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Acute and severe elevation of pC0, ( 11 ) 
and decrease in PO, ( 5 )  have been associated 
with sympatho-adrenal stimulation and in- 
creased plasma catecholamine levels in the 
dog. Increased pC02 appears to be a more 
potent stimulus, but in some instances such 
as asphyxia a decrease in pOs is also present 
and it is difficult to assess the relative impor- 
tance of each. It was assumed by some in- 
vestigators that these stimuli act on the cen- 
tral and peripheral chemoreceptors and that 
“except in very high concentrations, the locus 
of action of CO, does not seem to be a direct 
one on the adrenal medulla”( 16). More re- 
cently, Morris and Millar (8) have reported 
“that below about pH 6.8 a direct effect of 
C 0 2  on the adrenal medullary cells is partly 
responsible for catecholamine liberation.” 

The purpose of this study was to investi- 
gate selectively the effects of low pOs and 
high pC02 on adrenal catecholamine output 
in the spinal dog. An attempt was also made 
to determine whether the effect of an elevated 
pC0, could be attributed to increased [ H + J .  

Methods. Mongrel dogs weighing 9.1-19.8 
kg were anesthetized with sodium pentobarbi- 
tal ( 2 5  mg/kg), and were intubated and 
mechanically ventilated with room air. Both 
femoral arteries were cannulated and a cathe- 
ter was inserted into the right lumbo-adrenal 
vein as described by Hume and Nelson(4). 
The spinal cord was completely transected at  
the level of the eighth cervical segment ((2,). 

Ventilation was initially adjusted to assure 
normocapnia and after one or two hours con- 
trol measurements were made. The dogs were 
then ventilated with a series of different gas 
~ ~~ 

*This work was supported in part by Army Con- 
tract DA-49-193MD-2265, N.I.H. Grants GM-09060- 
02, and NB-03581-03, and by the William Muir 
Manger Research Foundation. 

t Present address: Dept. of Neurosurgery, Massa- 
chusetts General Hospital and Dept. of Physiology, 
Harvard Medical School, Boston. 

mixtures for a period of 15 minutes each in 
the following manner: 8% O2 and 92% N2; 
10% C 0 2 ,  25% O2 and 65% N2; or 20% 
CO,, 30% O2 and 50% N2; and air. 

Adrenal venous samples were taken periodi- 
cally for catecholamine determinations and at  
the end of each adrenal collection an arterial 
blood sample was taken for measurement of 
pH, pCO,, O2 saturation and glucose. In 
several dogs, these measurements were also 
made on adrenal venous blood. Blood pres- 
sure was monitored continuously with a 
Statham strain gauge and a Grass Model 5 
recorder. Body temperature was recorded 
with a thermistor probe placed in the esopha- 
gus and was maintained about 35°C by 
means of a heating pad. Epinephrine and nor- 
epinephrine concentrations in the adrenal 
venous blood were determined by the Manger 
modification (5,13) of the ethylenediamine 
fluorometric method of Weil-Malherbe and 
Bone( 19). Adrenal catechalomine output 
( ACO) was calculated (millimicrograms/kg/ 
min) by multiplying the total concentration 
of epinephrine and norepinephrine in the ad- 
renal plasma by the adrenal plasma flow dur- 
ing the collection. Acid-base measurements 
were determined with the Astrup micro- 
equipment and the Siggaard-Andersen nomo- 
gram( 17) .  Blood glucose was determined by 
the glucose oxidase method ( 15). Oxygen 
saturation was measured by the technique of 
Nahas(9) and p02 was calculated from the 
O2 dissociation curve. 

Results. The severe acidosis (mean pH 
6.93) induced by the inhalation of 10-20% 
C 0 2  was accompanied by a consistent in- 
crease in adrenal catecholamine output which 
was predominantly due to a rise in epineph- 
rine concentration (Table I). This increase 
(mean 1.5-12.3 mpg/kgJmin) was related to 
the severity of the acidosis. ACO was in all 
instances only slightly elevated when the pH 
did not fall below 7.0. ACO returned almost 
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TAB1,E I. Effect, olf Hypercapnic Acidosis on  ACO 
(Mea,n Values 6 Animals). 

PaCO, BP 
p H  7mmHg-7 BG* ACOt 

~ 

#1 Normocapnia 7.42 26 1 0 1  83 1.5 
#2 Hypercapnia 6.93 127 62 97 12.3 
#3 Norniocapnia 7.44 30 119 83 2.2 

* BG-blood glucose in  mg/100 ml. 
t ACO-mean adrenal catecholamine output in 

mpg/kg/min. 
Analysis of variance performed on the logarithnis 

of the individud AGO values indicates that the 
m a n  of logarithms of #2 is significantly higher 
than #1 and #3 (p <0.01), and that #1 does not 
cliff er significantly from #3. 

TAELE 11. Effect of THAM Correction of Hppcr- 
capnic Acidosis OIL ACO (Mean Values 3 Animals). 

