmonary vascular resistance (PVR)
was calculated from these means:

PVR � RVSP � LVEDP ⁄ cardiac output

PBV was assessed as described by Abel et al. (2) with the following
minor modification: 0.1 ml of ascorbic acid solution (40 mg/ml in
0.9% NaCl solution) was injected into the right ventricle and detected
by the polarized platinum electrode (�400 mV vs. Ag-AgCl) in the
LV and connected to a polarographic amplifier (model 1900, A-M
Systems, Carlsborg, WA). The resulting indicator-dilution curves
were used to compute mean transit time (MTT) (42). PBV was then
given as:

PBV � �CO ⁄ 60� � MTT

where CO is in ml·min�1·100 g body wt�1, and MTT is in seconds.
Stroke work (the product of stroke volume and mean arterial pressure)
was used as an index of LV function (31).

CBF. rCBF was measured by hydrogen clearance using platinum
electrodes inserted into the striatum (15). To initiate a measurement,
2.5% H2 in air was introduced through the respirator for 40 s, and then
H2 washout curves were captured using a polarographic amplifier,
computer, and WinDaq software (D-1200 AC, DATAQ Instruments).
Absolute rCBF (ml·g�1·min�1) was calculated, using Mathematica
3.0 software (Wolfram Research).

EEG and renal sympathetic nerve activity. The EEG was monitored
visually for onset of CNS oxygen toxicity, signaled by a train of
multiple EEG spikes repeated every few seconds.

To record renal sympathetic nerve activity (RSNA), the left kidney
was exposed through the retroperitoneal space. A branch of the renal
nerve was lifted free from fat and connective tissue and placed on a
pair of platinum electrodes. A silicone gel (Wacker SilGel 604 A/B)
was used to electrically isolate the nerve-electrode junctions from
surrounding tissue (29). The RSNA signal was amplified by a low-
noise differential amplifier and recorded using WinDaq software. The
signal averaged over 2 min after completion of the experiment, with
all instruments still running, represented background noise. Peak
RSNA above background was averaged over 10 s and expressed as
percent change from control levels in animals breathing air at 1 ATA.

Arterial PO2, arterial PCO2, and pH were determined in blood from
animals breathing air at 1 ATA before each experiment and then from
samples taken immediately after decompression from HBO2 expo-
sure, with animals still breathing 100% O2 (1306 blood gas/pH
analyzer, Instrumentation Laboratories). Rectal temperature was mon-
itored continuously and maintained at 37 � 0.5°C, using a heating
pad.

Assessment of bronchoalveolar protein and pulmonary edema.
Bilateral bronchoalveolar lavage (BAL) was performed in control
animals, as well as in rats exposed to HBO2, using 10 ml of sterile
phosphate-buffered 0.9% NaCl solution. BAL fluid (BALF) protein
was used as a marker for lung injury. Total protein content was
measured with the bicinchoninic acid assay using bovine serum
albumin as a standard (37). As an index of edema, wet-to-dry weight
ratio was assessed in freshly excised lungs: the lungs were weighed
immediately after excision and then placed in a vacuum oven at 60°C
for at least 72 h, or until a stable dry weight was obtained. No
corrections were made for intravascular lung water.

HBO2 exposures for anesthetized rats. Animals were placed in a
hyperbaric chamber (Duke Center for Hyperbaric Medicine and En-
vironmental Physiology), along with the stereotaxic frame, respirator,
BP transducer, heating pad, and infusion pumps. Electrodes were
connected through hermetic wall penetrations to amplifiers outside the
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chamber. After a 60-min stabilization period, during which the animal
breathed 30% O2 in N2, all physiological parameters were recorded
three times and averaged to establish control values. The respirator
was supplied with 100% O2, and the chamber was pressurized with air
to 6 ATA, at 0.6 ATA/min. Temperature and relative humidity in the
chamber were maintained at 23 � 0.5°C and 60 � 2%, respectively.
Exposure to HBO2 was limited to 60 min to avoid prolonged seizures.
Decompression to 1 ATA was accomplished at rate of 0.6 ATA/min,
as the rats continued to breathe 100% O2. Immediately after animals
were euthanized with Nembutal (250 mg/kg), lung lavage was per-
formed.

