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It has been shown that various forms of stress,
ie., thermal burn (1), muscular exercise (2),
centrifugation (3-5), trauma (6) and so forth
activate the sympatho-adrenal system and that this
activation is manifested by an increase in the uri-
nary output of adrenaline and noradrenaline.
Furthermore, it has been demonstrated in the nor-
mal human that 3-methoxy-4-hydroxymandelic
acid is one of the principal metabolic products
of both adrenaline and noradrenaline (7-10).
Hitherto, there have been no stress experiments
correlating the urinary output of adrenaline and
noradrenaline with that of 3-methoxy-4-hydroxy-
mandelic acid. The experiments herein described
not only demonstrate such a correlation but also
show the effect of centrifugation and anticipation
of centrifugation upon the urinary output of adren-
aline, noradrenaline, and 3-methoxy-4-hydroxy-
mandelic acid.

METHOD
A. Centrifugation

Nine healthy adult males were centrifuged on three
different days to a 12 G forward acceleration to sub-
jective tolerance. The ride did not exceed 3 minutes’
duration and the rate of onset was 1 G per 5 seconds.
During the time of centrifugation, the subjects in the
free-swinging end of the WADD/human centrifuge were
supported by a contoured net reclining seat (11). With
this particular restraint system, subjects in a real centri-
fugation (12 G) faced the center of rotation with the
head and spine forming an angle of 78° with the accelera-
tion vector, the thighs and trunk forming an angle of
90° and the knees an angle of approximately 90°.

In order to evaluate the effect of anticipation upon the
sympatho-adrenal system, some of the subjects were given
mock centrifuge rides. The mock centrifugations were
identical in all respects with those of a real centrifuga-

* Supported by United States Air Force Contract
AF-33-(616)-5397.

tion, except that subjects were spun at 2 rpm, equiva-
lent to 0.02 G acceleration, for 3 minutes. However, to
insure that no individual would be cognizant as to
whether he was or was not to be centrifuged, the fol-
lowing random distribution of mock rides was instigated.
The mock rides among the 9 subjects were such that 2
subjects had 3 real centrifugations, 2 subjects had 2
mock and 1 real centrifugation, and 5 subjects had 1
mock and 2 real accelerations, for a total of 18 actual
and 9 mock centrifugations. As a further precaution to
insure that the mock accelerations were unknown, sub-
jects were not permitted to discuss their centrifuge rides.

B. Urine collections

During the 24 hours prior to experimentation, subjects
were requested to refrain from ingesting coffee, tea, fruits,
and all foods containing vanilla. This was done in order
to avoid the accumulation of phenolic acids in the urine
which might interfere with the detection of 3-methoxy-4-
hydroxymandelic acid.

All subjects voided 2 hours before centrifugation and
the urine was discarded. Thereafter, samples were col-
lected approximately 1 hour before and 10 minutes be-
fore centrifugation; post-run samples were collected at
approximately 30 minutes and 1 hour after centrifuga-
tion. Aliquots were preserved with a crystal of thymol
and stored at —10° C. In order to insure an adequate
volume of urine, subjects drank 500 ml of water immedi-
ately after voiding the 1-hour pre-acceleration sample.

All control urine samples were obtained 3 weeks fol-
lowing experimentation. The urine was collected for 2
to 3 hours and at approximately the same time of day
on which the subjects were originally centrifuged. All
urine samples were assayed for adrenaline, noradrenaline,
and 3-methoxy-4-hydroxymandelic acid (see paragraphs
C and D, following).

C. Urinary adrenaline and noradrenaline

a) Preparation of urine extract. The procedure was
adopted from von Euler and Hellner (12). The urine
was hydrolyzed and the adrenaline and noradrenaline se-
lectively adsorbed on aluminum hydroxide and filtered.
The precipitate was washed and redissolved with 2 N
sulphuric acid. The remaining salts were precipitated
out by mixing the extract with alcohol and acetone.
The filtrate was concentrated #n vacuo.
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TABLE 1

Average rate of urinary excretion of adrenaline in response to real and mock
centrifugation in micrograms per hour

Time in minutes

Control —74 ~11 0 +28 +389
Real centrifugation 0.86 1.03 1.38 - 2.27 1.33
SD +0.25 +0.09 +0.54 2 +1.02 +0.44
p* <0.4 <0.01 5y <0.001 <0.01

=3

Mock centrifugation 0.86 1.02 1.30 B 1.93 1.06
SD +0.25 +0.61 +0.67 8 +0.77 +0.09
p* <0.8 <0.05 <0.01 <0.2

* Comparison of experimental with control.

