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THE ROLE of the sympathetic nervous system in the maintenance of circulatory 
homeostasis during general anaesthesia, some aspects of which have recently 
been reviewed, 1 is both interesting and important, but remains to some extent 
enigmatic. During the past few years, with the aid of a chemical method which 
measures plasma adrenaline and noradrenaline with reasonable accuracy and 
sensitivity, we have studied the effects of haemorrhage, 2'a adrenergic blocki'ng 

' 4 agm~ts, apnoeic oxygenation,5'6 and hypercarbia, 7 organic buffering agents, s and 
some aspects of general anaesthesia; T M  clinically, measurements have been made 
in patients with adrenal medullary tumours u'r-' and following circulatory occlu- 
sion during hypothermia. *a This paper is concerned with the documentation of 
plasma catecholamine levels, and with some attempts to interpret the sympatho- 
adrenal activity which these represent, during general anaesthesia in the dog 
and man. 

M ETHOD 

Animal Experiments 
In the majority of experiments, dogs (total number 56, average weight approxi- 

mately 10 kg.) were lightly anaesthetized with minimal amounts of 2.5 per cent 
thiopehtal (usually less than 200 rag.), and the trachea was intubated with a 
no. 9 or 10 cuffed Magill tube. After injection of a few millilitres of 1 per cent 
lidocaine into the groin (to minimize the possibility of reflex effects from tissue 
trauma), a femoral artery was cannulated for removal of blood samples and 
recording of arterial pressure (Statham transducer Model P 23 A, Sanborn 
recorder). In several studies (see Results, Groups I and III), an intravenous 
infusion of succinylcholine (0.1-0.2 per cent) was then started, this being con- 
tinued at a very slow rate during the subsequent period of inhalational anaes- 
thesia. In all experiments, except those following adrenalectomy, Heparin, 
2 mg./kg, was given intravenously. An equal volume of normal saline was injected 
intravascularly immediately following withdrawal of each blood sample. 

The dogs in Group I were ventilated, in a semi-closed system, with an Emerson 
respirator modified for intermittent positive pressure ventilation (10-15cm. 
H~O) by the addition of an electrically-driven flanged wheel which "triggered" 
the respirator at a rate of about 15 per rain. A \u soda lime canister was 
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interposed between respirator and endotracheal  tube, the soda lime being 
changed at  intervals of about  45 rain. The  anaesthet ics  were delivered to the 
respirator from a Heidbrink appara tus  with the "expira tory"  side occluded and 
a Boyle " t r ichlorethylene" bottle connected in series with the " insp i ra tory"  
side. A constant  flow of 3 L. of oxygen per min. was used to vaporize ha lo thane  
or chloroform which were placed in the Boyle bottle and mainta ined close t o  
the 2-oz. mark. The  concentrat ions of halothane and chloroform adminis tered 
did not exceed 3 per cent. For the ether studies i n G r o u p  I, the gas flow was 
increased to 5 L. per rain. and was bubbled through the Boyle " t r ichlore thylene"  
bottle filled with ether to the 4-oz. mark. Cyclopropane was administered in 
concentrat 'ions of 25-50 per cent in oxygen, at  flow rates totall ing 2 L. per min. 

Animals of Group I I were anaesthetized with diethyl ether  in a manner  com- 
monly employed for animal experimentation,  the dogs being placed in a box 
into which a mixture of e ther /a i r  was blown. When surgical anaesthesia  was 
reached the t rachea was intubated and the animals then inhaled from a 5-L. 
bag into which high flows of e ther /a i r  were delivered; a loose expiratory 
valve was used i to keep resistance low and to prevent  accumulat ion of carbon 
dioxide. 

The  intact  ai~d adrenalectomized animals in Group J ll were vent i la ted by 
means of a Bird respirator (Mat-ks IV and VII I ) ,  using positive pressure only, 
with a Ruben non-rebreathing valve. E ther /oxygen  was delivered to the respira- 
tor by way of an E.M.O. ether vaporizer, which for most studies was set to 
deliver 8 per cent ether. In four intact  dog-s in this group succinylcholine alone 
was used for endotracheal  intubation.  

The  dogs in Group IV were also venti lated with a Bird respirator,  connected 
to a Heidbrink closed circuit; 25-30 per cent cyclopropane, in oxygen, was 
adm:hlistered at total flow rates of 1,500 ml. per minute.  

Clinical Studies 
Fifty male patients,  age range 21-64 years, were studied prior to and during 

a var ie ty  of surgical operations, excluding neurosurgery, thoracotomy,  and all 
procedures carried out on patients  not in the supine (or l i thotomy) position. They  
were premedicated with atropine, 0.t,'-0.6 mg., and a brachial a r t e ry  was cannu-  
lated with a Riley needle for removal of blood samples. For adminis t ra t ion of 
ether anaesthesia  a Boyle semi-closed anaesthet ic  appara tus  was used, with a 
Fink or Ruben non-rebreathing valve. Following a brief induction period (nitrous 
oxide/oxygen),  a flow of oxygen 10 L. or higher Was bubbled through the Boyle 
ether bottle, the ether level being maintained as close to the 10-oz. mark  as pos- 
sible. Nitrous oxide/oxyg'en/halothane was administered from a Boyle machine 
fitted with a "Fluotec"  vaporizer (Mark I or I I ) :  ha lo thane/oxygen was given 
by closed circuit using the technique described by Marret t34 For cyclopropane 
oxygen anaesthesia a closed circuit Boyle appai:atus, was usually employed, with 
manual .ass i s tance  to respiration; in some pat ients  a Blease pulmoflator was 
used (positive pressure only), in conjunction with a -Waters  soda lime canister.  
All pat ients  were intubated,  with a no. 10 Magill cuffed endotracheal  tube. 
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Laboratory Determinations 
Blood samples were withdrawn before and at various times during anaesthesia 

(see Results). For assay of plasma adrenaline and noradrenaline these c0mprised 
35 ml., withdrawn into glass tubes moistened with a few drops of Heparin (Con- 
naught Labs., 1,000 units/ml.), and centrifuged as soon as possible. The plasma 
was aspirated and applied to glass columns containing 500 mg. of alumina 
(W6elm, non-alkaline Grade I; acid-washed in this laboratory). Adrenaline and 
noradrenaline in the plasma eluates were estimated fluorimetrically by the 
trihydroxyindole method, t5 as described previously, 4 but with the addition of 
0.5 ml. of 1 per cent disodium ethylene diamine tetra-acetate to the final mixture 
before measurement of fluorescence. Errors of 4-25 per cent are involved in the 
differential estimation of adrenaline and noradrenaline in sillgle plasma samples 
and the values, which refer to ~g. free base/litre of plasma, are uncorrected for 
losses in recovery up to 30 per cent. 

In most experiments, 8-ml. blood samples were withdrawn anaerobically into 
syringes moistened with heparin and containing a drop of mercury. Whole blood 
pH, and the pH of separated plasma equilibrated at 38 ~ C with known concen- 
trations of CO,., were measured by means of Radiometer pH meters, Model 22 
or Model 4, and the Astrup apparatus. 18 From these pH determinations the 
"st(an~dard bicarbonate of separated plasma" and the CO.~ ,tension were calculated 
as i~lescribed by Astrup. ~7 In several most recent studies ' (dogs in Group IV; 12 
patients anaesthetized with diethyl ether) microsamples of arterial blood were 

~Oo ~ ;ts equilibrated with two C . tenstons the arterial pCO2 and "standard bicar- 
bonate" of whole blood (at pCO~. 40 ram. Hg) were then determined from the 
appropriate log pCOo./pH lines. 

In certain studies (Groups l and II), arterial oxygefl satt/ration was determined 
spectrbphotometrically. ~ Blood ether concentrations (Groups I, I l, and III;  4 
patients anaesthetized with diethyl ether) were estimated by a modification ~-~ of 
the dichromate method. ~ Whole blood glucose was measured (in adrenalectomized 
animals, Group III) according to SomogyiY- 

Statistical Methods 
Statistical analysis of the data was performed according to Snedecor 2a and 

included analysis of variance, utilizing designed orthogonal comparisons and 
tests of all comparisons among means; the t-test as applied to paired values, 
modified where necessary to Cochran's approximation to the Behrens-Fisher 
test; and r, the coefficient of linear correlation. 

