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Bavrsam, Aran, anp Lynn E. Lepro. Effect of physical training on
the metabolism of thyroid hormones in man. J. Appl. Physiol. 38(2):
212-215. 1975.—The effect of a 6-wk program of physical train-
ing (track running) on the peripheral metabolism of thyroxine
(T4) and triiodothyronine (T3) was evaluated in a group of 11 men.
Measurements were made of hormone turnover, urinary and fecal
clearances, plasma hormone concentrations, and hormone binding
by plasma proteins in all subjects before and after training. After
training, metabolic clearance of T3 was increased 8.59, above the
pretraining level due to an increased deiodinative clearance of
this hormone. No significant change was observed in plasma T;
concentration. The absolute degradation of T increased 10.39,
after training. In contrast, no significant change in the metabolic
clearance of Ty was detected. Significantly decreased plasma con-
centration of total T after 4 and 6 wk of training was apparently
not due to decreased hormone binding by plasma protein since no
significant alteration in the dialyzable fraction of T4 was detected.
The absolute degradation rate of Ty was decreased 8.89, after
training. Possible implications of the observed differential impact
of training on the degradation of Ty and T; regarding thyroid hor-
mone economy are discussed.

L-thyroxine; L-trilodothyronine; iodothyronine turnover

ENHANCED METABOLISM of thyroid hormones has been noted
previously in association with intensive physical training in
a number of species (1, 5, 6). Irvine observed increased
degradation of thyroxine (T'4) in horses after a 3-mo pro-
gram of physical training (5). He extended this observation
to man, demonstrating increased absolute turnover of T4 in
track athletes in training (6). We have reported increased
metabolism of T4 and triiodothyronine (T';) in the rat after
rigorous training by treadmill running for 12 wk (1). On
the other hand, the effect of mild training and brief periods
of muscular exercise on the degradation of thyroid hormones
is less certain. Lashoff and co-workers observed no change
in the disappearance rate of radiothyroxine in a group of
subjects who had walked 14 miles in 4-4.5 h (7). Irvine
noted an increased fractional degradation rate of T4 in
nonathletic individuals after 6 days of daily bouts of muscu-
lar exercise by track running (6). De Nayer et al. (3) found
a decreased serum concentration of free T4 after a brief
bout of strenuous exercise, whereas Terjung and Tipton (13)
observed an increase in free T4 after submaximal exercise
In man.

This study was undertaken to evaluate the metabolism of

iodothyronines in a group of young men (nonathletes) be-
fore and after a 6-wk program of track running. Assessment
of hormonal metabolism included measurement of a) abso-
lute degradation rates of T3 and T4 based in the plasma
disappearance kinetics of injected tracer hormones, b) uri-
nary and fecal hormonal disposition, and ¢) hormone bind-
ing by plasma proteins.

METHODS AND MATERIALS

Eleven male volunteers between the ages of 18 and 25
yr participated in a study designed to evaluate the effect
of physical training on metabolism of thyroid hormones.
Hormonal metabolism was quantified before and after a
6-wk training program. The training regimen consisted of
daily morning and afternoon timed sprints on a level 3-mile
outdoor course. Subjects ran between 4 and 6 miles in the
two daily sessions. The mean =+ SD sprinting rate of the
groups was 7.97 =+ 0.946 mph (range 6.10-9.10 mph).
Hormone turnover was assessed with the use of L-["¥]tri-
iodothyronine and L-[®I]thyroxine purchased from Abbott
Laboratories, N. Chicago, IlI. The labeled hormones were
diluted in 1% human serum albumin, dialyzed separately
in isotonic saline, sterilized by millipore filtration, and
stored at —20°C until used. Turnover of the thyroid hor-
mones was measured before and after training as follows.
A dose containing 65 uCi [®'I]T; and 32 uCi [*?°I]T, was
injected intravenously, and heparinized blood samples were
obtained at 10 min and 2, 5, 10, and 24 h, twice daily dur-
ing the following 5 days, and daily thereafter for 8 days.
During the posttraining study blood specimens were ob-
tained before exercise to avoid transient contraction in
plasma volume associated with acute bouts of exercise. To
avoid the possibility of detraining, subjects continued exer-
cising during the second turnover study. Thyroidal utiliza-
tion of radioiodine released during metabolism of the hor-
mones was precluded by ingestion of Lugol’s iodine, 5 drops
daily. Plasma concentrations of tracer iodothyronines were
measured as the difference between trichloroacetic acid-
precipitable and ethanol-nonextractable radioactivity (9).
Plasma samples were counted with a dilution of the injected
dose in a dual-channel gamma spectrometer, and appro-
priate correction was made for the appearance of I counts
in the ] window setting.

