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I. Introduction

A. Regulation of the Extracellular Fluid

Perhaps the most important advantage that accrues to mammalian
cells by virtue of their communal relationship is the constancy of their
immediate environment, the extracellular fluid. The cells of mammals
have the good fortune to be bathed in a medium whose temperature
and whose concentrations of perhaps forty important compounds vary
over a surprisingly narrow range; hence these cells are never faced with
the problem of surviving in the absence of glucose or water or amino
acids, or of adapting to temperatures which differ from their normal
mean by more than a degree or two.

There is good evidence that the constancy of several of these biochemi-
cal and physical functions (e.g., those which keep the temperature,
osmolality, and calcium concentration of the extracellular fluid from
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rising too high) results from the operation of a particular type of regula-
tory mechanism, the closed feedback loop. Moreover, the systems which
control these functions appear to utilize parallel structural components,
termed sensors, set-points, comparators, and effectors. The biological
sensor is thought to be a group of cells, in the brain or elsewhere, which
continuously monitors the level of the regulated function in the plasma;
the set-point is another group (or the same cells, as in the case of the
parathyroid gland) which stores informstion as to the highest (or lowest)
absolute value that the regulated function is allowed to attain. The
cells which function as comparators presumably receive inputs from both
the sensor and the set-point; they subtract the former value from the
latter, and if the difference is greater than zero they issue an “error
signal.” This signal is transmitted via neural or hormonal channels to
distant effector organs, which then act to dissipate the heat, conserve
the water, or remove the excess calcium. It cannot be assumed a priori
that all compounds whose concentrations in the internal milieu remain
fairly constant do so because of the operation of closed feedback loops;
processes not susceptible to internal control (such as the spillage of
glucose into the urine of hyperglycemic subjects) can also contribute
to the stabilization of blood levels. However, more often than not, the
search for a regulatory system as the basis of the constancy of a particu-
lar compound in the extracellular fluid has proved rewarding.

B. Biological Rhythms

For the greater portion of the past century, the recognition that the
levels of certain compounds in the extracellular fluid remain surpris-
ingly constant tended to obscure the fact that most of these levels could
also be shown to undergo characteristic changes, albeit within a narrow
range. Perhaps the most general type of variation which is exhibited
by regulated functions is diurnal rhythmicity. It now appears likely
that the rates of most physiological processes and the concentrations
of most bipchemical compounds within the cells of mammals show at
least some tendency to vary as a function of time of day. These varia-
tions are reflected in changes in the composition and temperature of
the extracellular fluid. For example, body temperature in humans is
regulated at all times; however, the set-point around which temperature
is held constant varies predictably during each 24-hour period. Early
in the morning the “normal” temperature for most males is a full degree
lower than it is 12 hours later. It can be shown that if the temperature
is artificially elevated from 97.5°F to 98.0°F at 7:00 aM the subject
will perspire; however, if the same subject’s temperature is lowered from
98.6°F to 98.0°F at 4:00 pm, he will shiver.
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This type of demonstration provides compelling evidence that the in-
crease in body temperature observed during the hours of daylight is
not simply the result of the higher ambient temperature, or of the greater
heat load generated by muscular work during these hours. Similar
studies, described in greater detail below, have shown that the daily
rhythm in plasma amino acid levels is not simply the consequence of
man’s habit of presenting a load of dietary amino acids to his gut at
mealtimes. The concentrations of most amino acids in human plasma
have recently been shown to undergo characteristic diurnal fluctuations.
Among subjects maintained on a normal activity schedule (i.e., in bed
between 11:00 M and 7:00 aM), the levels of most of the individual
amino acids are lowest between 2:00 and 4:00 aM, and rise by as much
as 100% during the next 8 hours (Wurtman et al., 1968a). These rhythms
persist when subjects are deprived of dietary protein, and must therefore
reflect endogenous changes in the metabolism ofithe amino acids.
The concentration of any amino acid in plasma depends upon two sets
of rates, the rates at which the compound enters the blood from its
various sources (e.g., dietary protein, the breakdown of tissue protein),
and the rates at which it is removed from the blood by entering one
of its “sinks” (e.g., uptake into cellular amino acid pools, transamina-
tion). Some of these rates may be regulated in the sense described above;
that is, they may be controlled by feedback loops which monitor the
existing level of the amino acid, and operate to maintain this level within
a narrow range. In addition, almost all these rates can be modified
by hormones, food intake, and other factors which also display diurnal
rhythmicity. This chapter will describe diurnal rhythms in the metabo-
lism and plasma concentrations of individual amino acids, and will con-
sider the mechanisms which might generate such rhythms.

C. Mechanisms of Biological Rhythmicity

The mechanism of a rhythm will be defined as (1) the site of origin
of the oscillating signals which instruct the cells of the “target organ”
[for example, the hepatic cells which display rhythmic changes in tyrosine
transaminase activity (Wurtman and Axelrod, 1967)] to vary the rate
of a physiological process rhythmically, and (2) the intracellular bio-
chemical events which mediate the rhythmic behavior. Theoretically,
a daily rhythm in, for example, the activity of a hepatic enzyme could
be caused by signals originating within any of three possible loci:

(1) Within the cell itself. Evidence has been presented that diurnal
rhythms which are independent of the environment do exist among cer-
tain single-celled organisms. For example, Euglena incorporates more
phenylalanine-*C into protein during the daily light period than in dark-
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ness; this rhythm persists under conditions of continuous darkness for
at least 2 days (Feldman, 1968). Mammalian cells maintained in syn-
chronous tissue cultures show distinct biochemical rhythms which are
thought to reflect the time-constants of the various steps necessary for
protein synthesis. The periods of these rhythms are usually considerably
shorter than 24 hours (Klevecz and Ruddle, 1968). If cell-free extracts
of yeasts are incubated in a medium which is continuously injected
with glycolytic substrates (e.g., glucose or fructose), the activity of phos-
phofructokinase in the medium oscillates with periodicities of 3.5-8.6
minutes (Hess et al., 1969). Oscillations in hemoglobin biosynthesis with
a frequency similar to the time necessary for the synthesis of one mole-
cule have been described in rabbit reticulocytes (Tepper et al., 1969).
The interaction of several such high-frequency cycles could theoretically
generate a rhythm whose period approximated 24 hours.

(2) Elsewhere in the body (e.g., in the brain). It is generally believed
that the daily rhythms in body temperature and plasma cortisol level
result from parallel changes in the set-points around which these func-
tions are regulated (Yamamoto and Brobeck, 1965). These set-points
are presumably a property of neurons localized within the brain; their
oscillations are thought to be endogenous and not to depend upon the
presence of environmental cycles. There is at the present time no direct
evidence that any biochemical rhythm in a mammalian tissue is endoge-
nous; there is only indirect evidence that various rhythms persist in
animals deprived of one or more environmental cycles, and thus could
be of endogenous origin. This type of proof is less than persuasive, since
it is never possible to place experimental subjects in an environment
which is truly devoid of cyclic inputs. Natural diurnal cycles in light,
ambient temperature, food intake, and humidity can be damped without
too much difficulty; however, cycles in electromagnetic field strength,
gamma irradiation, and the gravitational pull of the moon persist in
all terrestrial experiments, and can probably induce certain rhythms
(Brown, 1965).

(3) Outside the body. The environment of the particular planet on
which mammals happened to evolve is characterized by 24-hour cycles
in a variety of physical functions. One of the cycles, the presence and
absence of light, has been shown to generate daily rhythms in the bio-
chemical activity of the pineal gland (Wurtman and Axelrod, 1965;
Wurtman, 1967b). The pineal is the unique locus in mammals of an
enzyme, hydroxyindole-O-methyl transferase (HIOMT), which synthe-
sizes the hormone. melatonin (Axelrod et al., 1961). Under normal light-
ing conditions (i.e., 12 hours of light per day), the activity of this enzyme
shows marked time-dependence: it rises several fold during the hours
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of darkness and falls during the light period (Axelrod et al., 1965).
Rats blinded or placed in an environment of continuous darkness imme-
diately lose the pineal enzyme rhythm; on the other-hand, these treat-
ments do not extinguish the presumably endogenous rhythms in body
temperature or plasma corticosterone content (Haus et al., 1967). The
concentration of norepinephrine within pineal sympathetic nerve endings
also varies diurnally with a rhythm which is generated by the light-dark
cycle. The neural pathway through which the retinal input reaches the
pineal and generates these biochemical rhythms is distinct from the
visual system; it utilizes a special nerve bundle, the inferior accessory
optic tract (Wurtman et al., 1967a). '

Even though few rhythms appear to be generated by the light-dark
cycle, essentially all rhythms in mammals are influenced to some extent
by this cyclic environmental input. In general, light acts as the dominant
synchronizer for 24-hourly rhythms, determining the times of their max-
ima and minima. The light-dark cycle is thought to “entrain” endogenous
rhythms, causing their period lengths to become exactly 24 hours
(Aschoff, 1960; Halberg et al., 1959; Haus et al., 1967). The advantages
to the animal of utilizing this stable environmental cycle to entrain
its internal rhythms are obvious; within an individual animal, unrelated
rhythmic events can be made to occur in a regular sequence, and meta-
bolic events which generally occur at a specific time of day can be
anticipated; within a species the rhythms of many individuals can be
synchronized. Rhythms which are caused by the light-dark cycle and
rhythms which are simply entrained by this cycle tend to show similar
responses to shifts in the phase of the daily light period. If the time that
subjects are exposed to light is changed from 6:00 AM—6:00 PM to noon—
midnight, the times that the maxima and minima of both types of
rhythms occur change until they reestablish a normal interval (termed a
“phase angle”), with reference to the onset of light or darkness (Hal-
berg et al., 1959; Haus et al., 1967). Rhythms generated by the light
cycle can, however, be distinguished from endogenous rhythms by their
response to continuous darkness: The former are immediately extinguished
in the absence of light cycles (Wurtman et al., 1967a), while the latter
persist.

