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SUMMARY

In order to tes£ whether training leads to anatomical and
chemical changes in the brain, individual rats were giveh self-
paced trials in mazes, traversing the maze in-ordef to get from g
food station to a water station. . In 30 days of this training,
during which they had no social interaction, the rats developed |
significant increases in weight and RNA/DNA of standard samples of
cerebral cortex, as compared with littermate rats in either of two
control conditions: (2) rats confined to small individual cages
(N=T6 per condition); (b) rats that traversed the emp£y maze box
vith no maze barriers present (N=29 per condition). 'The cerebral
effects of maze experience versus control conditions were similar
in pattern but were smaller in magnitude than effects of experience
in a social group in a multisensory complex enviromment. This
clear evidence of cerebral changes as consequences of maze train-
ing adds further.support to the indications that similar cerebral
changes pesulting‘from enriched experience are due to learning
ratherlthan to other factors. The changes that follow training or
enriched experience can be linked with other evidence concerning
the roles of RNA and of protein synthesis in the formation of long-

term memory traces.
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INTRODUCTION

A major abproach.to studying neural processes in learning
and memory has been to give animal subjects differential experience
- or training and then to look for resultant effects in aspects of
brain anatomy and/or brain biochemistryl’2’15’19’20’23’32’3h’37.
In earlier research of this sort, we have found significant cerebral
effects of experience in differential enviromments--enriched,
standard colony, or impoverished conditions2’29. We have also
demonstrated that these effects could not be attributed to other.
factors in the experiments such as stress, handling, locomotion,
earlier maturation, or social stimulation25’26. In spite of the
clear cerebral effects it produced, the enriched condition (EC)
has posed problems for interpretation because of the variety and
complexity of stimulation it includes: Rats in EC live in a same-~
sex group of 10-12 in a large cage, and about 6 varied objects
("toys") are placed in the cage daily from a pool of about 25
objects. . In orde; to test whether clear cerebral effects could be
obtained in a simpler and more readily definable situation, we
devised the condition that was terﬁed the "Group Maze". In this
treatment, a plastic box containing maze barriers ié inserted
inside an EC cage, and animals must go up and down through the
plastic box in order to get food (on the ground floor of the EC

cage) and water (located above the ceiling of the inserted plastic

box). This procedure yielded clear cerebral effects (as reported
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in a preliminary way By Bennett2 and in detail by Rosenzweig ef al,30
but it still included the complexities of soéial interaction. 1In

the experiments to be reported here, we therefore tqok the furtﬁer
step of assigning rats individually fo the plastié maze ccondition to .
fest whether giving maze. experience to isqiated rats would bring
about cerebral differences from littermates housed individuelly in
colony cages; we also compared the magni£ude of cerebral effects
caused by maze training with those caused by the enriched condition.,
Two kinds of cerebral measures weére used in these experiments because
they have been among the most consistent and reliable indices cof
differential experience in our previous work--tissue weighté and the
RNA/DNA.ratios of brain samples. When positive effects of maze
training_Were found, we then varied the complexity of the maze
experience, and we also employed a control condition in which rats

traversed an empty box, with no barriers, to get from food to water.

METHODS

Because of limitation of the number of large cages, only six
sets of littermate rats were assigned among experimental conditions
at a time. In all,.l3 experiments were run with six rats per condi-
tion (total Ns per experiment of 18, 24, or 30). The experiments
can be divided into three sets acdording to the environmental condi-
tions included, as described below."The.behavioral phase of the 13

experiments.was conducted from September 1975 through April 1977..
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Subjects

Subjects were male rats of the Berkeley Sl line bred in the
Department of Psychology colony. In most experiments they were
assigned to the conditions at either about 30 or about 60 days of
age, but in one case age at assignment was 90 days. Depending upon
the number<of conditions included in an experiment--3, 4, or 5~--we
chose litters with at least 3, L4, or 5 male animals. Runts were
excluded, and, as a further restriction on variability, we took only
sets of littermates in which the range of_body weights within
littermates did not exceed 15% at the time of assignment to condi-
tioné. The littermates were thenvassigned randomly to conditions so

that each animal of a litter went to a different experimental

condition.

