thawed embryos transferred developed
into either dark-eyed living fetuses or
newborn mice that appeared entirely
normal., None appeared abnormal. In
the 13 animals allowed to litter, 48 per-
cent of 120 transferred embryos de-
veloped into black or agouti pups.
(These mice have yielded normal litters,
both when mated with each other and
with a normal control mouse). In the
64 females examined before term, 42
percent of the transferred embryos had
developed into fetuses and 23 percent
more had implanted but had been re-
sorbed. Thus 65 percent of the 501
embryos in pregnant females underwent
implantation. Fetuses and live-born
mice developed normally from embryos
cooled to —78°, —196°, or —269°C,
regardless of whether transfer was im-
mediately after thawing or after de-
velopment to blastocysts. Since 43 per-
cent of the embryos in pregnant fe-
males underwent complete development
and since the frozen-thawed embryos

had been pooled before transfer, it is -

statistically unlikely that any animal
failed to become pregnant because the
six to ten embryos it received were all
nonviable, Rather, the nonpregnancy
was probably a physiological failure of
the foster mother.

The results in Table 1 compare favor-
ably with those obtained for the trans-
fer of normal, unfrozen embryos into
mice (21). Thus, embryos that survive
freezing and thawing (with capacity to
develop to blastocyst in culture as the
criterion of survival) are capable of
developing to term and producing nor-
mal, living young. Our results imply
(2) that storage of mutant strains of
mice not in current use but of potential
interest is now possible. As needed, the
stored embryos could be thawed and
transferred to foster mothers, and the
resulting offspring used to reestablish
the mutant strain. If these procedures
prove applicable to embryos of large
domestic animals, they would also facili-
tate worldwide dissemination of stock
with an optimal genetic background
for a particular use or geography.
Finally, the success of cryobiological
theory in suggesting the proper ap-
proach to the freezing of these sensitive
embryos increases the likelihood that
ways can be found to freeze complex
mammalian systems for medical use.

D. G. WHITTINGHAM*
S. P. Leiso, P. MAzur
Biology Division,
Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37830
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Brain Serotonin Content: Physiological

Regulation by Plasma Neutral Amino Acids

Abstract. When plasma tryptophan is elevated by the injection of tryptophan or
insulin, or by the consumption of carbohydrates, brain tryptophan and serotonin
also rise; however, when even larger elevations of plasma tryptophan are produced
by the ingestion of protein-containing diets, brain tryptophan and serotonin do
not change. The main determinant of brain tryptophan and serotonin concentra-
tions does not appear to be plasma tryptophan alone, but the ratio of this amino
acid to other plasma neutral amino acids (that is, tyrosine, phenylalanine, leucine,
isoleucine, and valine) that compete with it for uptake into the brain.

We have shown that when plasma
tryptophan concentrations rise in rats
receiving low doses of tryptophan (1)
or subconvulsive doses of insulin (2),
or in rats consuming a carbohydrate
diet (3), brain tryptophan and serotonin
concentrations also increase. Such vari-
ations in amine concentration reflect
the general dependence of the rate of
serotonin formation on the degree of
saturation of tryptophan hydroxylase,
the enzyme that catalyzes the rate-
limiting step in serotonin biosynthesis
(4). We suggested that the brain tryp-
tophan elevations were direct responses
to the increases in plasma tryptophan,
and that, generally, any perturbations
which increased plasma tryptophan
would similarly increase brain trypto-
phan and serotonin (3). Since dietary
protein should elevate plasma trytophan

-

both by eliciting insulin secretion and
by providing new tryptophan, we antici-
pated (3) that its consumption should
also elevate brain tryptophan and
serotonin,

We now report that the elective con-
sumption of protein-containing diets
may or may not be followed by in-
creases in brain tryptophan and 5-
hydroxyindoles, and that this effect of
food consumption on the brain is best
correlated not with plasma tryptophan
concentration, per se, but with the
ratio of plasma tryptophan to five other
neutral amino acids that presumably
compete with it for uptake into the
brain.

Male Sprague-Dawley rats (Charles
River Breeding Laboratories) were
housed as described in (3). At 9 p.m.
the evening before an experiment, the

SCIENCE. VOL. 178



rats were placed in clean cages and
deprived of food. Between noon and 3
p.m. the next day, groups of six to eight
animals were given free access to one of
the following diets; (i) diet 1, a carbo-
hydrate diet (3); (ii) diet 2, diet 1 sup-
plemented with 18 percent casein, dry
weight; (iii) diet 3, diet 1 supplemented
with an artificial amino acid mixture
similar to casein in amino acid content
(5), 18 percent dry weight; (iv) diet 3,
but lacking specific amino acids as de-
scribed below. In all experiments, ani-
mals consumed approximately 5 to 7 g
of food during the first hour and 3 to
5 g during the second hour. Control
rats were fasted and were Kkilled at the
beginning of the first hour of the ex-
periment (O-hour control), or 1 or 2
hours later (1-hour and 2-hour con-
trols, respectively). Experimental rats
were killed 1 or 2 hours after diet
presentation. Blood and brains were
collected and prepared as described (3).
Tryptophan (6), serotonin (7), and 5-
hydroxyindoleacetic acid - (8) were as-
sayed fluorimetrically. Other plasma
amino acids were measured by means
of a Beckman model 121 amino acid
autoanalyzer.