RESULTS 
Animal Experiments 

Group I. Table I presents the averaged data obtained in dogs before ands. 
after ventilation for 90 minutes with oxygen and minimal amounts of diethyl 
ether, and from three other experimental groups anaesthetized with oxygen and 
halothane, cyclopropane, or chloroform. In these studies induction was with 
minimal thiopental and a slow intravenou's infusion of succinylcholine (0.2 oer 
cent) was given continuously. 
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TABLE I 

AVERAGE RESULTS IN DOGS OF GROUP I VENTILATED FOR 90 MINUTES WlTIt DIETItYL E~IItER 
(7 EXPERIMENTS), HALOTHANE (5 EXPERIMENTS), CYCLOPROPANE (5 EXPERIMENTS), AND 

CHLOROFORM (6 EXPERIMENTS) 

Separated Mean 
plasma arterial 

standard Adrenal- Noradrenal- blood 
pCOo. t-ICOa- ine ine pressure 

pH (mm.Hg) (mM/L.) (~g./L.) (~g./L.) (mm.Hg) 

D, ieth2l Ether 
Control 7.39 33 19 I). 21 0.28 144 
+90'  7.32 35 18 0.81 0.50 124 

Halothane " 
Control 7.30 47 22 0.48 0.19 146 
+90' 7.30 40 19 O. 79 0.34 61 

Cyclopropane 
Control 7.40 37 21 0.34 0.22 143 
+90 '  7.38 39 20 0.74 0.22 110 

Chloroform 
Control 7.36 41 22 0.21 0.21 156 
+90'  7.31 47 21 0.89 0.65 104 

The values for arterial pH and pCO2 show that  in general respiratory acidosis 
was avoided, although isolated pC0., levels above 49 mm. Hg were measured in 
two experiments ~,ith chloroform and in one study each with halothane and 
cyclopropane. Changes in "separated plasma' bicarbonate" demonstrate "meta- 
bolic" acid base alterations, but the levels are also influenced by respiratory 
acidosis or Mkalosis. This fact, and the likelihood that  blood loss involved in 
sampling may induce a mild metabolic acidosis, renders the assessment of small 
changes in the non-respiratory component of acid-base balance difficult in this 
group of experiments. It is well recognized that  diethyl ether causes a metabolic 
acidosis in dogs, 24 and this will be shown later in the present communication; the 
minor effect noted in the experiments tabulated in Table I is considered to be a 
result of light anaesthesia, the blood ether 'cm{centralions reaching an average 
maximum of only 100 mg./100 ml. after 90 minutes of anaesthesia. 

The average level of plasma adrenaline increased during anaesthesia with 
each of the four agents studied, but the rises were slight or moderate only, and 
the highest (average) levels did not exceed 1 ug./L. Changes in plasma noradren- 
aline were variable, although small increases were measured during ether and 
chloroform anaesthesia. From average control levels, of 0.49, 0.67, 0.56, and 
0.42/~g./L. respectively, total plasma catecholamine concentration (that is; 
adrenaline plus noradrenaline) increased to L3, 1.1, 0.96, and 1.5 lag./L, after 
90 minute~ of ventilation with ether, halothane, cyclopropane, and chloroform 
respectively (Table I). Average mean arterial blood pressure was reduced by 
14 per cent with diethyl ether, 58 per cent with halothane, 23 per cent with 
cyclopropane, and by 30 per cent with chloroform. 

The results of the biochemical determinations performed on blood samples 
withdrawn after 15 and 45 minutes of anaesthesia have for the sake of brevity 
been excluded from Table I, but  the plasma catecholamine levels measured at 
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these times were taken into account in a statistical analysis of variance carried 
out on the data, shown in Table I I. Under the specific conditions employed for 

TABLE I I 

ANALYSIS OF VARIANCE ON THE DATA OBTAINED IN DoGs VENTILATED WITH ETHER/OXYGEN, 
HALOTHANE, CYCLOPROPA.NE, AND CHLOROFORM (GROUP I) 

Degrees of Adrenaline Noradrenaline Total amines 
Source of variation freedom mean square mean square mean square 

Diethyl Ether 
Control vs. 15', 45', 90' 1 1.0098* 0. 1475 1.9292* 
Between dogs 6 0. 9622t 0. 1972 ~ 1. 1222" 
Error 18 0. 2219 0. 0545 0. 3660 

Halothane 
Control vs. 15', 45', 90' 1 0. 0836 0. 1893 
Between dogs 4 1.0355t 1.5796t 
Error 12 0.1186 0.0887 

Cyclopropane 
Control vs. I5', 45', 90' 1 0. 2344 0. 1972 
Between dogs 4 1. 1800t 1. 1431t 
Error 12 0. 1041 0. 1017 

Chloroform 
Control vs. 15', 45', 90' 1 0.5117 0.2091 1.3750* 
Between dogs 5 0. 7584* 0.0899 0. 7541 
Error 15 0.1874 0.0926 0. 2963 

*p < 0.05 
tP < 0.01 

this group of studies, significant increases (p < 0.05) in total plasma catechol- 
amine concentrations occurred only during anaesthesia with diethyl ether and 
chloroform; in the case of ether this was largely due to a significant rise in 
adrenalihe (p < 0.05), while with chloroform both amines were involved. Changes 
in plasma adrenaline, noradrenaline, or total catecholamine concentration during 
halothane and cyclopropane anaesthesia were insignificant statistically. It should 
be noted that the marked variations "between dogs" in these experiments reflect 
a number of factors, among which are those caused by individual animal differ- 
ences and those attributable to laboratory errors and variability. 

Group II. The failure to detect more pronounced increases in plasma adrenaline 
and noradrenaline during ventilation with ether/oxygen was unexpected in view 
of previous work implicating diethyl ether as a sympatho-adrenal stimulant. '-'5 The 
frequent use of this agent for animal experimentation and student teaching 
suggested a study of its effects when administered in a manner commonly used 
in pharmacology laboratories. Ether/air  was therefore given to a second group 
of seven animals for periods of 180 minutes, initially by delivering the vapour 
into a box containing the dog, thereafter by endotracheal insufflation..The 
results from these studies (in which thiopental and succinylcholine chloride were 
not;used) are presented in Table III. The low average values for arterial pH and 
"separated plasma bicarbonate," becoming lower as anaesthesia continued, and 
the reduced arterial pCO~., illustrate the profound metabolic acidosis and respira- 
tory stimulation which accompany moderately deep ether anaesthesia in dogs. 

Control levels of plasma adrenaline and noradrenaline could not be determined 
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TABLE III  

AVERAGED RESULTS (7 EXPERIMENTS) IN DOGS BREATHING ETHER/AIR (GRouP I!) 

361. 

pH. 

Separated Mean 
plasma arterial Blood 

standard Adrenal- Noradrenal- blood ether Oxygen 
pCO2 HCOa- ine ine , pressure (mg./100 saturat ion 

(ram. Hg) (mM/L. )  (ug./L.) (/ag./L.) (ram. Hg) ml.) (Percentage) 

+ 45' 7.25 28 12.6 1.6 0.72 124 130 88 
+ 75' 7.20 28 11.1 2.0 1.5 115 127 -93 
-+- 135' 7.1"6 27 9 9 2.6 1.1 118 121 93 
+180 '  7.11 29 9 5 2.2 1.5 112 143 96 

in these animals before induction of anaesthesia, but the subsequent concentra- 
tions during ether/air  anaesthesia were obviously greatly increased over any 
measured in samples withdrawn from apparently normal conscious humans (see 
later in this communication), or from dogs very lightly anaesthetized with 
thiopental in numerous studies carried out in this laboratory? q~ During aperiod 
extending from 48 to 180 reinures after induction, average plasma adrenaline 
varied from 1.6 to 2.6 ug./L, and plasma noradrenaline from 0.72 to 1.5 ~g./L., 
in these animals breathing ether/air.  

The average plasma adrenaline a n d  noradrenaline concentrations measured 
in this group of animals after 45 minutes of ether/air  anaesthesia (Table III) 
were significantly higher (p < 0.08) than the adrenaline and noradrenaline levels 
(0.52 and 0.26 ~g./L. respectively), in the dogs ventilated for the same period 
with ether/oxygen (Group I). It was considered that  several obvious factors 
could have been partly responsible for the difference--struggling during induction 
with ether/air;  a primary" or secondary effect of the metabolic acidosis which was 
more pronounced in the ether/air  group; and the possibility that  the use of 
minimal thiopental and succinylcholine m i g h t  "dampen down" sympathetic 
activity during anaesthesia with ether/oxygen, although neither drug had pre- 
ViQusly interfered with the measurement of increased plasma catecholamine 
levels in dogs subjected to a variety of stimuli (and in fact did not retard increases 
in plasma adrenaline in response to haemorrhage during ether/oxygen anaes- 
thesia, as will be shown later). Other differences were that  one group of animals 
was breathing spontaneously' while the other was being ventilated artificially; 
and that  arterial oxygen saturation, which was consistently 98-100 per cent 
during anaesthesia with ether/oxygen, averaged only 88 per cent after 45 minutes 
of ether/air  (although it increased progressively thereafter). Finally, the factor 
considered to be of major significance was the difference in blood ether con- 
centrations, which averaged 130 rag./100 ml. after 45 minutes of ether/air  and 
only 84 mg.Jl00 ml. after the same period of ether/oxygen. 