HBO2 exposure of awake rats at 5 ATA. To control for the effects
of anesthetic and paralytic agents on physiological measurements, we
exposed awake Sprague-Dawley male rats, either freely moving or
lightly constrained by hammock, to O2 at 5 ATA for 60 min in a
small-animal hyperbaric chamber at the Institute of Evolutionary
Physiology and Biochemistry, Russian Academy Sciences, St. Peters-
burg, Russia. These experiments were approved by the Institute, in
accord with the Declaration of Helsinki. This level of exposure was
chosen because our laboratory had previously found that oxygen
seizure latencies in awake animals in 5 ATA HBO2 were similar to
those in anesthetized rats at 6 ATA (16).

For chronically vagotomized rats, the left vagus nerve was
transected at the cervical level under Nembutal anesthesia (50 mg/kg).
Using sterile procedure, an incision was made in the neck, the left
vagus was carefully exposed by blunt dissection, and an �2-mm
section was removed. The wound was closed and sutured, and 7–10
days were allowed for recovery before exposure to hyperoxia.

To prepare chronically catheterized animals, the right carotid artery
was exposed under Nembutal anesthesia (50 mg/kg); and polyethyl-
ene tubing (PE 50) filled with 0.9% NaCl solution containing glucose
(2.5%) and heparin (300 IU/ml) was inserted, secured with a ligature,
and then tunneled subcutaneously to exit at the back of the neck; and
the wound was closed and sutured. Two stainless steel cranial screws
were inserted in the skull for later recording of EEG. Each animal was
allowed to emerge from anesthesia and recover from surgery for 7–10
days, during which time the tubing was refilled daily with fresh
solution.

Intact or vagotomized rats were placed three to four in a partitioned
cage and exposed to 100% O2 at 5 ATA for 60 min. Temperature and
humidity were controlled (22–24°C and 60–65%), and CO2 was kept
	1%. The animals was observed continuously, and seizure latencies
were noted. After decompression, the animals were euthanized with
Nembutal (250 mg/kg), and BAL was performed.

Chronically catheterized rats were placed individually in the hy-
perbaric chamber. During HBO2 exposure, arterial BP and HR were
monitored by means of the arterial catheter, and EEG was recorded.
Immediately after decompression, arterial blood samples were drawn
for norepinephrine assay by HPLC (Coulochem II analyzer, ESA,
Chelmsford, MA), as described (39).

Study design. Six groups of anesthetized rats were used. Because
simultaneous insertion of catheters in the aorta and both ventricles
could adversely affect hemodynamic function, CO was measured
independently. The first group of monitored rats (n 
 17) was exposed
to O2 at 6 ATA, and CO was measured every 10 min, while RSNA
was monitored continuously. Immediately after decompression, pro-
tein in BALF and extent of lung edema were assessed. The next two
groups of rats were subjected to the above protocol, except that RVP
(group 2, n 
 9) or LVP (group 3, n 
 11) were measured instead of
CO. The fourth (n 
 14), fifth (n 
 7), and sixth (n 
 9) groups were
used to verify whether autonomic activity is associated with cardio-
pulmonary dysfunction and lung injury in HBO2. For this, neuronal
and hemodynamic parameters were measured in rats treated with
propranolol (5 mg/kg iv) 20 min before compression (group 4), or
subjected to either unilateral (group 5) or bilateral (group 6) cervical
vagotomies 30 min before compression.

Three groups of awake rats were used: freely moving intact rats
(n 
 12), freely moving, chronically vagotomized rats (n 
 13), and
lightly-constrained catheterized rats (n 
 12). Seizure latencies were
determined in all of these animals, and MABP and EEG were
recorded in chronically catheterized animals.

