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Role of the Pituitary and Thyroid Glands in the

Decline of Minimal 02 Consumption with Age

W. DONNERDENCKLA

From the Roche Institute of Molecular Biology, Nutley, NewJersey 07110

A B S T R A C T Resting 02 consumption rate (BMR) or
minimal 02 consumption rate (MOC) declines with age.
Data are presented that suggest that a newly described
function of the pituitary may be responsible for a con-
siderable part of the total 75% decline in the MOCwith
age. The new function appears to decrease the respon-
siveness of peripheral tissues to thyroid hormones. Re-
sponse curves to injected thyroxine indicated that im-
mature rats were three times more responsive to thy-
roxine than adult rats. All the major endocrine ablations
were performed in this and earlier work, and only pitui-
tary ablation (a) restored in adults part of the respon-
siveness to thyroxine found in immature rats and (b)
arrested the normal age-associated decrease in respon-
siveness to thyroxine in immature rats. Bovine pituitary
extracts were found that decreased the responsiveness
of immature rats to thyroxine. Experiments with the new
pituitary function suggested a possible endocrine me-
chanism to explain why partial starvation doubled the
lifespan for rats only when started before puberty.

INTRODUCTION
Recently a new physiological parameter, minimal 02 con-
sumption (MOC),1 was studied in rats (2). MOC, un-
like the resting 02 consumption rate (BMR), appeared
to be specific for the determination of thyroid status
among the nearly 70 endocrine and nonendocrine factors
studied (3). However, the MOC, like the BMR(4, 5),
declined with age. This finding was difficult to interpret
since hypothyroidism is not, at present, considered to be
associated with old age (6-8). Nonendocrine mechanisms
have been suggested to explain part of the BMRdecline
with age. However, up to the present there does not ap-

Part of this work has been summarized earlier (1).
Received for publication 24 January 1973 and in revised

form 19 October 1973.
Abbreviations used in this paper: BMR, resting 02 con-

sumption; MOC, minimal 02 consumption; T4, 3,5,3',5'-L-
tetraiodothyronine.

pear to be any endocrine or nonendocrine explanation
which can account for more than a part of the decline
(6-8).

Experiments were conducted to determine if an endo-
crine system was responsible for the decline in the
MOC. Since previous studies (3) indicated that only
ablation of the thyroid or the pituitary altered the MOC,
the present work sought to find if some previously un-
known function of these glands could account for the
decline.

The results from these experiments prompted addi-
tional work to determine if an endocrine mechanism
could explain the discovery of McCay, Pope, and Luns-
ford (9) that the lifespan of the rat could only be pro-
longed markedly by partial starvation started before
puberty.

METHODS
02 consumption was determined volumetrically as previously
described-- (2, 3, 10, 11) in anesthetized rats by using a
thermobarometer-compensated (10), closed-circuit respi-
rometer (3). MOCis expressed in milliliters of 02 at
standard temperature and pressure per min per 100 g fat-
free body weight. The methods for fat corrections have
been described (3, 11). All rats were fed a low iodine diet
except where noted otherwise, and all rats with normal
thyroid function were given KI in their drinking water
for reasons given earlier (3).

Operations, drugs, treatments. All rats were operated
on by the supplier, Zivic-Miller, Inc., Allison Park, Pa.
Postoperative treatments have been described (3). Com-
pounds were injected subcutaneously in 10% gelatin unless
noted otherwise. Doses of material injected are expressed
in units mass/kilogram body weight per day. 3,5,3',5'-L-
tetraiodothyronine (T4) was injected for 3 wk, except
where noted otherwise. Rats that grew more than 10%
above initial weight had drug doses adjusted weekly. The
protocol of McCay et al. (9) was followed closely in the
starvation experiments except that the low iodine diet was
used. Because food spillage was negligible, the food con-
sumption rates of control rats, which fed ad libitum, could
be determined by daily weighing the food that remained in
their dishes. Starved rats were fed at a rate of 30-35%
of the controls.
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FIGURE 1 Change in MOCfrom 1 to 30 wk of age in the female rat. MOCvalues are given
for female rats of the Zivic-Miller strain. After weaning, the rats were fed two different
diets as shown. The standard deviations for low iodine diet-fed rats are indicated by the
dashed line. Between 5 and 20 rats were used per point. Curve was fitted by eye.

Pituitary extracts. Fresh-frozen and lyophilized bovine
pituitaries were extracted according to the method of Ellis
(12) in the first series of experiment. In the second series
a modification of Ellis' B fraction was used. After homoge-
nization in distilled water, the material was diluted to 1,500
ml/100 g tissue, the pH was adjusted to 4.0, and extrac-
tion was carried out at 50C for 1 h. After centrifugation
at 21,000 g the pellet was resuspended and re-extracted in
one-half the original volume for 0.5 h. After centrifugation
at the above speed, the supernate was discarded, and the
pellet was extracted with 0.1 M - (NH4)2SO4 at pH 4.0
for 1 h. After centrifugation as above, the supernate was
retained, and it was subjected to isoelectric focusing in
0.2%, pH 3.5-10, carrier ampholytes (LKB Produkter,
LKB Instruments, Inc., Rockville, Md.) on a 15,000-ml
10-compartment preparative instrument similar, in principle,
to that of Valmet (13). The fractions were dialyzed (PM
10, Amicon Corp., Lexington, Mass.) and lyophilized.