Group IIL The number of discrepancies between the first two experimental 
groups underlined the need for further studies.' Table IV presents the averaged 
data obtained from six experiments in which dogs were ventilated for two hours 
with ether/oxygen under reasonably steady state conditions. Preliminary endo- 
tracheal intubation was performed in two animals under light thiopental anaes- 
thesia, and in the other four experiments with the aid of intravenous succinyl- 
choline alone, this subsequently being given as an infusion throughout every 
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TABLE IV 

AVERAGED RESULTS (6 EXPERIMENTS) IN DOGS VENTILATED WITH ETHER/OXYGEN FOR Two 
HOURS (GROUP III) 

Separated Mean 
plasma Blood arterial 

standard Adrenal- Noradrenal- ether blood 
pCO~ HC03-  ine ine (rag./100 pressure Heart  

pH (mm. Hg) (mm./L.)  (~ug./L.) (~g./L.) ml.) (ram. Hg) rate 

7.48 27 19 2 0 12 0.22 133 99 
+ 30' 7.37 31 17 2 0.52 0.44 143 120 179 
+ 60' 7.33 30 15 6 0 93 0.58 154 102 169 
+ 90' 7 27 33 15 0 1.0 0.89 152 105 155 
-}-120' 7.23 33 13 8 1.7 1.1 153 103 162 

study. The results demonstrate progressive rises in average plasma adrenaline 
and noradrenaline, a fall in pH and "separated plasma bicarbonate" attributable 
to a non-respiratory acidosis, an increase in heart rate, and a gradual reduction 
in arterial blood pressure. Table V shows the relevant statistical analysis of 

TABLE V 

ANALYSIS OF VARIANCE ON THE RESULTS OBTAINED DURING VENTILATION WITH ETHER/OXYGEN 
IN THE INTACT AND ADRENALECTOMIZED DoGs  OF GROUP I I I  

Source of variation 

Intact  Adrenalectomized 

Degrees Adrenaline Noradrenaline Adrenaline Noradrenaline 
of mean mean mean mean 

freedom square square square square 

Control vs. 30', 60', 90', 120' 1 
Among samples during 

anaesthesia 3 
Between dogs 5 
Error ~ 20 

4 2300* 1.2793t 0 0042 0 2623 

1 4746 0 4674t 0 0447 0.1077 
3 3684 t 0 1310 0 01.60 0 1872 
0 8032 0 0917 0 0298 0 1052 

*p < 0 05 
tP <o  01 

variance on the catecholamine data (intact dogs). Plasma noradrenaline showed 
highly significant increases over control samples at all times after 30 minutes of 
ether anaesthesia (p < 0.01), while a greater variability in adrenaline response is 
shown by the fact that increases were significant statistically only when the control 
samples were compared with those after two hours of ether anaesthesia (p < 0.05). 

In this group of intact animals (Table IV) a direct and significant relationship 
(p < 0.01) could be shown between total catecholamine and blood ether con- 
centrations (Fig. 1). Figure 2, from one experiment, illustrates the effects on 
arterial pH, plasma catecholamines, and mean arterial blood pressure, of venti- 
lation with ether/oxygen to blood levels of ether which are at the upper limit 
of, and above, the clinical range. 

Comparison of the results given in Tables III and IV shows that the metabolic 
acidosis accompanying spontaneous breathing of ether/air was more severe than 
that induced by ventilation with ether/oxygen, at roughly comparable times, 
even though blood ether levels were higher in the latter group. A lower arterial 
oxygen saturation may be partly responsible for this, and for the somewhat 
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FIGURE 1. Relation between total plasma calecholamines 
and blood ether concentrations during ether anaesthesia in 
six intact dogs (Group I I I). 

higher plasma catecholamine levels in the ether/air group, but the differences 
may also be related to increased muscular activity involved in the spontaneous 
response of this group of animals to an increased "respiratory drive" induced 
by diethyl ether. 

Figure 3, from the data obtained in the ether/oxygen group of dogs (average 
results in Table IV), illustrates the highly significant (p < 0.001) inverse corre- 
lation between the levels of plasma adrenaline and "separated plasma bicar- 
bonate"; this confirms a relationship previously suggested by Brewster and 
colleagues. 28 

In an attempt to identify the source of the noradrenMine liberated in the dog 
during ethe? anaesthesia, six animals were adrenalectomized bilaterally and after 
a rest period of about 45 minutes were ventilated with ether/oxygen for two 
hours. The ?esults are shown in Table VI. Average blood ether levels at each 
time interval were lower than in the comparable group of intact dogs (see Table 
IV), which to some extent affects close comparisons of the two groups. As was 
expected following adrenalectomy, plasma adrenaline failed to increase during 
ether anaesthesia. Plasma noradrenaline showed small or moderate rises, but 
because of variability the response was insignificant statistically. Figure 4 c o ! -  
parks the adrenaline and noradrenaline levels ir~ the intact and adrenalectomized 
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TABLE VI 

AVERAGE RESULTS IN ADRENALECTOMIZED DOGS (6 EXPERIMENTS) VENTILATED WITH ETHER/ 
OXYGEN (Gaotre III)  

Separated Mean 
plasma arterial Blood Blood 

p C � 9  standard Adren- N0radren- blood glucose ether 
(mm. HCO3- aline aline pressure Heart (mg./ (mg./ 

pH Hg) (mM./L.) (ug./L.) (~lg.]/L.) (nun. Hg) rate 100 ml.) 100 ml.) 

7.48 24 18 0.10 0.25 121 165 74 - -  
+ 30' 7.46 26 18 0.04 0.36 109 174 75 113 
+ 6~' 7.41 28 17 0.21 0.48 104 160 74 128 
+ 90' 7.40 28 17 0.08 0.41 88 159 74 137 
+120' 7.37 28 16 0 20 0.67 86 170 67 135 
20v-/oCO~ 6 79 160 19 0 42 1.6 51 168 89 151 

animals ventilated with ether/oxygen--the pC�9 levels were very similar, as 
shown in Tables IV and VI. In the dog anaesthetized with diethyl ether release 
of noradrenaline occurs partly' from extra-adrenal areas. Because blood ether 
levels were lower in the adrenalectomized animals, it is possible that at equivalent 
anaesthetic concentrations extra-adrenal release of noradrenaline would be 
proportionately'greater than is shown in Figure 4. 

Following this two-hour period of ventilation with ether/oxygen in adrenal-, 
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FIGURE 4. Average values of plasma adrenaline and noradrenaline during ether/ 
oxygen ventilation in six intact dogs and six adrenalectomized dogs (Group III). 

ectomized dogs, hypercarbia was induced with 18 per cent carbon dioxide/oxygen 
/ether. The immediate circulatory response to carbon dioxide was usually a fall 
in mean arterial and pulse pressures; systolic pressure then increased, but  fell 
gradually over the next few ininutes. Blood samples were Withdrawn after 8 to 
14 minutes (average 10 rain.), at which times systolic and diastolic pressures 
were both reduced, while plasma noradrenaline was increased to levels signifi- 
cantly higher (p < 0.05) than those induced by ether anaesthesia alone (Table 
Vl). The further increase in blood ether concentration (average 16 mg./100 ml.) 
resulting from this 10-minute period of hypercarbia should be noted, since this 
might explain in part  a further increase in plasma noradrenaline concentration. 
HOwever, no significant correlation could be established between total catechol- 
amine and blood ether levels during the preceding two hours of ether anaesthesia 
(in the adrenalectomized animals, see Table XIII) .  Furthermore, at  almost iden- 
tical average blood ether concentrations plasma noradrenaline was higher during 
hypercarbia in adrenalectomized dogs than at normal pCO2 in the intact animals. 
Thus, it is considered that  the increases in plasma noradrenaline as a result of 
ventilation with carbon dioxide were too great to be affected, except to a minor 
degree, by the relatively small increase in blood ether concentration. 

Comparison of the acid-base data in Table IV (intact) and Table VI (adrenal- 
ectomized) shows that  adrenalectomy greatly reduced the metabolic acidosis 
induced by ether anaesthesia in the dog. This can be further demonstrated by 
pCO2/pH plots (semi-logarithmic scale) for blood, samples withdrawn before and 
after two hours of ether anaesthesia (Fig. ,5). In ifitact dogs the points for samples 
withdrawn at the end of this period of anaesthesia lie to the left (acid side) of 
those for control samples. Since the "cont ro l"  and "anaesthesia" pCO2 levels 
did not differ significantly, this indicates the existence of a metabolic acidosis 
after two hours of ether anaesthesia. In the adrenalectomized animals the differ- 
ence is much smaller. A comparison of the changes in "separated plasma bicar- 
bonate" before and after two hours of ether anaesthesia in intact and adrenal- 
ectomized animals shows a significantly more marked (p < 0.05) metabolic 
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acidosis in the intact animals. Figure 6 contrasts the relationship between total 
catecholamine concentration and "separated plasma bicarbonate" in the intact 
with that in the adrenalectomized dogs anaesthetized with ether; in the intact 
group a highly significant inverse correlation (p < 0.01) could be demonstrated, 
but rtot in the adrenalectomized animals. Blood sugar levels in the adrenalectomized 
dogs showed little or no change during ether anaesthesia at normal pCO~ (Table 
VI), by comparison with the increases known to occur in intact animals? 7 

Control blood pressures and heart rate were respectively lower and higher in 
the adrenalectomized than in the intact dogs, but the difference in the degree 
of c'hange induced by ether in the two groups was le~s than expected. Thus, in 
the intact animals mean arterial bood pressure after two hours of ether anaes- 
thesia (average blood ether concentration 153 rag./100 ml.) was reduced by 23 
per cent of the control value, while in the adrenalectomized dogs (average blood 
ether 135 rag./100 ml.) the reduction was by 29 per cent of control. This indicates 
that serious circulatory impairment is not a necessary accompanime0t of moder- 
ately deep ether anaesthesia in adrenalectomized dogs. Percentage changes in 
mean arterial blood pressure in the adrenalectomized dogs show a highly sig- 
nific~/nt negative correlation (r = -0.701,  Table XIII)  with blood ether con- 
centrations, during two hours of anaesthesia. A similar analysis in the in tac t  
dogs of the same group shows that for blooct ether levels below 1'80 mg./100 nil. 
there is no correlation of significance (r = 0.143); when [he seven values above 
this level are included correlation becomes more definite (r = -0.565) ,  from 
which it can probably be inferred that at ver~', high blood ether concentrations 
release of catecholahlines from the adrenal medulla does not antagonize the 
circulatory~depressant action of diethyl ether. 

