months. The decreased incorporation of
glucose was not due to a dilution of the
specific activity of the precursor pool
[glucose disintegrations per minute
(dpm) per nanomole]. The incorporation
of [*Hilcholine into acetylcholine also
declined with senescence. In the BALB/
¢ strain, the estimated rate of synthesis
from [*H,]choline decreased by 50.4 and
75.9 percent in 10- and 30-month-old
mice. Neither the specific activity of the
precursor pool nor the uptake of [?HgJ-
choline into the brain accounted for the
decreased incorporation.

The depressed acetylcholine synthesis
in senescent mice was correlated (/5)
with behavioral deficits as measured
with a string test (+ = .98; Fig. 1), which
quantitates the ability of a mouse to
traverse an elevated taut string (/6).
Scores for 10- and 30-month-old mice of
both strains were 35 to 42 and 77 to 78
percent lower than those of the 3-month-
old animals. In thiamine deficiency, a
decrease in the string-test score seems
attributable to a central cholinergic mus-
carinic lesion (15). Whether this is also a
causative factor in aged animals remains
to be determined. Decreased acetylcho-
line synthesis correlates well with a dec-
rement in geriatric memory deficits pre-
viously reported (2). The latencies in
passive avoidance tasks declined 31 to 40
percent in 12-month-old mice (acetylcho-
line declined 32 percent) and by 58 to 64
percent in 30-month-old mice (acetylcho-
line declined 59 percent). Other studies
in rats by Lippa et al. (4) suggest that
memory impairment may not be detect-
able until 20 months.

Our studies directly demonstrate re-
duced acetylcholine synthesis in senes-
cent mice. This decrease is correlated
with the development of progressive be-
havioral deficits and may underlie some
of the brain dysfunctions which compli-
cate senescence. The mechanism linking
these two findings requires further inves-
tigation.
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Short-Term Variations in Diet Composition Change the

Pattern of Spontaneous Motor Activity in Rats

Abstract. The nocturnal activity patterns of rats changed significantly within 3
days after they were given unrestricted access to isocaloric diets in which the ratio of
carbohydrate to protein was systematically varied. As the ratio increased, the rats
were more continuously active. The subjects showed similar responses to variations
in this ratio whether the diet contained 15 or 45 percent fat. No correlation was found
between the number of calories an animal ate and its activity pattern.

Does diet composition affect the be-
havior of omnivores like rats and hu-
mans? Learning, sleep, and spontaneous
motor activity can be altered experimen-
tally by starvation (/), malnutrition (2),
or excesses or deficiencies of various
dietary components (3). Animals or hu-
mans may occasionally be exposed to
severe and protracted dietary changes;
however, they usually are able to search
for and choose among a variety of foods
(4). The behavioral effects of normal
short-term variations in diet composition
have not, to our knowledge, been stud-
ied.

The proportions of protein and carbo-
hydrate in each meal can affect the
amounts of tryptophan and tyrosine tak-
en up into the brain (5) and, consequent-
ly, synthesis of serotonin and the cate-
cholamine neurotransmitters. Similarly,
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dietary lecithin or choline content can
affect neuronal acetylcholine synthesis
(6). There is evidence that these neuro-
transmitters participate in brain mecha-
nisms underlying behavior such as spon-
taneous motor activity (7). We now re-
port that short-term changes in diet com-
position, similar to those that may occur
naturally, can modify patterns of sponta-
neous motor activity in rats.

Male Sprague-Dawley rats (Charles
River) were housed singly for several
weeks in specially constructed plexiglass
cages (14 by 14 by 10 inches) that al-
lowed them unrestricted access to food
and water. The cages were kept in an
isolated room and could be cleaned with-
out disturbing the animals (8). Between 4
a.m. and 4:40 p.m. daily, the cages were
lighted by fluorescent bulbs (Vita-Lite,
Duro Test Corp.) emitting a spectrum
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close to that of sunlight. A Z80 micro-
computer (Zilog Corp.) was programmed
to record the number of times an animal
interrupted either of two crossed infra-
red photocell beams generated by infra-
red phototransistors mounted on the
sides of the cage (9). The total number of
beam interruptions in successive 20-min-
ute periods was printed by teletype (Oli-
vetti TE 318). Animals were given 1
week to adjust to the cages, and, except
as noted, had access to Charles River
rat/mouse/hamster formula during that
time. They were then provided with one
of several agar-based synthetic diets (/0)
for 3 days each. One group of 20 rats
received food containing 18 percent ca-
sein, 57 percent carbohydrate (dextrose,
sucrose, and dextrin), and 15 percent
vegetable fat (/0); a second group of 20
rats received no protein, 75 percent car-
bohydrate, and 15 percent fat. Weight
gain and food consumption were record-
ed daily.