Metabolic clearance rate (MCR) of T, was determined
from the plasma disappearance of ['?I]T,, with the use of

Downloaded from www.physiology.org/journal/jappl at Ameri%ér% Physiological Society (050.242.230.161) on January 29, 2020.



IODOTHYRONINE TURNOVER AND TRAINING IN MAN

TABLE 1. Effect of physical training on the metabolism of thyroxine
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Wt, kg k/day Vi, liters MCR, liters/day UC, liter/day FC, liter/day PT4, ug/100 ml TDy, pg/day
Subj | Age, yr!
Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post
15 18 66 69 0.105 0.110 | 10.5 9.66 | 1.10 1.06 0.942 0.850 | 0.157 0.208 | 6.12 5.66 67.32 60.0
16 19 71 76 0.106 0.115 | 10.2 9.07 | 1.08 1.05 0.797 0.863 | 0.283 0.183 | 6.27 4.90 67.76 51.45
17 24 74 76 0.128 0.130 | 12.7 13.6 1.63 1.77 1.24 1.40 0.386 0.369 | 5.66 5.05 92.26 89.39
18 26 78 76 0.114 0.117 { 12.0 12.0 1.36  1.41 1.09 1.17 |0.271 0.239 | 5.81 5.36 | 79.02 75.58
19 18 63 63 0.104 0.108 | 10.7 10.5 1.11 1.13 0.945 0.929 { 0.161 0.204 | 6.43 6.58 71.37 74.35
20 18 71 74 0.097 0.103 | 10.6 10.2 1.03 1.05 0.837 0.965 | 0.197 0.086 | 5.51 4.44 56.75 46.62
21 20 60 54 0.106 0.115 | 11.2 10.9 1.18 1.26 1.03 1.04 0.154 0.213 | 5.97 4.59 70.45 57.83
22 19 69 71 0.093 0.094 | 10.1 11.0 0.93¢ 1.03 0.736 0.883 | 0.198 0.149 | 7.19 6.27 74.06 64.58
23 23 58 61 0.102 0.093 9.83 10.7 1.00 0.998 | 0.795 0.832 | 0.208 0.166 | 6.58 6.12 65.80 61.08
24 20 66 68 0.114 0.102 9.06 9.69 | 1.03 0.984 | 0.804 0.813 | 0.228 0.171 | 8.11 7.04 83.53 69.27
25 20 64 63 0.090 0.103 | 9.37 9.59 | 0.845 0.986 | 0.685 0.858 | 0.160 0.128 | 6.73 6.73 | 56.87 66.36
Mean 67.3 69.2 |0.105 0.108 | 10.6 10.6 1.12 1.16 | 0.900 0.964 | 0.219 0.192 | 6.40 5.70 | 71.38 65.14
=+ SD 6.02 5.81 | 0.011 0.011 1.08° 1.28 | 0.215 0.242 | 0.167 0.179 | 0.071 0.073 | 0.752 0.902 | 10.65 11.95
P <0.02 NS NS NS <0.05 NS <0.001 <0.05

Plasma disappearance kinetics and degradation rate of thyroxine measured before (pre) and after 6 wk of physical training (post)-
Abbreviations: k, plasma fractional disappearance rate; V4, distribution space; MCR, metabolic clearance rate; UC, urinary clearance

rate; FC, fecal clearance rate; PT,, plasma thyroxine concentration;

t-test for paired observations.