PsCO, B P  
p H  7mmHg7 BG” ACOt 

#1 Normocapnia 7.41 28 90 97 .6 
#2 Hypercapnia. 6.96 122 62 123 2.5 
#3 Hypercapriis 7.38 88 97 77 1.4 

and THAM 

* BG-blood glucose in mg/100 nil. 
t ACO -mean adrenal catecholamine output in 

mpg/kg/min. 
Analysis of variance perf ornied on the logarithms 

of the individual ACO valuss indicates that  the 
mean of the logarithms of #2 is sigilificantly higher 
than #1 and #3 (p <0.01). 

to control levels (2.2 qpg/kgJmin) 15 min- 
utes after ventilation with room air was re- 
sumed. When TXAM was administered (50- 
100 ml of a 0.3 M solution) during hyper- 
capnia (pC0, 88 mm Hg) and acidosis was 
corrected (pH 7.38), an abrupt decrease in 
ACO occurred in all instances (Table 11). 

Acute hypoxia (Pa02 36 mm Hg) in the 
spinal dog was not associated with an increase 
in ACO (Table 111) when no concurrent ap- 
preciable acidosis developed. 

There were similar changes in adrenal ve- 

nous and peripheral arterial pH, pOa, pCO2 
and base excess during the 3 experimental 
periods. Blood glucose levels increased from 
an average of 83 to 97 mg/100 ml during the 
hypercapnic periods (Table I),  but did not 
increase during hypoxia (Table 111). When 
THAM was administered, glucose concentra- 
tion fell from an average of 123 to 77  mgJ 
100 ml (Table 11). 

Discussion. This study indicates that in 
the spinal dog, lowered pOa (mean, 36 rnm 
Hg), when not accompanied by acidosis, has 
no appreciable stimulating effect on adrenal 
catecholamine output. However, hypercapnia 
is a potent stimulus to catecholamine liber- 
ation in the Cs spinal dog. After severing all 
nerve connections between the adrenad gland 
and the brain by section of the spinal cord at  
Cs, hypercapnic acidosis still produced an in- 
crease in adrenal medullary secretion. Our 
findings differ from those reported by Tenney 
(16) that hypercapnia in pithed cats does 
not elicit any sympatho-adrenal response and 
that “spinal dogs never gave evidence of 
sympatho-adrenal activation under COa 
stress.” I t  should be noted that the bioassay 
technique used by Tenney to determine cate- 
cholamine concentration is quite different 
from the direct chemical quantitation of ACO 
performed in our study. Tenney used the re- 
sponse of the nictitating membrane as an in- 
dex of circulating catecholamines and i t  is 
possible that this response might be altered 
in the spinal animal, which may have become 
severely acidotic and deteriorated. 

Our findings are consistent with, and may 
possibly explain, the observations of Manger 
et aE(6) and more recently of Darby and 
Watts(2), who reported that during acute 
hemorrhagic hypotension in intact dogs there 

TABLE 111. Effect of Acute Hypoxia on ACO (Mean Values 6 Animals). 

PaO, PsCO, B P  
p H  BE* (-mmHg-- BGt ACO$ 

#1 Normoxia 7.46 --4.6 100 26 94 97 .6 
#2 Hypoxia 7.49 -7.1 36 31 86 89 .7 
#3 Normoxia 7.62 -6.5 1.05 26 105 90 .7 

* BE, base excess in  mEq/l. $ ACO, mean adrenal 

Analysis of variance performed on the logaribhnis of the individual ACO values indicates 

t BG, blood glueose in  mg/100 ml. 
ca techolamine output in mpg/kg/min. 

no sigiijficant difference between Nos. 1, 2, a n d  3. 
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was a marked initial rise in peripheral ar- 
terial catecholamine levels followed by a sec- 
ondary increase as hypotension was main- 
tained and acidosis developed. Darby and 
Watts also found that the initial rise in cate- 
cholamine concentration was blocked by ex- 
tradural procaine anesthesia of the spinal 
cord, but an increase occurred subsequently 
with the onset of acidosis. Thus, stimuli, 
other than those transmitted from baro-recep- 
tors of the carotid sinus, aortic arch and the 
vasomotor centers, may cause liberation of the 
catecholamines from the adrenal medulla. 