Among a small group of rhythmic functions it has been possible to
demonstrate that, when animals are maintained under constant lighting
conditions (i.e., continuous darkness), not only does the rhythm persist,
but also the length of its period changes from exactly 24 hours to some-
thing slightly greater or less (i.e., it becomes circadian) (Halberg, 1959;
Halberg et al., 1959; Aschoff, 1960). The demonstration that a daily
rhythm “free-runs” in the absence of cyclic lighting inputs is usually



450 RICHARD J. WURTMAN

offered as further evidence that the rhythm is, in fact, the product of
an endogenous mechanism. It is argued that a free-running period of,
for example, 23 hours and 41 minutes is not isomorphic with any known
environmental cycle; thus it cannot result from a one-for-one response
to an oscillating environmental input. However, even the demonstration
that the period of a rhythm is not exactly 24 hours does not prove
that the oscillation is of endogenous origin. Environmental cycles do
exist whose periods are slightly longer or shorter than 24 hours (e.g.,
the lunar-tidal cycle, 24.8 hours) ; the resultant of the lunar and solar
frequencies might appear as a circadian rhythm.

It is feasible to demonstrate circadian periodicity only when the
experimental design allows the rhythmic function to be sampled repeat-
edly and frequently in the same subjects. In general, data of this sort
cannot be obtained in studies on rhythms in the activity of tissue en-
zymes (Wurtman, 1967a). The necessity of Kkilling the experimental
animal to obtain the tissue specimen allows each animal to be sampled
only once; hence the enzyme rhythm must be studied by analyzing
tissues from groups of 6-8 animals taken at multiple intervals during
a period of at least 24 hours. The difficulty in maintaining perfect
synchrony among such large groups of animals, and the logistics prob-
lems involved in collecting their tissues every few hours during a full
24-hour period have, to date, made it impossible for any investigator
to demonstrate that the period length of any tissue enzyme rhythm
becomes circadian in mammals maintained under constant environmental
conditions. In the remainder of this chapter, the term “circadian” will
be applied only to rhythms (e.g., in body temperature and in the concen-
trations of certain substances in the plasma) which have been demon-
strated to free-run under controlled environmental conditions with a
period significantly different from 24 hours.

In addition to the oscillating physical inputs described above, most
mammals also receive cyclic inputs of chemicals (i.e., foodstuffs) because
of their tendency to confine their eating behavior to a portion of the
24-hour period. Among rats exposed to light between 6:00 am and 6:00 pM,
the portal vein and the liver receive large amounts of amino acids,
glucose, and other components of the diet between 2:00 pM and 2:00 am,
when the animal consumes most of its daily food intake, and little
during the rest of the day. This cyclic input of dietary amino acids
generates the daily rhythm in hepatic tyrosine transaminase activity
(Wurtman et al., 1968b); it seems likely that additional biochemical
rhythms, in the liver and perhaps elsewhere, will be shown to result
from the cyclic intake of foodstuffs.
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II. Twenty-four-Hour Rhythms in Hepatic Enzymes

A. Tyrosine Transaminase

1. Characteristics

If Sprague-Dawley rats are maintained under light and darkness for
alternating 12-hour periods and given access ad lbitum to a diet contain-
ing protein (e.g., Purina Chow), the activity of the enzyme tyrosine
transaminase shows a marked dependence upon the hour of the day
that their livers are sampled (Wurtman and Axelrod, 1967; Civen et al.,
1967; Shambaugh et al., 1967). Tissues taken from animals kiljed 5
hours after the onset of darkness can catalyze the in vitro transamination
of tyrosine about four times as fast as livers taken early in the light

period _(Fig. 1). ¥

2. Mechantsm

Since the concentrations of corticosterone in the adrenals and blood
of the rat also vary diurnally (Fig. 1), and since the administration
of this steroid is known to produce an increase in tyrosine transaminase
activity (Lin and Knox, 1957; Nichol and Rosen, 1964), it initially
seemed likely that the nocturnal increase in transaminase activity was
a consequence of the preceding rise in plasma glucocorticoid concentra-
tion. However, this hypothesis was not supported by studies on adrenalec-
tomized or hypophysectomized rats; in both experimental preparations,
the transaminase rhythm persisted with unchanged amplitude (Fig. 2).
It could thus be concluded that the cyclic signal which instructs the
hepatocytes to increase their tyrosine transaminase activity is not medi-
ated by pituitary hormones (e.g., growth hormone, ACTH, TSH), by
compounds secreted in response to these hormones (e.g., corticosterone,
thyroxine), or by epinephrine [which is secreted in mammals only from
the adrenal medulla (Wurtman, 1966)].

Studies on intact rats had shown that injections of large amounts of
tyrosine, the physiological substrate for tyrosine transaminase, or of
smaller quantities of tryptophan could also produce a rise in enzyme
activity (Lin and Knox, 1957). In general, these studies did not include
adequate controls to rule out the possibility that the enzyme changes
observed after administering the amino acid were not simply a manifesta-
tion of the same transaminase rhythm as that observed in the untreated
animal. However they at least suggested that the oscillating signal re-
sponsible for the tyrosine transaminase rhythm might be an amino acid,
whose availability to liver cells depended upon the time of day. To
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F1g. 1. Daily rhythms in hepatic tyrosine transaminase activity, hepatic content
of p-hydroxyphenylpyruvic acid, and adrenal content of corticosterone. Rats were
exposed to light from 8:00 am to 8:00 pm for 1 week prior to assay and given
access ad kbitum to Purina Chow and water. Vertical lines in all figures refer to
standard errors of the mean. (Reprinted from Wurtman and Axelrod, 1967.)

examine ithis possibility, livers taken at intervals throughout the day
from untreated or hypophysectomized rats were assayed for tyrosine
transaminase activity and for free tyrosine or tryptophan concentration;
plasma samples were also assayed for free tyrosine level. It was hypothe-
sized that, if changes in the availability of free tyrosine or tryptophan
were responsible for the enzyme rhythm, it might be possible to demon-
strate that the concentration of the amino acid in plasma or liver in-
creased several hours before the daily rise in enzyme activity. No such
relationship was observed between tyrosine levels and the enzyme
rhythm (Fig. 3). Instead of rising several hours before the daily enzyme
peak, plasma and hepatic tyrosine levels showed no change during this
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period but fell during the hours following the daily rise in transaminase
activity (Wurtman et al., 1968b). This observation was considered com-
patible with the catalytic function of the enzyme; i.e., as tyrosine trans-
aminase activity increased, more of its substrate was removed in the
liver, and the concentration of its product, p-hydroxyphenylpyruvic acid,
increased (Fig. 1). In contrast to tyrosine, hepatic tryptophan levels
did vary in a manner which suggested that this amino acid might be
involved in producing the transaminase rhythm: Hepatic free trypto-
phan content increased by about 50% several hours before the daily
rise in enzyme activity (Fig. 4) (Wurtman et al., 1968b).

The liver differs from other organs in that the amounts of amirf
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Fia. 2. Effect of hypophysectomy on the daily rhythm in hepatic tyrosine trans-
aminase activity. Rats were hypophysectomized and kept under light from 6:00 am
to 6:00 pm for 10 days prior to assay; they had access ad libitum to Purina Chow
and water. (Reprinted from Wurtman and Axelrod, 1967.)
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acids with which it is perfused fluctuate markedly during the course
of the day (see Chapter 38). After the animal has consumed protein,
the liver receives concentrations of amino acids from the portal vascular
system which are much greater than those delivered between meals from
the general circulation (i.e., from the hepatic artery). Since the rat con-
sumes its food cyclically, the quantity of tryptophan available to its
liver soon after the onset of darkness, when the rate of food consumption
is maximal (Wurtman et al., 1968b), is far greater than the amount
presented to it early in daylight period. On the basis of such reasoning
it seemed likely that the oscillations in both the tryptophan confent
and the tyrosine transaminase activity of the liver might result from
the tendency of the rat to consume dietary protein cyclically. To test
this hypothesis, groups of rats were given access ad libitum to diets
containing 18% protein (casein) or 0% protein starting soon after the
onset of a daily light period; other animals were starved for 2 days.
The animals were killed at intervals, and their livers were assayed for
tyrosine transaminase activity. Rats having no access to protein (i.e.,
the 0% protein and starved groups) showed low transaminase activity
throughout the first day of the experimental period (Fig. 5). On the
second day, the transaminase activity in animals without protein but
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Fie. 5. Hepatic tyrosine transaminase activity in adult female rats given access
to a control diet (18% protein), a 0% protein diet, or no food at all, starting at
11:00 aM. Lights were on from 6:00 aM to 6:00 pm daily. (Reprinted from Wurtman
et al., 1968b.)
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with free access to calories (i.e., the 0% protein group) remained low,
and showed little tendency to vary with time of day (Wurtman et al.,
1968b). At this point, enzyme activity in the starved rats rose to attain
the peak evening levels observed in rats given protein (Wurtman
et al., 1968b) . The response of the starved group presumably resulted from
the increased adrenocortical secretion caused by the stress of starvation.