two different kinetic models. In the standard single-com-
partment analysis, the MCR is taken as the product of the
plasma fractional removal rate and the volume of distribu-
tion. The MCR of T4 was also determined by the method
of Tait (12) as the quotient of the total injected dose and the
area subtended by the plasma disappearance curve. The
definite integral [of pd¢, where p denotes the plasma con-
centration of radioactive hormone and ¢ is elapsed hours,
was approximated by using a two-compartment model.!
Since the difference in the values of the MCR of T, calcu-
lated by these techniques was slight (2 %), the single-com-
partment data analysis of T4 before and after training is
presented. The MCR of T; was determined by the single-
compartment method and an integral technique. The area
beneath the plasma disappearance curve of T3 was approxi-
mated by a two-compartment model with an asymptote,?
since this model gave a statistically better fit to the observed
T; data than a two-compartment model without an asymp-
tote! (P < .001). As previously demonstrated by Surks et
al. (11), the MCR of Tj calculated from the single-com-
partment model exceeds the value obtained by an integral
method. In the present study, the magnitude of overestima-
tion by single compartment calculations was approximately
51 %. Comparative pre- and posttraining MCR data of T
presented were calculated using the two-compartment
model with the asymptote.

Plasma concentration of total T4 was determined by
column chromatography at BioScience Laboratories, Van
Nuys, Calif. Plasma concentration of T'; was measured by
radioimmunoassay.? Total plasma thyroxine concentrations
were measured in duplicate before training and after 4 and
6 wk of training. Duplicate plasma T'; measurements were
performed on specimens obtained before and after 6 wk of
exercise. Daily degradation rates of the iodothyronines were
calculated as the product of the MCR and the plasma con-

1Area = _ff, (areBrt 4 qpeF2t) de.
2 Area = fé (e Brt 4 que B2t 4 o) dt.
3 Measured by Drs. M. L. Surks and J. H. Oppenheimer.

TDs, thyroxine degradation rate. Statistical comparison by Student

centration of the hormones. Plasma binding of T4 was
assessed by equilibrium dialysis (10). Complete urinary and
fecal collections were obtained daily during the turnover
studies. Urinary and fecal clearances were computed as the
product of the MCR and the fraction of excreted radio-
activity in urine and feces respectively. Stastical analyses
were performed by the Student #-test for paired observations
and analysis of variance (Table 2).

RESULTS

Metabolism of T's (Table 1). With use of the standard single
compartment model to analyze the plasma disappearance
of [***I]T, the parameters of T4 turnover, distribution and
metabolism were calculated before training (mean =+ SD):
fractional turnover, 0.105 = 0.011 per day; volume of
distribution, 10.6 =4 1.08 liters; metabolic clearance rate,
1.12 £ 0.22 liters/day; urinary clearance, 0.90 =+ 0.17
liters/day; fecal clearance, 0.22 =+ 0.07 liters/day; and
absolute degradation rate 71.4 & 10.7 pg/day. These data
substantially agree with values published in the literature
for euthyroid man (8). After training, no significant changes
were detected in the plasma fractional turnover rate or
distribution space of Ts. Metabolic clearance of Ty was not
increased significantly. Cumulative total recovery of in-
jected #5I-T'y (mean #+ SD (% dose)) in urine and feces
during the 14-day turnover studies: pretraining, 74.3 +
4.90; posttraining, 71.0 == 3.95 (P < .05). A 7.1 % increase
in the urinary clearance of T4 was detected after training.
Fecal clearance was not altered as a result of training.
Plasma concentration of total T, was diminished during
training, but no significant change in free T4 concentra-
tion was demonstrated (Table 2). The T, degradation
rate was diminished 8.7 % after training due to a similar
diminution in the concentration of T, in plasma.

Metabolism of T3 (Table 3). A two-compartment model
was used to analyze the plasma disappearance of T;. Base-
line values for T kinetic parameters (mean & SD) were:
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TABLE 2. Effect of physical training on plasma
concentrations and plasma protein binding of thyroxine