Statistics. The significance of differences were calcu-
lated by Student's t test (14).

RESULTS
Changes in MOCwith age. The MOCrose to a

maximum at 3 wk of age and declined 77% thereafter
(Figs. 1, 2). For comparison to the work of others, the
same strain of rats was fed a conventional diet (Purnia
Rat Chow). Compared to the low iodine diet-fed rats,
rats fed this diet merely had a more rapid MOCdecline
during puberty (Fig. 1), and as noted earlier (11), the
conventional diet spuriously elevated the MOCof adults.

Viscera. Some authors have claimed that 50% of the
decline of the BMRwith age could be accounted for by

2These extracts were kindly prepared by Dr. K. Gibson.

a change in the ratio of visceral mass to total body mass
(15). A shift with age in the ratio of visceral mass' to
fat-free body weight accounted for only approximately
10 of the total 71% decline in the MOCfrom three to
52 wk of age (Table I).

Changes in thyroidal and athyroidal components of
MOC. The MOCdecrease with age produced an ap-
parent contradiction between two sets of data.. Previous
extensive work (3) suggested the MOCspecifically
measured changes in thyroid status. Yet a number of
investigators (16-18) found that there was no signif-
icant change throughout life in plasma levels of thyroid
hormones. However, the MOCcould be shown to con-
sist of two components. A residual 02 consumption rate
remains after either thyroidectomy or hypophysectomy
which will be called the "athyroidal MOC." If the athy-
roidal MOCalone declined with age, then the decline
in the total MOCdespite the constant thyroidal hormone
levels throughout life could be explained.

In experiments with several hundred rats of different
ages, either hypophysectomized or thyroidectomized, it
was first determined that the athyroidal MOCcould be
measured only after an 8-wk postoperative waiting period
to permit the decay of the effects of endogenous thyroid
hormones. The thyroidal MOCwas then determined in
rats of various ages (Table II) by subtracting the
athyroidal MOCfrom the MOCof intact rats that were
the same age as the operated rats had been at the time

'The viscera used were those employed by others previ-
ously (15).
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FIGURE 2 Decline in MOCbetween 24 and 108 wk of age in the female rat. MOCvalues
are given for 8-20 female rats per point of the same strain as in Fig. 1. Standard deviations
are indicated by vertical bars. All rats were fed a low iodine diet.

of operation. For example, the thyroidal MOCof a
3-wk-old rat was calculated by subtracting the MOCof
a rat operated on at 3 wk of age from the MOCof an
intact 3-wk-old rat. The results showed that both the
athyroidal (- 64%) and the thyroidal (- 87%) MOC
declined markedly with age (Table II).

Alternatively, the athyroidal MOCcould have been
subtracted from the MOCof intact rats of the same age
at the time of measurement. However, this method, when
used with young rats, produced meaningless data. After
the 8-wk waiting period the athyroidal MOCof young,

TABLE I
MOCand Age Changes in Relative VWeights of Viscera

Age Viscera (n)

wk %body wi

1 11.7i1.5 (5)
3 11.2i1.8 (8)

12 6.9i0.8 (8)
52 5.0i0.6 (8)

MOCdecrease 3-52 wk: 71%
MOCdecrease due to viscera: 10.7%

The mean (ISD) percentages of fat-free body weight con-
tributed by the viscera (brain, kidney, liver, heart) of intact
female rats are given at various ages. The percent decrease in
the MOCis given as well as the percent which might be at-

tributed to the relative decrease in the weight of the viscera
with age.

operated rats remained stable for the longest observa-
tion period of 24 wk. By contrast, the MOCof intact
rats declined rapidly. These two effects resulted in values
for the thyroidal MOCcalculated in this manner that
varied from a positive to a negative number. The value
depended solely on the chronological age used for the
calculation and not the age at operation. For example,
if the athyroidal MOCof a 3-wk-old rat (Table II)
was subtracted from the MOC's of intact 27-, 19-, or
11-wk-old rats (Fig. 1) these calculations produced
values for the thyroidal MOCof, respectively, - 0.37,
0.0, and + 0.21 ml of 02. By contrast, the calculation
used in Table II produced a single, positive value for
the thyroidal MOC, regardless of the age after the post-
operative waiting period at which the athyroidal MOC
was measured.