If rats were given access to a synthetic diet containing a complete
mixture of the essential amino acids instead of protein, hepatic tyrosine
transaminase activity continued to display 24-hour rhythmicity (Wurt-
man et al., 1968b). The time of the daily peak in enzyme activity shifted
slightly, possibly because amino acids from this food source did not
enter the portal circulation at the same rate as amino acids derived
from dietary protein. The omission of tryptophan from the amino acid
mixture caused the transaminase rhythm to,be extinguished (Fig. 6).
It is possible that the omission of other essential amino acids might also
have extinguished the enzyme rhythm; however dietary tryptophan may
serve a primary function in the physiological regulation of tyrosine
transaminase activity, by virtue of its special role in the aggregation of
hepatic polysomes. This hypothesis is outlined below.

These studies suggested that an exogenous input, the cyclic delivery
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Fic. 6. Hepatic tyrosine transaminase activity in adult female rats given access
to special diets starting at 10:30 AM on the day of the experiment. Lights were on
from 6:00 aM to 6:00 pM daily. (Reprinted from Wurtman et al., 1968b.)
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to the liver of dietary amino acids, was the major factor in generating
the tyrosine transaminase rhythm. This cyclic input depends upon both
the composition of the diet and the tendency of the animal to confine
its eating behavior to certain hours of the day. The importance of dietary
composition in generating the transaminase rhythm was illustrated by
the observation (Fig. 5) that the rhythm was extinguished in animals
given a diet lacking in protein. Potter and his colleagues (1966) have
shown that the opposite is also true; the rate at which tyrosine trans-
aminase activity rises after an animal is given access to dietary protein
is roughly proportional to the protein content of its diet. The impo¥tance
of the feeding rhythm in generating the transaminase rhythm has been
demonstrated by a variety of experiments: (1) The phasing of the feed-
ing rhythm has been changed by shifting the daily onset of the light
period by 12 hours. About 6 days are required for the feeding cycle
to resume its normal relationship to the light cycle. During this period,
the phasing of the transaminase rhythm changes at approximately the
same rate as the phasing of the feeding rhythm (Zigmond et al., 1969;
Black and Axelrod, 1968). (2) Animals have been given access to food for
only 4 hours per day (8:00 aM to noon). This constraint has shifted the
phase of the tyrosine transaminase rhythm, such that the daily peak
occurs several hours after the onset of eating, but almost 12 hours earlier
than in animals given free access to food (Fuller and Snoddy, 1968). (3)
The time of food intake has been dissociated from the time of protein
ingestion by placing rats on a 0% protein diet early in the light period,
and substituting an 18% protein mixture after 3, 9, or 15 hours. Under
these conditions, rats continued to display a normal feeding cycle regard-
less of the composition of their food; however tyrosine transaminase
activity did not start to rise until several hours after the animal first had
access to protein (Zigmond et al., 1969; Black and Axelrod, 1968). (4)
Fuller has shown (1969) that mice made hyperphagic by treatment with
gold thioglucose lose the tyrosine transaminase rhythm. Such animals
also fail to display a normal feeding rhythm (Anliker and Mayer, 1955).
If the mice are forced to eat cyclically (i.e., by being allowed access to
food for only 4 hours per day), the activity of the transaminase again
exhibits daily fluctuations. (5) The feeding rhythm has been extinguished
by training animals to consume food in 24 equal portions during each
of the 24 hours of the day. “Wheel-fed” animals prepared in this manner
and exposed to light for 12 hours daily maintained a normal rhythm in
corticosterone secretion; however, the transaminase rhythm was largely,
but not totally, extinguished. The magnitude of the daily rise in enzyme
activity was reduced to 10-15% of the increment observed among rats
allowed to consume their food cyclically (Cohn et al., 1970).
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The persistence of a small daily rhythm in tyrosine transaminase
activity among “wheel-fed” rats suggests that, in addition to the post-
prandial delivery of amino acids, other cyclic inputs to the liver can
also generate oscillations in the activity of the enzyme. One such input
might be plasma glucocorticoid level; the concentration of corticosterone
in the blood of rats is known to undergo a daily rise several hours
before the daily increment in enzyme activity (Guillemin et al., 1959).
Accordingly, the following hypothesis for the mechanism of the enzyme
rhythm attributes significance to both nutritional and hormonal inputs.
In the second half of the daily light period, the adrenals of the rat
secrete increased amounts of glucocorticoids (Guillemin et al., 1959).
These agents enhance the synthesis of ribonucleic acid (RNA) within
hepatic cells (Halberg et al., 1958) (Fig. 7). Most of the new RNA
is probably ribosomal, but some may also represent messenger coded
for tyrosine transaminase (Hager and Kenney, 1968). Around this time,
the animal begins to increase its rate of food consumption (Wurtman
et al., 1968b); this causes high concentrations of amino acids to be
delivered to the liver via the portal circulation, and further stimulates
RNA synthesis (Blobel and Potter, 1967; Whittle and Potter, 1968).
Within the hepatic cells, dietary tryptophan (Wunner et al, 1966;
Sidransky et al., 1967; Baliga et al., 1968) and perhaps other amino
acids (Mandel et al., 1966) cause ribosomal and messenger RNA to

DNA mRNA

NA SPECIFIC ACTIVITY AS % OF ASP

_ TIME OF DAY

Fia. 7. Twenty-four-hour rhythms'in incorporation of *P into DNA and “micro-
somal” RNA of mouse liver. Upper curves describe data obtained from animals kept
under light from 6:00 am to 6:00 pM; lower bars describe data obtained from ani-
mals kept under reversed lighting (i.e.. lights on from 6:00 pM to 6:00 am) for
8-14 days. (Reprinted from Halberg et al.,, 1959. Copyright 1959 by the American
Association for the Advancement of Science.)
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aggregate, forming polysomes, the units of protein synthesis. These struc-
tures then begin to synthesize tyrosine transaminase more rapidly than
the protein is destroyed, hence net enzyme activity rises.

The above hypothesis rests on the assumption that the diurnal rise
in transaminase activity represents an increase in the amount of enzyme
protein, not simply a change in the activity of preexisting enzyme. This
assumption is supported by recent evidence (D. Granner and M. Civen,
unpublished observations) that the content of immunologically distinct
tyrosine transaminase protein in rat liver also varies with a 24-hourly
rhythm which is in phase with the rhythm in enzyme activity. Comparing
the minor changes in the enzyme rhythm which follow adrenalectomy -
(Wurtman and Axelrod, 1967) with the near-extinction of the rhythm
caused by depriving rats of dietary protein (Wurtman ef al., 1968b),
it is apparent that the contribution of the adrenocortical cycle to the
enzyme rhythm is minor. This suggests that the rate-limiting factor in
the physiological regulation of tyrosine transaminase biosynthesis (i.e.,
in the unstressed, untreated animal) is not the amount of messenger
RNA coded for this protein, but the proportion of the messenger which
is bound with ribosomes in polysomal units. This proportion depends
upon a nutritional input, dietary tryptophan and other amino acids,
which produces its effect by acting within the cytoplasm. This hypo-
thesis is compatible with the finding that the messenger RNA for tyrosine
transaminase produced by hepatoma cells in synchronous tissue cultures
is relatively long-lived (Martin et al., 1968). It is also consistent with
the recent observation that the proportion of hepatic RNA bound to
polysomes varies diurnally in the rat (Fishman et al., 1969). This pro-
portion increases from about 50 to 73% soon after darkness among
animals given free access to a diet which contains protein (Fig. 8). The
rhythm is absent among animals placed on a no-protein diet.

Tyrosine transaminaseactivity attains a peak about 6-8 hours after
the onset of darkness; it subsequently declines rapidly, even though
the animal continues to consume food during the next few hours (Fig. 1).
The mechanism of the daily fall in enzyme activity is entirely un-
known; like the rise, it also appears to be independent of the adrenals
and pituitary (Wurtman and Axelrod, 1967). The fall in tyrosine trans-
aminase activity observed several hours after starved, adrenalectomized
rats are given glucocorticoids can be blocked by inhibitors of protein
synthesis (Kenney, 1967); these compounds may produce their effect
by inhibiting the breakdown of the enzyme protein (see Chapter 31).
The fall can also be blocked by the oral administration of casein hy-
drolyzates (Rosen, 1965). '

The ontogenesis of the transaminase rthythm has been related to pat-
terns of food ingestion by Honova and her colleagues (1968). An enzyme
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F1a. 8. Hepatic polysome profiles and tyrosine transaminase activity among groups
of six rats fed Purina Chow and killed at the times indicated. Hatching along the
abscissa indicates the daily dark period. (Reprinted from Fishman et al., 1969.)

rhythm is present immediately after birth; however, its phasing is quite
different from that seen in the adult: The daily peak in enzyme activity
occurs in the morning instead of in the evening. On day 21 of life (i.e.,
at the time of weaning), the time of the daily peak in transaminase
activity abruptly shifts to that observed in adults. The authors attribute
this sudden change in phase to the fact that prior to weaning, the new-
born rats ingest milk at the convenience of the mother, ie., at times
of day that she is not eating. With weaning, they suddenly assume the
nocturnal feeding pattern which is characteristic of their species, and
shift the time of day that they deliver dietary amino acids to their liver.

Axelrod and Black (1968) have suggested that the tyrosine transami-
nase rhythm is somehow related to tissue norepinephrine levels, inasmuch
as rats treated with inhibitors of monoamine oxidase, an enzyme which
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metabolizes norepinephrine, or with L-dihydroxyphenylalanine, a pre-
cursor of the catecholamine, exhibit both an increase in brain norepineph-
rine levels and a partial suppression of the hepatic transaminase rhythm.
These data are difficult to interpret since they include no measurements
of the rates at which the treated animals consumed food; it is possible
that both compounds affected the enzyme rhythm simply by suppressing
the feeding cycle; both compounds are used psychologically to modify
affect and behavior. Moreover, L-dihydroxyphenylalanine, an amino acid
not normally present in the circulation, might have influenced hepatic
protein synthesis. Studies in other laboratories have shown that a pro-
found pharmacological depletion of brain norepinephrine has no effect
on the transaminase rhythm so long as the experimental animal continues
to eat rhythmically (Wurtman et al., 1968¢c).