Statistical analysis. Data were analyzed using StatView software
(SAS Institute, Cary, NC). Absolute and percent changes in physio-
logical variables measured during HBO2 exposures were compared
with baseline values taken in air at 1 ATA, using repeated ANOVA,
followed by post hoc comparison with Fisher’s exact test. Values from
groups of animals are expressed as means � SE. Intergroup compar-
isons were made using a Student’s t-test, with P 	 0.05 accepted as
significant.

RESULTS

Seizures, pulmonary O2 toxicity, and sympathetic outflow in
awake rats. Of the freely moving awake rats exposed to O2 at
5 ATA for 60 min, 9 of 12 exhibited convulsions, with
latencies between 17 and 60 min (Fig. 1A). Postmortem assay
of BALF in this group of animals revealed pronounced pul-
monary protein leakage, inversely proportional to seizure la-
tency (Fig. 1B). The chronically left-vagotomized rats showed
decreased pulmonary damage in HBO2: 9 of 13 had seizures,
but no difference in seizure latency was observed compared
with the intact rats (Fig. 1, C and D). Nine of the twelve
chronically catheterized rats also manifested seizures, and
patterns of EEG discharge progressed in three pathological
stages. Within the first 15–45 min after reaching 5 ATA,
amplitude decreased and frequency increased. Next, a desyn-
chronized pattern transformed to slow delta- and theta-waves,
with irregular single spikes. Finally, multiple spikes were
observed in seven of the nine catheterized animals 1–5 min
before seizures occurred.

HBO2 was also associated with sympathetic excitation, as
indicated by an increase in HR (Fig. 2A). Also, MABP in-
creased from control values of 103 � 8.3 to 178 � 13.3 mmHg
at the onset of EEG spikes. In addition, plasma norepinephrine
levels increased dramatically in rats that had exhibited EEG
spikes (Fig. 2B).

EEG seizures and sympathetic outflow in anesthetized rats.
The appearance of EEG, RSNA, and central hemodynamic
changes was similar in all anesthetized rats exposed to 6 ATA
HBO2. Thus the EEG before seizures was comparable to that
seen in awake animals in HBO2, with initial reductions in
amplitude and increases in frequency, followed by increases in
amplitude just before the first spikes. In the final stage, gener-
alized spikes appeared in �80% of the animals, with a mean
latency of 47 � 4.2 min. And 1–3 min before generalized EEG
spikes, there was a sudden, statistically significant increase in
RSNA (n 
 12, P 	 0.05), reaching 13.9–51.4% above control
levels after 44–60 min from beginning of HBO2 exposure.

Hemodynamic changes in anesthetized rats. Control values
of hemodynamic parameters in anesthetized rats breathing air
at 1 ATA are shown in Table 1, and time courses of changes in
these parameters in 6 ATA HBO2 are illustrated in Fig. 3.
MABP rose initially during compression, followed by slower
rise, leading to the appearance of the first EEG spikes (Fig.
3A). By contrast, venous pressures changed little during the
first 30 min at 6 ATA, but then increased approximately two-
to threefold as EEG spikes appeared (Fig. 3B).
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CO fell gradually, decreasing 19–46% by the end of hyper-
baric exposure (Fig. 3C). HR decreased progressively during
the first 30 min of HBO2 exposure, but then rose to preexpo-
sure levels and above, reaching 15–35% (440–520 beats/min)
above control levels in air at 1 ATA by the end of the exposure,
and peaking near 500 beats/min after the onset of EEG spikes
(Fig. 3D).

Cardiopulmonary function in HBO2. Control values of car-
diopulmonary function in rats breathing air at 1 ATA are
shown in Table 1. Oxygen at 6 ATA altered cardiovascular
function in a time-dependent manner. Systolic RVP rose dur-
ing compression, returned close to preexposure levels within
30–40 min of reaching 6 ATA, and rose rapidly again as EEG
spikes appeared (Fig. 4A). End-diastolic LVP did not change
for 30–40 min after 6 ATA was reached, but a sudden increase
was observed close to the onset of EEG spikes (Fig. 4B). Both
RVSP and LVEDP remained elevated until decompression.
PBV did not change significantly for the first 30 min of HBO2,
but increased dramatically when EEG spikes appeared (Fig.
4C). Also, calculated PVR was significantly higher within the
first 40 min of HBO2 and decreased after the onset of EEG
spikes (Fig. 4D).