Environmental conditions

“All 13 experiments included the following three conditions:
(a) Enriched Condition (EC). In EC, 12 male animals are housed in
a relatively large cage (75 x 75 x U5 em) which is furnished with
about 6 varied stimulus objects. .Several EC cages are set up
adjaéent to each other, and each day the animals are moved from one
cage to another; after séveral days the stimulus objects are changed
in all cages so that the animals will be exposed to new oﬁjects and
new combinations of objects. Since the six litters for an experi-~

ment would furnish only six animals for this condition, another six
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animals from other litters were used as "fillers"; these extra
animals were not used for the brain analyses. (b) Impoverished
Condition (IC‘). This, like EC, is a standard condition used in
many previous experiments., The IC rats live in individual cages

(32 x 20 x 20 cm) in a separate isolation room. (c) Individual in
Complex Maze (I-CM). This condition employed a plastic box inserted
to pro&ide two additional floor levels in an EC cage. The maze box
was made of clear Plexiglas and measured 10 cm high x T cm wide x
T4 cm deep; it was placed within ;n’EC cage on flanges that supported
it 15 cm above the cage floor. Holes 7 cm in diameter were placed
at the four corners of the bottom and top of the plastic box, so
that the rats could crawl into and out of i£; any of these holes
could be closed with a plastic door when desiréd. Plastic barriers
could be placed within the box to provide a variety of maze patterns.
Food pellets were made available, as in EC, on the floor of the
cage, but the water bottle was placed abové the plastic box so that

| to get from food to water the rat had to climb into the plastic box
at an épen corner in the bottom, traverse the box to an open corner
at the top, climb out of the box and stand on its top to reach the
spout of the watef bottle. The following pretraining schedule was
established: On day 1, the rat was placed into the cage without the
plastic box present, ana both food and water were available on the
floor. th day 2, the top of the plastic maze (that is,,a plastic

sheet with holes at the corners) was placed on the brackets, and
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the water bottle was placed above it, éo that in order to reach
the water the rat had to climb through any of the four corner

holes and stand on the sheet of plastic. On day 3, the maze box
was put. into place with all bottom and top holes open; the maze
contained a simple pattern of barfiers. On day k4, only one bottom
and one top hole were left open. For the next 29 days, the pattern
of barriers was changed daily. Six I-CM cages were set up adjacent
to eéch other with six different maze patterns; the aniﬁals were
moved from one cage to another each day; and at the end of each
gixth day, all éaze patterns were changed. (Examples of the maze

patterns used are shown in Rosenzweig et al.30

, Figure 1.) Experi-
ments 1-4, which included only the EC, I-CM, and IC conditions,
comprised Experimental Set #1.

Expériments 5-8 (Experimental Set #2) included not only the
three conditions describéd above but also the following condition:
(a) Individual i; Simple-Maze (I-SsM). This condition is like I-CM
with_two_exceptions: The animal remains in the same cage through-
oult the experiment, and the same simple pattern of barriers that
was introduced on day 3 is maintained throughout so that the animal
is not exposed to a variety of maze patterns. (The maze pattern is
shown in Rosenzweig et al.3o, Figure 1.)

Experiments 9-13 (Experimental Set #3) included conditions EC,
I-CM, IC, and also the following two conditions: (e) The Group

Condition (GC). This condition is like EC except that no stimulus
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objects are placed in the cages.’ As in EC, the GC are moved from
one cage to another each da&. As in the case of EC, six additional
"filler" rats were added to bring the number in GC up to 12.

(f) Individual in 'Empt.y Box (I-EB). This condition is like T-SM
except that the>Plexiglas-box is empty, not containiné any méze
barriers.

Animais in all six experimental conditions have food and water
availaﬁ;e ad libitum. In Experimental Sets 2 and-3, all animals
vere weighed daily; this‘insufed that animals in I—SM, I-EB, and’IC
were handled just as were those of the other groups that were moved

from one cage to another daily.