Group IV. As was shown in Table I, and contrary to studies in man by other 
workers 28'29 cyclopropane anaesthesia in dogs was not associated with convincing 
increases in plasma noradrenaline. This was reinvestigated and confirmed at a 
later date in a group of six dogs ventilated for ~.0 minutes with 25-30 per cent 
cyclopropane in oxygen (induction with minimal thiopental, no succinylcholine 
used). Small, statistically significant rises in plasma adrenaline were measured 
(Table VII), similar to those in the earlier groul5 (Table I); this degree of increase 

TABLE VII 

AVERAGE RESULTS (6 STUDIES, GROUP IV) OF VENTILATION WITH 25-30 PER CENT CYCLOPROPANE 
IN OXYGEN, AND A FURTHER 20 MINUTES OF HYPERCARBIA 

Standard Mean 
HCO3- arterial 
(whole blood 

pCO2 blood) Adrenaline Noradrenaline pressure Heart 
pH (ram. Hg) . (mM./L.) (ug./L.) (~g./L.) (turn Hg) rate 

Control 7.4~94 24 21.3 0.05 0.18 110 102 
+15 '  7.542 21 21.0 0.17 .0.23 102 97 
+45 '  7.519 22 20.4 0.25 0.21 116 104 
+90 '  7.487 22 19.3 0.36 O. 19 108 100 

15% CO, 6.949 108 14 6 1.7 1.1 88 140 

is difficult to assess when considered with the small reduction in "whole blood 
standardobicarbonate," since both these effects could be a result of blood sampling 
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in these dogs, whose mean weight of only 7 kg. was well below the average for 
this laboratory. No significant changes in plasma noradrenaline were-measured 
during cyclopropane anaesthesia. 

It  is emphasized that  the "whole blood standard bicarbonate" determined in 
this group of experiments 3~ is not necessarily influenced by changes in arterial 
pCO2, the values representing the metabolic component of acid-base balance. 

After 90 minutes of 25-30 per cent cyclopropane anaesthesia, heart  rate and 
mean arterial pressure were almost unchanged from control values, although 
systolic pressure was reduced and diastolic increased. 

When hypercarbia was induced by ventilation with 15 per cent carbon dioxide 
and 25 per cent cyclopropane in oxygen for 20 minutes, plasma adrenaline and 
noradrenaline both showed marked increases (Table VII). The average increase 
and the variability were both greater in the case of adrenaline, and the changes 
were not significant statistically. By comparison with the levels after 90 minutes 
of anaesthesia with "normal" pCO~, noradrenaline was significantly increased 
after this 20-rain. period of hypercarbia during cyclopropane anaesthesia (p 
< 0.05). The initial circulatory response to carbon dioxide was usually a fall 
in pulse and mean pressures, this being followed by a phase of increased systolic 
and lowered diastolic pressures. Heart  rate was increased. After 20 minutes 
mean pressure was reduced, largely because of the reduced diastolic~ pressure. 

The pronounced reduction in "whole blood standard bicarbonate," at  an 
average pCO~ of 108 mm. Hg, demonstrates that  a metabolic acidosis was induced 
by hypercarbia during cyclopropane anaesthesia. 

Other Observations on Haemorrhage, Hypercarbia, and Asphyxia 
In a previous study it was shown that  increases in plasma catecholamine levels 

in response to haemorrhagic hypotension and hypercarbia were not prevented 
during anaesthesia with oxygen and halothane (2 per cent or higher). 9 In the 
present studies, five dogs (from Group I) were subjected to a 20 ml./kg, haemor- 
rhage during ventilation with ether/oxygen (blood levels averaging 100 mg. /  
100 ml.). The data in Table VI I I show that  plasma adrenaline increased markedly 
in every instance, with minimal changes in noradrenaline. There is clearly no 

TABLE VII I  

PLASMA ADRENALINE AND NORADRENALINE LEVELS BEFORE AND AFTER HAEMORRHAGE 
(APPROXIMATELY 20 ML./KG.) IN 5 DOGS VENTILb.TED WITH ETHER/OXYGEN (GROUP I) 

r 

Before haemorrhage After haemorrhage 

Mean Mean 
arterial arterial 
blood blood 

pressure Adrenaline Noradrenaline pressure Adrenaline Noradrenaline 
(mm. Hg) (t~g./L.) (/~g./L.) (mm. Hg) (ug./L.)  (ug./L.)  

119 0.37 0.18 83 1.6 0 26 
127 0.60 0.12 65 2.2 0.36 
163 1.2 0.36 ~) 7.6 0 84 
115 0 56 0.95 33 5.9 1.0 
128 0 99 0 23 ~) 3 5 0 32 

130 0 74 0.37 66 4.2 0 56 
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evidence that diethyl ether impairs the sympatho-adrenal responses to haemor- 
rhage; comparison with the values previously measured during light thiopental. 
anaes, thesia 2 could even favour an enhanced response during ether anaesthesia 

I ~" �9 

(although this could not be accepted without further studies). As shown earlier 
in this conllnunication, hypercarbia induced noradrenaline release during ether 
anaesthesia in adrenalectomized dogs (Table VI) and increased the plasma levels 
of adrenaline and noradrenaline during cyclopropane anaesthesia in int~act dogs 
(Table VII). Furthermore, pronounced increases in plasma adrenaline and nor- 
adrenaline occurred in response to asphyxia (hypoxia plus hypercarbia) during 
cyclopropane anaesthesia in one experiment (Table IX). In this study there was 

TABLE IX 
EFFECT OF 20 MINUTES OF "APNOEA IN AIR" (PRECEDING THE 4b' SAMPLE) IN A DOG PREVIOUSLY 

VENTILATED WITH 50 PER CENT CYCLO,PROPANE/OXYGEN (GRouP I) 

Separated 
plasma 

standard Oxygen 
pCO.~ HCO3- Adrenaline Ncradrenaline saturation 

pH (ram. Hg) (mM.,.'L.) (ug./L.) (ug./L.) (percentage) 

- -  7 . 4 1  38 23 0 0 0 0 . 1 0  99 
+ 1 5 '  7 41 38 23 0 0 01 0 03 99 
+ 4 5 '  6 87 156 2"2 8 4 9 1 1 42 
+ 9 0 '  7 21 37 14 l 3 6 0 72 89 

no measurable increase in plasma catecholamine concentration after 15 miimtes 
of uncomplicated cyclopropane anaesthesia (concentrations up to 50 per cent). A 
period of acute asphyxia then followed, with the respirator disconnected and 
the animal left in apnoea with the endotracheal tube open to air. During the 
next 20 minutes arterial pH fell to 6.87, pCO2 rose to 156 ram. Hg, oxygen 
saturation was reduced to 42 per cent, and plasma adrenaline and noradrenaline 
increased to 4.9 and 1.1 ~g./L. respectively. Circulating catecholamine levels 
were still elevated after a subsequent 45-rain. period of ventilation with 100 per 
cent oxygen (90-rain. sample, Table IX), at which time arterial oxygen saturation 
was still reduced although pCO2 had returned to normal. The low values for 
arterial pH a'nd "separated plasma bicarbonate" ineasur~d after this period of 
ventilation reflect the severe metabolic acidosis which resulted from this episode 
of asphyxia. The findings show That serious physiological insults of this nature 
during general anaesthesia result in biochemical changes which are not necessarily 
rapidly reversed. 