Baril and Potter (1968) have observed that, following the subcu-
taneous injection of cycloleucine-*C (a nonutilizable synthetic amino
acid), the steady-state ratio of its concentrations in liver and blood
varies with a daily rhythm. The ratio is highest at the time of day
that transaminase activity is rising. On the basis of this observation,
they have suggested that the enzyme rhythm results from a rhythm
in the rate at which liver cells take up amino acids from the general
circulation. This hypothesis is not compatible with the observation that
adrenalectomy obliterates the rhythm in cycloleucine-*C uptake (Baril
and Potter, 1968) but does not alter the tyrosine transaminase rhythm
(Wurtman and Axelrod, 1967). Moreover, animals given 0% protein
diets retain their rhythms in plasma amino acid concentrations (Wurt-
man et al., 1968a), but fail to display rhythms in tyrosine transaminase
activity (Wurtman et al., 1968b). It is well established that corticoids
affect the capacity of the liver to concentrate amino acids (Chapter 4,
Volume I).

The administration of glucagon (Csany et al., 1967) or of insulin
(Nichol and Rosen, 1964) to rats elevates tyrosine transaminase activity
(see Chapter 31); hence it seemed possible that enhanced secretion of
the former pancreatic hofmone toward the end of the daily “starvation
period” (i.e, late in the light period), or of the latter hormone soon
after the animal started to eat, might be responsible for the enzyme
rhythm. That this is not the case has recently been demonstrated by
studies on pancreatectomized animals by Fuller (1969). Removal of this
organ did not extinguish the enzyme rhythm (Fig. 9). The loss of the
rhythm in intact animals given a high carbohydrate, 0% protein diet
(Wurtman et al., 1968b) also provides evidence that neither glucagon
nor insulin participates in its genesis.

The demonstration that untreated animals, left to their own devices,
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Fra. 9. Persistence of daily rhythm in hepatic tyrosine transaminase activity
among pancreatectomized animals. Male rats were kept under cool-white fluores-
cent light from 7:30 aM to 4:30 pM and given access ad lkibitum to Purina Chow.
(Figure kindly supplied by Dr. Ray Fuller, Eli Lilly Research Laboratories,
Indianapolis, Indiana.)

display fourfold daily changes in tyrosine transaminase activity, and
that these changes are the result of the cyclic ingestion of dietary
protein, makes it mandatory that future studies on the physiological
regulation of tyrosine transaminase provide considerably more informa-
tion about the experimental animals than has usually been the case
in the past. The environmental lighting conditions, the hour-to-hour pat-
tern of food intake, and the composition of the diet should all be described
in detai);. The apparent effect of a particular experimental manipulation
on transaminase activity cannot be interpreted if the reader is not told
whether or not the treatment also altered the composition of the food
or the time of its ingestion.

3. Physiological Significance

The nocturnal rise in tyrosine transaminase activity is associated
with a decrease in the content of tyrosine in the liver (Fig. 3), and
with an increase in the concentration of p-hydroxyphenylpyruvic acid
(Fig. 1). If the enzyme rhythm is extinguished (by placing rats on
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a 0% protein diet), hepatic tyrosine content no longer declines with
the onset of darkness. The rate at which intraperitoneally injected
tyrosine-*H disappears from the whole mouse varies diurnally with a
rhythm in phase with the hepatic tyrosine transaminase cycle (Rose
et al., 1969). These observations indicate that the daily rhythmic
changes in tyrosine transaminase activity, measured in vitro, are,
in fact, associated with parallel changes in the rate that tyrosine is
transaminated in vivo. This implies that- the proportion of the tyrosine
in a given amount of food which remains available to the body for
utilization in the synthesis of endogenous proteins depends upon the
hour of its ingestion. It may be possible to increase the efficiency with
which protein foodstuffs are utilized in areas in which they are in short
supply by arranging for them to be eaten at metabolically favorable
times of day.

During the entire part of the 24-hour day when rats eat, they tend
to consume their food in multiple small meals: tHey nibble at a rate
sufficient to keep their stomachs from becoming empty. The animals can,
however, be forced to adopt human eating habits. By withholding food,
the investigator can train them to eat one or two individual meals each
day. Under these conditions they lose protein and accumulate fat in
their carcasses (Cohn, 1966) ; their tissues synthesize excessive amounts
of lipids from isotopically labeled precursors (Cohn and Joseph, 1967).
The metabolic basis of these effects of meal-eating may be related to
the mechanism of the tyrosine transaminase rhythm. The ingestion of
more than threshhold amounts of protein during a short interval may
cause enzyme adaptations (i.e., a rise in the activity of tyrosine trans-
aminase, and perhaps in other transaminases) which alter the fate of
any protein consumed subscquently. As a consequence of meal-eating,
a larger fraction of the daily protein intake is consumed after tyrosine
transaminase activity has already been increased by the prior ingestion of
protein. Hence more protein is converted to precursors of lipids.

It is generally held that the major function of tyrosine transaminase
relates to its role in gluconeogenesis; i.e., it deaminates an amino acid
to form compounds which are utilized for the production of energy.
If this hypothesis were correct, one might expect to observe in normal
animals a direct relationship between the number of hours since the
animal had last eaten and the level of hepatic transaminase activity;
enzyme activity should rise when dietary glucose is unavailable. In con-
trast, it is found that the daily elevation in tyrosine transaminase activity
occurs not in response to the absence of dietary carbohydrates, but to
the presence of dietary proteins. It thus appears that the function of
tyrosine transaminase in the unstressed, unstarved animal has little to
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do with gluconeogenesis. More likely, the primary action of the enzyme
is not to make its products (glycogenic and ketogenic energy sources)
available, but to destroy its potentially toxic (Alam, 1965) substrate,
tyrosine. When animals are starved for longer than 18-24 hours or are
otherwise stressed, the secretion of glucocorticoids from the adrenal gland
is stimulated, and these hormones act on the hepatic cells to induce
the formation of tyrosine transaminase and other transaminases (see
Chapter 31; see also, Nichol and Rosen, 1964). In this circumstance,
these enzymes very likely do act to increase the rate of gluconeogenesis.
Hence tyrosine transaminase activity can be regulated by two distinet
inputs, depending upon the physiological state of the animal. It is en-
hanced by dietary protein in normal animals, and probably serves to
destroy excessive amounts of its substrate; it is enhanced by adrenocorti-
cal hormones in stressed or starved animals, and serves in these circum-
stances to generate substrates for energy metabolism.

B. Other Enzymes

1. Demonstration of Enzyme Rhythms

Daily rhythmic changes have been demonstrated in the activities of
several hepatic enzymes besides tyrosine transaminase; these include cyto-
plasmic enzymes which metabolize amino acids, and membrane-bound
enzymes which metabolize drugs. Relatively few enzymes have been
examined at intervals to determine whether they exhibit diurnal varia-
tions. Moreover, many of the publications which purport to provide
evidence for the existence of enzyme rhythms lack critical experimental de-
tails without which their findings cannot be evaluated. In general, all
reports on enzyme rhythmicity should include the following information:
(1) the age, sex, and strain of the experimental animals; (2) the number
of animals housed in each cage; (3) the lighting conditions at the times
that the animals were sampled (i.e., nature of the light source; light
intensity bt the level of the animals; the hours each day that animals
were exposed to darkness and light); (4) the number of days that the
animals were maintained in their special lighting environment prior to
sampling; (5) the composition of the food offered to the animals, and
the hours that food and water were made available; (6) the actual
hour-to-hour food intake of the animals: (7) the times of day at which
enzyme activity was sampled, and the nature of the statistical method
chosen to evaluate the data.

Since naturally occurring rhythms in plasma steroid concentrations
have already been shown to be capable of generating some enzyme
rhythms, the concentration of corticosterone in the plasma or the adre-
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nals should be ascertained in samples taken at the same time as the
specimens of liver. This information is especially important in justifying
the conclusion that a particular enzyme does not show daily oscillations;
i.e., if an enzyme rhythm is generated by the steroid secretory rhythm,
environmental manipulations which obliterate the steroid rhythm will
also extinguish the enzyme rhythm, leading the investigator to the er-
roneous conclusion that enzyme activity does not oscillate. The availabil-
ity of data showing that the adrenal cycle is also absent will help the
investigator to recognize that his particular experiment does not allow
conclusions to be drawn about the existence of an enzyme rhythm.

2. Amino Acid-Metabolizing Enzymes .

The activity of tryptophan pyrrolase in livers of male CD-1 mice
exposed to light from 6:00 AM to 6:00 pM and given ad Lbitum access
to mouse chow varies about twofold during each day: it is lowest at
the start of the daily dark period and peaks about 8 hours later (Rapo-
port et al., 1966). Bilateral adrenalectomy lowers the basal enzyme level;
however, its activity continues to show some periodicity, now rising by
about 50% between 8:00 pM and 2:00 am. The rise in tryptophan pyr-
rolase activity is observed in intact animals 15-21 hours after plasma
tryptophan levels reach their peak; hence the enzyme rhythm is probably
not related to the delivery of tryptophan to the liver by the general
circulation. The role of dietary tryptophan in producing the enzyme
rhythm cannot be evaluated, inasmuch as no information was provided
in the above study on the eating behavior of the experimental animals,
nor are data available on changes in the rhythm among animals on a 0%
protein diet.