If rats ate diet 2 (18 percent casein),
plasma tryptophan concentrations in-
creased 60 percent above those of fasted
controls in 2  hours (0-hour control,
11.44 ug/ml; 2-hour control, 10.46
pg/ml; 2-hour casein, 16.44 pug/ml;
P < .001); however, brain tryptophan
concentrations did not increase (0-hour
control, 4.08 ug/g; 2-hour control, 5.07
ng/g; 2-hour casein, 3.47 ug/g). Brain
serotonin also failed to rise (0-hour
control, 0.58 ug/g; 2-hour control, 0.53
1g/g; 2-hour casein, 0.53 pg/g). The
consumption of a standard rat chow
(Big Red Laboratory Animal Chow, 24
percent protein, dry weight) produced
similar results, that is, a 70 percent in-
crease in plasma tryptophan (P < .001)
after 2 hours, but no elevations in brain
tryptophan or serotonin,

Other investigators, using brain slices
(9) or animals treated with pharma-
cologic doses of individual amino acids
(10), have shown that groups of amino
acids (for example, neutral, acidic,
basic) are transported into brain by dif-
ferent carrier systems, and that within
a given group, the member amino acids
compete with each other for common
transport sites. Since protein ingestion
introduces variable amounts of all
amino acids into the blood, brain tryp-
tophan could fail to increase after pro-
tein ingestion because the plasma con-
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centrations of other competitor amino
acids increase more than does the con-
centration of tryptophan. To test this
hypothesis, we allowed groups of six
animals to eat either diet 3 (carbo-
hydrate diet containing the complete
amino acid mixture) or diet 3 minus
five of the amino acids thought to share
a common brain transport system with
trytophan (tyrosine, phenylalanine, leu-
cine, isoleucine, and valine). Both diets
significantly increased plasma trypto-
phan above concentrations in fasted
control rats (Fig. 1). The plasma con-
centrations of most other amino acids
measured (for example, serine, proline,
threonine, and alanine) also increased,
except for those omitted from the diet.
However, only when the competing
neutral amino acids were deleted from
the diet did large increases occur in
brain tryptophan, serotonin, or S5-hy-
droxy-indoleacetic acid (Fig. 1).

To rule out the possibility that the
differences between rats consuming diet
3 and this diet minus the five com-
petitor amino acids were simply non-
specific effects resulting from the lack
of any group of amino acids, we re-
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peated the above experiment omitting
aspartate and glutamate from the com-
plete amino acid mixture. These two
amino acids comprise approximately the
same percent of the total alpha-amino
nitrogen in casein as the five competing
amino acids. Because they are charged
at physiologic pH, they are transported
into the brain by a different carrier
system from that transporting trypto-
phan (9). Hence, their absence should
not alter the postprandial competition
for brain uptake between tryptophan
and other amino acids within its trans-
port group. At 1 and 2 hours after
presentation of this diet or of diet 3
(complete amino acid mixture), plasma
tryptophan concentrations again in-
creased 70 to 80 percent above those
of fasted controls (P < .001). How-
ever, the ingestion of either diet re-
sulted in no increases in brain trypto-
phan, serotonin, or 5-hydroxyindole-
acetic acid.

These results show that brain trypto-
phan and 5-hydroxyindole concentra-
tions are not simply a reflection of
plasma tryptophan, but also of the
plasma concentrations of other neutral
amino acids. To illustrate this relation,
we performed a correlation analysis
between brain tryptophan and the ratio
of plasma tryptophan to the five com-
peting amino acids among individual
rats given the diets shown in Fig. 1
(Fig. 2). This analysis gave a correla-
tion coefficient of 0.95 (P < .001 that
r=0), whereas a correlation of brain
tryptophan with plasma tryptophan
alone was less striking (r = 0.66; P <
.001 that » = 0). Further, a correlation