Endocrine basis for the decline. In view of the
preceding findings, it was postulated that age might non-
specifically decrease the responsiveness of rats to endo-
genous thyroid hormones. An attempt to measure T4
dose-response curves of young and adult intact rats failed
when it was discovered that 3-wk-old rats maintained
elevated MOCvalues to moderate T4 doses (10, 30 Ag)
only for the first 2 wk of injection. After four additional
weeks of injection the T4-treated rats had the same
MOCvalues as the controls. By contrast, adult rats main-
tained stable responses to these doses for 12 wk, the
longest period tested. These experiments suggested that
T4 administration to young rats stimulated in some man-
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TABLE II
Effects of Age on Total, Athyroidal, and Thyroidal MOC

Intact _ Athyroidal Thyroidal
Age MOC(a) MOC MOC Operation (a)

Wk

0.14 1.8640.21 TPX-13lI (11)
1 2.87±0.32 (30) 1.7540.14 1.12 TPX-131I (24)
2 3.30±0.21 (30) 1.65±0.17 1.65 TPX (28)
3 3.82±0.18 (50) 1.77±0.11 2.05 TPX-13'I (45) Hypox (70)
4 3.48±t0.21 (30) 1.52±-0.10 1.96 TPX (30)
6 3.05±0.18 (20) 1.23±0.10 1.82 TPX (20)
8 2.61i0.17 (18) 1.06±0.08 1.55 TPX (20)

10 2.03±0.14 (30) 0.94±0.07 1.09 TPX (20) Hypox (22)
32 1.26±0.06 (30) 0.80±0.05 0.46 TPX (15) Hypox (10)
40 1.13±0.04 (40) 0.70±0.06 Q.43 TPX-13lI (18) Hypox (40)
52 1.11±0.04 (20) 0.71±0.06 0.40 TPX-I31I (10) Hypox (36)
78 1.05±0.05 (20) 0.68±0.04 0.37 TPX-13'I (15) Hypox (20)

100 0.94±0.05 (20) 0.67±0.05 0.27 TPX-13I (12)

The MOC's (mean±SD) are given for female intact and operated rats at the ages shown.
In order to determine the thyroidal MOC, the athyroidal MOC, measured 8 wk after
operation, was subtracted from the MOCof intact rats of the same age as the operated
rats had been at the time of operation; for example, the athyroidal MOCof a rat operated
on at 3 wk of age was subtracted from the MOCof an intact 3-wk-old rat. The thyroid was
surgically ablated (TPX) or ablated and followed by a single 10 mCi/kg injection of
131I (TPX-11I). Because the MOC's of hypophysectomized (Hypox) and TPX'd rats were
not significantly different, their MOC's at a given age were averaged.

ner the release of a factor that decreased responsiveness
to T4.

Because the decline of the MOCwith age was affected
only by removal of the pituitary or the thyroid (3), it
was postulated that T4 injected into intact rats might
have stimulated the production of a hormone from one
of these glands that, in turn, decreased responsiveness
of peripheral tissues to T4. This possibility was tested
by injecting T4 into rats that had been either thyroidec-
tomized or hypophysectomized at 3 wk of age. The in-
jection of 75 ug of T4 restored the MOCof the hypo-
physectomized rats to the normal value of a 3-wk-old
intact rat (Table II, Fig. 3). The MOCdid not change
during the course of the T4 injections, and the athyroidal
MOCwas unchanged by the injections (Fig. 3).

In marked contrast, T4 injected into thyroidectomized
rats never produced as great a response as it did in
hypophysectomized rats (P value, 0.001), and the re-
sponse to T4 fell continuously during the course of the
injections. The athyroidal MOCdecreased with age in
the thyroidectomized group given T4 as compared to the
value found at the start (P value, 0.001; Fig. 3).

Effect of pituitary extracts. The preceding experi-
ments suggested that To injection into immature intact
or thyroidectomized rats could stimulate pituitary secre-
tion of a hormone that decreased the responsiveness of
rats to T4. Bovine pituitary extracts, prepared as de-

scribed in Methods, were found to lower the MOCof
rats injected with T4 which had been hypophysectomized
at 3 wk of age. The most active crude fraction, Ellis'
C, contained a considerable amount of bioassayable
growth hormone (Table III). After electrofocusing the
modified B fraction had the highest apparent specific
activity but produced only modest growth (Table III).

Changes in MOCwith starvation. Rats were par-
tially starved by the method of McCay et al. (9)
for 6 wk. Starvation started at 3 wk of age but not at
12 wk of age caused significant retardation in the nor-
mal decline of the MOC(Table IV). However, rats
starved from three weeks of age and also injected with
an active pituitary extract (Ellis' fraction C) had a
normal decline in their MOCcompared to the controls
(Table IV). It should be noted that the controls weighed
three times more than the starved, injected rats (Table
IV).