The rhythm in hepatic tryptophan pyrrolase activity may be responsi-
ble for the observed relationship between the metabolic fate of a dietary
tryptophan load and the hour of its ingestion. Rapoport and Beisel
(1968) administered 8 gm of tryptophan per kilogram body weight to
normal males, aged 2042, at different times of the day; the subjects’
urines were collected for the next 6 hours and assayed for kynurenine
derivatives (formed through the action of tryptophan pyrrolase) and
for indicans (synthesized by bacteria in the gut). The excretion of
kynurenine derivatives was greatest if the amino acid was administered
between 6:00 am and 9:00 aM, or several hours after the daily peak
in plasma cortisol levels; it was least if the tryptophan was administered
between 6:00 pM and 9:00 pM.

Civen et al. (1967) assayed livers from adult male rats exposed to
light for 12 hours daily and given Purina Chow ad ULbitum for both
tyrosine transaminase and phenylalanine-pyruvate transaminase (PPT).
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In contrast to the tyrosine-metabolizing enzyme, PPT activity showed
no tendency to vary with time of day. Potter and his colleagues (19566)
examined the activities of various enzymes in the livers of Buffalo rats
which bore a transplantable tumor (Morris hepatoma No. 7793) for
149 days; the animals were exposed to light from 6:00 AM to 6:00 pM
daily and given access to a diet containing 0-90% protein during
the hours of darkness. Tyrosine transaminase activity exhibited a sig-
nificant rhythm in host livers only among animals receiving a diet con-
taining at least 30% protein; it is possible that the enzyme rhythm
was not observed in rats eating customary amounts of protein (15-20%)
because no animals were sampled between 6:00 PM and midnight. Serine
dehydrase activity did not exhibit diurnal rhythmicity; ornithine trans-
aminase, a mitochondrial enzyme, showed daily oscillations among rats
whose diets contained 60% or 90% protein. No data were provided in
this study on the actual amounts of food consumed by the experimental
animals; such information is especially important in view of the observa-
tion (Szepesi and Freedland, 1968) that rats tend to decrease their con-
sumption of diets which are extremely high in protein after about 4 days.

The activity of arginine transaminase in mouse kidney also varies
diurnally. Among Bagg albino or C strain animals kept in light from
6:00 AM to 6:00 PM, enzyme activity was highest during the light period
and attained its nadir at midnight (Van Pilsum and Halberg, 1964).
The phase of the rhythm could be shifted by reversing the lighting
conditions. ‘

3. Drug-Metabolizing Enzymes

Radzialowski and Bosquet (1968) observed daily rhythms in the
activities of several drug-metabolizing enzymes in livers of intact male
Holtzman rats exposed to light from 6:30 aM to 8:00 pMm daily. The
oxidative enzymes which transform p-nitrosoanisole, aminopyrine, and
hexobarbital were all 50-100% more active in livers sampled at 2:00 am
than in' those removed at 2:00 pM. Bilateral adrenalectomy appeared to
extinguish these rhythms; however, it had no effect on the rhythm in
4-dimethylaminoazobenzene reductase activity. No data were provided on
the feeding rhythms or the protein intakes of the experimental animals.
Starvation for 24 hours failed to affect the three adrenal-dependent
rhythms, an observation that is difficult to reconcile with the marked
effect of this stress on adrenocortical secretion.

C. Characteristics of Enzymes Displaying 24-Hour Rhythmicity

On the basis of information cited above, it can be postulated that
two requirements must be met in order for a particular hepatic enzyme
to display rhythmicity:
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(1) The turnover time of the enzyme must be sufficiently short so
that a change in the rate of enzyme production or degradation during
part of a 24-hour period would generate measurable differences in
enzyme activity. Thus, it is @ priori more likely that tyrosine transam-
inase should display rhythmicity than arginase, an enzyme which turns
over relatively slowly. All the enzymes for which rhythmicity has thus
far been described have half-lives of less than.3 days (Schimke,
Chapter 32). '

(2) The enzyme should be induced (or activated) by a physiological
input to the liver whose amplitude displays 24-hour rhythmicity. Hence
enzymes which are activated or induced by components of food (e.g.,
protein, glucose) might be expected to vary diurnally, as might enzymes
whose activities are enhanced by hormones whose plasma cdncentrations
show similar variations: e.g., corticosterone (Guillemin et al., 1959) and
insulin (Freinkel et al., 1968). Enzymes regulated primarily by plasma
thyroxine levels would not be expected to display 24-hour rhythmicity
inasmuch as the plasma concentration of this hormone shows little ten-
dency to vary diurnally (Schatz and Volpe, 1959). The pineal organ
receives a cyclic input of nerve impulses generated by the retinal response
to environmental lighting (Wurtman et al., 1964) ; these impulses drive
& 24-hour rhythm in a pineal enzyme, hydroxyindole-O-methyl trans-
ferase (Axelrod et al., 1965).

III. Twenty-four-Hour Rhythms in Plasma Concentrations
of Amino Acids

A. Tyrosine

The concentration of tyrosine in human plasma is not constant but
varies predictably as a function of time of day (Wurtman et al., 1967b).
Among healthy young men who consumed a “formula diet” (0.71 gm
protein per kilogram body weight) or a “house diet” (1.50 gm protein
per kilogram body weight) in four equal meals at 8:00 am, 12:30 PM,
5:30 pM, and 10:00 pM, and who remained in bed from 11:00 pM to
7:00 am, tyrosine levels were lowest at 2:00 AM and rose to a peak by
or after 10:30 am (Figs. 10 and 11). The magnitude of the daily rise
was about 60% above the basal (2:00 am) levels.

Subjects fed a “low-protein formula diet” (containing only 0.04 gm
of protein per kilogram body weight) for 2 weeks continued to display
24-hour oscillations in plasma tyrosine levels; a sharp peak was attained
at 8:00 am (Fig. 12) (Wurtman et al., 1967b, 1968a). This observation
indicated that the plasma amino acid rhythm was not simply the conse-
quence of the overflow of dietary amino acids from the portal circulation
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Fig. 10. Variation in plasma tyrosine concentrations in nine healthy male subjects
given the “Formula Diet” (0.71 gm of egg protein per kilogram body weight). The
2:00 AM mean concentration of the amino acid was 10.04 + 0.39 pg/ml. (Reprinted

from Wurtman et al., 1968a.) ‘T
to the vena cava. It also demonstrated an important difference between
the rhythms in plasma tyrosine concentration and hepatic tyrosine trans-
aminase activity. The former rhythm, but not the latter, persisted in
subjects deprived of a eyclic input of dietary protein. This indicated
that, although the hepatic enzyme might influence the plasma tyrosine
rhythm, the primary mechanism responsible for the amino acid cycle
was unrelated to alterations in the rate at which tyrosine was metabo-
lized within the liver. Feigin and his colleagues (1968) have provided
further evidence that plasma amino acid rhythms are independent of
dietary protein. Subjects consumed 100 gm of protein at 9:00 am or
at 9:00 pM; this dietary load accelerated the morning rise in amino
acid concentration but did not alter the expected evening decline.
To examine the possibility that the diurnal changes in plasma tyrosine
level were related to man’s activity rhythm, plasma samples were as-
sayed for the amino acid before and immediately after 45 minutes of
vigorous exercise. The effect of physical activity was to increase tyrosine
levels only slightly (Wurtman et al., 1967b); hence the daily rise in
plasma tyrdésine (which began at 2:00 am, while the subjects were in
bed) could not have been the result of cycles of muscular work. Changes
in the sleep-wakefulness cycle can, however, entrain plasma amino acid
rhythms; subjects made to sleep from 10:00 am to 6:00 pM (instead
of from 10:00 pM to 6:00 AM) showed a rapid shift in the time of
peak amino acid levels. Within 48 hours, the hour of peak plasma concen-
trations stabilized at 4:00 am (Feigin et al., 1968). The daily rhythm
in body temperature required considerably more time to resynchronize
to the new activity schedule. It could not be determined whether the
shift in the phase of the amino acid rhythm resulted from shifts in
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Fia. 11. Variations in plasma concentrations of tyrosine, phenylalanine, and tryp-
tophan with time of day among six healthy male subjects given the “House Diet”
(approximately 15 gm of protein per kilogram body weight). The 2:00 aM con-
centrations of the amino acids were: tyrosine: 1220 & 0.94 ug/ml; phenylalanine:
8.14 * 085 ug/ml; tryptophan: 9.13 = 122 pg/ml. (Reprinted from Wurtman et al.,
1968a.)

Fie. 12. Variations in .plasma concentrations of tyrosine, phenylalanine, and
tryptophan with time of day among eight healthy male subjects given the “Low
Protein Formula Diet” (004 gm of protein per kilogram body weight). The
10:00 PM mean concentrations of the amino acids were: tyrosine: 7.80 + 0.31 pg/ml;
phenylalanine: 6.46 + 086 wg/ml; tryptophan: 6.30 & 049 ug/ml. (Reprinted from
Wurtman et al., 1968a.)
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the sleep cycle, the times of physical activity, the hours of food ingestion,
the light-dark cycle, or another cyclic behavioral or environmental input.