Ventricular arrhythmias were frequent during vefltilation with oxygen and 
50 per cent cyclopropane, a concentratiol~ which is not uncommonly employed 
in cl'inical anaesthesia. Whereas no animals died during anaesthesia with ether, 
chloroform, halothane, or cyclopropane in concentrations of 30 per cent or below, 
two animals died as a result of ventricular fibrillation after 45 and 57 minutes 
of ventilation with 50 per cent cyclopropane/oxygen (data excluded from Table 
I). In one dog a small rise in plasma adrenaline preceded ventricular fibrillation; 
the changes measured in the other animal were negligible. While electrocardio- 
graphy frequently demonstrated supraventricular arrhythmias, persistent ventri- 
cular arrhythmias did not occur in any of the si~ dogs ventilated with 30 per 
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cent cyclopropane/oxygen at normal arterial COs tensions, nor during the period 
of cyclopropane anaesthesia with hypercarbia (Table VII),  In both cyclopropane 
groups (Tables I and VII) there was insufficient information to establish any 
relationship between cardiac arrhythmias  and circulating catecholamines. Cardiac 
arrhythmias  were noted frequently during anaesthesia with 50 per cent cyclo- 
propane/oxygen without  detectable increases in plasma aclrenaline or n oradrena[- 
ine, while t h e  state of severe and prolonged asphyxia which o c.curred in one 
experiment (Table IX) did not result in ventricular fibrillation in spite of greatlY' 
increased levels of plasma adrenaline and noradrenaline. 

Clinical Studies 
Cyclopropane anaesth~ia. Cyclopropane/oxygen was administered to a total 

of seventeen patients. The results were divided into those obtained during anaes- 
thesia alone, arid those while surgery was proceeding under cyclopropane anaes- 
thesia. Data  from six patients were rejected because of moderate respiratory 
acidosis present on most occasions when blood samples were withdrawn,  and 
from two other patients because no acid-base data  were available. The frequency 
of mild degrees of respiratory acidosis under average clinical conditions is shown 
by the finding that  whereas pCO2 levels were below 55 ram. Hg at  all times in 
the remaining nine patients, in only five of them were the levels below 49 ram. Hg 
when samples were withdrawn during cyclopropane anaesthesia before surgery. 
There was no evidence to suggest any difference between plasma catecholamine 
levels at  arterial pC02 49-55 mm. Hg and those below 49 mm. Hg, nor an3" 
discrepancy between the values measured during cyclopropane anaesthesia with 
manual!y assisted respiration and with mechanical ventilation (positive pressure 
only). The data  from all nine patients are therefore included in the results shown 
in Table X. In two instances succinylcholine was used (in one case as a single 
dose prior to intubation and in the other as a continuous infusion). 

TABLE X 

ADRENALINE (A), NORADRENALINE (N), AND TOTAL (A-Jr-N) PLASMA CATECHOLAMINE CON- 
CENTRATIONS BEFORE AND DURING ANAESTHESIA (WITH AND WITHOUT SURGERY). CYCLOPRO- 
PAmL 9 PATIENTS; DIETrTYL ETHER, 16 PATIENTS; HALOTIIANE, 11 PATIENTS. T-TEST APPLIED 

TO PAIRED SAMPLES (DIFFERENCES FROM CONTROL VALUES), 

Control Anaesthesia Anaesthesia + Surgery 

A N Tot'al A N Total A N Total 

Cyclop~ropane 0.15 0.15 0.30 0.48 0.33 ~ 0 .8 I t  0.26 0,58* 0.84t  
Ether 0.13 0.26 0.29 0.26* 0.61 t 0 .87*  0.45t  0.68t  1.13t 
Halothane 0.13 0.34 0.47 0.28 0.36 :0.64 0.31" 0.38 0.70 

*p < 0.05 
tP < 0.01 

Total  plasma catecholamine concentration increased from an average control 
level of 0.30 ug./L.,  to 0.81 ug./L, after periods of cyclopropane anaesthesia 
ranging from 15 to 65 minutes. The increases were highly significant (p < 0.01). 
The average rise in plasma noradrenaline was small and statistically insignificant 
(Table X). However, convincing increases were measured in occasional patmnts 
(Table XI) ,  in the absence of respiratory acidosis. Plasma adrenaline showed 
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TABLE X I  

INCREASES IN PLASMA NORADRENALINE IN A PATIENT ANAESTHETIZED WITH 
CYCLOPROPANE, WITH FURTHER RISES (ALSO INVOLVING ADRENALINE) DURING 

THE PERIOD OF SURGERY 

373 

Arterial 
pressure 

Adrenaline Noradrenaline pCO~ S/D Heart 
Time (~g./L.) (~g./L.) (mm. Hg) (mm. Hg) rate 

I 

O. 23 O. 03 41 140/90 84 
+ 52' 0.43 0.86 37 140/100 60 

Surgery 
+ 105' O. 33 1.3 39 140/98 60 
+195 '  1.2 2.0 54 140/86 56 

INCREASE IN PLASMA NOILADRENALINE, AND HYPERTENSION (ACCOMPANIED BY 
CARDIAC ARRt]YTHMIAS) DURING R'ESPIRATORY ACIDOSIS IN A PATIENT ANAESTHE- 

TIZED WITH CYCLOPROPANE 

Arterial 
pressure 

Adrenaline Noradrenaline pCO., S /D Heart 
Time " (ug./L.) (ug./L.) (mm. Hg) (mm. Hg) rate 

O. 0 0 :'21 30 120/70 72 
+20 '  O. 18 1.1 60 185/90 82 
+35 '  O. 08 1.4 69 170/90 108 

small, variable, and statistically insignificant increases during cyclopropane 
anaesthesia without surgery. The average levels were slightly greater than those 
of noradrenaline, and also of adrenaline during "cyclopropane anaesthesia with 
surgery" (Table X). This could be related to a failure to reach a steady sta~e 
of anaesthesia; for example, laryngoscopy and endot~racheal intubation w~re 
accomplished during the period of cyclopropane anaestlaesia alone, and these 
manoeuvres are known to be accompanied by autonomic responses. 31 

During cyclopropane anaesthesia with surgery, total plasma catecholdmine 
concentration averaged 0.84 ug./L., the increase over control again being h~ghly 
significant (p < 0.01). In this period average plasma noradrenaline (0.58 tag. Iz. 
was also significantly (p < 0.05) higher than control (0.15 ug./L.). I t  was not 
possible in this group of patients to show any increase in plasma noradrenaline 
concentration with time, nor any significant difference between the total plasma 
catecholamine levels during cyclopropane anaesthesia and those during anaes- 
thesia plus surgery; it is qui~ possible that  the significant rise in plasma nor- 
adrenaline during "cyclopropane anaesthesia with surgery" was associated with 
progressive deepening of anaesthesia (that is, with increasing blood concentrations 
of cyclopropane), rather t h a n w i t h  any effect at tendant on operative inter- 
ference. 

Table XI shows the increases in plasma noradrenaline eoni~entration which 
accompanied progressive respiratory acidosis in a patient anaesthetized with 
cyclopropane.; respiration was assisted but inadequately so to the experienced, 
observer. Arterial pressure was increased, ventricular arrhythmias were present 
at variable times throughout the administration, and respiratory depression 
with laryngeal spasm wet;e troublesome during emergence from anaesthesia. 
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Halothane anaesthesia. Fourteen patients were ~ anaesthetized with halothane;  
because of respiratory acidosis the data  from two are excluded. In seven of the 
remaining twelve patients nitrous oxide/oxygen was used as the vehicle for 
vaporizing halothane/oxygen, and in the other five cases closed-circuit halo- 
thane was used throughout. TM During the period of halothane anaesthesia without  
surgery total plasma catecholamine concentration was increased to an average 
of 0.64 gg./L, from a control level of 0.47 ug. /L '  a change which was insignifi- 
cant (Table X). Although small increases in plasma adrenaline and noradrenaline 
were frequently measured, these were too variable for definite trends to be 
established. The total plasma cat echolamine concentration during halothane 
anaesthesia plus surgei'y~ 0.70#g_/.L., was also insignificantly different from 
control. Average. plas.ma noradrenaline during this period of surgery was not 
increased over the pre-anaesthetic level of 0.34 gg./L.,  but  adrenaline-showed 
small but  significant increases (p < 0.05) to a level of 0.31 #g./L. (control, 
0.13 ug./L.). 

Ether anaesthesia. Ether anaesthesia was studied in nineteen patients, seven- 
teen of whom were anaesthetized by one of us to ensure a reasonable consistency 
in technique. A semi-closed method with nitrous oxide/oxygen/ether  was used 
for induction and endotracheal intubation, which was usually accomplished 
within 10 minutes (and invariably within 20 minutes);  thereafter e ther/oxygen 
was administered without  rebreathing. A mild degree of oxygen limitation was 
found to be necessary for two or three minutes at  the s tar t  of induction, and 
the data may be affected to a small extent by this and by the short period of 
nitrous'oxide administration. Nevertheless, the techmque is a realistic one which 
is still employed widely. Acid-base data were obtained in all but  four cases, which 
were no~t-exchaded from consideration because of the rari ty with which respiratory 
acidosis occurs during ether/oxygen anaesthesia without  rebreathing (in our 
experience). 

During ether anaesthesia highly significant increases in plasma noradrenaline 
were measured (p < 0.01), from an average control level of 0.26 ~g./L., to 
0.61 #g./L. after periods of anaesthesia ranging from 20-65 minutes (Table X). 
Plasma adrenaline showed smaller, but  significant (p < 0.05), increments to an 
average of 0.26 ~g./L., from a control of-0.13/~g./L. E--t, her anaesthesia plus 
surgery was also associated with an increased plasma noradrenaline level (average 
0.68 ug./L.),  and with a further rise in adrenaline (to an average of 0.45 ~g./L.),  
the difference from the respective control value with each amine being highly 
significant (p < 0.001). 