A typical activity record for a rat con-
suming the 18 percent protein diet (Fig.
1A) shows that activity increased with
the onset of darkness and decreased with
the onset of light. In rats consuming the 0
percent protein diet (Fig. 1B), a similar
preponderance of activity occurred dur-
ing the dark period. Animals consuming

18% Protein diet
r A
140

100

60

20

0% Protein diet

140 B

Infrared beam interruptions

Fig. 1. Effect of diets of different protein
content on rat activity patterns. The 18 per-
cent protein diet (A) also contained 57 percent
carbohydrate and 15 percent fat; the 0 percent
protein diet (B) also contained 75 percent
carbohydrate and 15 percent fat. Black bars
indicate dark periods. Each data point is the
number of infrared beam interruptions occur-
ring in successive 20-minute periods.
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the 18 percent protein diet showed a
highly irregular activity pattern during
the dark period; periods of intense activi-
ty were followed by periods of complete
quiescence. In contrast, animals con-
suming the O percent protein diet were
almost continuously active during the
entire dark period, with few or no peri-
ods of quiescence.

Using the raw data, we constructed
frequency histograms (//), choosing
three regions to represent the percentage
of 20-minute intervals during which a rat
registered a specified level of activity.
Activity levels were classified as low (0
to 9 infrared beam interruptions), moder-
ate (10 to 59 interruptions), and intense
(90 or more interruptions) (/2). We eval-
uated the level of activity for each animal
on each diet.

On the average, the 20 animals con-
suming the 18 percent protein diet regis-
tered low activity during 42 percent of
the dark period, while rats consuming
the 0 percent protein diet registered low
activity during no more than 26 percent
of the dark period. Animals consuming
the 0 percent protein diet shifted instead
to 57 percent moderate activity, versus
37 percent moderate activity for rats on
the 18 percent protein diet. We com-
pared the two groups by Hotelling’s T°
test (13); the result was highly significant
(P << .01). We compared individual re-
gions using i-tests with a conservative
value of 3.01 (/4); the decrease in low
activity levels and the increase in moder-
ate activity levels were both significant
at P < .05. The percentage of periods
during which the animals were intensely
active did not increase significantly
when they consumed the 18 percent pro-
tein diet (Fig. 2). Rats given the 0 percent
protein diet ate significantly fewer total
grams or calories than those consuming
the 18 percent protein diet (33 = 1.1 g
versus 47.5 = 1.3 g; P < .01). Further-
more, animals eating the protein diet
gained weight during the 3 days (12
+ 0.4 g), while those on the no-protein
diet lost weight (-2 £ 0.5 g) (P <<
.01).

To determine how quickly rats modify
their activity patterns in response to di-
etary changes, the activity of another
group of 22 rats was followed for 7 days.
On days 1, 2, 6, and 7 the animals con-
sumed the 18 percent protein diet; on
days 3 to 5 they ate the 0 percent protein
diet. Once animals began to eat the no-
protein diet, low activity decreased on
successive nights (32 percent the first
night, 27 percent the second, and 20
percent the third), while moderate activi-
ty increased from 45 percent the first
night to 49 and 52 percent on the follow-

ing nights. The activity patterns during
the third proteinless night differed signif-
icantly from those recorded on the sec-
ond night of the protein regimen
(P << .01). By the seventh night (after
animals had again eaten the protein diet
for 2 days), the activity pattern did not
differ significantly from that observed
during the second night. The activity
patterns in the daylight period did not
change significantly during the week.

To examine dose-response relations
between dietary protein content and ac-
tivity patterns, 27 rats were fed the 18
percent protein diet for 3 days and then
given food containing 0, 6, 18, or 30
percent protein (/0) for 3 days. A one-
way multivariate analysis of variance
(15) indicates that the overall changes in
activity which resulted were significant
and dose-related (P < .01); the percent-
age of low activity increased and the
percentage of moderate activity de-
creased as dietary protein content in-
creased (Fig. 3A).