B. Other Amino Acids

Daily oscillations parallel to those described for tyrosine have now
been observed among most other amino “acids. Feigin ef al. (1967a)
measured the total concentration of 18 amino acids in plasmas of healthy
young males, using a densitometric assay of spots on paper chromato-
grams, The total concentration was lowest (25 mg/100 gm) at 4:00 am,
and rose by 15-35% in the afternoon. Blood samples were collected
at intervals of 4 hours for 6 days; there was relatively little day-to-day
variability among individual subjects. Both Wurtman ef al. (1968a)
and Feigin et al. (1968) examined diurnal rhythms in individual amino
acids. The former group observed rhythms of greatest amplitude among
tyrosine, tryptophan, phenylalanine, methionine, cysteine, and isoleu-
cine; amino acids whose plasma concentrations were highest showed
the smallest percentage of variation (Table I). Feigin et al. (1968)
found the greatest percentage differences among leucine, isoleucine, and

" TABLE 1

Prasma AMINO Acip ConceNTrATIONS AT TiMes oF Day WueN Tyrosing
LeverL Was HigHesT OoR LowEgsTe®

“House Diet” “Low-Protein Formula Diet”
(1.5 gm protein/kg) (0.04 gm protein/kg)
Amino acid concentration (zmole/ml) Amino acid concentration (umole/ml)

Amino acid  2:00 pm 2:00 AM Ratio 8:30 aM 10:00 pu Ratio
Threonine 0.17 + 0.02 0.14 +£ 0.05 1.45 + 0.27 0.21 + 0.10 0.15 £ 0.07 1.39 + 0.03
Serine 0.22 £ 0.07 0.17+0.05 1.39+£0.39 0.21 £0.09 0.15 +£ 0.03 1.43 + 0.19
Glutamic .

acid 0.28 £0.12 0.24 +0.15 1.290 +0.54 0.32+£0.10 0.26 + 0.12 1.26 £+ 0.23
Glycine 0.27 £ 0.05 0.21 +0.02 1.25 +£0.17 0.41 £0.09 0.32 £+ 0.05 1.29 £ 0.05
Alanine 0.46 £ 0.10 0.30 + 0.07 1.59 + 0.37 0.58 + 0.29 0.52 £ 0.21 1.12 + 0.33
Valine 0.36 £ 0.07 0.28 +0.05 1.31 +0.32 0.17 £ 0.03 0.11 + 0.02 1.50 + 0.16
Cysteine 0.08 + 0.12 0.04 + 0.02 1.83 + 0.61 0.05 + 0.02 0.03 + 0.02 1.89 + 0.55
Isoleucine 0.13 £ 0.02 0.09 £ 0.02 1.51 + 0.42 0.07 £ 0.02 0.03 £ 0.01 2.16 + 0.02
Leucine 0.23 £ 0.05 0.15 £ 0.02 1.63 +0.54 0.13 +0.03 0.06 + 0.01 2.02 + 0.36
Tyrosine 0.09 + 0.02 0.05 + 0.02 2.01 + 1.00 0.05 + 0.01 0.02 + 0.02 2.13 £ 0.21
Phenyl-

alanine 0.08 +0.02 0.05+0.02 1.60 + 0.44 0.06 + 0.02 0.03 + 0.02 1.74 + 0.30
Lysine 0.27 £ 0.05 0.18 +0.05 1.58 +0.3¢4 0.16 +0.03 0.12 + 0.03 1.40 4+ 0.09
Histidine 0.14 £ 0.02 0.11 £+ 0.02 1.39 +0.34 0.14 + 0.02 0.09 +£ 0.02 1.60 + 0.47
Arginine 0.13 £+ 0.05 0.11 + 0.02 1.46 £ 0.24 0.12 4+ 0.02 0.08 £ 0.03 1.43 + 0.30

« Reprinted from Wurtman et al. (1968a).
b Data obtained from 6 subjects on ‘‘House Diet”” (1.5 gm protein/kg) and 3 subjects on “Low-
Protein Formula Diet” (0.04 gm protein/kg) is presented as mean + standard deviation.
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methionine (tryptophan was not assayed); citrulline concentrations
tended not to show significant diurnal oscillations.

The concentrations of tyrosine in rat plasma varies with a rhythm
similar to that observed in humans, except that times of the peak and
the nadir are shifted by 6-8 hours (Coburn et al., 1969). Plasma phenyl-
alanine does not display significant diurnal oscillations in this species.
If rats are forced to consume all of their daily food intake between
8:00 am and noon, the phase of the tyrosine rhythm shifts, and parallel
rhythms appear in the plasma concentrations of both tyrosine and
phenylalanine. Daily rhythms in free amino acid concentrations have
been reported in the plasma of White Leghorn chicks (Squibb, 1966)
and within the hearts of rats (Lyons et al., 1967).

C. Mechanisms of Plasma Amino Acid Rhythms

A variety of factors can influence the steady-state levels of an indi-
vidual amino acid in the plasma; any of these could impart rhythmicity
to its net plasma concentration. Plasma tyrosine originates from a va-
riety of “sources” and disappears by entering any of several “sinks.”
Its sources include the following: (1) that fraction of the dietary tyro-
sine which is not utilized or transformed in its passage through the
portal circulation and liver; (2) tyrosine synthesized in the liver by
the oxidation of phenylalanine (or, less likely, through the transamination
of p-hydroxyphenylpyruvic acid) and secreted into the general circula-
tion; (3) tyrosine produced in the liver and other organs from the degra-
dation of proteins and peptides; (4) tyrosine released from intracellular
depots in liver, brain, muscle, and other tissues. Its sinks include: (1)
delivery to the liver via the hepatic artery, followed by deamination
or incorporation into proteins or peptides; (2) uptake into tyrosine
pools in peripheral tissues, followed by incorporation into proteins and
such special products as catecholamines, thyroxine, or melanin; (3) ex-
cretion into the urine or feces, or decarboxylation to form tyramine
(little if any tyrosine is lost via these latter pathways).

Each of the above processes depends upon many individual biochemi-
cal operations, which, if rhythmie, could impart rhythmicity to plasma
tyrosine concentration. For example, the uptake of plasma tyrosine into
the brain might be stimulated by an increase in the utilization of tyrosine
to form proteins or catecholamines; it might also change as a result
of an alteration in the steady-state ratio of intraneuronal to extracellular
tyrosine, perhaps resulting from the action of a hormone.

It should be obvious that a full understanding of the mechanisms
responsible for the plasma tyrosine rhythm will not be attained until
considerably more informatiop is available about the control of plasma
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amino acid levels in general. Indeed, the experimental analysis of the
tyrosine rhythm should provide an excellent model system for studying
the physiological regulation of amino acid metabolism in the whole
animal. Unlike changes in plasma amino acid levels produced by
experimental manipulations, the diurnal variations in tyrosine concen-
tration observed in untreated animals are, prima facie, physiologically
significant. .

The plasma tyrosine rhythm cannot result solely from the cyclic inges-
tion of dietary protein or of rhythms in the intrahepatic transamination
of the amino acid, inasmuch as it persists in subjects deprived of all but
trace amounts of dietary protein (Wurtman et al., 1968a). Although
no data are available as to the time-dependence of phenylalanine hydrox-
ylase activity, it is not likely that the plasma tyrosine rhythm results
from diurnal variations in tyrosine synthesis, inasmuch as it persists
indefinitely in human subjects suffering from phenylketonuria (Coburn
et al, 1969). Moreover the tyrosine rhythm is in phase with a
plasma phenylalanine rhythm in humans (Wurtman et al., 1968a),
but not in rats (Coburn et al., 1969). It has not yet been determined
whether the rates at which endogenous tyrosine is liberated following
the degradation of proteins in the liver or elsewhere vary diurnally;
however, it might be expected that more protein would be catabolized
toward the middle of the daily light period (i.e., when the rate of food
intake is least) than soon after the onset of darkness. Similarly, no
data are available on the relation between time of day and the tendency
of tyrosine pools in peripheral tissues to reenter the blood stream.

The extent to which tissues can concentrate amino acids from the
plasma has been shown to vary diurnally and may provide a basis for
rhythmicity in plasma tyrosine levels. Baril and Potter (1968) have
shown that the steady-state ratio of the concentrations of a nonutilizable
amino acid, cycloleucine-**C, in liver and blood varies in relation to
the number of hours since the animal last ate. The ratio is depressed
by feeding, and rises during fasting. These investigators initially sug-
gested that this rhythm was responsible for the tyrosine transaminase
rhythm, ie., higher concentrations of amino acids were presented to
the liver for incofporation into protein at certain times of day. The
disappearance. of the rhythm in intracellular amino acid-concentrating
ability among adrenalectomized animals makes this hypothesis unten-
able. However, it does appear likely that a daily rhythm in the ability
of tissues to concentrate amino acids could contribute significantly to
a plasma amino acid rhythm. Baril and Potter suggested that the rhythm
in the intracellular concentration of cycloleucine-*C was generated by
the diurnal oscillations in plasma glucocorticoid concentrations. This
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hypothesis is supported by the observation that human subjects who
receive synthetic glucocorticoids chronically according to a schedule
which disrupts their endogenous plasma cortisol cycle show parallel shifts
in the phasing of the tyrosine rhythm (Wurtman et al., 1968d). Plasma
insulin levels vary diurnally (Freinkel et al., 1968), and insulin can
also modify the rates at which amino acids are transferred across cellular
membranes (Roberts and Simonson, 1962) ; hence it is also possible that
plasma amino acid rhythms are related to insulin secretion. This likeli-
hood is especially great in subjects eating a high-carbohydrate, low-
protein diet, as discussed below.