Effect of age on the T4 response. It has been pre-
viously shown that 3 wk of injection of T4 are required
to obtain a full response (3). Consequently, perpubertal
intact or prepubertally thyroidectomized rats could not
be used for age comparisons of responses to T4; the
normal decline in the MOCwith age was accelerated by
T4 injection in both types of rats within 3 wk. The only
suitable immature rats, prepubertally hypophysectomized
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FIGURE 3 Effect of T4 on the MOCof thyroidectomized and hypophysectomized rats. The
MOC's (mean+SD) are given for female rats (6-12 rats per point) hypophysectomized or
thyroidectomized at 3 wk of age. The rats were kept for 9 wk after the operations and
then injected with 75 lig T4 for 8 wk. The athyroidal MOCwas measured 9 wk after the
operation and then again 8 wk after the last To injection. Curves were fitted by eye. T4 pro-
duced significantly lower MOCvalues in thyroidectomized compared to hypophysectomized
rats at all points tested (P value, 0.001). The response to T4 of the thyroidectomized rats
after 8 wk of injection was significantly lower than their response after only 2 wk of
injection (P value, 0.001). The athyroidal MOCof the thyroidectomized rats was significantly
lower after T4 injection than either the preinjection value (P value, 0.001) or the athyroidal
MOCof the hypophysectomized rats tested before or after T4 injection (P value, 0.001).

rats, were found to have a threefold greater response to
T4 than adult intact or 'operated rats (Fig. 4).

Three facts emerged from the dose-response curves
that required further elaboration or experimentation.
(a) The adult intact rats appeared to be the least re-
sponsive to To of all the rats tested. (b) Loss of the
pituitary factor should have made the adult hypophy-
sectomized rats more responsive to T4 at all doses com-
pared to the intact or thyroidectomized adult rats.
(c) Adult hypophysectomized rats appeared to be more
responsive to To only at doses above 50 Ag.

Response of intact adults to T4. Earlier, Hsieh (19)
concluded that hypothyroid rats were more responsive
than intact rats to T. after plotting his response curves
as in Fig. 4. However, valid comparisons between two
groups can only be made when the responses are com-
pared on the same part of the dose-response curve. The
injected T4 was considered to be equal to the total To
for all rats plotted in Fig. 4. For rats without functional
thyroid glands this plot was appropriate. However, this
plot did not take into consideration endogenous T4 of
intact rats. Endogenous T4 was considered to be equal to

the dose of T4 (15 ig) that restored to normal the MOC
of either hypophysectomized or thyroidectomized rats.
When the response of intact rats was replotted as a
function of total To present (exogenous + 15 izg endoge-
nous, Fig. 5), it was found to be the same as that of the
thyroidectomized rats. No evidence was found by the
present methods of bioassay for effective negative feed-
back control over T4 secretion. If negative feedback had
been operative, the MOCshould have remained un-
changed as long as the To dose injected was equal to or
less than the physiological replacement dose. However,
doses of 5 and 15 Ag were found to increase the MOC
(Figs. 4, 5)-.

Restoration of responsiveness to T4. It was disap-
pointing to find that hypophysectomy of adult animals
did not restore some youthful responsiveness to doses
of T4 in the range of the physiological replacement doses
(5-50 iyg). However, it was possible that the normal
postoperative wait of 8 wk before testing responses to
T4 may have been too short, and the response to T4 was
therefore tested in thyroidectomized and hypophysectom-
ized rats at various times after operation. The respon-
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TABLE III
Depression of MOCby Pituitary Extract

MOC(W)
Pituitary extract

(mg/kg per day): 10 30 100

1. Fraction B 3.15±0.37 (8) 2.64±0.22 (8)
Controls 3.38±0.25 (8) 3.55±0.35 (10)
P value NS 0.001

2. Fraction C 3.02±0.35 (10) 2.58i0.18 (20) (body wt, 125±8 g)
Controls 3.38±0.31 (10) 3.65±0.21 (18) (body wt, 7546 g)
P value NS 0.001

3. Focused B' 2.51±0.18 (10) (body wt, 81±9 g)
Controls 3.10±0.2 (10) (body wt, 67±5 g)
P value 0.001

The MOC's (mean4±SD) are given for pituitary extract-treated and control rats hypophysectomized at 3 wk of age.
Injections were started 1-2 wk after the operation and lasted 4 wk. Pituitary material was injected with T4 in oil;
control rats received T4 in oil only. Fractions B and C were made according to Ellis (12). Focused B' was a modified
version of Ellis' B fraction subjected to isoelectric focusing (see Methods). The doses of T4 used were: 75 p&g for
Exps. 1 and 2 and 65 ug for Exp. 3. The drinking water contained 50 g sucrose, 5 g tetracycline, and 5 mghydrocor-
tisone succinate/liter and the chloride salts of Na, K, Mg, and Ca at a concentration ' that found in plasma. Body
weights are given in two experiments to indicate the difference in bioassayable growth hormone present.

siveness of hypophysectomized rats to T. increased
(Table V); the responsiveness to T4 of thyroidectomized
rats did not change. Thyroidectomized rats were used as
controls to rule out any changes in responsiveness to
T4 which were secondary to prolonged hypothyroidism.
Rats hypophysectomized as adults and kept for 28 wk
after the operation showed nearly the same increase in
MOCafter 15 and 50 lug of T4 (0.62 and 1.07 ml of
02, Table V) as did rats hypophysectomized at 3 wk
of age (0.60 and 1.37 ml of 02, Fig. 4). These results
suggested that the effect produced by the pituitary
factor persisted for a long time after hypophysectomy.