b) Bioassay of urine for adrenaline and noradrenaline.
This procedure has been previously described (1, 12).
In brief, the cat’s blood pressure, which is sensitive to
noradrenaline, is used in conjunction with the fowl’s rec-
tal cecum, which is sensitive to adrenaline. The cat's
blood pressure was recorded from the carotid artery and
injections of adrenaline, noradrenaline, and urinary ex-
tract were made into the femoral vein. The fowl’s rec-
tal cecum was suspended in a water bath containing Ty-
rode’s solution at 39° C. Through the Tyrode’s solution,
6.5 per cent of CO, in oxygen was bubbled. Injections
of adrenaline, noradrenaline, and urinary extract were
made into the bath and the degree of cecal relaxation
was recorded on a kymograph.

¢) Computation of results. Having determined the
activity ratio for adrenaline and noradrenaline on the
cat’s blood pressure and on the hen’s rectal cecum, and
the activity of the unknown urinary extract in terms of
L-noradrenaline, it is possible to calculate the relative
amounts of adrenaline and noradrenaline in the urinary
extract (1, 12).

D. Urinary 3-methoxy-4-hydroxymandelic acid

a) General. Urine samples, collected as outlined above,
were extracted and the 3-methoxy-4-hydroxymandelic
acid present was identified by two-dimensional paper
partition chromatography. Quantitative estimation of
3-methoxy-4-hydroxymandelic acid was determined spec-
trophotometrically.

b) Preparation of urine extract. The method used
was adopted from Armstrong (13) as modified by
Berman and Pettitt (14). In brief, an aliquot of a
measured volume of urine sample was acidified with 3 N
HCI and extracted in ethyl acetate. After evaporation of
the ethyl acetate, the residue was redissolved in absolute
ethanol. The ethanol extract (0.5 ml) was applied to
the filter paper with a specially designed semimicro auto-
matic constant rate infusion pump and chromatographed
in a two-phase solvent system. Three-methoxy-4-hy-
droxymandelic acid was visualized by spraying the chro-
matogram with a freshly prepared solution of diazotized
p-nitroaniline.

¢) Quantitative analysis of wurinary 3-methoxy-4-hy-

droxymandelic acid. The details of this procedure were
described by Berman and Pettitt (14). In brief, chro-
matographic areas containing the unknown were com-
pared with known concentrations of 3-methoxy-4-hy-
droxymandelic acid. Areas containing unknown, known,
and blanks of corresponding size were cut from the same
chromatogram and eluted with an alcohol-sodium carbo-
nate solution. The extinction coefficients for the eluates
were determined against water at 520 mu with a spec-
trophotometer. After subtraction of the blank values, a
graph of the extinction coefficients against their concen-
tration was made. The amounts of 3-methoxy-4-hydroxy-
mandelic acid were calculated from this graph. Re-
producibility averaged = 5 per cent. Recoveries of added
3-methoxy-4-hydroxymandelic acid, 0.5 to 6 ug, were
95 = 4 per cent.

Preformed urinary creatinine was determined by the
method of van Pilsum, Martin, Kito and Hess (15).

RESULTS

Table I shows a comparison between the aver-
age urinary adrenaline output hefore and after
centrifugation and before and after a mock cen-
trifugation. From Table I, it is apparent that
there is a 60 per cent increase in adrenaline output
before actual centrifugation, and 51 per cent in-
crease is seen before a mock centrifugation. There
is a significant increase in adrenaline output after
centrifugation as well as after a mock ride (Fig-
ure 1). It should be emphasized that the adrena-
line output following centrifugation is not signifi-
cantly different from that following mock centri-
fugation.

Table II shows a comparison between the uri-
nary output of noradrenaline before and after cen-
trifugation and before and after a mock centrifuga-
tion. From this table it is apparent that there is
no significant increase in the noradrenaline output
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immediately prior to both the true and the mock
centrifugations. However, it should be noted that
the greatest urinary output of noradrenaline fol-
lows actual centrifugation and is 53 per cent (p <
0.05) greater than the output following the mock
centrifugation (Figure 2). Mock centrifugation
per se produced an insignificant elevation in the
output of noradrenaline.

Table IIT shows the average hourly rate of
urinary excretion of 3-methoxy-4-hydroxyman-
delic acid before and after centrifugation and be-
fore and after mock centrifugation. The figures
are the mean values for all subjects at the time of
urine collections. From Table III it is evident

1535

that there was no significant difference in urinary
excretion of 3-methoxy-4-hydroxymandelic acid
in a real or mock acceleration. Further, there
was a marked increase in the excretion of
3-methoxy-4-hydroxymandelic acid following ac-
tual centrifugation as well as following a mock
centrifugation. This elevated 3-methoxy-4-hy-
droxymandelic acid output returned to control
levels within 90 minutes after centrifugation.

