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Metabolism and the Ventilatory
Response to Hypoxia in the Rat
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Abstract

Dopamine (DA) is a putative neurotransmitter in the carotid body engaged

in the generation of the hypoxic ventilatory response (HVR). However,

the action of endogenous DA is unsettled. This study seeks to determine

the ventilatory effects of increased availability of endogenous DA caused

by inhibition of DA enzymatic breakdown. The peripheral inhibitor of

MAO – debrisoquine, or COMT – entacapone, or both combined were

injected to conscious rats. Ventilation and its responses to acute 8 % O2 in

N2 were investigated in a whole body plethysmograph. We found that

inhibition of MAO augmented the hyperventilatory response to hypoxia.

Inhibition of COMT failed to influence the hypoxic response. However,

simultaneous inhibition of both enzymes, the case in which endogenous

availability of DA should increase the most, reversed the hypoxic

augmentation of ventilation induced by MAO-inhibition. The inference

is that when MAO alone is blocked, COMT takes over DA degradation in

a compensatory way, which lowers the availability of DA, resulting in a

higher intensity of the HVR. We conclude that MAO is the enzyme
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predominantly engaged in the chemoventilatory effects of DA.

Furthermore, the findings imply that endogenous DA is inhibitory, rather

than stimulatory, for hypoxic ventilation.
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1 Introduction

Dopamine (DA) is present in a substantial

amount and is considered a putative neurotrans-

mitter in the carotid body (Hellström 1977), a

paired sensory organ of neural crest origin

whose chemoreceptor cells generate the excit-

atory response to chemical stimuli, most notably

to reductions in partial oxygen pressure in arterial

blood (PaO2). DA is released from carotid chemo-

receptor cells in proportion to the strength of the

hypoxic stimulus and binds to D2 receptors on

the plasma membrane to trigger the cellular

transduction cascade, ending up in increased

discharge rate in the sinus nerve endings apposing

chemoreceptors (Gonzalez et al. 1994). The

carotid body discharge is then relayed to the

brain stem respiratory areas to evoke a hyperven-

tilatory response (Faff et al. 1999).

Exogenous DA and D2 receptor antagonists

have been extensively used as pharmacological

tools, taking advantage of the incapability of

the hydrophilic DA to cross the blood-brain

barrier, which enables to study the peripheral

DA-mediated effects without vagueness. Never-

theless, studies failed to determine the exact role

of DA in ventilatory regulation and the issue

remains contentious. DA seems to have a well

established inhibitory role for ventilation and

its responses to acute hypoxia in the majority of

species, such as the cat (Llados and Zapata

1978), the rabbit (Matsumoto et al. 1980), or

the rat (Bee and Pallot 1995; Monteiro

et al. 2011), but not in the dog where it has a

stimulatory effect (Black et al. 1972). However,

the notion of DA-mediated ventilatory inhibition

has found support in the action of domperidone, a

peripheral D2 antagonist, which increases venti-

lation (Bee and Pallot 1995), although in some

reports the increase has only been found after

birth and was lost with maturation (Tomares

et al. 1994). The issue is further confounded by

the postulate of the existence of the low affinity

excitatory post-synaptic carotid body dopamine

D2 receptor responding to high doses of DA, as

opposed to the inhibitory effects on the hypoxic

ventilator responses exerted by low doses of DA

through high affinity D2 receptors in animals and

man (Gonzales et al. 1994; Ward and Bellville

1982). The probable presence of two subtypes of

D2 receptors, differing in affinity to DA, makes

an understanding of the action of endogenous

DA, released in a small concentration, unclear.