We next examined the effect of varia-
tions in fat content on nocturnal activity
patterns. Nineteen rats were given the 18
percent protein diet (containing 15 per-
cent fat) for 3 days. Then, over consecu-
tive 3-day periods, they were given ac-
cess to diets containing (i) no protein, 45
percent carbohydrate, and 45 percent fat
(10); (ii) 18 percent protein; (iii) 22.5
percent protein, 22.5 percent carbohy-
drate, and 45 percent fat (10); (iv) 18
percent protein; and (v) 45 percent pro-
tein, no carbohydrate, and 45 percent fat
(10). The overall changes in activity were
significant (P << .01; analysis of vari-
ance); the percentage of low activity

Oto 9
10 to 59 0% Protein
» 20 meo to 89
© 8290
2 50
.E 18% Protein
- 40
S
&
© 30 -
2
[=4
@
S20
[
a
10+ 5%
S
=

Total activity: 1320%172
interruptions

1274+151
interruptions

Fig. 2. Histograms showing percentage of 20-
minute intervals during which rats on different
diets interrupted infrared beams 0 to 9, 10 to
59, 60 to 89, or = 90 times. Twenty rats ate
the 18 percent protein diet, which also con-
tained 57 percent carbohydrate and 15 percent
fat; and 20 rats ate the O percent protein diet,
which was 75 percent carbohydrate and 15
percent fat. Error bars indicate standard er-
rors of the mean. Overall differences between
the two groups, as determined by Hotelling’s
T2 test, were highly significant [F(3, 36) =
9.1; P < .01].
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Percentage of intervals

Percentage of intervals

Total activity: 1637x77

increased and the percentage of moder-
ate activity decreased as protein content
increased (Fig. 3B). Hence, variations in
dietary protein and carbohydrate content
still caused changes in activity patterns
when the fat content of the diet was
increased.

Our observations did not rule out the
possibility that diet composition affects
activity pattern by changing the amount

60

40

20

N
\

\

Protein
rcontent: 0%

22.5% 45% )
45% Fat
Content

of food an animal consumes: protein-

poor diets resulted in reduced food in-
take if the diets also contained 15 percent
fat, but not if they contained 45 percent
fat. We tested the possibility that the
amount of food animals consumed gener-
ated the activity changes by doing a pair-
feeding study. One group ate 53 + 1gof
the 18 percent protein diet, while the
second group was given only 30 g of the
same diet (that is, the amount rats con-
sumed on the 0 percent protein diet). The
activity patterns for the two groups did
not differ significantly. We also exam-
ined the relation between each animal’s
weight gain and its activity pattern, as

indicated by the percentage of time that
it displayed low, moderate, or intense

activity. Multiple linear regression anal-
yses of data for animals given the 18
percent (N = 8) or 0 percent (N = 7)
protein diets demonstrated poor correla-
tions between activity and weight gain

and between activity and total food con-
sumption.

Our data demonstrate that short-term

variations in diet composition can affect
the pattern of spontaneous motor activi-

ty within 3 days. The changes dre not
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Fig. 3. Interaction of dietary
fat and protein content effects
on nocturnal activity patterns.
Rats consumed 15 percent (A)
or 45 percent (B) fat diets con-
taining various proportions of
protein (as indicated) and car-
bohydrate. One-way multivar-
iate analyses of variance indi-
cated that the overall changes
in activity patterns were sig-
nificant . for both groups at
P < .01,

caused by variations in the amount of
food an animal eats, by changes in its
weight, or by the fat content of the diet.
Rather, the dietary protein-to-carbohy-
drate ratio, which controls availability of
the neurotransmitter precursors tyrosine
and tryptophan to the brain (5), may alter
the synthesis and release of monoamine
neurotransmitters utilized by neurons af-
fecting motor activity.

The pattern of infrared beam interrup-
tions provides no insight into the specific
nature of the behavioral changes that
occur as diet composition is varied. The
total amount of certain behaviors could
change (for example, grooming may de-
crease and rearing increase when ani-
mals consume a particular diet); or the
sequencing of certain behaviors [for ex-
ample, the likelihood that rearing will be
followed by sniffing instead of grooming
might depend on the protein content of
the most recently consumed meal (/6)].
The changes we observed may reflect
changes in the behavioral strategies ani-
mals use to obtain meals.
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