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An unsolved issue for the arterial chemoreceptors is the mechanism by which hypoxia and other natural stimuli lead to an increase of 
activity in the carotid sinus nerve. According to the 'metabolic hypothesis', the hypoxic activation of the carotid body (CB) is mediated 
by a decrease of the ATP levels in the type I cells, which then release a neurotransmitter capable of exciting the sensory nerve endings. 
Using an in vitro preparation of cat CB, we report that ATP levels in the CB do in fact decrease when the organs are exposed to moder- 
ate, short lasting hypoxia (5 min 20% 02). Additionally, we found that decreases in ATP levels induced by 2-deoxyglucose (2 mM) or 
sodium cyanide (0.1 raM) are closely correlated with dopamine release from type I cells and electrical activity in the carotid sinus 
nerve elicited by these agents. The possible cause-effect relationship of these events is discussed. 

INTRODUCTION 

The carotid bodies  (CBs) are a pair  of chemore-  

ceptor  organs located in the area  of the carotid bifur- 

cation, which are act ivated by envi ronmenta l  low 0 2 

pressure,  low p H  and high CO 2 pressure 17. Sensory 

nerve fibers of the carotid sinus nerve (CSN) pen- 

etrate  the organ and form synaptic-l ike contacts with 

the type I cells. 

As discussed in recent  reviews3,15 t w o  key prob-  

lems in the unders tanding of the chemorecept ion  

process have been:  (1) the locat ion of the chemosen-  

sor within the CB; and (2) the definit ion of the 

transduction mechanism(s)  in biophysical  and/or  bio- 

chemical terms. Deal ing with the first issue, the accu- 

mulated evidence in recent  years favors the idea that 

the CB is a secondary receptor  in Grundfes t  termino-  

logy 16, the type I cells being the chemosensors .  A 

t ransmit ter  re leased at the synapse be tween the type 

I cells and the sensory nerve endings would ul t imate-  

ly activate the sensory nerve endings; however ,  the 

chemical identi ty of this t ransmit ter  is not  present ly  

established. The t ransduct ion mechanism for the CB 

chemoreceptors  remains  largely unknown,  and 

among the hypotheses  advanced for chemotransduc-  

tion, the 'metabol ic  hypothesis '  has received great  at- 
tention1,6,1s,26, 32. This hypothesis  rests on the obser-  

vation that all metabol ic  poisons are powerful  che- 

most imulants ,  and postulates  that  hypoxia,  like the 

metabolic  poisons,  leads to an increase in CSN activ- 

ity by producing a decrease  in adenosine t r iphospate  

(ATP)  levels, which in turn triggers the release of 

t ransmit ter  from the type I cells. 
In favor of the metabol ic  hypothesis  are the recent  

observations that  type I cells release dopamine  

(DA) ,  a putat ive neuro t ransmi t te r ,  in a dose-de-  

pendent  fashion when CBs are exposed  to hypox- 

iam, n. On the other  hand,  it is well documented  that:  

(1) A T P  levels in brain slices are main ta ined  at nor- 

mal levels when the tissue is superfused with 7 - 1 0 %  

O2-equilibrated solutions 2°, which are known to 

strongly activate the CB chemoreceptorsT,t2; and (2) 

in no other  structure do metabol ic  poisons activate 

the release of neurot ransmit ters  19,29,3°,33,34. There-  

fore, a val idat ion of the metabol ic  hypothesis  will re- 

quire that the modera te  levels of hypoxia  which are 

Correspondence: C.G. Martinez, Departamento de Fisiologia y Bioquimica, Facultad de Medicina, Universidad de Valladolid, 
47005 Valladolid, Spain. 