To pretreatment of operated rats. The preceding ex-
periments suggested an explanation for the greater re-
sponsiveness of hypophysectomized rats to high doses of
T4 when they were tested 8 wk after operation, namely,
that the high doses of T4 might have accelerated the
normally slow decay of inhibitory pituitary effect- by a
general stimulation of metabolism. Adult hypophysectom-
ized and thyroidectomized rats were pretreated with
high doses of T4 (150 fig) for 4 wk immediately after
operation. After a week they were injected for the usual
3 wk with a dose of T4 (50 Ag) that had previously pro-
duced equal responses after either operation. As post-
ulated, T. pretreatment increased the responsiveness of
hypophysectomized but not thyroidectomized rats (Table
VI).

DISCUSSION
Evidence for a pituitary factor that inhibits the effects

of T4 on the MOC. In the past certain minimal criteria

have been accepted as necessary in order to postulate
the existence of a new endocrine function in a specific
gland. (i) Ablation of a specific gland must arrest the
function. (ii) In the case of a hormone that is in-
volved in normal development, ablation might also re-
verse the function once established. (Clearly, the func-
tion of some developmental hormones such as growth
hormone cannot be reversed.) (iii) Replacement of
extracts from the gland in question should restore the
function in an animal without the gland. (iv) Increasing
(a) the rate of endogenous production of the hormone

TABLE IV
Effect of Starvation and Pituitary Extract on MOC

MOC(n) Wt (g) Fat (%)

A. Starvation, 3-9 wk of age

Controls, ad libitum 1.62 1:0.13 (10) 245 1:24 18
Starved, 35% 2.01 40.12 (9) 78513 5.5
Starved, 35% + C fraction 1.654A0.15 (9) 77d14 6.0

B. Starvation, 12-18 wk of age

Controls, ad libitum 1.33 1:0.12 (7) 302 :128 17
Starved, 35% 1.21 :1:0.10 (8) 175dJ12 3

Starting at 3 wk of age rats were fed 35% of the food consumed by the
control rats, which fed ad libitum (A). The MOC's (mean-1SD) of the
starved rats were significantly elevated above that of the rats that fed
ad libitum (P value, 0.001). The pituitary C fraction of Ellis (12), 30 mg/kg
per day, was injected into partially starved rats. The MOCof extract-
injected rats was significantly lower than the MOCof the uninjected,
starved rats (P value, 0.001). Partial starvation (35%) when started at
12 wk of age did not significantly affect the MOCof the starved compared
to the control rats (B).

Pituitary, T4, and MOC 577
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FIGURE 4 T4 dose-response curves in young and old rats.
The MOC's for rats hypophysectomized at 3 wk of age
are compared to the MOC's of adult intact and operated
rats treated with various doses of T4 given for 3 wk. For
the sake of clarity the standard deviations are not included.
At least eight rats were used per data point and the aver-
age standard deviation of all points was 7.5±0.4%. Young
rats appeared to be at least three times as responsive to T4
as the adult rats. Curves were fitted by eye.

or (b) the amount present by injection of active ma-
terial should accelerate the appearance of the function.
Experiments with the new pituitary factors showed that
all 4 criteria were met: (i) Prepubertal hypophysectomy
arrests the decline of both the athyroidal and thyroidal
MOC(Table II, Fig. 3). (ii) Hypophysectomy of adults
restores responsiveness to T4 (Tables V, VI). (iii) In-
jection of pituitary extracts decreased responsiveness
to T4 of immature hypophysectomized rats. (iv a) In-
jection of T4 into intact immature rats accelerated the
loss of responsiveness to T& (Results). Injection of T4

into immature thyroidectomized rats caused a decrease
in responsiveness to T4 and in the athyroidal MOC
(Fig. 3). (iv b) Partial starvation before puberty ap-
peared to decrease the output of the factor and injec-
tion of a pituitary extract returned the rate of decline
of the MOCto normal (Table IV).

Discussion of the possible mechanisms of action of this
new pituitary function and whether its activity is asso-
ciated with a new hormone will be deferred until puri-
fication is complete.

Response to T4 and age. Most authors agree that the
rate of degradation of To decreases two- to fourfold with
age (18, 20-24). Gregerman and Crowder (17) disagree
with these findings. Consequently, it is possible that
the plasma levels of T4 after a given dose were higher
in adult than in immature rats. Therefore, the actual
loss of responsiveness to T4 may be considerably greater
than the threefold difference indicated by the dose-re-
sponse curve. Precise quantitation of the degree of loss
of responsiveness will require a knowledge of plasma
levels of T4 after various doses.