Fig. 1. Effect of the ingestion of various
amino acid-containing diets on plasma and
brain tryptophan, and brain S5-hydroxyin-
doles. Groups of eight rats were killed 1
or 2 hours after diet presentation. Vertical
bars represent standard errors of the
mean. (O—Q), Fasting controls; (l—M),
complete amino  acid-mixture  diet;
(®—@®), mixture diet minus tyrosine,
phenylalanine, leucine, isoleucine, and
valine. The 1- and 2-hour plasma trypto-
phan concentrations were significantly
greater in animals consuming both diets
(P < .001) than in fasting controls. All
brain tryptophan, serotonin, and 5-hy-
droxyindoleacetic  acid  concentrations
were significantly greater in rats con-
suming the diet lacking the five amino
acids than in fasting controls (P < .001
for all but 1-hour serotonin, P < .01).
Among animals eating the complete
amino acid mixture, the 2-hour brain
tryptophan concentration was significantly
above that of the corresponding fasting
controls (P < .001).
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Fig. 2. (A) Correlation between brain tryp-
tophan (Try) concentration and the plasma
ratio of tryptophan to the five competing
amino acids in individual rats studied in
the experiment described in Fig. 1 (r =
0.95, P < .001 that r = 0). (B) Correla-
tion between the sum of brain serotonin
and 5-hydroxyindoleacetic acid, and the
plasma ratio of tryptophan to the five
competitor amino acids (7, tyrosine; P,
phenylalanine; L, leucine; I, isoleucine;
V, valine) in individual rats studied in
the experiment described in Fig. 1 (r=
0.89, P < .001 that r =0). (O) The 1-
and (V) 2-hour controls; (X) 1-hour
complete amino acid mix diet; (A) 2-
hour complete amino acid mix diet; ([J)
1-hour complete mixture diet minus five
competing amino acids; (@ ) 2-hour com-
plete mixture diet minus five competing
amino acids.

between brain 5-hydroxyindoles (sero-
tonin plus 5-hydroxyindoleacetic acid)
and the plasma amino acid ratio gave
a coefficient of 0.89 (P < .001), where-
as a correlation with plasma tryptophan
alone was less noteworthy (r = 0.58;
P <.001) (Fig. 2). Thus, the brain
concentrations of both tryptophan and
the 5-hydroxyindoles more nearly re-
flect the ratio of plasma tryptophan to
competing amino acids than the plasma
tryptophan alone. Tryptophan in plasma
is divided between a larger, albumin-
bound pool and a smaller, free pool
(11). If brain tryptophan is in equilib-
rium with free rather than total plasma
tryptophan, these correlations may be
improved even further by substituting
free for total trytophan in the plasma
ratio (12).

The effect of food consumption on
brain 5-hydroxyindoles may now be
modeled as in Fig. 3. Since carbo-
hydrate ingestion elicits insulin secre-
tion, it simultaneously raises plasma
tryptophan and lowers the concentra-
tions of the competing neutral amino
acids in rats (2); hence, the ratio of
plasma tryptophan to competing amino
acids increases, leading to elevations in
brain tryptophan and serotonin. Pro-
tein consumption provides the plasma
with a source of all the amino acids;
however, the ratio of tryptophan to
competitor amino acids in dietary pro-
teins is almost always lower than this
ratio in plasma - (5). Probably for this

Fig. 3. Proposed sequence describing diet-
induced changes in brain serotonin con-
centration in the rat. The ratio of trypto-
phan to tyrosine (T) plus phenylalanine
(P) plus leucine (L) plus isoleucine (I)
plus valine (V) in the plasma is thought
to control the tryptophan concentration
in the brain.
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reason, protein ingestion increases plas-
ma tryptophan less than it does the
plasma concentrations of competing
amino acids, thereby decreasing the
ratio. The insulin secretion elicited by
protein consumption will, by itself, pro-
duce an opposite change in this ratio.
Thus, brain tryptophan and 5-hydroxy-
indoles could decrease, increase, or re-
main unchanged after protein consump-
tion, depending on the amino acid
composition of the dietary protein, and
the proportion of protein to carbohy-
drates.
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carbohydrate
(Insulin secretion)

Dietary protein

(amino acids)

++ _\ +

Plasma Plasma
(T+P+L+1+V) |~ ,~| tryptophan
[

+

Plasma ratio
tryptophan

(T+P+L+I+V)

Brain
tryptophan

{

Brain
serotonin

y
Brain
5-hydroxy-
indoleacetic
acid

Studies of the competition among
various amino acids for uptake into the
brain have largely utilized brain slice
preparations, or animals treated with
pharmacologic doses of one or two
amino acids (9, 10, 13). Our data pro-
vide evidence that such competition
occurs in the concentration ranges that
normally exist in untreated animals con-
suming natural proteins; further, this
action appears to control the content
of a putative neurotransmitter, sero-
tonin in the brain. Since a wide variety
of dietary and hormonal inputs proba-
bly can influence the ratio of plasma
tryptophan to its competitor amino
acids, our data suggest that serotonin-
containing neurons provide the rest of
the brain with information about a
broad range of metabolic states (14).
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