Preliminary data suggest that the rates at which individual tissues
convert tyrosine-*C to labeled protein-1*C depend upon the hour that
the amino acid is administered. Adult male Sprague-Dawley rats exposed
to light from 6:00 Am to 6:00 pM and given access to Purina Chow
and water ad libitum received intraperitoneal injections of tyrosine-14C
at 6:00 aM, noon, 6:00 pM, and midnight. They were killed after 30
minutes, and the specific activities of tyrosine-*C and **C-labeled pro-
tein were determined in liver and brain. The rates at which the labeled
amino acid was incorporated into protein were highest in the middle
of the light period and lowest during the dark period. The differences
in the amounts of *C-labeled protein formed reflect rhythms in both
the destruction of tyrosine-*C and the rates of total protein synthesis
(Rose, et al., 1969). Marked changes in the rate at which intracellular
tyrosine is utilized for protein synthesis could cause sufficient alterations
in the uptake of the amino acid from the blood (or in its secretion from
the tissues into the plasma) to produce rhythms in plasma tyrosine
concentration.

In the case of the plasma amino acid rhythm observed in subjects
receiving the low-protein diet (Fig. 12), it seems likely that this rhythm
results from cyclic intake of dietary carbohydrate. In both man and
other species, it has been shown that ingestion of carbohydrate causes
a rapid fall in plasma free amino acid levels (see Chapter 10, Section
III,B and Chapter 34, Section III,A for a complete review of the litera-
ture). Munro and Thomson (1953) examined this phenomenon in rats
and in adult men, and showed that the reduction is maximal within
2 hours of feeding a dose of glucose. Feeding fat to fasting subjects or
animals did not produce significant changes in free amino acid levels.
- The lowering of free amino acid concentrations by carbohydrate adminis-
tration is not uniform for different amino acids; on the contrary, amino
acids are removed from the plasma in the proportions in which they
occur in tissue proteins generally.

Zinneman et al. (1966)" have recorded the reduction in the levels of
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22 circulating amino acids 2 hours after feeding glucose; with the single
exception of glutamic acid, the percentage fall in individual amino acid
levels correlates closely with the changes between maximal and minimal
values on the “low-protein formula diet” shown in Table I. On the other
hand, the relative differences in amino acid concentrations at two points
on the cycle observed with the “house diet” (Table I) do not correlate
with the pattern of change caused by glucose administration, thus sug-
gesting that other factors are at work. Figure 13 shows these correlations.

The cause of the change in plasma amino acid concentrations after
carbohydrate administration has been examined. Since the pattern of
removal suggests deposition as tissue protein, a search was made by
Munro and his colleagues for the site or sites of such deposition. Munro
et al. (1959) showed that administration of glucose to fasting rats leads
to actual loss of protein from the liver, rather than deposition. This
was confirmed by injecting rats with 35S-labeled methionine or “C-
labeled glycine at the time of glucose administration. As compared with
controls fed fat or water, glucose-fed animals showed no deposition of
extra methionine or glycine in the tissue proteins of the liver or intestinal
mucosa, but there was a significant accumulation in both the diaphram
and leg muscles. It had previously been demonstrated that an intact
insulin-secreting mechanism is required for the action of dietary carbo-
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hydrate on plasma amino acid levels (Munro, 1956). Thus it was con-
cluded that the carbohydrate acted by stimulating the secretion of insu-
lin; this hormone, in turn accelerates the transport of amino acids into
muscle, and possibly also muscle protein synthesis. The reduction in
plasma amino acid levels after giving insulin has been extensively docu-
mented (see Chapter 10, Section III,B for a review), and has been shown
to occur in the eviscerated rat within 15 minutes of injecting the hormone
(Ingle et al., 1956). This time interval is comparable to the speed of
action of insulin on carbohydrate metabolism in muscle, whereas carbo-
hydrate metabolism in the liver responds much more sluggishly on ad-
ministration of insulin to the intact animal (Renold et al., 1955).

The influence of dietary carbohydrate on protein metabolism also ex-
tends to the fate of protein consumed in the same meal. As demonstrated
in man by Cuthbertson and Munro (1939) and on the rat by Munro
(1949), protein in the diet is better retained in the tissues if fed in
a meal containing carbohydrate than if these two jutrients are fed at
separate times of day. This presumably occurs because a proportion
of the incoming amino acids after mixed meals is deposited in muscle
as a result of the stimulus provided by the carbohydrate absorbed from
the same meal. Indeed, Rabinowitz et al. (1966) have shown that insulin
secretion is much more enhanced by a meal containing carbohydrate
and protein than by carbohydrate or protein given singly. The disposal
of amino acids in peripheral tissues after carbohydrate-protein meals can
now be explored directly, using the arteriovenous difference technique
on the arms of human subjects, as described by Foley et al. (1966).

As a first approximation to an explanation of the diurnal rhythms
in protein metabolism disclosed in this survey, we may conclude that
the main factor which causes tyrosine transaminase and perhaps other
liver enzymes to undergo cyclic change in activity is variations in the
levels of amino acids present in the portal vein. This hypothesis is com-
patible with the known sensitivity of liver protein metabolism to amino
acid supply, as discussed in Chapters 10, 34, and 38. On the other hand,
there is good reason to conclude that the carbohydrate absorbed from
the diet exerts its major effect on the entry into, and perhaps the utiliza-
tion of, amino acids within skeletal muscle. Consequently, plasma amino
acid concentrations mainly reflect the ebb and flow of amino acids into
and out of this large tissue mass and continue to display rhythmic change
even when subjects are given diets lacking protein. When mixed meals
of protein and carbohydrate are consumed, not all of the amino acids
are trapped by the liver; thus a small postprandial wave of amino acids
passes into the peripheral circulation, and influences the levels of the
plasma amino acids. As discussed in Chapter 34, changes in plasma
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free amino acid levels following a mixed meal are dependent on the
mixture of amino acids provided by the dietary protein in relation to
the requirements of the tissues, on the interaction with dietary carbohy-
drate described above, and on the later postabsorptive breakdown of labile
tissue proteins (notably in liver) which returns amino acids to circula-
tion. It is thus not surprising that cyclical changes in plasma free amino
acids in subjects receiving the “house diet” show complex patterns that
cannot be correlated with the disappearance of amino acids from plasma
after carbohydrate is given alone (Fig. 13).

D. Plasma Amino Acid Rhythms and Disease States

The tendency of plasma amino acid concentrations to vary diurnally
by as much as twofold in healthy, untreated subjects makes it necessary
that studies on the effects of clinical or experimental situations on “amino
acid levels” be designed so that blood can be sampled at several different
times of day. If blood can be taken from a given subject at only one
hour, note should at least be made of when it was obtained, when and
what the subject ate, and when he slept. Rivlin and Melmon (1965)
reported that plasma tyrosine levels were elevated in hyperthyroid sub-
jects; blood was taken only once from each subject, early in the morning.
In the absence of data on tyrosine levels at other times of day, these
data are compatible with any of the following hypothesis: (1) hyper-
thyroidism increases the “set-point” around which tyrosine levels vary;
(2) hyperthyroidism extinguishes the tyrosine rhythm, and plasma levels
remain at the 10:30 am level at all hours of the day; (3) hyperthy-
roidism causes a shift in the phase of the tyrosine rhythm, so that levels
present in normal subjects at 10:30 AM now occur at 7:00 Am.

Feigin has examined the effects of experimental infections with
Pasteurella tularensis (Feigin and Dangerfield, 1967) or a live, attenu-
ated Venezuelan equine encephalomyelitis virus vaccine (Feigin et al.,
1967b) on; plasma amino acid rhythms. The administration of the bacteria
by inhalation was followed after 4 days by a 43% fall in total plasma
amino acid concentration; subsequently amino acid rhythmicity was
perturbed until the subjects had recovered. Inoculation with the viral
agent also damped the amino acid rhythm, but without causing the
marked decline in amino acid levels, These studies included no data
on the time or quantity of food ingestion.

E. Physiologicdl Significance of Plasma Amino Acid Rhythms

There is at present little direct evidence relating changes in the plasma
concentration of an amino acid to changes in its availability to the
tissues. Since all tissues except the liver are dependent upon the general
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circulation for their supply of amino acids, it seems reasonable to specu-
late that a threshold plasma concentration must exist for each amino
acid below which the tissues cannot extract sufficient material to meet
their requirements; the rates of synthesis of protein and other products
of amino acids (e.g., catecholamines, hormones) would then be slowed.
If this hypothetical threshhold is higher than the plasma concentration
of the amino acid at the daily nadir (i.e., at 2:00 aM), then the amino
acid rhythm will be physiologically significant, and will limit the
amount of the substance that is available to the tissues at certain
times of day. On the other hand, if tissues are able even at 2:00 am
to extract from the blood as much of each amino acid as they need,
then rhythmic changes in amino acid concentration will not exert a
significant influence on the metabolism of the substances. The determina-
tion of the significance of amino acid rhythms awaits further studies.

ACKNOWLEDGMENT ¥

Studies described in this review were supported in part by grants
from the National Aeronautics and Space Administration (NGR-
22-009-272) and the United States Public Health Service (AM-11709
and AM-11237).

REFERENCES

Alam, 8. Q. (1965). Ph.D. Thesis, Department of Nutrition and Food Science, M.I.T.,
Cambridge, Massachusetts.

Anliker, J., and Mayer, J. (1955). J. Appl. Physiol. 8, 667.

Aschoff, J. (1960). Cold Springs Harbor Symp. Quant. Biol. 25, 11.

Axelrod, J., and Black, I. B. (1968). Nature 220, 161.

Axelrod, J., MacLean, P. D., Albers, R. W., and Weissbach, H. (1961) In “Regional
Neurochemistry” (8. S. Kety and J. Elkes, eds.), pp. 307-311. Pergamon, Oxford.