To assess changes in pulmonary arterial and venous pres-
sures in HBO2, we determined temporal profiles of RVSP and
LVEDP with respect to EEG discharges, taking the onset of
spikes as the zero point. Figure 5A shows that increases began
earlier in LVEDP than in RVSP and peaked after the onset of
seizures. LV function did not change significantly during the
first 40 min of HBO2 at 6 ATA, as indicated by the stroke work
curve. After that, stroke work decreased markedly in rats
exhibiting seizures, demonstrating substantial LV functional
impairment after the massive sympathetic activation associated
with seizures (Fig. 5B).

Lung injury in HBO2. In animals that had exhibited EEG
spikes, postmortem inspection of the lungs revealed a patchy

distribution of intra-alveolar hemorrhage, as well as pulmonary
edema. The mean wet-to-dry weight ratio of rats exposed to
HBO2 was 5.2 � 0.13, compared with 4.8 � 0.09 in controls
(P 	 0.01). In rats that did not exhibit EEG spikes in 6 ATA
HBO2, total BALF protein was 4 times control levels, whereas
it was 10 times control levels in rats that did exhibit spikes
(Fig. 6A). Severity of lung injury correlated closely with the
magnitude of changes in RVSP or LVEDP, as indicated by the
stability of total BALF protein until RVSP rose above 40
mmHg or LVEDP exceeded 20 mmHg (Fig. 6B).

The effect of �-adrenergic blockade and vagotomy on pul-
monary oxygen toxicity. Propranolol lowered CO and slowed
HR, but did not alter arterial BP or cardiopulmonary hemody-
namics in rats breathing air (Table 1). However, rats exposed
to HBO2 after propranolol treatment exhibited changes in
systemic and cardiopulmonary hemodynamics, along with a
significant decrease in blood flow (23 � 3.8%) in the striatum
(Fig. 7). Rats pretreated with propranolol before exposure to 6
ATA O2 were protected from both CNS O2 toxicity and
pulmonary damage: no seizures were observed in any of these
animals (n 
 14), and mean BALF protein concentration in
these animals was 0.41 � 0.06 vs. 0.94 � 0.11 mg/ml in
untreated animals without seizures and 2.01 � 0.29 mg/ml
in untreated animals with seizures. For comparison, mean
BALF protein in control animals breathing air at 1 ATA was
0.18 � 0.03 mg/ml.

Left vagotomy 30 min before compression did not signifi-
cantly change the time course of hemodynamic parameters in
HBO2 (Fig. 8). However, acute bilateral vagotomy altered
hemodynamic parameters in rats breathing air at 1 ATA (Table
1), and, in rats exposed to HBO2 it accelerated both sympa-
thetic excitation and onset of CNS O2 toxicity, as indicated by
the time courses of MABP and HR and by seizure latency
(Figs. 8, A–C). BAL protein in bilaterally vagotomized rats
was also higher (Fig. 8D).

Fig. 1. Central nervous system (CNS) O2

toxicity and lung injury in intact and chron-
ically vagotomized (Vt) awake rats in 5-at-
mospheres absolute (ATA) O2. A: Kaplan-
Meier plot of time to onset of motor con-
vulsions in 12 intact and 12 Vt rats during
60-min exposure to 5 ATA O2, beginning
at time 0. Nine rats in each group exhibited
convulsions. B: bronchoalveolar lavage
fluid (BALF) total protein in intact (�) and
Vt (Œ) rats was plotted against seizure
latency. C: seizure latency in intact and Vt
rats. D: BALF total protein in intact and Vt
rats. Values are means � SE. *P 	 0.05 vs.
5 ATA.