0006-8993/85/$03.30 © 1985 Elsevier Science Publishers B.V. (Biomedical Division) 



detected by CB chemoreceptors produce a decrease 

in the ATP levels in this organ, and that metabolic 

poisons are able to induce the release of putative 
neurotransmitters from the type I cells. 

in the experiments to be described, it is shown that 

moderate and short-lasting hypoxia reduced the ATP 
levels in the CB. It is also shown that 2-deoxyglucose 

(2-DG) and CN- reduced the ATP content of the 
CB, increased CSN activity and induced release of 

DA from the type I cells. These findings provide ex- 

perimental support for the metabolic hypothesis of 
chemotransduction in this organ. 

MATERIAL AND METHODS 

The carotid bifurcations of adult cats (2-3.5 kg), 

anesthetized with sodium pentobarbital (30-40 
mg/kg i.p., Sigma), were removed and placed in a lu- 

cite chamber filled with ice-cold 100% 0 2 equili- 

brated Tyrode 2. The CBs with their nerves attached 
were prepared under a dissecting microscope (Leitz) 

for electrophysiological recording a's previously de- 
scribed 12 

To study the release of DA, the preparations were 

first incubated for 3 h at 37 °C in small vials placed in 

a metabolic shaker with 500 ~tl of 100% O2-equili- 
brated Tyrode containing 20 ~M [3H]tyrosine (3,5- 
[3H]tyrosine, 20 Ci/mmol; Amersham); at the end of 

the incubation period, the preparations were 
mounted in a superfusion chamber 12 which allowed 

simultaneous recording of electrical activity in the 

CSN and collection of the superfusates for analysis. 
The released [3H]DA and [3H]catechol metabolites 
were adsorbed on alumina at pH 8.6 and, after thor- 

ough washing with distilled water were eluted with 1 
N hydrocholoric acid35. Thin-layer chromatographic 
analysis of the eluates 13 revealed that [3H]DA and 

[3H]DOPAC accounted for more than 85% of the ra- 
dioactivity present in them, the remainder being 
mostly [3H]tyrosine. Total [3H]DA released is taken 

as the sum of [3H]DA and [3H]DOPAC. 
When ATP was to be measured, CBs were dis- 

sected free of the CSN to allow more complete remo- 

val of surrounding connective tissue. In these experi- 
ments, one CB from each animal was processed as 

control while the contralateral organ was used to test 
the effects of stimulation (hypoxia, 2-DG or CN-). 
All tissues were preincubated for 25 min in scintilla- 
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tion vials at 37 °C with 5 ml of 100% O2-equilibrated 
Tyrode, and finally incubated for 5 min in other vials 

with 2 ml of the same preincubation media (controls) 

or either 20% O2-equilibrated Tyrode (hypoxic-tis- 

sues) or 100% O2-equilibrated media containing 2 
mM 2-DG (2-DG-treated CBs) or 10 .4 M CN- (CN- 

treated CBs). All media contained 5 mM glucose ex- 
cept in the case of the 2-DG experiments, in which 5 

mM sodium-pyruvate was substituted for glucose. At 

the end of the incubation period, the tissues were 
placed on precooled (-20 °C) homogenizer pestles 

and immediately homogenized in 200 ktl of ice-cold 
0.6 N perchloric acid; the samples were centrifuged 

at 4 °C and the supernatants neutralized with 2.4 N 

potassium bicarbonate at 0-4 °C and centrifuged 
again. ATP was determined in the final supernatants 
either radioenzymatically 14 or by a photolumines- 

cence-based method 4. 

RESULTS 

The ATP level found in 9 CBs incubated with 
100% O2-equilibrated media was 4.3 + 0.40 x 10 -10 

mot/CB. In the contralateral organs, incubated in the 

same media equilibrated with air, the level was 3.4 + 
0.33 x 10-10 mol/CB (P < 0.02). In contrast, no dif- 

ference was found in 6 pairs of mice superior cervical 

ganglia which were treated identically (Fig. 1). This 
tissue was chosen for comparison because its size and 
shape is similar to the cat CB, minimizing the differ- 

ences in O 2 diffusion in both organs. Since the same 
hypoxic stimulus applied for the same lenght of time 
evoked a 7-fold increase in the release of [3H]DA and 
a simultaneous 6-fold increase in CSN activity10,12, 

the data presented in Fig. 1 suggest a possible link be- 

tween the decrease in the ATP levels and the activa- 

tion of the CSN via the release of a neurotransmitter 
from the type I cells, as the metabolic hypothesis pos- 

tulates. 
For the hypothesis to be correct, a similar correla- 

tion between ATP levels, CSN activity and [3H]DA 
release must be present in any situation in which the 