Brain dissection

At the end of the behavioral phase of an experiment, the animals
were put into a multiple-unit cart bearing code numbers that did not
reveal the experimental condition of any rat. Each animal was
decapitated and the brain was dissected by our standard procedures.
Using a calibrated T-square, we removed standard samples of occipital
and somesthetic cortex from both hemispheres. The other brain B
sections were the following; remaining dorsal cortex; ventral cortex,
including the hippocémpus and corpus callosum; cerebellun and medulla;
and remaining subcortical brain, including the olfactory bﬁlbs. As
soon as each sample was removed, it was weighed to the nearest lOth

of a milligram on an automatic balance. The samples were then frozen
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i
on dry ice and stored at -30° C for subsequent chemical analysis.
Measures from all of the cortical sections were combined to give
Total Cortex; measures from the cerebellum and medulla and remain-

ing subcortical brain were combined to give Rest of Brain (Subcortex).

Analysis of RNA and DNA

Analyses of RNA and DNA were made according to procedures
defeloped recently in our laboratories and described in detail by
Morimoto et a1.2l and summarized in Rosenzweig et al.30. The
procedure involves precipitation of the nucleic acid from a homogenate
of brain tissue, separation of the RNA from the DNA and their sub- .
sequent spectrophotometric determination based on absorption at 260
‘and 266 nm respectively. Analyses for the larger tissue sections are

routinely made in duplicate; values of duplicate assays differ on the

average by 2.5% in the case of RNA and by 4.0% in the case of DNA.

RESULTS

Maze Learning

Formal measures of maze learning were not taken in Experiments 1-13,

but observations of the animals during routine mainfenance madé it
clear that they learned the maze patterns very well during the course
of a day. For exaéple, when an experimenter would open a cage to
remove a rat, sometimes it would jump down from the top of the plastic

box into the maze, run rapidly through the correct path, and emerge at
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the bottom within a few sec of leaving the top. After completing
these experiments, we made obser&ations on avfurther set of 6 rats
assigned to the I-CM situation. On some days these rats were
removed from the large cages at the end of the afternoon and placed
in small individual cages without food or water. The next morning
each rat was repiaced in an I-CM cage with a new pattern of barriers,
and during the first 60 minutes records were taken of time of entry
and emergence from.the plastic box. During 60 minutes, the rats
(stafting out deprived of food and water) traversed the maze an
averége of 11 times. Time required to traverse the‘maze decreased over
the first several trials. In the case of simpler patterns, a rat
could run the‘mQZe in as little as 2 sec., With the harder patterns,
rats brought the median time down from 25 sec on the first complete
trial (sometimeé affer a few exploratory partial runs) to 8 sec by

the fourth trial.

Cerebral Effects, Overall Maze_ Learners

The i3 experiments'showed closely similar results in regard to
the three main conditions--EC, I-CM, and IC--so the data from all
experiments were combined for overall statistical analysis. Two
animals died during the course of the'experiment, so the results of
their littermates were, not used, and the data are based on 76 animals
per condition. Some of the main results are presented in Table I in

the form of percentage differences betweén'conditions; p values are
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based on analyses of variance and Dunean's multiple range test.
Table II gives absolute values of tissue weight and of RNA and DNA
for occipital cortex and total cortex of the same animals, and it
shows the small sizes of standard deviations for these measures.
(A preliminary report of these experiments was made by Bennett et al.s.)
Column 1 of Tabie I shows that the percentage differences between
mean values of the EC~a&nd IC littermates conformed to the pattern of
results found in previous experiments (see,Afor example, Table IT
in Rosenzweig et al.30). That is, all of the cortical sections showed
highly significant EC-IC differences in tissue weights, with the
difference in the occipital cortex 5eing larger than those of the
other cortical areas. In occipital cortex, the EC rat showed greater
tissue weight than its IC littermate in 61 of the 76 litters (80% of
the comparisons). The Rest of Brain (Subcortex) showed very little
effect, ahd the cortidal/subcortical weight ratio was highly
significant. The values of tﬁe I-CM animals also differed signifi-
cantly from those of their IC littermates in all cortical regions
except for somesthetic cortex. In occipital cortex, the I-CM rat
exceeded its IC littermate in 56 of the 76 litters (76% of thelcases).
‘There was no difference between I-CM and.IC rats in Rest of Brain,
but the difference in cortical/subcortical retios was highly signifi-
cant. The weight values of the I-CM rats were consistently lower
than ﬁhose of their EC littermates and were significantly lower in
the case of the scmesthetic cortex and remaining dorsal cortex. The