As is shown in Figures 1 and 2, which illustrate
the mean excretion rate of 3-methoxy-4-hydroxy-
mandelic acid in each sampling period as a per-
centage change from control level, the increase
was 56 per cent before a 12 G acceleration and 50
per cent prior to a mock centrifuge ride. In the
period encompassing a real acceleration, there was
an average increase of 141 per cent (p < 0.001).
For mock accelerations, during this period, the in-
crease was 110 per cent (p < 0.01).

Changes in creatinine excretion rate before and
after real and mock acceleration were not statisti-
cally significant. Since the creatinine content of
the urine has been used as the basis of determining
the amount of 3-methoxy-4-hydroxymandelic acid
present, the micrograms of 3-methoxy-4-hydroxy-
mandelic acid per milligram of creatinine were
calculated for each subject at the time of urine
collection (Table III).

Figure 1 is a block graph showing a comparison
between the adrenaline output and the 3-methoxy-
4-hydroxymandelic acid output during similar pe-
riods before and after real and mock centrifugation.
From this graph it is quite apparent that as the
adrenaline release increases, the 3-methoxy-4-
hydroxymandelic acid output also increases.

Figure 2 is a block graph showing a compari-

TABLE II

Average rate of urinary excretion of noradrenaline in response to real and mock
centrifugation in micrograms per hour

Time in minutes

Control —74 -11 0 +28 +89
Real centrifugation 1.56 1.67 2.20 - 2.45 2.22
SD +0.71 +1.17 +0.28 -2 +1.09 +£1.45
p* <0.9 <0.2 §> <0.05 <0.3
Mock centrifugation 1.56 1.44 1.73 E 1.61 1.26
SD +0.71 +0.39 +0.82 S +0.69 +0.59
p* <0.8 <0.8 <0.9 <0.5

* Comparison of experimental with control.
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TABLE III

Average rate of urinary excretion of 3-methoxy-4-hydroxymandelic acid in
response to real and mock centrifugation

Time in minutes

Control —74 —11 0 +28 +89
Real centrifugation
Mean 3-methoxy-4-hydroxymandelic acid excretion 107.4 101.3 168.6 259.2 120.9
(ug/hr)
SD +30.79 +29.20 +90.66 +97.84 +19.78
p* <0.7 <0.1 - <0.001 <0.8
Mean 3-methoxy-4-hydroxymandelic acid excretion £
(ug/mg creatinine) 1.5 1.7 2.4 & 3.2 1.6
=]
Mock centrifugation ‘5
Mean 3-methoxy-4-hydroxymandelic acid excretion S
(ug/hr) 107.4 102.5 160.7 226.0 112.9
SD +30.79 +30.83 +105.70 +83.50 +42.60
p* <0.8 <0.2 <0.01 <0.8
Mean 3-methoxy-4-hydroxymandelic acid excretion
(ug/mg creatinine) 1.5 1.7 2.3 3.2 1.6
* Comparison of experimental with control.
son between the noradrenaline output and the DISCUSSION

3-methoxy-4-hydroxymandelic acid during simi-
lar periods before and after real and mock centri-
fugation. From Graph 2 it seems evident that,
as the noradrenaline output rises, there is a con-
comitant rise in the 3-methoxy-4-hydroxymandelic
acid output. However, this correlation of nor-
adrenaline with 3-methoxy-4-hydroxymandelic
acid is not so clearly delineated as it is with
adrenaline.
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Of the adrenaline and noradrenaline normally
released by the adrenal medulla and sympathetic
nerves, only 3 to 4 per cent is excreted in the urine
in the free and conjugated form (8, 9, 16, 17).
The remainder of the released adrenaline and
noradrenaline is rapidly metabolized and of the
metabolic products, 3-methoxy-4-hydroxymandelic
acid represents approximately 27 per cent of the
metabolized adrenaline and 32 per cent of the
metabolized noradrenaline (8, 9). Therefore,
in view of 3-methoxy-4-hydroxymandelic acid's
common origin, it is quite natural that any stress-
ful situation which would activate the sympathetic
nervous system into releasing noradrenaline and
the adrenal medulla into releasing adrenaline
would also produce an increase in the urinary
3-methoxy-4-hydroxymandelic acid. The experi-
ments herein described illustrate just such a rela-
tion; i.e., with an increase in noradrenaline or an
increase in adrenaline output, there is a commen-
surate rise in the 3-methoxy-4-hydroxymandelic
acid excretion. Although 3-methoxy-4-hydroxy-
mandelic acid is an excellent indicator of the sym-
patho-adrenal activity, it does not tell precisely
what part of the sympatho-adrenal system is in-
volved. In contrast, urinary adrenaline and nor-
adrenaline do afford more precise information,
since adrenaline is derived from the adrenal me-
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dulla (18-20) and noradrenaline chiefly from the
sympathetic nerves (20-23).