On the premise that DA is basically inhibitory

for ventilation as mentioned above we made the

hypothesis that the stimulatory ventilatory

response to hypoxia might be attenuated by the

inhibition of DA breakdown, and thus enhance-

ment of its endogenous availability for the D2

receptors within the carotid body. There are

reports showing that blockade of MAO and

COMT effectively increases the dopamine

content in a tissue (Wang et al. 2001). Therefore,

we addressed this issue in conscious rats by

using specific peripheral antagonists of the two

enzymes responsible for DA degradation:

monoaminooxidase (MAO) and catechol-O-

methyltransferase (COMT). We established that

MAO is the predominating enzyme engaged in

the chemosensory effects of DA degradation in

the carotid body. Although inhibition of MAO

augmented the hyperventilatory response to
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hypoxia, the augmentation was abrogated by

the simultaneous addition of COMT; the situa-

tion when the accumulation of endogenous

DA should be the most. The inference is that

endogenous DA is inhibitory for ventilation.

The abrogation of MAO-induced ventilatory

stimulation, when both COMT and MAO

inhibitors were used, could be due to COMT

taking over DA degradation when MAO alone

is blocked; a phenomenon reported in the litera-

ture (Trendelenburg 1984).

2 Methods

2.1 Animals and Instrumentation

The study was approved by the IV Local Ethics

Committee for Animal Experiments in Warsaw,

Poland (Permit Number: 29/2010) and was

conducted in accord with the guiding principles

for the European Convention for the Protection of

Vertebrate Animals used for Experimental and

other Scientific Purposes (Council of Europe No

123, Strasbourg 1985). A total of 26 adult male,

conscious Wistar rats, weighing 299.9 � 3.0

(SE) g were used. All rats were kept on a 12 h

light-dark cycle, temperature of 21 � 2 �C,
humidity of 50–60 %, and were fed with a

standard animal chow and had water ad libitum.

The animals were divided into the following

4 groups: control group (n ¼ 5) that received the

vehicle – 0.3 ml dimethylsulfoxide (DMSO), the

debrisoquine group (n ¼ 7) that received 40 mg/

kg of the peripheral MAO inhibitor debrisoquine,

the entacapone group (n ¼ 7) that received

30 mg · kg�1 of the peripheral COMT inhibitor

entacapone, and finally the last group (n ¼ 7)

received both inhibitors in the above-mentioned

doses. All drugs were administered intraperitone-

ally in a 0.3 ml volume; entacapone being

dissolved in DMSO and debrisoquine in physio-

logical saline, and the injections of both inhibitors

were made 2 min apart symmetrically into either

side of the peritoneal cavity. Entacapone was gen-

erously provided by Orion Corporation – Orion

Pharma (Espoo, Finland) and debrisoquine was

purchased from Sigma-Aldrich (St. Louis, MO).

Lung ventilation and its responses to acute

hypoxia were measured in a whole body rodent

plethysmograph (model PLY3223; Buxco

Electronix Inc., Wilmington, NC). Each unre-

stricted rat was placed in the recording chamber.

Chamber temperature was maintained constant at

21 �C throughout the experiment. Bias flow at a

rate of 2.5 l · min�1 between the hypoxic tests

was used, via a flow pump reservoir system

(PLY1020, Buxco Electronics), for removing

CO2 build-up from the chamber. Pressure differ-

ence between the experimental and reference

chamber was measured with a differential

pressure transducer. The pressure signal was

amplified and then integrated by data analysis

software (Biosystem XA for Windows SFT3410

v. 2.9; Buxco Electronics).

2.2 Ventilatory Measurements

Volume (VT) and frequency ( f ) components of

lung ventilation were measured breath-by-breath

were processed to yield instantaneous minute

ventilation (VE, ml · min�1, BTPS). Data were

further processed off-line to show the 30 s

time points of the 180 s course of the hypoxic

ventilatory response. Each point constituted an

average of a 10 s bin of a given variable preced-

ing the 30 s time mark.

2.3 Study Protocol

Each animal was used once. At the beginning

of the experiment, the animal was allowed to

accustom to the chamber in ambient air for

about 15 min. Then, the gas in the chamber was

switched to 8 % O2 in N2. The equilibrium of a

gas mixture in the chamber was achieved within

40 s, after which a 3-min hypoxic poikilocapnic

recording started. During the recovery period in

room air, the DMSO vehicle or the enzymes’

inhibitors were injected according to the scheme

and doses above outlined. The hypoxic tests were

repeated after 30 and 60 min from the injection

in like manner.
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2.4 Blood Pressure

Blood pressure was measured noninvasively with

a CODA tail-cuff blood pressure system using a

volume pressure recording (VPR) sensor tech-

nology and software that enables to continuously

monitor data in real-time (Kent Scientific,

Torrington, CT, USA).