Nonuniformity of effects of pituitary factor. Theo-
retically, a sufficiently high dose of T4 would make the
MOCof adults equal to that of immature rats. However,
when an attempt was made to raise the MOCof adults,
the adults died before they reached more than i the
MOCvalue for immature rats (unpublished observa-
tion). Apparently, the toxicity to To is not lost even when
the MOCresponse to T4 is decreased.

Hypothyroidism and age. It was originally thought
that hypothyroidism might contribute to the pathology of
aging because (a) there was a strong clinical similarity
between hypothyroidism observed in middle-aged per-
sons and the appearance of "normal" old age (6-8)
and (b) the supposedly specific test for thyroid status,
the BMR, declined with age. This hypothesis was dis-
credited for three reasons: thyroid therapy failed to re-
juvenate older persons (7), the BMRwas discredited as
a specific thyroid assay (3), and plasma levels of thyroid
hormones were found to be nearly constant throughout
life (16, 17). However, it is evident that the postulated
existence of a pituitary factor that decreases respon-
siveness to T4 weakens two of the arguments against
the original hypothesis. In the presence of this factor
thyroid hormone treatment would be expected to fail,
and the presence of normal plasma thyroid hormone
levels throughout life cannot be used as an argument for
euthyroidism. In view of the observations that the MOC
appears to be a relatively specific test for thyroid status
and that there is an 87% decline in the thyroidal MOC,
it seems reasonable to assume that old rats, in some
respects, may be severely hypothyroid compared to young
rats. However, additional experiments will be required
to demonstrate that the systems controlled by the thyroid
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FIGuRE 5 Dose-response curve of adult rats plotted as a function of total T4. The data was

replotted from that in Fig. 4. The total T4 present in thyroidectomized rats was assumed
to be equal to the T4 dose injected. The total T4 present in the intact rats was assumed to
be- equal to the sum of the injected dose plus the endogenous T4 (15 ftg). The T4 injected
into the intact rats is indicated below each data point for the calculated total T4 present.
Curves were fitted by eye.

which are necessary for life are as much affected by vation was shown to retard the normal development of
the pituitary factor as is the MOC. two endocrine-controlled events associated with puberty:

Endocrine model for McCay's data. The following (a) the onset of sexual maturation (9) and (b) the
model is admittedly speculative but it is also eminently normal decline in the BMR(25) or MOC. Therefore, it
susceptibleto experimental verification. Prepubertal star- may be postulated that prepubertal starvation also pro-

TABLE V
Restoration of T4 Responsiveness in Adult Operated Rats

MOC(n)

T4 Dose (pig) 0 15 50

8 wk after operation

Thyroidectomy 0.70±0.04 (22) 1.08±0.05 (20) 1.35±0.09 (24)
Hypophysectomy 0.6540.06 (20) 1.06±0.08 (15) 1.3140.09 (8)

P value NS NS NS

16 wk after operation

Thyroidectomy 0.80±0.06 (10) 1.13±0.06 (8) 1.4040.10 (8)
Hypophysectomy 0.7840.05 (10) 1.40±0.10 (10) 1.67±0.10 (12)

P value NS 0.001 0.01

28 wk after operation

Thyroidectomy 0.88±0.05 (10) 1.17i0.05 (8) 1.45±0.12 (8)
Hypophysectomy 0.85±0.06 (10) 1.47i0.07 (12) 1.92±0.11 (8)

P value NS 0.001 0.001

Rats were hypophysectomized and thyroidectomized at 40 wk of age and the response
to T4 was measured at various times after operation. The MOC's (mean±SD) indi-
cated a gradual return of youthful responsiveness to T4 in the hypophysectomized but
not in the thyroidectomized rats.

Pituitary, T4, and
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TABLE V I

Effect of T4 Treatment on Response to T4 in
Adult Operated Rats

MOC(n)

Without T4 With T,
pretreatment pretreatment

Hypophysectomized 1.35 ±0.04 (24) 1.69±0.10 (10)
Thyroidectomized 1.314±0.09 (8) 1.374±0.11 (10)

P value NS 0.001

The MOC's (mean-±SD) are given for female rats operated
on at 40 wk of age and tested 8 wk later. The T4-pretreated
rats were injected with 150 ,ug T4 for 4 wk immediately after
the operation. After 1 wk without injections, they were then
injected with 50 jug T4 for 3 wk. The rats without T4 pre-
treatment were injected with 50 jug T4 for the last 3 wk of the
8-wk period. The MOCof the T4-pretreated hypophysecto-
mized rats was significantly greater than the similarly treated
thyroidectomized rats or the hypophysectomized rats which
had not received T4 pretreatment (P value, 0.001).

longs life by retarding the development of an endocrine
program which normally limits the lifespan of rats to
the 3 yr typical for this species. To be consistent with
McCay's data such a hormone would have to meet three
criteria; (a) the secretion of this hormone would have
to be retarded by starvation started before puberty,
(b) its secretion should not be affected by starvation
started after puberty, and (c) the hormone would have
to be able to shorten the lifespan. The present experi-
ments suggest that the new pituitary factor can meet
the first two criteria, and as noted above, there is the
possibility that it might also adversely affect systems
controlled by the thyroid necessary for life.