L105SYMPATHOEXCITATON AND LUNG INJURY IN HYPERBARIC OXYGEN

AJP-Lung Cell Mol Physiol • VOL 300 • JANUARY 2011 • www.ajplung.org



DISCUSSION

Although it has been recognized for some time, and con-
firmed here, that HBO2-induced seizures exacerbate pulmo-
nary injury, this is the first study to define the pathophysiolog-
ical mechanisms responsible for the association of CNS and
pulmonary toxicity in HBO2 by simultaneous measurement of
cardiopulmonary hemodynamics and autonomic activity. The
most novel of our findings is that acute lung injury in HBO2 is
associated with massive sympathetic activation, coupled with
profound changes in systemic and cardiopulmonary hemody-
namics. Thus we find that lung damage in HBO2 is linked to
extreme pulmonary hypertension and elevated left atrial pres-
sure of cardiogenic origin. We also found that sympathetic
excitation in HBO2 allows an increase in plasma cat-
echolamines that presumably contribute to the pulmonary cap-
illary hypertension and lung injury. Finally, these studies
indicate that vagal afferents play an important role in both CNS
and pulmonary toxicity in HBO2.

Are CNS and pulmonary HBO2 toxicity pathologically
distinct? The convulsions and pulmonary damage induced by
HBO2 have been considered as separate entities with distinct
etiologies, with oxygen acting directly on the CNS in the first
case and on the alveolar region of the lung in the second (34).
As early as 1953, Bean and coworkers (5, 6, 8, 27) demon-
strated that HBO2 can act on the lungs indirectly through
CNS-mediated sympatho-adreno-medullary pathways. Our
demonstration that HBO2-induced pulmonary damage and

CNS O2 toxicity are linked by the sympathetic nervous system
is consistent with these early findings. In accord with obser-
vations that EEG spiking comprises an early stage of CNS
oxygen toxicity (24, 32, 38), we observed spikes in 75% of
awake rats exposed to O2 at 5 ATA and �80% of anesthetized
rats exposed over 60 min to 6 ATA O2. All of these animals
also exhibited damage to alveolar-capillary membranes, as
indicated by pulmonary edema and high levels of BALF
protein. By contrast, animals that did not exhibit EEG spikes
sustained significantly less pulmonary injury (Fig. 6A), imply-
ing that the pulmonary and CNS manifestations of HBO2

toxicity are not independent events and that, in large part, early
lung damage in HBO2 is attributable to CNS O2 toxicity. In
addition, this pulmonary pathology could not be due to the
mechanical effects of motor convulsions, since the lung injury
occurred even though the somatic component of seizures was
prevented by pancuronium bromide.

Hemodynamic components of lung injury in HBO2. In rats
exposed to O2 at 6 ATA, we observed that acute pulmonary
hemorrhage was associated with systemic hypertension, de-
creases in CO, and dramatic pulmonary hypertension. Al-
though pulmonary vascular pressure was not measured di-
rectly, which is technically difficult in small animals under
hyperbaric conditions, we infer from our RVSP and LVEDP data
that the transpulmonary hydrostatic forces were sufficient to
damage the pulmonary microvasculature. Close positive correla-
tion between RVSP and LVEDP and pulmonary hypertension is
well established (1, 10, 18, 30, 40). We also found that increases
in PBV coincided with massive sympathetic outflow and EEG
spikes. And others have measured pulmonary hypertension
directly in larger animals, dogs, and rabbits, exposed to O2 at
3 and 4 ATA, respectively (1, 25). The main alternative
explanation for this acute pulmonary damage would be in-
creased local vascular permeability, but, in the absence of a
direct toxin or noxious agent, such events usually require days
(17), whereas we observed red cells in alveolar air spaces
within minutes of seizures.