Our results suggest, as has been proposed 
by Morris and Millar(8), that in the dog, 
hypercapnic acidosis might stimulate directly 
adrenal medullary secretion by a non-neural 
mechanism. These investigators measured 
norepinephrine and epinephrine concentra- 
tions in peripheral arterial blood samples in 
anesthetized intubated dogs breathing 100% 
0 2 ,  or 101% and 30% C02 in 02. In one 
group in addition to an infusion of hexame- 
thonium, complete adrenal denervation was 
undertaken by splanchnisectomy plus excision 
of the abdominal sympathetic chains. These 
dogs, while showing no increase in plasma 
catecholamines with a pH fall from 7.5 to 
7.02, did show a significant increase in cate- 
cholamine concentration (mainly epineph- 
rine) when the pH was further reduced to 
6.71. The magnitude of this response was 
approximately one- third that observed in non- 
operated dogs under similar conditions. They 
concluded that at pH levels below 6.8 an in- 
creased C 0 2  or hydrogen ion concentration 
directly stimulates catecholamine release frolm 
the adrenal medulla and possibly, in addition, 
from ex tr a-ad r enal sympathetic receptor si t es . 
Our experiments, while in general agreement 
with the former conclusion of these investiga- 
tors, suggest that CO. directly stimulates 
medullary secretion above pH 6.8. Although 
the two highest individual adrenal catechola- 
mine outputs occurred with a pH below 6.8, 
nevertheless ACO was significantly increased 
in the pH range of 6.85 to 6.95. This differ- 
ence might be explained by the fact that in 
this study ACO was determined which might 
be a more selective and sensitive measure- 
ment of adrenal medullary secretion than pe- 

ripheral arterial catecholamine concentra- 
tions. 

A moderate fall in blood pressure was ob- 
served during hypercapnia and might be at- 
tributed to the acidosis which both decreases 
peripheral vascular resistance ( 2 )  and reduces 
the strength of cardiac contraction( 10). How- 
ever, when the adrenal gland was separated 
from the centrally located sympathetic cen- 
ters, hypotension could not stimulate the ad- 
renals through a reflex originating in the 
baro-pressor areas of the carotid sinus and 
aortic arch. Furthermore, it has been shown 
previously that acute hypotension following 
hemorrhage and unaccompanied by acidosis 
will not increase adrenal catecholamine out- 
put in the animal with C8 spinal cord section 

When hypercapnic acidosis was corrected 
by administration of THAM and pH restored 
to normal levels,, adrenal catecholamine out- 
put decreased but remained above control 
values. The previously described ( 14) hypo- 
glycemic effect of THAM was also seen. 

The close similarity of the changes in ad- 
renal venous and peripheral arterial acid-base 
measurements confirms earlier observations 
by Mittelman and co-workers(7) that the 
p02 and pCOz of adrenal venous blood 
(rather than peripheral venous blood) ap- 
proximates that of peripheral arterial blood. 
The hyperglycemic effect of epinephrine was 
observed since the blood glucose levels paral- 
leled changes in ACO. 

The fact that THAM decreased ACO in 
the presence of continuous COz retention 
might indicate that it is an increase in hydro- 
gen ioa concentration rather than COz ac- 
cumulation per se which plays a major role 
in stimulating adrenal medullary secretion. 
Indeed, in vitro studies(3) using perfused ox 
spleen have shown that addition of a variety 
of acids to the perfusate produced a marked 
increase in norepinephrine release with a 
drop in perfusate pH from 6.9 tol 6.6. The 
amount of norepinephrine released was re- 
lated to the decrease in pH and not the type 
of acid employed to achieve that level. Simi- 
larly, von Euler and Lishajka( 18) have 
shown in vitm an inverse relationship be- 
tween pH (range 7.01 to 8.5) and depletion 

(11)- 
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rate of norepinephrine from storage granules 
of bovine adrenergic splenic nerves. 

The precise location where the increased 
hydrogen ion concentration might exert its 
effect was not discussed. Barring the release 
by acidosis of a humoral factor capable of 
stimulating the medullary cells of the adre- 
nals, i t  seems that an increase in hydrogen 
ion concentration might stimulate catechola- 
mine release from the adrenal gland as it does 
from the sympathetic nerves of the isolated 
spleen( 3).  The mechanism involved in this 
release remains to be determined. In the 
present experiments the adrenal glands were 
not isolated from their spinal and splanchnic 
connections. It is not possible, therefore, to 
attribute the release of catech'olamine from 
the adrenal gland to a direct effect of [H+]. 
The stimulating effect of increased [H+] on 
catecholamine release contrasts with the lack 
of response caused by hypoxia. 

ConcZusion. In 8 spinal dogs adrenal blood 
flow and adrenal catecholamine output 
(ACO) were measured. Hypoxia (Pa02 36 
mm Hg) without acidosis did not change sig- 
nificantly ACO, while hypercapnic acidosis 
( PaCOz 1 2  7, pH 6.93) produced a significant 
increase in ACO. These findings confirm 
previous observations indicating that acidosis 
more than hypoxia stimulates catecholamine 
release, 
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I t  has been suggested that erythropioietin 
(EP) -containing extracts not only produce 
differentiation Of Stem Cells into erythrocyte 

* This work was supported by Grant NYO No  
AT(30-1)-2488-2, U. S. Atomic Energy Commission, 

precursors( 1 )  but also affect the precursors 
already present a t  time of injection (2,3,4,5), 
stimulating Hb synthesis and the release of 
reticulocytes(6) + The purpose of the experi- 
ments described here was to evaluate the ef- 