magnitude of differences from the IC baseline is seen to run in

parallel from region to region of the brain for the I-CM and EC rats.
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In weight of total brain (not shown in Table I), EC rats
exceeded their IC littermates by 2.4% (p < .001) and I-CM rats
exceeded IC rats by 1.3% (p < .01). 1In terminal body weight, IC-
rats were slightly greater than those in the other conditions, but
only in the case of the EC condiﬁion was the difference in body
weights significant (3.4%, p_<..Ol); fhus, the greater brain weights
of rats in the EC or I-CM conditions could not be accounted for by
body weight differences since their body weights were lower than
those of rats in IC.

Analyses of RNA and DNA were restricted to the folloﬁing brain
regions--occipital cortex, the combination of somesthetic and
remaining dorsal cortex, and ventral corteg. Since the Subcortex
had not shown any significant effects in RNA of DNA in previous
experiments with differential experience, the Subcortex was not
analyzed in these experiments. Table I shows that in the RNA/DNA
ratio rats in EC and in I-CM differed significantly from littermates
in IC, especially'at the occipital cortek. In occipital cortex, the
EC’rat showed a greater RNA/DNA ratio than its IC littermate in 68
of the 76 litters (89% of the comparisons), and the I-CM rat exceeded'
the IC li£termate on this measure in 65 cases (867 ef,the comparisons).
These percentages for the RNA/DNA measure are somewhat greater than
the comparable percentages for tissue weights. The EC versus IC
effect in RNA/DNA was significantly larger than the I-CM versus IC
effect in beth.the combination of somesthetic and remaining_dorsal

cortex and in total cortex.
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The increaseé in RNA/DNA of rats in either EC or I-CM, as
comparéd with their IC littermétes, were principally due to increases
to total RNA, since total DNA remained essentially identical among
rats in all treatments. Table II shows values for RNA, DNA, and
tissue weight for both occipital cortex and total cortex for the
EC, I-CM, and IC conditions; means and standard deviations are
shown, and significances of differences between EC and IC rats and
between I-CH and IC littermates are given. As tissue weight increases
with enriched experience (in both the Eé and I-CM treatments), DNA |
per unit of weight shows almost proportionate declines. That is,
since DNA exists in constant amounts in the nucleus of each cell,
as the neufons increase in size and show growth in their extensions
with enriched experience, the weight of the cortex increagses but the
number of neural cells does not. Thus,vfhe nunber of neurons per
unit of volume (or per unit of weight) decreases, and so does DNA per
unit of weight. There may, however, be a small increase in the number
of glial cells inﬂthe cortex as a consequence of enriched experience;
as we have reported previously9; this may be the reason for the
observed increases of total DNA in total cortex. While DNA/weight
became significantly lower in the EC or I-CM conditions, RNA/weight
did not decline. - RNA is not fixed in amount per cell and can increase
in response to functional demands. Total RNA became significantly
greater in EC or in I-CM than in IC; this was found not only for
occipital and totai cortex, as shown in .Table III, but also in the

two other cortical sections analyzed that are not given in the table.
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Cerebral effects as function of age

Among the 13 experiments, there weré five in which the animals
were assigned to differential conditions at about 30 days of age
(range, 26-~35 days), that is, ébout one week after weaning; in five
other experiments the starting age was about 70 days (range, 60-7T),:
that is, well beyond the age of sexual maturity of the rat., The
cerebral effects of differential experience were analyzed separately
for thése two agé groups. Table IIT reveals that significant effects
~of ‘enriched experience and of maze training occurred at both agés;
rioreover, the magnitudes of the effects and their patterns of dis-
tribution among regions of the cortéwiere similar for the two ages.
We have previously shown that many cerebral effects of enriched
'eXperience (EC) versus colony (SC) or restricted experience (IC) are
not limited to the immediate postweaning period and, in fact, can
even be found in year-old rat52’22’3l. The cerebral effects of maze

training (I-CM) are now also seen to occur as readily in postpubescent

as in weanling rats.