An important question arises from our observations: which
pulmonary pressure, arterial or venous, is most important in this
hydrostatic lung injury? We found that a pronounced increase in
BALF total protein occurred in animals when RVSP exceeded 40
mmHg or LVEDP exceeded 20 mmHg (Fig. 6B), consistent with
the concept that pulmonary capillary pressure must reach a critical
threshold for lung injury to develop. Although temporal profiles of
RVSP and LVEDP throughout HBO2 exposure were very similar
(Fig. 5A), LV preload began to rise 2–5 min earlier than right
ventricular afterload. Moreover, relative pressure changes in the

Fig. 2. Sympathetic activity in awake rats in 5 ATA O2. A: heart rate (HR) in
awake rats exhibiting seizures in hyperbaric oxygen (HBO2). HR was mea-
sured before HBO2 (control) and after the onset of electroencephalogram
(EEG) spikes. B: plasma norepinephrine (NE) levels in rats exhibiting EEG
spikes. Arterial blood samples from chronically catheterized rats were obtained
immediately after 60-min HBO2 exposures. Values are means � SE. *P 	
0.05 vs. air.

Table 1. Baseline hemodynamic parameters in
anesthetized rats

Control Propranolol Vagotomy

MABP, mmHg 104 � 6 98 � 9 109 � 9
MVBP, mmHg 1.2 � 1.4 1.4 � 1.3 0.9 � 1.1
Heart rate, beats/min 386 � 23 379 � 25 421 � 27*
Cardiac output, ml/min 178 � 19 166 � 15 191 � 18
RVSP, mmHg 38 � 5 35 � 7 39 � 5
LVEDP, mmHg 2.1 � 0.3 2.5 � 0.4 1.9 � 0.3

Values are means � SE. MABP, mean arterial blood pressure; MVBP, mean
venous blood pressure; RVSP, right ventricular systolic pressure; LVEDP, left
ventricular end-diastolic pressure. *P 	 0.05 vs. control.
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right ventricle and LV differed significantly: RVSP doubled after
the onset of EEG spikes, whereas LVEDP increased to �15 times
normal levels. Because LVEDP represents left atrial and pulmo-
nary venous pressures (31), we suggest elevated hydrostatic
pressure occurs first in the pulmonary veins, and that this
likely drives capillary damage. It is well known that pul-
monary hypertension is a common cause of pulmonary

edema (11, 20), yet we must also mention that increases in
pulmonary arterial pressure probably also contribute to
hydrostatic lung injury by raising pulmonary capillary pres-
sure, since RVSP nearly doubled after the onset of EEG
spikes. This is consistent with our laboratory’s previous
observations of acute pulmonary capillary damage and ex-
travasation of red cells in rats after oxygen convulsions (17).

Fig. 3. Central hemodynamic parameters in
anesthetized rats in 6 ATA O2. Changes in
mean arterial (A) and venous blood pressures
(B), cardiac output (CO; C), and HR (D) in
individual rats were plotted for the control
period in air at 1 ATA, followed by 6 ATA
O2 for 60 min. Compression to 6 ATA was
achieved at time 0. Dashed lines are mean
values. Arrows indicates the mean time for
onset of EEG spikes.

Fig. 4. Cardiopulmonary hemodynamic re-
sponses in anesthetized rats in 6 ATA O2. A:
right ventricular systolic pressure (RVSP). B:
left ventricular end-diastolic pressure (LVEDP).
C: calculated pulmonary blood volume (PBV).
D: calculated pulmonary vascular resistance
(PVR). RVSP and LVEDP are expressed as
absolute values; PBV and PVR are shown as
percentages of preexposure levels (in air at 1
ATA). Compression to 6 ATA was achieved at
time 0. Values are means � SE. *P 	 0.05 vs.
air.
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Another question about mechanisms by which pulmonary
pressure increases in HBO2 concerns the role of altered cardiac
dynamics. It is clear that the major source of volume and
pressure loading in the pulmonary circulation occurs when
pulmonary venous return into the LV exceeds LV output (22,
35). Our study has demonstrated that increases in PBV and
LVEDP (LV return) are accompanied by dramatic decreases in
LV output at the onset of EEG spikes or sympathetic excitation
in rats exposed to O2 at 6 ATA, pointing to LV dysfunction.
Our evidence for this includes high levels of LVEDP (lowered