2.5 Data Evaluation

Data were presented as means � SE. Ventilatory

variables were normalized to weight in kg. The

data turned out to be normally distributed;

checked with the Shapiro-Wilk test. Statistical

elaboration took into account three main points

of interest characterizing VE changes along the

hypoxic time course: prehypoxic baseline, peak

hypoxic increase, and hypoxic depressant nadir.

One-way ANOVA was applied to compare VE at

these time points across each hypoxic profile and

also across the corresponding time points of the

three experimental conditions: untreated control,

30 min, and 60 min after a given pharmacologi-

cal intervention. If significant, the source of

differences was further evaluated with the post-
hoc Scheffe test. Statistical significance was

defined as P < 0.05.

3 Results

All hypoxic responses recorded in the present

study had a classical biphasic stimulatory/inhibi-

tory character. VE peaked at about 30 s from the

start of hypoxia, which was followed by a grad-

ual roll-off reaching nadir within 150–180 s. In

this depressant phase, VE decreased by about

15–20 % of the peak increase, remaining signifi-

cantly above the baseline prehypoxic level.

The results show that debrisoquine, 30 min

after the injection, significantly enhanced both

the resting baseline ventilation and the ventila-

tory response to 8 % hypoxia along its recorded

course. The enhancement was most pronounced

at peak response where VE increased from

1.52 � 0.82 before to 2.33 � 0.30 l·min�1·kg�1

after debrisoquine; P < 0.05 (Fig. 1A). How-

ever, this effect failed to be long-lived. The ven-

tilatory response to hypoxia repeated 60 min

after debrisoquine injection showed that the

peak VE regressed to 1.66 � 0.12 l · min�1 ·

kg�1; a downfall also seen at the following

time marks of the hypoxic profile, nearly to the

level present in the control untreated condition.

The increases in hypoxic ventilation after

debrisoquine were achieved due to contributions

of both frequency and tidal ventilatory

Fig. 1 Hypoxic ventilatory responses in the untreated

control condition, and then 30 and 60 min after

i.p. administration of debrisoquine (A) and entacapone

(B). *p < 0.05 for the differences at the corresponding

time marks (vertical) as follows: at 0 s mark – between

30 and 60 min post-debrisoquine VE vs. untreated

prehypoxic baseline VE; at 30 s mark – between 30 min

post-debrisoquine peak hypoxic VE vs. untreated peak VE,

and at 180 s mark – between post-debrisoquine hypoxic

VE nadir vs. untreated VE nadir; {p < 0.05 for the

differences along the sequential time marks (horizontal)
of the hypoxic courses as follows: prehypoxic untreated

VE vs. the peak and nadir VE in each experimental condi-

tion in both panels. The insets show the augmentation of

VE from the normoxic baseline to hypoxic peak 30 and

60 min after debrisoquine (Panel A; *significantly higher

30 min after debrisoquine, P < 0.05) (Panel B – insignif-

icant differences)
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components. Peak breathing frequency

amounted to 139 � 10 breaths·min�1 in the

untreated condition and changed to 168 � 12

and 145 � 10 breaths · min�1 at 30 and 60 min

post-debrisoquine. The corresponding values for

tidal component were 12.0 � 1.6, 14.0 � 1.6,

and 11.0 � 0.6 ml · kg�1. Although the joint

action of both components led to significant

changes in VE, changes in either component

turned out to be insignificant (P > 0.05,

one-way ANOVA).

Entacapone, on the other hand, failed to

appreciably affect the hypoxic ventilatory

response either 30 or 60 min after injection

(Fig. 1B). Likewise, entacapone combined with

debrisoquine failed to affect the course of the

hypoxic ventilatory response in a significant

way, although there was a tendency remaining

for a higher peak hypoxic VE compared with the

untreated condition, which was gone 60 min after

injection (P > 0.05) (Fig. 2). Thus, the ventila-

tory augmentation evoked by MAO inhibition

alone was gone when the COMT inhibitor was

simultaneously used.