Training
Pretraining
Subj 4 Weeks 6 Weeks
Ty, FTy, Ty, FT4, Ts, FTy,
rg/100f DF ng/100 | pg/100 DF |ng/100 | pg/100 DF | ng/100
ml ml ml ml ml ml
15 6.12 | 0.0678] 2.766 5.74 | 0.0774]2.962 5.66 | 0.0703|2.653
16 6.27 | 0.0517] 2.161 4.90 | 0.0695|2.270 4.90 | 0.0730{2.385
17 5.66 | 0.0777| 2.932 | 4.90 | 0.0652(2.130 | 5.05 | 0.0768/2.2586
18 5.81 | 0.0688| 2.665 5.28 | 0.0749(2.636 5.36 | 0.0543(1.940
19 6.43 | 0.0583] 2.499 6.35 | 0.0747{3.162 6.58 | 0.0790|3.465
20 5.51 | 0.0628| 2.307 5.28 | 0.0581|2.045 4.44 | 0.0670(1.983
21 5.97 | 0.0715| 2.846 | 5.36 | 0.0620(2.215 | 4.59 | 0.0766{2.344
22 7.19 | 0.0559| 2.679 6.81 | 0.0587{2.665 6.27 | 0.0562|2.349
23 6.58 | 0.0666/ 2.922 7.11 | 0.0608{2.992 | 6.12 | 0.0534/2.179
24 8.11 { 0.0505| 2.730 7.42 | 6.0463(2.290 7.04 | 0.0645(3.027
25 6.73 | 0.0556] 2.495 | 6.58 | 0.0592(2.597 | 6.73 | 0.0511(2.293
Mean | 6.398| 0.0625| 2.6365| 5.975| 0.0643|2.5422| 5.704| 0.0657{2.4731
=+ SD 0.752) 0.0088| 0.2479| 0.911| 0.0093| .3810{ 0.902; 0.0104|0.4493
P <0.02 NS NS |<0.005/ NS NS

Parameters measured at noted intervals before and during training. Ty, plasma
concentration of total thyroxine; DF, dialyzable fraction; FTs, plasma free thy-
roxine.

TABLE 3. Effect of physical training
on metabolism of triiodothyronine

MCR, UC, FC, PTs, TDs,
liters/day liter/day liter/day 1ng/100 ml ug/day
Subj
Pre  Post Pre Post Pre Post | Pre DPost Pre Post
15 21.6 22.5 18.5 17.8 | 3.15 4.73 119 132 | 27.3 30.2
16 19.9 19.2 16.1 15.9 3.87 3.34 127 136 | 25.0 24.1
17 29.5 29.8 | 25.0 25.4 | 4.49 4.42 | 127 115 | 35.5 31.6
18 26.5 26.5 | 22.8 23.0| 3.69 3.49 | 129 135 | 30.7 32.9
19 24.0 25.5 | 22.7 21.7 1.38 3.78 143 135 | 38.2 38.2
20 18.3 18.8 15.4 17.6 2.95 1.19 145 169 26.2 30.1
21 21.6 24.6 18.2 20.9 3.38 3.73 97 115 | 24.5 31.0
22 20.0 23.4 17.2 20.8 2.79 2.6l 158 154 | 32.1 35.5
23 17.4 22.0 14.2 18.8 | 3.22 3.22 129 136 | 27.2 34.4
24 17.2  20.3 14.4 17.4 2.82 2.85 143 144 26.1 30.0
25 17.4 20.6 14.9 18.6 | 2.53 2.00 129 142 | 24.6 32.6
Mean [21.22 23.02{18.13 19.81(3.115 3.215|131.5 137.5{28.85 31.87
=+ SD | 4.02 3.37| 3.77 2.82|0.803 1.025| 16.0 15.41 4.66 3.63
P <.01 <.02 NS NS <.02

Plasma disappearance kinetics and degradation rate of ["!I:T3 measured before
(pre) and after training (post), MCR, UC, FC, metabolic, urinary, and fecal clear-
ances, respectively. PTs, plasma concentration of total Ts; TDs, Ts degradation rate.

metabolic clearance rate, 21.22 4= 4.02 liters/day; urinary
clearance, 18.13 + 3.77 liters/day; fecal clearance, 3.12 4
0.80 liters/day; absolute degradation, 28.8 & 4.66 ug/day.
These measurements, which depend on the two-compart-
ment analysis of metabolic clearance of T';, are similar to
the results obtained by others with the use of integral tech-
niques (11). A small but significant increase (8.5%) in the
metabolic clearance of T; was observed after training. The
increased metabolic clearance appeared to be due to an
increased urinary clearance of T;. Fecal clearance of the
hormone was not altered. Cumulative recovery of injected
[*I]T; in urine and feces (mean = SD (% dose)): pre-
training, 94.0 £ 4.33, posttraining, 97.7 =+ 9.11 (P >
0.05). Plasma concentration of radioassayable T3 was un-
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changed. The daily degradation rate of T3 was increased
10.5 % due to the increased metabolic clearance of T;.