'Experimental Set #2

After compléting the initiai set of experiments which included
only the EC, I-CM and IC freatments, we raﬁ the four experimentsléf
Experimental Set #2 which also iﬁcluded the condition of individual
in Simple Maze (I—SM?. This conditioﬁ with its rather simple and

unvarying maze pattern was included in ordér to test whether a less
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demanding learning situation than I-CM would cause smaller cerebral
changes than I-CM. The results of four experiments, with durations
ranging from 32 to 35 days and starting ages rénging from 30 to 90
days, were closely similar, so the data were combined for overall
statistical aﬁalyses; one animal died during the course of an
experiment, so ithe results are based on 23 animals per condition.
Some of the main results are presented in Table IV in the form of
percentage differences between mean values of IC rats and those from
the other conditions; p values are basea on analyses of variance and
lDuncan's multiple range test.

In tissue weight measures, the results for I-8M rats were found
to differ significantly from those of the IC littermates in each
region where I-CM versus IC showed significant differences. The I-SM
values are typically smaller than the I-CM values, but results for
these two conditiogs did not differ significantly in any of the.
measures of tissue weights.

On the RNA/DHA»measure, the I-SM treatment was relatively less
effective than in the case of tissue weights., Whereas I-CM produced
highly significant differences from IC in RNA/DNA of occipital cortex,
somesthetic plus reﬁaining dorsal cortex, and tdtal'cortex (g_< .01
" for each of these), I-SM gave only indications of differences from
the IC treatment (p < .10 for occipital cortex and for total cortex).

In the case of occipital cortex, the I-CM versus IC effect was
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significantly greater than the I-SM versus IC effect (E.< .05),
and in total cortex the I-CM effect tended to be larger than the

I-8M effect (p < .10).

Experimental Set #3

Experiments 9-13 included not only>cdnditions EC, I-CM, and
IC, but also the Group Condition (GC) and the treatment of Individual
in Emply Box (I—EB). GC was included in order to test the relative
effectiveness of stimulation of the social group as compared with
that of maze training (I-CHM) or EC. 8Since the I-CM treastment had
been found in the previous experiments to produce significant effects
on brain weights and brain RNA/DNA, the I-EB treatment with no maze
barriersﬁin‘the Plexiglas box was included as a control condition.
Four of these experiments vere run with sets of five littermates
assigned as described above, and the last was run with weight-matched
groups that were treated as litters. In three experiments the’
animals were. assigned to ceonditions at about 30 days of age, in one
at 60'dayé, and in one at 73 days of age.

The five experiments all gave rather siﬁilar results, so that
the data were combined for overall statistical analyses Vith an Nlof
29 per condition (one animal having Qiéd during the course_of an
experiment). Some of the main results of Experimental Set #3 are
shown in Table V,

The_social stimulation of housing 12 énimals in a group in a

large cage (GC) was found to be about as effective in producing
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cerebral changes as giving individual animals haze training (I-CM).
The EC treatment prdduced larger brain values than did the GC
treatment, and some of these differences were statistically.
significant. Thus,vthe EC group exceeded the GC group in the
cortical/subcortical weight ratio (p < .01) and in RNA/DNA of
occipital cortex and of somesthetic plus remaining dorsal cortex
(p < .05).

In contrast to the effectiveness of the other conditions,
requiring rats to traverse an empty plaétig box between food and
water sources in the I-EB treatment was almost completely ineffective
Iin altering brain values. The sensitive cortical/subcortical
weight ratio was the only measure fo show a significant difference
between I-EB rats and their IC littermates (p < .05). The I-CM
treatment produced a significantly greater effect than the I-EB
treatment on the cortical/subcortical weight ratio, and indeed on
most of the measures in Table V, so that the addition of maze barriers
to the plastic boxes was sufficient to produce clearly significant

cerebral effects in both tissue weights and RNA/DNA.