Table X l I  presents the data from a group of t e n p a t i e n t s  a n a e s ' l ~ t :  in a~ 

TABLE XI[  

AVERAGE RESULTS OF 10 PATIENTS ANAESTHETIZED WITH ETHER/OXYGEN (DURING A PERIOD 
OE ONE HOUR PRIOR TO SURGERY) 

Standard 
pCO2 HCO3- Adrenaline Noradrenaline 

pH (ram. Hg) (mM./L.)  (~g./L.) (~g./L.) 

Control 7.411 35.4 23 05 0.11 0.28 
15-30' 7.378 36 3 21.30 0.33 0.62 
40--60' 7. 403 34.8 21 98 O. 22 0./62 

J . ,  

Mean 
arterial Heart 
pressure rate 

105 76 
105 92 
99 91 
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identical fashion with semi-closed nitrous oxide oxygen ether (for a period of 
10-20 minutes),  followed by ether/oxygen for periods up to 65 minutes, withou! 
surgical intervention. An accurate assessment of non-respiratory acid-base 
changes was a t tempted by using the measurement of whole blood "s tandard 

TABLE XI I I  

CORREI]KTION CO_kz.F. FICIENT (r) VALUES FOR VARIABLES ~IEASURED DURING ETHER 
ANAESTHESIA (SEE TABLES IV AND VI, AND TEXT) 

Total amines Adrenaline Noradrenaline 

Percentage 
change in 

mean arterial  
pressure 

Ether Concentration 
Intact  dogs 0 .582t  0 467* 
Adrenalectomized dogs 0 132 - -  
Humans  0 652'f 0 090 

Change in HCOa- 
Intact  dogs - 0  760t - 0 . 8 4 7 t  
Adrenalectomized dogs --0 119 - -  
Humans 0 021 0 097 

0.164 - -0 .565t  
- -  - 0 . 7 0 1 t  

0 .760t  

*p < 0 . 0 5  
i'p < 0.01 

bicarbonate. ''~8'a~ Table XII  shows that  a small but  definite (and significant, 
p < 0.01) reduction in "standard bicarbonate" occurred during ether anaes- 
thesia. The greater fall (1.8 mM./L . )  was measured after the induction period, 
and could therefore be associated with the use of nitrous oxide. The level later 
showed some return toward the pre-anaesthetic value. Comparison of plasma 
adrenaline and "whole blood standard bicarbonate" levels, at  both periods 
(Table Xl I ) ,  failed to show significant correlation. During ether anaesthesia 
apterial pressure showed little change, but there were bncerases in hear t . ra te  and 
highly significant rises in plasma noradrenaline (p < 0,.01), with smaller increases 
in the level of adrenalii~e (which were also significant, p < 0.05). From Figure 7 
(data from four patients of Table XI I) a direct correlation of increases in plasma 
noradrenaline with ether concentration is evident. The coefficient of correlation 
(r = 0.760) is significant (p < 0.05); but the number of observations is too small 
to allow a definite conclusion. 

D i s c u s s i o n  

While the output  of t ransmit ter  substance (noradrenaline) at  adrenergic nerve 
e n ~ ~ g ,  bears a direct relationship to the rate of sympathet ic  stimula- 
tion, certain p h a ~ o l o g i c a l  agents have been shown to affect the amounts  of 
transmitter released at ~ gi-ven rate of stimulation, a2 The interpretat ion of this 
is that  releasd and destruction ~.-e_.intimately related at sympathet ic  receptor 
sites. When the adrenergic receptors are aec-upied" by adrenergic blocking drugs 
such as dibenzyline, metabolic transformation o'f ~ a ~ . m i t t e r  substance is inter- 
feted with arid" the plasma concentration rises. In a prew"m~-study, for example, 
it was shown that  plasma- noradrenaline l~evels in-adrenalectomized d~gs.subjected 
to haemorrhage were much higher if the animals were pre-treated ve~h dibenzyl- 
ine ;4. in this instance the increased noradrenaline "release" could not be.i~ccounted 
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FIGURE 7. Relation between increases in plasma nor- 
adrenaline and blood ether concentrations in four patients 
during ether/oxygen anaesthesia (average duration one 
hour), prior to surgery. 

for solely on the basis of a higher rate of sympathetic nervous discharge than 
was occurring in r untreated animals. A similar effect may occur with other 
adrenergic blocking drugs. These experimefital observations are emphasized 
because they show that blockade of the effects of endogenously released catechol- 
amines can be accompanied bv increases in the levels circulating in the blood 
stream. On the basis of infusion experiments it has been deduced that  general 
anaesthetic agents are unlikely to have any such effect; 33 however, metabolic 
breakdown of catecholamines administered by exogenous infusion or liberated 
from the adrenal medulla appears to be carried out in the liver by catechol 
O-methyltransferase, 34 whereas local transformation of catecholamines released 
in the tissues may involve mono-amine oxidase, ~ so that  the effect of anaes- 
thetics on the disposal of locally released transmitter is not necessarily the same 
as that  on material infused exogenousls? or from the adrenal medulla. 

In at tempting some interpretation of the present studies, it has been necessary 
to assume that  measurement of increased plasma catecholamine concentrations 
implies an increased rate of sympathetic discharge. In the absence of convincing 
evidence to the contrary this assumption is probably valid, but might require 
modification at a later date. 

It is not known whether increased plasma catecholamine levels during ether 
anaesthesia result from direct sympathetic excitation, or whether they can be 
regarded as a compensatory phenomenon related to the direct myocardial and 
vasomotor depressant properties of diethyl ether. It has been suggested that  
activation of the ascending reticular formation occurs during light ether anaes- 
thesia, 36 but more completerconfirmation is requiredY Hypersynchronous, seizure- 
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like activity in rhinencephalic structures (including the posterior hypothalamus) 
has been reported during certain phases of ether anaesthesia, 3g while depletion 
of noradrenaline from the hypothalamus also occurs, a9 These and other experi- 
mental observations point to an increase in subcortical neuronal activity during 
various stages of ether anaesthesia, but it clearly is not yet possible to describe 
the neurophysiological actions of diethyl ether in simple terms of "s t imulat ion" 
or "depression." 

The view of catecholamine responses as a vital reflex mechanism in the main-  
tenance of homeostasis during ether anaesthesia is supported by the experiments 
of Brewster and associates, 4~ who considered that  direct depression of cardiac 
and vascular muscle was antagonized quanti tat ively by release of adrenaline 
and noradrenaline at rates of liberation approximating 1 ug. /kg. /min.  In the 
present studies the highest total plasma catecholamine level measured during 
ethe~ a~laesthesia was 11 ug./L, in a dog breathing ether/air ,  so that  the circu- 
lating "c'o~centrations were much lower than would result from this rate of 
liberr It is probably not possible to draw comparisons on a quant i ta t ive 
basts, between the actions o f  infused catecholamines and those of adrenergic 
nerve stimulation (as a result of which only small quantities of t ransmit ter  will 
reach the circulation). 

Although in the present study arterial pressure tended to fall progressively 
.during ventilation with ether/oxygen in adrenalectomized dogsf (from control 
levels which were lower than in intact animals), there was no convincing evidence 
of impending circulatory collapse at blood levels as high as 130 rag./100 ml. 
Several studies have demonstrated that  the fu0ction of the sympathetic nervous 
system is essential for maintenance of normal circulation during ether anaesthe- 
sia, 4~ but it is difficult to consider adrenal medullary liberation of catechol- 
amines as a vital component of the reflex response to ether anaesthesia. It appears 
ver5 ~. probable, also, that  "peripheral" sympathetic stimulation during ether 
an~esthesia in dogs is less than nmximal, because superimposed hypercarbia 
resulted in considerably higher plasma noradrenaline levels in the adrenalec- 
tomized animals. The possibility must  be considered, in this connection, that  an 
increased pCO2 or reduced tissue pH could affect the rate of diffusion from, and 
breakdown at, the site of release. Also pertinent to the peripheral sympatho- 
mimetic effects of ether is the rise in blood sugar during hypercarbia in the 
adrenalectomized dogs, which could be due to an increase in sympathetic activity 
above that  produced by ether alone, although carbon dioxide can probably 
liberate glucose by a direct action on hepatic cells? 2 

Burn and Rand 4~ have ~uggested that  the "role" of adrenal medullary nor- 
adrenaline may be the regplenishment of noradrenaline in depleted peripheral 
"stores." The fact that  acutel)" adrenalectomized dogs can withstand at least 
two hours of moderately deep ether anaesthesia, and other stresses such as 
severe carbon dioxide accumulation, 6 is in keeping with a concept such as this, 
which relegates adrenal medullary noradrenaline to a secondary position. 