DISCUSSION

The present study has detected small changes in the
metabolism of T4 and T3 as a result of the training program.
The degradation rate of T'5 was increased by approximately
10 %, while the degradation rate of T's was slightly decreased
after training. The metabolic clearance of T; was signifi-
cantly increased after training, but no change was detected
in the metabolic clearance of T4. A significant diminution
in the plasma concentration of total Ty was observed after
4 and 6 wk of training, apparently unrelated to decreased
hormonal binding by plasma proteins, since there was no
change in the dialyzable fraction of T'4. Slight but significant
increases in the urinary clearances of T4 and T'; were noted
as a result of training, but no changes in the fecal hormonal
clearances were found. In the case of T4, however, the ap-
parent increase in urinary clearance may be attributable to
dissimilar recovery of the dose observed in the two turnover
studies. In contrast, no significant difference in the recovery
of tracer T'; was noted in the pre- and posttraining turnover
studies.

The effect of exercise and physical training on thyroid
activity and the peripheral metabolism of thyroid hormones
has been examined in a number of studies by diverse meas-
urements of glandular function and hormone degradation.
Bondy and Hagewood (2) observed a fall in the plasma
PBI in rats 2 h after swimming. Escobar del Rey and Mor-
reale de Escobar (4) noted accelerated disappearance of
[*1])T, in rats trained to exercise daily for 2-3 wk. Winder
and Heninger (14) demonstrated increased hepatic con-
centration and reduced serum concentration of T4 in rats
trained on an exercise wheel for 6 wk. Irvine (5) observed a
65 % increase in the T, degradation rate in thoroughbred
race horses in training. We have observed that physical
training in the rat is associated with stimulation of the
metabolism of T4 and T;, with increased hepatic uptake
and fecal disposition of both iodothyronines (1). In human
beings, Lashoff et al. (7) noted no change in the butanol-
extractable iodine or in the disappearance rate of radio-
thyroxine as a result of long-distance walking. Moreover,
these authors could detect no change in the serum protein-
bound iodine in subjects after a strenuous bout of swimming
(7). In contrast, Irvine noted that the T4 absolute degrada-
tion rate in athletes in training was substantially greater
than that in nonathletic sedentary controls (6). He further
observed that the absolute degradation rate of T4 of non-
athletes after 4-6 days of exercise exceeded that of resting
nonathletes by approximately 40% (6). However, since
the measurement of absolute degradation in nonathletes
depended on determining the fractional turnover rate in
these subjects over a period of only 2 days, this finding ap-
pears to be of uncertain significance.

In contrast to Irvine’s findings, we have noted a slight
decrease in the absolute turnover of T4 in our subjects after
training. These divergent observations may be, at least in
part, related to differences in experimental design. Thus,
although the daily energy expenditure of the subjects in the
present study and in the track athletes in Irvine’s study was
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of similar magnitude, in the latter study the athletes had
just completed a season of intensive training with a daily
energy output approximately double that expended in the
off-season study. On the other hand, our subjects had not
trained prior to the study. Thus, the intensity and length of
training may be 1mportant factors in the previously noted
stimulatory effect of training on T4 metabolism in man.
In conclusion, we have observed decreased absolute
turnover of T4 and increased absolute turnover of T'; after
6 wk of physical training. The decreased degradation rate
of Ty was related to a fall in the plasma concentration of
this hormone. The etiology of the lowered plasma concen-
tration of T4 during and after the training regimen is un-
certain. No change in the binding of Ty by plasma proteins
was detected by equilibrium dialysis. Additional causes of
the diminished plasma T4 concentration would include
preferential secretion of T3 compared to Ty by the thyroid
gland and increased conversion of T4 to Ts by peripheral
tissues. In the face of the documented increased disposal
of T; after training, increased generation of T'; by either of
these mechanisms would result in increased delivery of
hormone to biological effector sites to maintain the euthy-
roid state. The impact of the differential effects in the degra-

REFERENCES

1. Barsam, A., anp L. E. Leppo. Stimulation of the peripheral
metabolism of r-thyroxine and 3,5, 3’-L-triiodothyronine in the
physically trained rat. Endocrinology 95:299-302, 1974.

2. Bonpy, P. K., anp M. A. Hacewoob. Effect of stress and cortisone
on plasma protein-bound iodine and thyroxine metabolism in rats.
Proc. Soc. Exptl. Biol. Med. 81: 328-331, 1952.