DISCUSSION

The findings of these experiments appear to offer stronger and
more clearcut evidence thaﬁ has been heretofore available to support
the hyp§thesis that learning leads to measurable changes in the

mammalian brain. The evidence for cerebral changes is strong in these
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results because différencesjbétween rats that had to traverse maze
patterns (I-CM) and littermates that passed their time in-colony

cages (IC) were highly significant and rep]icabie for both cortical
weights and cortical RNA/DNA. Furthermore, these experiments are
baséd on substantial numbers of subjects (N=76 ber condition for all
experiments combined), and the 13 experiments each showed results closely
similar to the overall results.

The evidence for cerebral changes with leéarning appears to be
particularly clearcut because many/of the factors that have caused
difficulties in interpretation in other experiments were controlled
or eliminated in these experiments. Thﬁs, the cerebral differences
that'déveloP between rats in EC and in IC can be attributed in part
to the social stimulation in EC, and we found that even the Group
Copdition.leads to significant cereb}al effects, although smaller
- than those caused‘by EC. But rats in.I-CM, like those in IC, receive
no social stimulation throughout thercourse of the experiment, so the
social factor can play no role in determining‘thé cerebral differences
between rats in I-CM versus litfermateé‘in IC. Motivational processes
have often been indicated as altefnatives to an explanation in terms
of learging. Thus, it might be suggested that rats that have to
climb into and out of the plastic maze box might‘thefefore eat less,
- which could affect their brain measures, but the overall I-CM mean
in terminai body weights was found to differ from the iC mean By only

1.2% (NS).. Even so, it might be claimed that the rats in I-CM might
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experience some motivational effect of.having to run back and

forth betwgen their sources of food and water and that this might
be the cause of the observed cerebral effects., If this explanation
wvere correct, then cerebral effects should also have been observed
in rats that had to climb into and out of and traverse an empty
plastic box to get from food to water--the I-EB condition; but, as
we have‘seen, rats in I-EB did not develop significant cerebral
differences from littermates in IC, although they did develop
significant differenceé from the rats ig I-CM. Ferchmin and
Eterovicll have recently made a similar observation; they found that
requiring rats to climb the side of a cage and hang upside down
while they gnawed on food pellets did not alter cértical weight or
cortical RNA/DNA, whereas they found that giving the EC treatment
to other rats at the same time was effective in changing brain
measures. Haﬁdling is another treatment that has been demonstrated
to produce some physiologicél and behaviorél effects in rodents8,
and it had been suggested as a possible source of differences in

EC-IC experiments. We have shown that daily handling of rats does

not produce cerebral-differences on the brain measures we have‘taken26’28.

In the present experiments, since rats in I-CM were moved from one cage
to another daily, we also removed each rat in I-SM, I-EB, and IC

daily from it cage to weigh it, so that all rats received daily
handling.

The fact that the presence or absence of maze barriers led to

significant differences in cortical weights and RNA/DNA between rats
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in I-CM or in I-EB is powerful evidence that learning leads to
cerebral effects, A further test of the hypotheses could be made
by seeing whether graded amounts of training lead to graded cerebral
effects. For this test we exposed some rats to a simple and unvary-
ing pattern of barrieys in the I-SM condition, and they also
developed significant cerebral differences from rats in IC. wﬁile
the rats exposed tc the variéd and more complex maze patterns in
I-CM tended to differ somewhat more from their IC littermates than
did'the rats in I-SM, the only significant differences between I-CM
and I-SM rats were in RNA/DNA of occipital cortex (3.2%, p < .05)
and of total cortex. (1.0%, P < .10). It should also be recalled
that whereas rats in I-CM were moved from one cage to the next each
day, rats inSI—SM remained in the same caée throughout; experience
in different cages is not therefore required to produce the brain
differences found between rats in I-SM ané those in IC. It appears
‘that even. a rather simple maze pattern provides a challenge to the
rat sufficient to cause cerebral responses. Use of even sinpler
mazé patterns is therefore indicated in future work on this gquestion.
The similarity of the pattern of cerebral effects induced by
experience in EC with that induced by the I-CM condition, when
comparison is made with baseline brain values that develop in IC,
lends further support to the position that much if not all of the EC