ATP content of the CB is lowered. The effects of 10 .4 

M NaCN in the medium are shown in Fig. 2. Fig. 2A 
shows the typical profile of [3H]DA release induced 
by CN--containing medium; note the fast onset of re- 
lease, reaching a maximum within 5 rain from the 

start of CN- superfusion. On returning to CN--free 
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Fig. 1. Effect of 5 rain of hypoxic incubation (20% 02 equili- 
brated media) on the ATP content of the cat CB and mice supe- 
rior cervical ganglia. * P < 0.02. 

solution, the release slowly decreased to the control 
levels. Fig. 2B shows the electrical response induced 

by CN- in the same preparation. Both responses 
were comparable to those obtained when CBs are su- 
perfused with low 0 2 (20% 0 2 in N2)-containing solu- 
tions ]2. The average response obtained in 8 stimula- 
tion cycles from 4 experiments, expressed as mul- 
tiples of control, was 3.8 + 0.77 for [3H]DA release 
and 6.8 + 0.59 for CSN activity (Fig. 2C). Finally, 
when CBs were incubated for 5 min in the presence 
of 10 .4 M CN-, ATP levels decreased to 55% of that 
in contralateral control organs (P < 0.02; Fig. 2D). 

Since both hypoxia and CN- should decrease ATP 
content by impairing its production, it was of great in- 
terest to see if a reduction in the ATP levels produced 
by increasing ATP expenditures also increased both 
electrical activity in the CSN and [3H]DA release 

from the type I cells. As shown in Fig. 3A and B, the 
addition of 2-DG to the superfusion media (2 mmol/1) 
increased both parameters in a similar way as CN- 
and hypoxia. However, the time course of these in- 
creases is slowed, probably reflecting different mech- 
anisms of action. In Fig. 3C are shown the averaged 
responses for [3H]DA release and maximum CSN ac- 
tivity obtained from 6 experiments. Fig. 3D shows 
that the ATP content in 4 CBs incubated for 5 min in 
2 mM 2-DG decreased by 38% compared to contra- 
lateral control organs (P < 0.02). This concentration 

Fig. 2. A: time course of CN- (10 4 M) induced release of 
[3H]DA in a single experiment in which CN was applied twice 
during 5 min (horizontal bars) defining two stimulation cycles. 
The dashed area represents actual release induced by the first 
application of CN-, the stippled bar represents mean interpo- 
lated basal release during the first stimulation cycle for a 5 min 
period (identical to the stimulation period). Dashed area divid- 
ed by stippled bar equals induced release in times over the con- 
trol. B: carotid sinus nerve activity in response to 10 .4 M CN- 
applied for 5 min (between arrows, same experiment as A). 
One curve (solid circles) corresponds to first application of CN- 
and the other curve (solid squares) to the second, a represents 
maximum activity induced by CN- in the first application, b 
represents basal activity prior to the CN- application; a/b 
equals induced activity in times over the control. C: averaged 
responses for 10 4 M CN expressed as times over the control. 
Stippled bar represents release of pH]DA;  open bar represents 
electrical activity. D: ATP content in 6 control CBs (mean _+ 
S.E.M.,  open bar) and in their contralaterals incubated for 5 
min with 10 -4 M CN- (stippled bar) * P < 0.02. 
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Fig. 3. Same as in Fig. 2 where the CBs are superfused ( A - C )  
for 5 min with a solution containing 2 mM 2-DG. D shows the 
ATP content found in 4 control CBs and in their contralaterals 
incubated for 5 min in the presence of 2 mM 2-DG. * P < 0.02. 
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of 2-DG was chosen because it represents a stimulus 
of about the same strength as 10 -4 M CN-. 