3. DE Naver, P. H., P. Marvaux, M. OsryN, H. G. VaN Den
ScHRIECK, G. BECKERS, AND M. DE VissCHER. Serum free thyroxine
and binding proteins after muscular exercise. J. Clin. Endocrinol.
Metab. 28: 714-716, 1968.

4. EscoBar DEL REv, F., AND G. MoORREALE DE EscoBar. Studies on
the peripheral disappearance of thyroid hormone. III. The effect
of running for 12 hours on the I distribution of thyroidecto-
mized, L-thyroxine maintained rats after the injection of -
labeled r-thyroxine. Acta Endocrinol. 23: 400-406, 1956.

5. Irving, C. H. G. Thyroxine secretion rate in the horse in various
physiological states. J. Endocrinol. 39: 313-320, 1967.

6. Irving, C. H. G. Effect of exercise on thyroxine degradation in
athletes and nonathletes. J. Clin. Endocrinol. Metab. 38: 942-948,
1968.

7. Lasuorr, J. C.,, P. K. Bonpy, K. StERLING, aND E. B. Man,
Effect of muscular exercise on circulating thyroid hormone. Proc.
Soc. Exptl. Biol. Med. 86: 233-235, 1954.

8. Oppig, T. H,, J. H. MEaDE, JR., aND D. A, FisHER. An analysis of

215

dation rates of T'; and Ty noted posttraining on the pituitary
secretion of thyrotropin (T'SH) is also uncertain. Negative
feedback inhibition of TSH secretion would be expected in
the presence of either increased T3 generation from extra-
thyroidal conversion of T4 or preferential T'; secretion by
the thyroid gland. Clearly, direct measurements of TSH
secretion and hormone interconversion would be requred to
validate or negate these hypothetical consequences of the
alterations in hormone degradation noted after training in
the present study.

The authors thank Mr. Alton J. Rahe of the Biometrics Division,
USAF School of Aerospace Medicine, for mathematical and statistical
consultations.

The research reported in this paper was conducted by personnel of
the Environmental Sciences Division, USAF School of Aerospace
Medicine, Aerospace Medical Division, AFSC, United States Air
Force, Brooks AFB, Texas. Further reproduction is authorized to
satisfy the needs of the US Government.

The voluntary informed consent of the subjects used in this research
was obtained in accordance with AFR80-33.

Address for reprint requests: A. Balsam, Dept. of Internal Medicine,
Veterans Administration Hospital, 4500 S. Lancaster Rd., Dallas,
Texas 75216.

Received for publication 7 June 1974.

published data on thyroxine turnover in human subjects. J. Clin.
Endocrinol. Metab. 26: 425-436, 1966.

9. OPPENHEIMER, J. H., H. L. Scawartz, H. C. Sgariro, G. BERN-
sTeIN, AND M. I. Surks. Differences in primary cellular factors
influencing the metabolism and distribution of 3,5,3’-r-triiodo-
thyronine and L-thyroxine. J. Clin. Invest. 49: 1016-1024, 1970.

10. OppeNHEIMER, J. H., R. Squer, M. I. Surks, ano H. HAUER.
Binding of thyroxine by serum proteins evaluated by equilibrium
dialysis and electrophoretic techniques. Alterations in non-
thyroidal illness. J. Clin. Invest. 42:1769-1782, 1963.

11. Surks, M. I, A. R. Scuabrow, J. M. Stock, anp J. H. OpPEN-
HEIMER. Determination of iodothyronine absorption and conver-
sion of L-thyroxine (T4) to vL-triiodothyronine (T;) using turnover
rate techniques. J. Clin. Inzest. 52: 805-811, 1973.

12. Tarr, J. F. The use of isotopic steroids for the measurement of
production rates in vivo. J. Clin. Endocrinol. Metab. 23: 1285-1297,
1963.

13. Terjung, R. L., aANp C. M. TiptoN. Plasma thyroxine and thyroid-
stimulating hormone levels during submaximal exercise in hu-
mans. Am. J. Phystol. 220: 1840-1845, 1971.

14. Winper, W. W., anp R. W. HeENINGER. Effect of exercise on tissue
levels of thyroid hormones in the rat. Am. J. Physiol. 221: 1139-
1143, 1971.

Downloaded from www.physiology.org/journal/jappl at American Physiological Society (050.242.230.161) on January 29, 2020.