From Table 1 and Figure 1 it appears that the
adrenaline release is closely geared to the emo-
tions. This is evidenced by the markedly in-
creased adrenaline release during the mock ride,
that is to say, in anticipation of being centrifuged.
Further, the adrenaline output prior to actual
centrifugation and prior to a mock ride are simi-
larly elevated ; this would indicate that the anxiety
associated with being centrifuged or anticipation
of being centrifuged, as seen in the mock ride, is
the chief factor concerned with the release of
adrenaline. Certainly, the physical changes pro-
duced by actual centrifugation must cause some
release of adrenaline but, at least in these experi-
ments, these physical changes when compared with
the emotional effect perform a relatively minor
role in the release of adrenaline.

Noradrenaline is the neurohormone of the sym-
pathetic nerves (21, 23, 24) and is of fundamental
importance in the control of the vascular bed
(24-26). Therefore one would expect that, un-
der the stress of centrifugation, this hormone
should be released in increased quantities and in
amounts related to the extent of the stress. Table
IT and Figure 2 show that, following centrifuga-
tion, there is a 53 per cent (p < 0.05) increase in
noradrenaline output. However,-in contrast to
actual centrifugation, mock acceleration showed
little change (3 per cent) in the urinary output of
noradrenaline. In general, the pre-centrifugation
and pre-mock centrifugation outputs of noradrena-
line were not significantly above the control val-
ues for noradrenaline (Table II). From these
findings and those of other investigators (3), one
would conclude that the physical stress of centrifu-
gation activates the sympathetic nervous system
and that this is manifested by an increase in the
urinary output of noradrenaline. However, it
should be pointed out that in these particular ex-
periments, the physical stress of forward accelera-
tion was for only 3 minutes and therefore, mini-
mally activated the sympathetic nervous system,
as was reflected by a slight increase in the nor-
adrenaline output. The emotions or anticipation
of being centrifuged appear to have little or no
effect upon the release of noradrenaline. This is
evidenced by the slight but insignifiant increase
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in noradrenaline release prior to and following a
mock centrifugation (Table II and Figure 2).

This elevation of adrenaline associated with the
anxiety of anticipating centrifugation and the ele-
vation of noradrenaline following actual cen-
trifugation emphasize the possible importance
of these two hormones in various mental and
physical stresses. Furthermore, the previous re-
port of Goodall (19) that the adrenals of “fright
and flight” animals, as do those of man (18, 24)
contain predominantly adrenaline, becomes more
meaningful when extrapolated in terms of anxiety
and the preparation for flight; the adrenals of ag-
gressive animals such as the lion contain predomi-
nantly noradrenaline. Adrenaline elevates the
metabolism (24, 27, 28), increases the cardiac
rate (29-31) and is a vasodilator (24, 32) in the
muscles commonly involved in running; nor-
adrenaline, on the other hand, is a potent vaso-
constrictor (24, 32) with limited metabolic action
(24, 28, 33, 34).

SUMMARY

The purpose of these experiments was to deter-
mine the effect of centrifugation (gravitational
stress) and the anticipation of being centrifuged
upon the release of adrenaline, noradrenaline, and
their common metabolic product, 3-methoxy-4-hy-
droxymandelic acid. Nine Air Force subjects
were centrifuged at 1 G per 5 seconds to 12 G or
were given a mock ride. Each subject was un-
aware as to whether he would receive a real ride or
a mock ride. It was therefore possible to measure
the sympatho-adrenal response to both centrifuga-
tion and anticipation of centrifugation. Urine
samples were collected before and after each ride
and bioassayed for adrenaline and noradrenaline;
3-methoxy-4-hydroxymandelic acid was determined
chromatographically.

Under high gravitational stress, increased
adrenaline release seems to be largely related to
the emotions, while the noradrenaline release
seems more closely related to the physical changes
(hemodynamics and so forth) produced by cen-
trifugation. Following the increased release of
either or both adrenaline and noradrenaline, there
is a commensurate rise in the urinary output of
their common metabolic product, 3-methoxy-4-
hydroxymandelic acid.
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