Hypoxic ventilatory responsiveness remained

grossly unchanged after DMSO-vehicle injection,

compared with that before DMSO, during the

60 min time span recorded, although DMSO

showed a slight tendency to dampen both baseline

and hypoxic ventilatory levels (Table 1).

Neither debrisoquine nor entacapone caused

any meaningful changes in arterial blood pres-

sure recorded up to 90 min after the injection

(Table 2).

4 Discussion

This investigation demonstrates that MAO-

mediated oxidation is the major pathway of

dopamine degradation in the carotid body as

judged by changes in the hypoxic chemoreflex in

response to pharmacological blockade of the

enzyme. The predominant role of MAO in DA

metabolism is in line with the prevailing presence

of MAO in many a cell type, such as peripheral

neurons, glial cells, and others (Weyler

et al. 1990; Hovevey-Sion et al. 1989). Separate

inhibition of the COMT pathway remained

without any ventilatory effects, showing no basic

role of COMT in DA degradation.

The augmentation of the hyperventilatory

response to hypoxia after the peripheral MAO

inhibition seemingly ran counter to our working

presumption that MAO inhibition, by slowing

down DA metabolism and increasing the avail-

ability of DA at its functional receptor sites in

carotid body chemoreceptors, ought to bring up

the inhibitory character of DA regarding the

ventilatory regulation. However, simultaneous

inhibition of both COMT and MAO, the condi-

tion in which endogenous DA should accumulate

the most, reversed the hypoxic augmentation of

ventilation induced by MAO-inhibition. These

results imply the biological plausibility that

when MAO alone is blocked, COMT takes over

DA degradation in a compensatory way, which

lowers the availability of DA, resulting in a

higher intensity of the hypoxic response. The

corollary is endogenous DA is in fact inhibitory

for ventilation. The ability of COMT to compen-

sate for the lost function of MAO, but not the

other way around, has been reported in the rat

heart (Trendelenburg 1984).

Fig. 2 Hypoxic ventilatory responses in the untreated

control condition, and then 30 and 60 min after

debrisoquine and entacapone administered together.

There were no significant differences noted at the

corresponding time marks (vertical) of the three experi-

mental conditions. {Prehypoxic untreated VE (0 s time

mark) significantly lower than peak (30 s time mark) and

nadir (180 s time mark) VE in each of the three experi-

mental conditions; p < 0.05. The inset shows the aug-

mentation of VE from normoxic baseline to hypoxic peak

30 and 60 min post-debrisoquine+entacapone; the

differences being insignificant

Inhibition of Peripheral Dopamine Metabolism and the Ventilatory Response to. . . 13
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The role of DA in carotid body function is a

highly contentious issue. DA is present in the

carotid body in high amounts in chemoreceptor

cells and shapes their sensory responses, being

released in proportion to the hypoxic stimulus

strength (Gonzalez et al. 1994). DA infusion

inhibits carotid body responses to hypoxia and

DA D2 receptor blockade increases these

responses in most species (Monteiro et al. 2009;

Chow et al. 1986; Eyzaguirre and Zapata 1984).

The issue is further confounded by the apparent

discrepancy in translation of the sensory carotid

body discharge into ventilatory outcome.

Smatresk et al. (1983) have reported that a

non-specific D2 antagonist, haloperidol, injected

intravenously in a dose of 1 mg/kg in anesthe-

tized cats, increases the carotid sensory discharge

in the sinus nerve, but attenuates the ventilatory

response to hypoxia. The investigators concluded

that haloperidol, which penetrates into the brain,

blocks the central integration of peripheral

chemoreceptor input. There is some supportive

evidence to this end showing no effect of

haloperidol on ventilation during normoxia or

hypoxia (Bainbridge and Heistad 1980), or a

depressant effect on the response to hypercapnia

(Lundberg et al. 1979).