APPENDIX
Various nonendocrine factors have been suggested as causes
of part or all of the BMRdecline with age.

Age. It is possible that age might nonspecifically de-
crease tissue metabolic rates. The present experiments,
summarized in the first part of the Discussion, suggest
that the MOCdecline is largely under endocrine control.

Body weight. It has been argued that there must be an
inverse correlation between body weight and BMR due
to unspecified causes. The present and earlier works (3)
indicate that the MOCand body weight are probably con-
trolled by separate hormones. The MOCcould be decreased
by the pituitary factor which blocked the response to T4
with little change in body weight, and body weight could
be nearly doubled by growth hormone without changing
the MOC(3).

Loss of cells/unit mass. Neither direct histological mea-
surements of muscle cells/unit volume (26, 27) nor esti-
mates of decrease in active cell mass/per unit total body
mass (28, 29) could account for the MOCdecline.

Correction factors. Some authors have attempted to
prove the BMRdoes not decline with age by the trial and
error determination of mathematical correction factors

which, when applied to the primary data, demonstrate that
the BMRdoes not decline with age. The lack of validity
of these corrections has been discussed (3).

Viscera. Conrad and Miller (15) estimated that 50%
of the BMRdecline could be attributed to changes in the
ratio of visceral mass/unit body mass. This estimate was
based on tissue 02 consumption rates determined in man
that were then extrapolated to the rat. In the present
work the estimated 02 consumption rates of the viscera
are based on more recent work in the rat (30, 31). These
studies indicate that the viscera used in Table I contribute
approximately 25% to the total MOCof adult rats rather
than the 60% contribution to the total used by Conrad and
Miller as the basis for their calculations.

The organs selected for Table I were chosen because
they were used by others (15), they receive over half the
blood flow of the combined thoracic and abdominal viscera
(31), and there are available both in vivo and (31) in vitro
(30) data for their metabolic rates/unit mass. If one as-
sumes (a) that the metabolic rate/unit mass of the re-
mainder of the major viscera (stomach, lungs, intestines,
spleen, pancreas) is the same as the average for the organs
in Table I and (b) that the proportion of these viscera by
weight decreases to the same extent, then as much as 30%
of the decline in the MOCcould be attributed to shifts in
the weight of viscera with age. However, this calculation
does not take into consideration the increase per unit total
body mass in adu'ts of tissues with relatively higher meta-
bolic rates such as the primary and secondary sex organs;
this increase requires a correction opposite to that in
Table I.

For the calculations used by Conrad and Miller (15)
and those used in Table I it was assumed without evidence,
that the percent decrease with age of metabolic rates/unit
mass is the same for each tissue. Clearly this type of calcu-
lation is an approximation. However, the data of Tables I
and II indicate measurement of the respiration rates of in-
dividual tissues at different ages may not be necessary to
establish one of the main points of this paper. A 12-wk-old
rat is sexually mature and has an almost identical visceral
mass to body mass ratio compared to a 52-wk-old rat
(Table I). Yet from 12 to 52 wk the MOCdecreases
nearly by half from 1.95 to 1.11 ml of 02. The athyroidal
and thyroidal MOC declined, respectively, 24 and 76%O
during this period. It is not apparent how any significant
change in body composition or organ weight could occur
in this period or account for the marked differential de-
crease in the two components of the MOC.

In conclusion, perhaps as much as 30% of the total
decline in the MOCmight be caused by a shift in the rela-
tive mass of the viscera. Unknown factors may yet be dis-
covered that can cause a further decrease in the MOC
without changing the metabolism of individual tissues.
However, it is difficult to conceive how such changes will
ever account for altered responsiveness to thyroid hor-
mones observed in rats of similar weights and degree of
maturity.

ACKNOWLEDGMENTS
Special gratitude is due to Dr. K. Gibson for advice, as-
sistance, and encouragement and to E. Marcum for his
technical assistance. Additional thanks are due the follow-
ing, who helped in different ways to make this work
possible: Drs. M. Altschule, F. Margolis, E. Ramey, S.
Spector, and S. Udenfriend and Ms. L. Diekmann.

580 W. Donner Denckla



REFERENCES
1. Denckla, W. D. 1973. A pituitary factor inhibiting the

effects of the thyroid. In Psyclho-pharmacology and the
Aged Patient. W. E. Fann, editor. Plenum Publishing
Corporation, New York. 77.

2. Denckla, W. D. 1970. Minimal oxygen consumption in
the female rat, some new definitions and measurements.
J. Appl. Physiol. 29: 263.