Axelrod, J.,, Wurtman, R. J., and Snyder, S. H. (1965). J. Biol. Chem. 240, 949.

Baliga, B. S., Pronczuk, A. W., and Munro, H. N. (1968). J. Mol. Biol. 34, 199.

Baril, E. F., and Potter, V. R. (1968). J. Nutr. 95, 228.

Black, I. B., and Axelrod, J. (1968). Proc. Natl. Acad. Sci. US. 61, 1287.

Blobel, G., and Potter, V. R. (1967). J. Mol. Biol. 23, 279.

Brown, F. A, Jr. (1965). In “Circadian Clocks” (J. Aschoff, ed.), pp. 231-261.
North-Holland Publ., Amsterdam.

Civen, M., Ulrich, R., Trimmer, B. M., and Brown, C. B. (1967). Science 157, 1563.

Coburn, S. P, Seidenberg, M., and Fuller, R. W. (1969). Proc. Soc. Exptl. Biol. Med.
(in press).

Cohn, C. (1966). Proc. Assoc. Res. Nervous Mental Dis. 43, 212.

Cohn, C., and Joseph, D. (1967). Can. J. Physiol. Pharmacol. 45, 610.

Cohn, C.,, Joseph, D., Larin, F. F., Shoemaker, W. J.,, and Wurtman, R. J. (1970).
Proc. Soc. Ezptl. Biol. Med. (in press).

Csany, V., Greengard, O., and Knox, W. E. (1967). J. Biol. Chem. 242, 2688.

Cuthbertson, D. P., and Munro, H. N. (1939). Biochem. J. 31, 694.

Feigin, R. D., and Dangerfield, H. G. (1967). J. Infect. Diseases 117, 346.



478 RICHARD J. WURTMAN

Feigin, R. D,, Klainer, A. S., and Beisel, W. R. (1967a). Nature 215, 512.

Feigin, R. D., Jaeger, R. F., McKinney, R. W.,, and Alevizatos, A. C. (1967b). Am.
J. Trop. Med. Hyg. 16, 769.

Feigin, R. D,, Klainer, A. S, and Beisel, W. R. (1968). Metab., Clin. Ezptl. 17, 764.

Feldman, J. F. (1968). Science 160, 1454.

Fishman, B., Wurtman, R. J., and Munro, H. N. (1969). Proc. Nutl. Acad. Sci. U.S.
64, 677.

Foley, T. H., London, P. R., and Prenton, M. A. (1966). J. Clin. Endocrinol. Metab.
26, 781. .

Freinkel, N., Mager, M., and Vinnick, L.'(1968). J. Lab. Clin. Med. 71, 171,

Fuller, R. W. (1969). Unpublished observations.

Fuller, R. W,, and Snoddy, H. D. (1968). Science 159, 738.

Guillemin, R., Dear, W. E., and Liebelt, R. A. (1959). Proc. Soc. Ezptl. Biol. Méd.
101, 39%4.

Hager, C. B, and Kenney, F. T. (1968). J. Biol. Chem. 243, 3296.

Halberg, F. (1959). Z. Vitamin-, Hormon-, Fermentforsch. 10, 225.

Halberg, F., Barnum, C. P,, Silber, R. H., and Bittner, J. J. (1958). Proc, Soc. Exptl.
Biol. Med. 97, 897. y

Halberg, F., Halberg, E., Barnum, C. P., and Bittner, J. J. (1959). In “Photo-
periodism and Related Phenomena in Plants and Animals” (R. B. Withrow, ed.),
Publ. #55, pp. 803-878. Am. Assoc. Adv. Sci., Washington, D.C.

Haus, E., Lakatua, D., and Halberg, F. (1967). Ezptl. Med. Surg. 25, 8.

Hess, B, Boiteux, A., and Kiriiger, J. (1969). Advan. Enzymol. 7, 149.

Honova, E., Miller, S. A., Ehrenkranz, R. A., and Woo, A. (1968). Scierce 162, 999.

Ingle, D. J,, Torralba, G., and Flores, V. (1956). Endocrinology 58, 388.

Kenney, F. T. (1967). Sctence 156, 525.

Klevecz, R. R., and Ruddle, F. H. (1968). Science 159, 634.

Lin, E. C. C,, and Knox, W. E. (1957). Biochim. Biophys. Acta 26, 85.

Lyons, M. M,, Squibb, R. L., and Siegel, H. (1967). Nature 216, 1113.

Mandel, P., Quirin, C., Bloch, M., and Jacob, M. (1966). Life Sci. 5, 325.

Martin, D., Jr, Tomkins, G. M, and Granner, D. K. (1968). Unpublished
observations. -

Munro, H. N. (1949). J. Nutr. 39, 375.

Munro, H. N. (1956). Scot. Med. J. 1, 285.

Munro, H. N, and Thomson, W. 8. T. (1953). Metab., Clin. Ezptl. 2, 354,

Munro, H. N,, Black, J. G., and Thomson, W. 8. T. (1959). Brit. J. Nutr. 13, 475.

Nichol, C. A, and Rosen, F. (1964). In “Actions of Hormones on Molecular
Processes” (G. Litwack and D. Kritchevsky, eds.), pp. 234-256. Wiley, New York.

Potter, V. R., Gebert, R. A., Pitot, H. C., Peraino, C., Lamar, C., Jr., Lesher, 8.,
and Morris, H. P. (1966). Cancer Res. 26, 1547.

Rabinowitz, D., Merimee, T. J., Maffezzoli, R., and Burgess, J. A. (1966). Lancet
ii, 454.

Radzialowski, F. M., and Bosquet, W. F. (1968). J. Pharmacol. Ezptl. Therap. 163,
229,

Rapoport, M. I, and Beisel, W. R. (1968). J. Clin. Invest. 47, 934.

Rapoport, M. 1., Feigin, R. D., Bruton, J., and Beisel, W. R. (1966) . Science 153,
1642. .

Renold, A. E., Hastings, A. B, Nesbett, F. B, and Ashmore, J. (1955). J. Biol.
Chem. 213, 135.

Rivlin, R. 8., and Melmon, K. L. (1965). J. Clin. Invest. 44, 1690.



36. DIURNAL RHYTHMS 479

Roberts, E.,, and Simonson, D. G. (1962). In “Amino Acid Pools: Distribution,
Formation, and Function of Free Amino Acids” (J. T. Holden, ed.), p. 284.
Elsevier, Amsterdam.

Rose, C. M., Chou, C. Zigmond, M, J.,, and Wurtman, R. J. (1969). Federation
Proc. 28, 690. .

Rosen, F. (1965). J. Cellular Comp. Phystol. 66, Suppl. 1, 146.

Schatz, D. L., and Volpe, R. (1959). J. Clin. Endocrinol. Metab. 19, 1495.

Shambaugh, G. E., III, Warner, D. A, and Beisel, W. R. (1967). Endocrinology
81, 811.

Sidransky, H., Bongiorno, M., Sarma, D. S. R., and Verney, E. (1967). Biochem.
Biophys. Res. Commun. 27, 242,

Squibb, R. L. (1966). J. Nutr. 90, 71.

Szepesi, B., and Freedland, R. A. (1968). J. Nutr. 94, 463.

Tepper, T., Hommes, F. A, Thiirkow, I., and Nijhof, W. (1969). FEBS Letters
2, 217.

Van Pilsum, J. F., and Halberg, F. (1964). Ann. N.Y. Acad. Sce. 117, 337.

Whittle, E. D., and Potter, V. R. (1968). J. Nuér. 95, 238.

Wunner, W. H., Bell, J., and Munro, H. N. (1966). Biochem. J. 101, 417.

Wurtman, R. J. (1966). “Catecholamines.” Little, Brown, Bogton, Massachusetts.

Wurtman, R. J. (1967a). Science 156, 104.

Wurtman, R. J. (1967b). In “Neuroendocrinology” (L. Martini and W. F. Ganong,
eds.), pp. 19-59. Academic Press, New York.

Wurtman, R. J., and Axelrod, J. (1965). Sci. Am. 213, 50.

Wurtman, R. J., and Axelrod, J. (1967). Proc. Natl. Acad. Sci. U.S. 57, 1594.

Wurtman, R. J., Axelrod, J., and Fischer, J. E. (1964). Science 143, 1328.

Wurtman, R. J., Axelrod, J., Sedvall, G., and Moore, R. Y. (1967a). J. Pharmacol.
Ezptl. Therap. 157, 487.

Wurtman, R. J., Chou, C., and Rose, C. M. (1967b). Science 158, 660.

Wurtman, R. J., Rose, C. M., Chou, C., and Larin, F. F. (1968a). New Engl. J. Med.
279, 171.

Wurtman, R. J., Shoemaker, W. J., and Larin, F. (1968b). Proc. Natl. Acad. Sct. U.S.
59, 800.

Wurtman, R. J.,, Shoemaker, W. J., Larin, F., and Zigmond, M. J. (1968¢c). Nature
219, 1049.

Waurtman, R. J,, Rose, C. M., Rose, L., Williams, G., and Lauler, D, (1968d). Cln.
Res. 16, 355.

Yamamoto, W. S., and Brobeck, J. R. (1965). “Physiological Controls and Regula-
tions.” Saunders, Philadelphia, Pennsylvania.

Zigmond, M. J., Shoemaker, W. J., Larin, F,, and Wurtman, R. J. (1969). J. Nutr.
98, 71.

Zinneman, H. H,, Nuttall, F. Q., and Goetz, F. C. (1966). Dicbetes 15, 5.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