DA infusion in some species, such as goats or

dogs, causes initially a burst of excitatory carotid

sensory discharge, particularly observed after

high doses of DA, later followed by depression

(Bisgard et al. 1979). Since ventilation follows

carotid body discharge rate, DA can cause stim-

ulation or inhibition of the responses to natural

chemical stimuli. To reconcile these divergent

effects of DA on hypoxic ventilation, Gonzalez

et al. (1994) have proposed the existence of a

dichotomous D2 receptor population located

at the carotid chemoreceptor cell/sinus nerve

ending synapses consisting of two opposed

classes: low affinity post-synaptic receptors at

which DA would act as an excitatory neuro-

transmitter and high affinity D2 autoreceptors

on chemoreceptor cells at which DA would be

inhibitory, and which would regulate DA release

by these cells. It follows that high doses of DA

would stimulate sinus nerve activity, and conse-

quently ventilation, through low affinity

receptors and vice versa low doses of DA

would inhibit sinus nerve activity through high

affinity autoreceptors. Although we did not mea-

sure DA content in the carotid body, which

would require alternative study design, the possi-

bility of a direct facilitatory effect on ventilation

of DA seems unlikely in face of the disappear-

ance of ventilatory augmentation when both

MAO and COMT were blocked simultaneously,

the condition which favors DA accumulation.

Our findings are in rapport with the concept that

low concentrations of DA at the carotid body

would act to dampen ventilation through high

affinity D2 receptors.

The reversion of MAO-mediated ventilatory

augmentation when both MAO and COMT were

blocked also makes a plausible role of noradren-

aline unlikely in the effects observed. A slow-

down of DA metabolism could increase the

content of noradrenaline that is formed by dopa-

mine β-hydroxylase, and then is metabolized by

both MAO and COMT. Noradrenaline, in con-

trast to DA, is present mostly in sympathetic

nerve fibers reaching the carotid body from the

superior cervical ganglion and participates in

vascular and blood flow regulation (Hanbauer

and Hellström 1978) rather than in the inherent

chemotransduction mechanisms. There is less

noradrenaline than DA in the carotid body; the

ratio being about 1:5 (Vicario et al. 2000). None-

theless, hypoxia stimulates sympathetic nerve

activity and release of noradrenaline in the

carotid body and noradrenaline increases the

chemosensory discharge rate and ventilation

(Somers et al. 1989; Joels and White 1968).

Chemoreceptor cells function also is sensitive

to arterial blood pressure changes (Lahiri

et al. 1980) that could be induced by the accu-

mulation of catecholamine. Lack of blood

Table 2 Influence of entacapone and debrisoquine on

arterial blood pressure

Mean arterial blood pressure (mmHg)

Time (min) Debrisoquine Entacapone

0 119 � 7 116 � 5

30 105 � 13 128 � 7

90 123 � 16 133 � 8

Values are means � SE. Insignificant changes

Inhibition of Peripheral Dopamine Metabolism and the Ventilatory Response to. . . 15



pressure changes in the present study, when both

enzymes were blocked, makes the involvement

of sympathetic background in the results

obtained unlikely. Others studies have also

reported that simultaneous blockade of MAO

and COMT does not influence hemodynamics

or concentrations of unconjugated norepineph-

rine in plasma (Illi et al. 1996).

In conclusion, the present findings demon-

strate an augmentation of hypoxic ventilatory

reactivity at the carotid body level after peri-

pheral pharmacological blockade of MAO,

likely mediated by DA degradation through a

switched-on COMT pathway. The inference

would be that less endogenous DA augments

ventilation, and vice versa, increased availa-

bility of DA dampens ventilation. Although the

study design could not settle the exact role of

DA in ventilatory chemoregulation, we believe

the results may help understand the niceties of

DA action. In addition, the findings of increased

hypoxic ventilatory reactivity after the MAO

inhibitor debrisoquine and no effect on ventila-

tion of the COMT inhibitor entacapone, both

clinically used drugs, may be of therapeutic

consequence.
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