The functions of the "neural" (extra-adrenal) and "humoral"  (adrenal medul- 
lary) elements of the sympathetic nervous system should probably be clearly 
differentiated. At the same rates of electrical stimulation it was shown tha t  
the neural component produced effects many times greater than those elicited 
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by adrenal medullary secretion, u It seems more than probable tha t  the "signifi- 
cance" of an increased circulating level of adrenaline and noradrenaline lies less 
with the effects induced indirectly via the blood stream on organs such as the 
heart,  than with the fact tha t  it is a manifestation of generalized sympathet ic  
excitation, the-more important  component of which is an int imate liberation of 
noradrenaline at  adrenergic nerve endings. At these sites the effect of released 
t ransmit ter  substance on local vasomotor tone or on cardiac rate and rhy thm 
is much more intense than tha t  of equivalent  amounts  carried by the blood 
stream. 44 The measurement of increased plasma levels of noradrenaline durinl~ 
ether anaesthesia in adrenalectomized dogs presumably implies widespread release 
from sympathet ic  nerve endings. Information is required concerning the libera- 
tion of noradrenaline from the h, ea-rU 6 and brain '~9 during general anaesthesia. 

Many  effects of ether~naesth'~sia in the dog are similar to those of adrenaline, 25 
The significant inverse correlation between plasma catecholamine concentration 
and "separated plasma standard bicarbonate" established in intact  dogs in the 
present study confirms the close interdependence of sympatho-adrenal  excita- 
tion and metabolic acidosis during ether anaesthesia, 26 this being further demon- 
strated by a lesser degree of acidosis in the adrenalectomized animals. I t  is 
apparent  from our findings and those of Brewster 26 that  minimal acid-base (and 
plasma catecholamine) changes occur even in intact  dogs at  blood ether levels 
below about  100 mg./100 ml. At higher levels of blood ether acid-base changes 
still occur to some effect after total sympathet ic  blockade? -8 It has been suggested 
tha~ a direct action of ether is involved, this being enhanced by adrenalectomized 
animals by peripheral sympathet ic  st imulation and extra-adrenal noradrenaline 
release. This appears more probable than an effect of diminished tissue perfusion 
or anoxia which although certain to be followed by a metabolic acidosis 48 could 
hardly account for the changes measured in the adrenalectomized dogs in the 
present s tudy there was no serious circulatory impairment  at  blood ether levels 
of about  130 mg./100 ml., and oxygenation was fully maintained. It is possible 
tha t  noradrenaline may to some extent st imulate anaerobic carbohydrate  meta- 
bolism, although there is evidence against this? 7 The severe metabolic acidosis 
in the dogs breathing e ther /a i r  (average blood levels 130 mg./100 ml.), which 
also showed a reduced arterial oxygen saturat ion,  suggests the enhancement  of 
acid-base changes by mild anoxia; this may be of some concern in view of recent 
a t tempts  to revive the use of air rather th-fin oxygen in anaesthetic mixtures? 8,49 

Clinical observations reveal the marked respiratory st imulation evoked by 
adrenaline injected subcutaneously during ether anaesthesia in man. I t  is con- 
ceivable to consider a relationship between the fact that  pulmonary venti lat ion 
is well maintained during ether anaesthesia and the following experimental 
findings" impulse conduction through the lateral reticular formation is still 
maintained after ether anaesthesia is established ;5o discharges from respiratory 
nerve cells are maximal in the lateral reticular region;5~ and activation of the 
reticular system is readily induced by adrenaline and noradrenaline.52 Respiratory 
activity,  and that  of nerve cells in the brain stem closely concerned with cardio-- 
vascular control, may well be affected by, and i maintained at a high level under 
the influence of, endogenously released catech61amines. Thus a self perpetuat ing 
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cycle of reciprocal activation could occur, involving catecholamine release and 
central excitation. 

It  is of interest to note tha t  in our studies the circulating noradrenaline con- 
centration measured during ether anaesthesia in man was of the same order as 
that  in adrenalectomized dogs, at  roughly similar blood ether concentrations. I t  
appears, moreover, tha t  noradrenaline release in man during ether anaesthesia 
could occur largely from areas outside the adrenal gland, *~'53 although we have 
no studies to demonstrate this. Since the findings from the present s tudy were 
that small increases in plasma adrenaline occurred in man, together with a mild 
metabolic acidosis, our data  would be quite compatible with the assumption 
that  the responses to ether anaesthesia in the dog and" man are similar quali- 
tatively if not quanti tat ively.  The outstanding difference is apparent ly  an 
exaggerated response of the adrenal medulla in dogs; Other evidence suggests 
that  adrenal medullary discharge during ether anaesthesia is minimal or absent  
in man, 33'~3 but  it is difficult to believe that  an agent which induces an increased 
discharge rate in sympathet ic  nerves would not sometimes release adrenal 
medullary hormones. 

The fact tha t  the adrenal medulla is more responsive, or is st imulated to a 
greater extent, in the dog, suggests that  in this species the "humoral"  com- 
ponent of the sympathetid nervous system is of more physiological " impor tance"  
than in man, whose peripheral autonomic control has probably developed to a 
greater extent because of the need to maintain circulati~on in the upright  posi t~n.  

In general the impression is left that  the sympatho-adrenal  excitation induced 
bx diethyl ether occurs because of a direct or " i r r i tant"  action of ether itself, 
probably in the central nervous system. This may involve any nerve cells in 
the brain stem, or spinal cord "-'5 which can influence the rate of efferent sympa- 
thetic discharge. An effect on chemoreceptors 54 might be a factor of importance,  
while "chemical" excitation of the adrenal medulla s5 cannot be entirely rejected. 
This does not in any way refute the part  played by the sympathet ic  nervous 

J 

s~'stem in maintaining circulatory homeostasis in the face of direct myocardial 
depression, but  the fundamental  compensatory mechanisms operating under 
the influence of ether probably closely resemble those occurring during the 
administration of other non-hypotensive anaesthetic agents. From the significant 
direct correlation demonstrable between blood ether and total catecholamine 
concentrations in dogs (an~ from suggestive findings m relation to pldsma 
noradrenaline in man)-,- it could be implied that  the response of the sympathet ic  
nervous system during ether anaesthesia bears a quant i ta t ive  relationship not 
necessarily to the degree of myocardial or vascular depression, but  to the blood 
ether concentration. The pronounced increases in plasma catecholamine levels 
measured in dogs at  blood ether concentrations above 180 mg./lO0 ml. are clearly 
unable to antagonize the severe hypotension encountered at such excessively 
deep levels of anaesthesia. 

Since plasma noradrenaline did not show significant increases during cyclo- 
propane anaesthesia in the dog, it appears tha t  widespread sympatho-adrenal  
excitation is not induced by cyclopropane in this species. It  is considered tha t  
while the rather small increases in plasma adrenaline could be an effect of cyclo- 
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propane it is more likely that they represent adrenal medullary stimulation 
from blood sampling or "experimental stress." Blood pressure was reduced by 
concentrations of 50 per cent cyclopropane when given continuously, but  in spite 
of experinaental evidence in animals and man to show that  many circulatory 
reflexes are not greatly modified during cyclopropane anaesthesia, 1 it appears 
that  sympatho-adrenal activation is not a "physiologically essential" component 
of the homeostatic mechanisms operating during anaesthesia with this agent. 
This seems to cast further doubt on the likelihood of sympatho-adrenal stimu- 
lation being "compensatory" during ether anaesthesia, 

The results of several clinical studies suggest a heightened degree of sympa- 
thetic ~-8 and parasympathetic 56 tonus during cyclopropane anaesthesia in man. 
The data from the present study also indicate that  cyclopropane anaesthesia 
can be accompanied by noradrenaline release in man, but the response appears 
to be variable. In our studies diethyl ether produced more consistent and definite 
changes. Differences in the data obtained with these t~vo agents, and between 
different laboratories, could be a t  least partly associated with variations in 
pulmonary ventilation, which in the present study was assisted or controlled in 
every patient anaesthetized with cyclopropane, whereas this was found to be 
unnecessary during ether anaesthesia. 

Splanchnic and renal vasoconstriction occur dur.ing cyclopropane anaesthesia, 57 
and there is an increase in central venous pressure. 58 In a recent study s6 cardiac 
output was increased, together with total peripheral resistance (calculated from 
the data). These could be relatively independent manifestations of central 
sympathetic excitation, but it could also be suggested that a primary effect of 
cyclopropane might be an increase in vascular tonemit  has been stated that  
vascular sensitivity to catecholamines is enhanced by anaesthetic concentrations 
of cyclopropane. ~ As a result of increased vascular resistance, and because of 
well-maintained reflex mechanisms, there could be a "compensatory" increase 
in cardiac force of contraction. Arrhythmias would be liable to occur because 
of increased noradrenaline release and cardiac work, particularly if cyclopropane 
sensitized cardiac muscle. As the blood concentration of cyclopropane fell at the 
end of administration, cardiac force would be lessened, the increased vascular 
tone reduced, and a ready explanation for cyclopropane "shock" would be 
available; the whole picture would be intensified by respiratory acidosis, a 
reduced circulating blood volume, effects of movement, reduction in arterial 
oxygen saturation, and so on. 59 

Plasma concentrations of noradrenaline might be increased during cyclopropane 
anaesthesia as a result of liberation of transmitter substance at adrenergic nerve 
endings concerned with regulation of vascular tone, with a small contribution 
from cardiac sympathetic nerves. It would be interesting to know whether an 
increased plasma noradrenaline concentration occurs predominantly in those 
patients who show a high peripheral resistance and an increased cardiac stroke 
volume. Also, more information is needed about the possibility of a primary 
sensitizing effect of cyclopropane to normal amounts of sympathetic transmitter 
substance liberated at nerve terminals within the heart. Cardiac arrhythmias 
during cyclopropane anaesthesia are not readily explicable only on a basis of 
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increased noradrenaline release from nerve-endings within the heart] since this 
almost certainly also occurs during ether anaesthesia, which is r~trely accom- 
panied by ventricular arrhythmias.  