DISCUSSION 

The data presented here generally validate the 

metabolic hypothesis of chemoreception and point 
towards a link between decrease in ATP levels, se- 

cretion of putative neurotransmitters and activation 

of the CSN. The ATP content of the cat CB is ap- 
proximately 4 x 10-10 tool/organ. With a mean 

weight of 500 ¢tg 9, and with intracellular water close 
to 40% of weight (personal observation), the ATP 
concentration in the CB is calculated to be 2.5 x 10-3 

M. This concentration is similar to that reported for 
rat brain 20, and liver31 and mouse superior cervical 
ganglia (this paper). 

As shown in Fig. 1, the ATP content of the CB de- 
creased 21% with moderate hypoxic stimulation, 

while there was no change in ATP in the superior cer- 

vical ganglion. The ATP content of brain tissue is 

also more resistant to hypoxia, and thus rat brain 
slices and synaptosomes maintain normal ATP levels 

even after 30 rain of incubation with a 7% O 2 equili- 
brated media 20. The exquisite sensitivity of CB ATP 

levels to hypoxia could be related to the presence in 
the type I cells of a cytochrome oxidase with low af- 
finity for oxygen 24. This would suggest that the de- 

crease in CB ATP levels should arise from the specif- 
ic chemosensitive tissue (i.e. the type I cells). Taking 

into account that this specific tissue represents about 

50% of CB volume 22, a 21% decrease in ATP content 
in the whole organ should be an underestimation of 

the real ATP depletion in the type I cells. In contrast, 
the 38-45% decrease in ATP content observed with 

2-DG and CN- should result from a homogeneous re- 
duction in ATP in all CB structures. These considera- 

tions suggest that the ATP reduction in type I cells 
might he quite similar in all 3 experimental situa- 

tions. This would be consistent with the observation 
that CN- and 2-DG produce about the same increase 

in CSN activity and [3H]DA release as the hypoxic 
stimulus used in these experiments n. 

It remains to be shown whether these 3 parameters 
(ATP levels, [3H]DA release and CSN activity) are 

linked in a causal relationship, as the metabolic hy- 

pothesis would suggest. If this indeed were the case, 
then the decrease in ATP levels in the type I cells 
should lead to the activation of a Ca 2+ conductance, 
because the release of [3H]DA induced by hypoxia 12 

and 2-DG and CN- is dependent on the presence of 
extracellular Ca 2+ (unpublished observations). 

Whatever the mechanism of this linkage, it seems to 

be specific for this chemosensitive organ because in 
other structures the secretion process is not activated 
by hypoxia or metabolic poisonsS,19,33,34 despite dras- 

tic reductions in ATP content 30. Alternatively, these 

effects may be due to two parallel but independent 
processes, but this would require that 2-DG, applied 

for only 5 min, has another action besides the reduc- 

tion in ATP content. 
The relationship between release of [3H]DA and 

activity in the CSN is controversial; exogenously ap- 
plied DA has been found to be inhibitory, excitatory 

or both, depending on the dose, the animal species 
and the preparation21,25,36 (see McQueen 23 for a re- 

view). Others have stressed that the real problem 

with DA actions in the CB is whether exogenously 
applied amine has the same action as the endoge- 

nously released substance. In fact, it has been recent- 

ly suggested 5,27 that endogenous DA may well be ex- 

citatory in the cat CB. This suggestion is supported 
by the findings reported in this paper and by the ob- 
servations previously published that hypoxia11,12 and 

low pH 28 induce proportional increases in both syn- 

thesis and release of [3H]DA and electrical activity in 
the CSN. Nonetheless, it must be recalled that type I 

cells contain many other putative neurotransmit- 

ters 9. 
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