LV filling), lowered CO, and a marked decrease in LV function
(stroke work) after the onset of EEG spikes. All of this
indicates that LV contractility is diminished in animals that
exhibit sympathetic overexcitation associated with CNS O2

toxicity.
Initially, at least, LV dysfunction in the face of relatively

preserved contractility in the right heart increases pulmonary
arterial pressure, blood volume, and pulmonary capillary pres-
sure, leading to hydrostatic failure of the microvessels. The
imbalance between right and left CO is characterized by an
immediate decrease in aortic flow, as observed by us and by
others (1, 28). Therefore, our findings suggest that lung dam-
age in HBO2 is caused by sudden pulmonary capillary hyper-
tension, due to acute LV dysfunction and pulmonary hyperten-
sion, followed by mechanical disruption of alveolar capillary
membranes, resulting in extravasation of plasma protein and
red cells into the air spaces.

Autonomic components of lung injury in HBO2. Massive
sympathetic activation after head trauma, stroke, or epileptic
seizures may also produce extreme degrees of pulmonary
hypertension and pulmonary edema (4, 11, 35). The idea that
acute lung injury in HBO2 may also be related to sympathetic
hyperexcitation is supported by observations made more than

Fig. 5. Ventricular pressures and left ventricular function in anesthetized rats
in 6 ATA O2. Mean values of cardiac parameters are shown for 8 anesthetized
animals that demonstrated EEG spikes during 60-min exposure. A: RVSP and
LVEDP are shown for 10 min before and after the onset of EEG spikes (time
0). B: stroke work (stroke volume � mean arterial pressure), an index of left
ventricular function, was calculated every 10 min. Left ventricular function
(stroke work) diminished significantly in these rats, which exhibited EEG
spikes. Values are means � SE. *P 	 0.05 vs. air.

V

Fig. 6. BALF total protein and ventricular pressures in anesthetized rats in 6
ATA O2. A: BALF total protein is shown for controls, as well as for rats
exhibiting generalized EEG spikes (S) and those not exhibiting spikes (NS).
Values are means � SE. *P 	 0.05 vs. air. #P 	 0.05 vs. NS. B: peak values
of LVEDP (�) or the RVSP (Œ) were plotted against BALF protein for
individual rats.
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five decades ago that the neuroendocrine system, particularly
the sympathoadrenal axis, is an important causal factor in the
pulmonary damage associated with convulsions induced by
HBO2 (7). This early work showed that hypophysectomy,
adrenalectomy, or adrenergic blocking agents afford apprecia-
ble protection against pulmonary damage (see Ref. 12 for
review), suggesting a role for sympathetic excitation. Here, we

have provided direct evidence for this, as indicated by a
pronounced increase in RSNA. We also found that these
autonomic discharges are associated with severe damage to the
pulmonary microvasculature and determined that sympathetic
hyperactivity is accompanied by LV dysfunction, leading to
pulmonary hypertension, a major causal factor for lung injury.
In addition, the systemic vasoconstriction effects of both hy-

Fig. 7. Hemodynamic responses of anesthe-
tized rats in 6 ATA HBO2 after pretreatment
with propranolol. Changes in mean arterial
blood pressure (MABP; A), LVEDP (LVEDP;
B), CO (C), and RVSP (RVSP; D) are shown
as percentages of control values in air at 1
ATA. Compression to 6 ATA was achieved at
time 0. *P 	 0.05 vs. untreated rats exposed to
6 ATA O2.