The fact tha t  plasma catecholamine l?vels are not significantly increased 
during uncomplicated halothane anaesthesia in man or dogs suggests t ha t  
sympathetic responses are not directly excited by this agent. Studies reported 
previously showed that  halothane does not effectively block the catecholamine 
responses to haemorrhage and hypercarbia in dogs, 9 although without  more 
extensive comparat ive studies with other agents it can not be affirmed tha t  some 
reduction does not occur. There is some evidence to suggest tha t  the catechola- 
mine responses to hypercarbia during halothane anaesthesia in man are less 
marked than during anaesthesia with c.vclopropane. 6~ Such comparisons are 
difficult to interpret without more detailed knowledge of "levels" of anaesthesia,  
in neurophysiological terms. The studies reported here seem to indicate tha t  reflex 
or direct sympatho-adrenal  responses to haemorrhage, asphyxia, and hypercarbia  
are well maintained during anaesthesia with diethyl ether and cyclopropane. 

Because of losses in recovery of catecholamines from plasma, and other prob- 
lems in methodology, it is considered tha t  increases in plasma catecholamine 
levels during general anaes,  hesia are in reality greater than indicated, while it is 
probable tha t  minimal changes have frequently gone undetected. 

Finally, it is necessary to emphasize the wide variations encountered in both 
dogs and patients, and it should be noted that  statistical inferences indicate 
probabilities; thus, while changes in plasma catecholamine concentrations are 
less likely to occqr during anaesthesia with hafothane than with ether or cyclo- 
propane, their ocd~urrence at any time in any individual patient  is not precluded. 

SUMMARY 

Plasma catecholamine levels were studied during general anaesthesia with 
diethyl ether, cyclopropane, and halothane in dogs and human subjects. Anaes- 
thesia with ether/oxygen caused highly significant increases in plasma nora- 
drenaline in dogs and man. The response was less marked in man, but  a significant 
direct correlation could be established (in a small number  of patients) between 
th.~ rise in plasma noradrenaline and blood ether concentrations during ether 
~x'~aesthesia without surgical interference. Plasma adrenaline was also significantly 
increased in dogs during ether anaesthesia, and in man to a lesser extent;  highly 
significant rises were measured during surgery in man. The severe metabolic 
acidosis induced by diethyl ether in the dog bore a direct relationship to circu- 
lating catecholamine concentration and was greatly reduced by bilateral adrenal- 
ectomy. A mild but definite metabolic acidosis was measured during nitrous oxide/ 
oxygen/ether and ether/oxygen anaesthesia in man. In adrenalectomized dogs, 
variable moderate rises in plasma noradrenaline were measured during ether 
anaesthesia, from which it is inferred tha t  in this species the rise in plasma 
noradrenaline stems part ly from extra-adrenal areas. Since hypercaxbia super- 
imposed on ether anaesthesia in adrenalectomized dogs caused further increases 
in plasma noradrenaline, it is considered that  the extra-adrenal sympathet ic  
excitation induced by ether is submaximal. 
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Cyclopropane anaesthesia in dogs with normal pCO2 was accompanied by very 
small increases in plasma adrenaline, probably accounted for by blood sam- 
pling. In man, cyclopropane anaesthesia was associated with a significant increase 
in total plasma catecholamine concentration, with definite rises in plasma 
noradrenaline in certain patients at  both normal and raised levels of arterial 
pCO2, the increases at  normal pCO2 becoming significant statistically only as a 
result of deeper anaesthesia, because of an effect of surgery, or both. 

Halothane did not produce significant increases in plasma catecholamine 
concentration in dogs or man, although plasma adrenaline was significantly 
increased during surface surgery under halothane anaesthesia in man. 

Elevated plasma catecholamine levels as a result of haemorrhage during 
ether anaesthesia, hypercarbia and asphyxia during cyclopropane anaesthesia. 
and hypercarbia during ether anaesthesia in adrenalectomized dogs, togethe~ 
with studies previously reported, indicated that  the current ly used general 
anaesthetic agents do not have a r ~ m a j o r  "dampening"  effect on the sympatho-  
adrenal responses t~ the common forms of st imulation encountered in the 
operating room. 
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Rkst .~k  

Nous avons ~tudi(~ chez des chiens et chez des humains, au cours de l'anesth~sie 
g~nfirale /i l'fither, au cyclopropane et & l 'halothane, les variations du taux de 
catficholamine dans le plasma. L'anesthfisie & l'fither et oxyg~ne a entralnfi une 
augmentat ion importante du taux de noradr(maline dans le plasma aussi bien 
chez les chiens que chez l 'homme. Chez l 'homme, la rfiponse ~tait moins marqufie, 
mais on a pu fitablir une correlation directe (chez un petit  nombre de malades) 
entre l 'augmentat ion du taux de noradr~naline dans le plasma et la concentration 
du sang en &her au cours de l'anesth&si~ & l'~ther sans chirurgie. Le taux d 'adr& 
naline dans le plasma ~tait ~galement augment& de fagon importante  chez les 
chiens au cours de l'anesth~sie ~ l'fither, mais  chez l 'homme, & un degrfi moindre; 
au cours de la chirurgie on a ~galement observfi des augmentat ions consid~rables. 
L'acidose mfitabolique marqu~e produite par l'fither chez le chien est directement 
proportionnelle au taux de ca%cholamine circulant, et elle a fitfi considfirablement 
rc~luite par la surrfinalectomie bilatfirale. Nous avons 6galement dfipistfi, chez 
l 'homme, au cours de l'anesth~sie au protoxide/oxyg~ne/6ther,  et au tours  de 
l 'anesth~sie/i  l '6ther/oxygfine, une acidose lfig~re mais positive. 

Chez les chiens surr6nalectomis~s, nous avons observ(~ une augmentat ion 
16gi}re et variable du taux d'adrfinaline dans le plasma, au cours de l'anesth&sie 
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5 l'~ther, ce qui nous incite ~ croire que, chez cet animal du moins, l 'augmentation 
du taux d'adr6naline dans le plasma provient, en partie, d'endroits autres que 
la surr~nale. Etant  donnfi que si l'on ajoute l 'hypercarbie ~ l'anesthfisie/t l'~ther, 
chez des chiens surr6nalectomis~s, l'on observe une augmentation'additionnelle 
du taux de noradr6naline dans le plasma, l'on est porte} ~ croire que l'excitation 
sympathique extrasurr6nalienne produite par l'6ther est une excitation probable- 
ment submaximale. 

Au cours de l'anesth6sie au cyclopropane, chez des chiens conservant un P CO2 
normal, l'on a constat6 de 16gSres augmentations du t aux d'adr6naline dans le 
plasma, occasionn6es probablement par l'6chantillonnage du sang. Chez l 'homme, 
l'anesth6sie au cyclopropane s'est accompagn6e d'une augmentation importante 
du taux de cat~cholamine dans le plasma et, chez certains malades dont le P CO, 
6tait normal et chez d'autres dont le P CO~_ 6tait 61ev6, d'une augmentation nette 
du taux de noradr~naline dans le plasma. Ces augmentations, lorsque le P CO2 
6tait normal, prenaient une valeur statistique appr6ciable, si on leur attribue 
comme cause, soit une anesth~sie plus profonde, soit un effet de la chirurgie, 
soit les deux effets ensemble. 

En ce qui concerne l 'halothane, aussi bien cfiez les chiens que chez,l 'homme 
nous n'avons pas observ6, au cours de l'anesth6sle, d 'augmentation importante 
du taux de cat~cholamine dans le plasma, bien que au cours de la chirurgie de 
surface chez l 'homme anesth6si6 & l'halothane, nous avons trouv~ une augmen- 
tation importante du taux d'adr6naline dans le plasma. 

Les taux ~lev6s de cat~cholamine dans le plasma, rfisultant de l'hfimorragie 
durant l'anesth6sie ~ l'6ther, l 'hypercarbie et l 'asphyxie durant  l'anesth6sie au 
cyclopropane, l 'hypercarbie durant l'anesth6sie & l'6ther chez des chiens sur- 
r~nalectomis{s, les ~tudes cities ant6rieurement, 
anesth6siques g~n~raux n'exercent pas d'effets 
r4ponses sympathicosurr6naliennes aux diverses 
dans les salles d'op~}ration. 

tout indique que les agents 
inhibiteurs marqu6s sur les 
formes de stimulation subies 
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