3. Denckla, W. D. 1973. Minimal 02 consumption as an
index of thyroid status: standardization of method.
Endocrinology. 93: 61.

4. Brody, S. 1964. Bioenergetics and Growth. Hafner Pub-
lishing Co., Inc., New York.

5. Davis, J. E. 1937. Effect of advancing age on the
oxygen consumption of rats. Am. J. Physiol. 119: 28.

6. McGavack, T. H. 1963. Aging as seen by the endo-
crinologist. Geriatrics. 18: 181.

7. Korenchevsky, V. 1961. Physiological and Pathological
Aging. S. Karger, Publisher, White Plains, New York.

8. Bellamy, D. 1967. Hormonal effects in relation to aging
in mammals. In Aspects of the Biology of Aging. Aca-
demic Press, Inc., New York. 428.

9. McCay, C. M., F. Pope, and W. Lunsford. 1956. Ex-
perimental prolongation of the life span. Bull. N. Y.
Acad. Med. 32: 91.

10. Denckla, W. D. 1971. A simple, sensitive multichannel
servo system for use as a correcting thermobarometer.
J. Appl. Physiol. 30: 567.

11. Denckla, W. D. 1971. A new interpretation of the
VO2max. J. Appl. Physiol. 31: 168.

12. Ellis, S. 1961. Studies on the serial extraction of pitui-
tary proteins. Endocrinology. 69: 554.

13. Valmet, E. 1969. Zone convection electrofocussing. Sci.
Tools. 16: 8.

14. Bancroft, H. 1957. Introduction to Biostatistics. Hoeber-
Harper, New York.

15. Conrad, M. C., and A. T. Miller, Jr. 1956. Age
changes in body size, body composition and basal me-
tabolism. Am. J. Physiol. 186: 207.

16. Gaffney, G. W., R. I. Gregerman, M. J. Yiengst, and
N. W. Shock. 1960. Serum protein-bound iodine con-
centration in blood of euthyroid men aged 18 to 94
years. J. Gerontol. 15: 234.

17. Gregerman, R. I., and S. E. Crowder. 1963. Estimation
of thyroxine secretion rate in the rat by the radioactive

turnover technique: Influence of age, sex and exposure
to cold. Endocrinology. 72: 382.

18. Oddie, T. H., J. H. Meade, Jr., and A. D. Fisher.
1966. An analysis of published data on thyroxine turn-
over in human subjects. J. Clin. Endocrinol. Metab.
26: 425.

19. Hsieh, A. C. L. 1962. The effects of triiodo-L-thyronine
and L-thyroxine on the oxygen consumption and body
weights of rats fed on a diet containing 0.05% pro-
pylthiouracil. J. Endocrinol. 26: 55.

20. Gregerman, R. I., G. W. Gaffney, and N. W. Shock.
1962. Thyroxine turnover in euthyroid man with special
reference to changes with age. J. Clin. Invest. 41: 2065.

21. Kumerassan, P., and C. W. Turner. 1967. Effect of
advancing age on thyroid hormone secretion rate of
male and female rats. Proc. Soc. Exp. Biol. Med. 124:
752.

22. Verzar, F., and V. Freydberg. 1956. Changes in thyroid
activity in the rat in old age. J. Gerontol. 11: 53.

23. Wilansky, D. L., L. G. S. Newsharn, and M. M. Hoff-
man. 1957. The influence of senescence on thyroid func-
tion: Functional changes evaluated with I'. Endocrin-
ology. 61: 327.

24. Grad, B., and M. M. Hoffman. 1955. Thyroxine secre-
tion rates and plasma cholesterol levels of young and
old rats. Am. J. Physiol. 182: 497.

25. Will, L. C., C. M. McCay. 1943. Ageing, Basal Metab-
olism and Retarded Growth. Arch. Biochem. 2: 481.

26. Goldspink, G. 1962. Biochemical and physiological
changes associated with the postnatal development of the
biceps brachii. Comp. Biochem. Physiol. 7: 157.

27. Gutmann, E., V. Hanzlikova, and B. Jakoubek. 1968.
Changes in the neuromuscular system during old age.
Exp. Gerontol. 3: 141.

28. Goldspink, G. 1966. An attempt at estimating extrafiber
fluid in small skeletal muscles by a simple physical
method. Can. J. Physiol. Pharmacol. 41: 765.

29. Ling, G. N., and M. H. Kromash. 1967. The extra-
cellular space of voluntary muscle tissues. J. Gen. Phys-
iol. 50: 677.

30. Fuhrman, F. A., G. Fuhrman, D. A. Farr, and J. H.
Fail. 1961. Relationship between tissue respiration and
total metabolic rate in hypo- and normo-thermic rats.
Am. J. Physiol. 201: 231.

31. Sapirstein, L. A. 1958. Regional blood flow by frac-
tional distribution of indicators. Am. J. Physiol. 193:
161.

Pituitary, T4, and MOC 581