Fig. 8. CNS-mediated sympathetic excitation
and lung injury in anesthetized, intact, unilat-
erally Vt, and bilaterally Vt rats in 6 ATA O2.
Time courses are shown for changes in
MABP (A) and mean HR (B) in bilaterally Vt
rats (�), left-Vt rats (‘), and intact rats (�).
C: seizure latencies in acutely left-Vt rats
were not significantly different from those in
intact rats, but bilaterally Vt rats had signifi-
cantly shortened seizure latencies. D: lung
damage, as indicated by BALF total protein,
was significantly greater in bilaterally Vt rats
than in intact animals. *P 	 0.05 vs. intact
rats.
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peroxia and sympathetic activation must play a role. The fact
that �-adrenergic blockade by propranolol is protective is
strong evidence that sympathetic excitation plays a role in
acute pulmonary oxygen toxicity in HBO2.

Protection by propranolol, however, cannot be explained by
one mechanism alone, because �-adrenergic blockade also
diminished systemic and cardiopulmonary hemodynamic re-
sponses to HBO (Table 1). These experiments reveal at least
two mechanisms that could play key roles in protection from
lung injury in propranolol-treated animals. One mechanism
may be related to blockade of myocardial �-adrenergic recep-
tors, resulting in preservation of LV function in HBO2. An-
other may be stabilization of cerebral O2 delivery, indicated by
diminished CBF in treated rats, that limits toxic increases in
brain PO2. In fact, a decrease in CBF could be a factor in
propranolol-mediated protection against both CNS and pulmo-
nary oxygen toxicity.

Previous studies of the effects of the parasympathetic ner-
vous system on CNS and pulmonary HBO2 toxicity show
contradictory results. In the present study, however, lung injury
in HBO2 at 5 ATA was significantly reduced in awake rats with
chronic left vagotomy, as our laboratory found previously in
awake rats in HBO2 at 3 ATA (17). By contrast, acute unilat-
eral vagotomy did not mitigate pulmonary damage, and acute
bilateral vagotomy hastened HBO2 seizures and exacerbated
pulmonary injury. Protective effects of chronic unilateral va-
gotomy were also reported long ago (21), whereas acute
bilateral vagotomy increased lung damage (36). In cats, acute
unilateral vagotomy did not affect pulmonary pathology, but
bilateral vagotomy ameliorated pulmonary edema and hemor-
rhage (33).

The discrepancies among these studies are not easily recon-
ciled. Our observation that chronic vagotomy mitigates lung
injury in HBO2, whereas acute vagal transection exacerbates it,
could be explained by alterations in nitric oxide (NO) bioac-
tivity. Our laboratory has previously reported that the patho-
genesis of acute pulmonary injury in HBO2 involves NO-
mediated neuronal pathways in the CNS (14). It has also been
shown that 5–20 days after left cervical vagotomy, NO
synthesis is markedly enhanced in some vagal nuclei, for
example, in the dorsal motor nucleus, the nucleus ambigu-
ous, and the nucleus tractus solitarii (19, 23). However, it is
still unknown which vagal afferents or efferents affect the
lung damage caused by altered central NO synthase expres-
sion. We found that pulmonary damage in rats with acute
bilateral vagotomies was more severe than in rats with intact
vagi that were pretreated with atropine (unpublished obser-
vations), suggesting that afferent nerves have a greater
inhibitory effect on pulmonary leakage than their efferent
counterparts.

In summary, this study suggests that acute lung injury in
HBO2 is caused by an abrupt and substantial increase in
pulmonary vascular pressure, producing barotrauma in capil-
laries and leading to transudation of fluid, plasma protein, and
blood cells into the pulmonary interstitial and alveolar air
spaces. Our findings show that a key factor in pulmonary
damage in HBO2 is massive sympathetic outflow, mediated by
the CNS, that depresses LV function, leading to the sudden
development of cardiogenic pulmonary edema. It is reasonable
to propose, therefore, that LV dysfunction, pulmonary hyper-
tension, and capillary failure in HBO2 can be attributed to the

direct effects of CNS-mediated sympathetic excitation and
catecholamine release on the myocardium and the cardio-
pulmonary vasculature. We also hypothesize that autonomic
afferents can initiate central sympathetic excitation, leading
to reflex pulmonary hydrostatic damage in hyperbaric hy-
peroxia.
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