effects reflect learning, as has been argued previously from other
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evidence3’15’26’28. If this interpretation of the EC effects can

be established, it will be of benefit both because many findings
with a variety of brain measures have already been made using the
BEC treatment and because the EC treatment with 10-12 animals
housed in a cage is more.economical in terms of space and experi-
menter time than is the I-CM treatment with individual rats
occupying large cages. Thus the study 6f effects of the I-CM
"treatment may allow investigators to return with renewed confidence
to using the EC treatment.

The fact that cerebral differences between réts in I-CM and
rats in IC could be induced as readily in postpubescent as in wean-
ling animals deserves comment. We have previously pointed out that
the effects of differential experience (EC) on brain measures are
not limited to a "sensitive period" early in the life of the
animal, as are the effects of severely restricted or distorted
stimulus input on sensory development reported by such investigators

17f18’36 and Blakemore and Mitchell6. We have

as Hubel and Viesel
also suggested that the fact that cerebral effects of differential

~ experience can be induced throughout the life span seems t§ make

them a better model for studying neural processes of learning and
memory than are the effects of sensory restriction or distortioneh’gT.
Now we believe that our position is reinforced by the finding that
cerebral effects of maze learning, as well as of enriched experience,

appear just as clearly among rats that start their training as young -

adults as among those that begin as weanlings.
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Biosynthetic steps in formation of long-term memory. traces

What are some of the main biosynthetic steps that are involved
in laying down the neural substrates for storage of long-term
memories? A numbef of investigators have suggested that the receipt
of information in neurons can lead to derepression ‘of DNA and to the
transcription of appropriate molecules of RNA7’13’33. While we agree
that this is a likely sequence of events in many cases, we have
presented evidence that this sequence is not obligatory; in cases
of strong training, synthesis 6f proteins involved in memory storage
maylinvolve the stimulated utilization of certain already existing
molecules of RNAh’zu. Clear suppofting evidence for greater synthesis
., of RNA is the earlier finding of significantly higher RNA/DNA ratios
in enfiched—experience rats than in their colony or impoverished-
experience littermatesz’l2 and the present finding of increase of
RNA/DNA caused by maze training. Another type of evidence of differ—
ence in brain function as a consequence of experience is the finding
that enriched experience appears to lead to fuller expression of the
genomes; that is,‘rats placed in EC for 30 days show 30% greater
diversity in types of RNA in brain‘than do littermates that were in
IC for the same period of timel6. The interpretation of these results
is not yet clear; that is, experiments to date have not yet
distinguished whether the changes intsequence diversity reflect an
increase in the number of copies of certain RNA species in the EC

rats or whether the increase in diversity reflects an increase in the

number of species of RNA transcribed. In either case, the magnitude
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of thé observed difference in brain RNA populations suggests a
significant difference in brain.function between EC and IC animals.
Some of the ways in which the altered synthesis of protein
is expressed probably include chemical and.anatomical changes such

as increased branching of dendritesls, increased numbers of
dendritic spineslh, and enlarged synaptic receptor areaslo’35.

This is by no means an exhaustive listing; changes suggested by
other investigators--such as alteration in glycoproteins—-may well .
fit into the larger picture of cefebral modifications that store
memories.

Now that self-paced maze trials have been found to lead to
measurable cerebral effects that are presumﬁbly related to learning
and memory storage, a number of questions shoula clearly bé taken
up in further research: What is the time course of these cerebral
changes? What is their more detailed distribution in the brain? .
What effects will be found in more detailed anatomical measures
such as.dendritic branching, deridritic spine counts, synaptic size

and number?
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Cortex
Occipital
Somesthetic
Rem. Dorsal
Somesthetic +

Rem. Dorsal
Ventral
Total
Rest of Brain

Cortex

Rest of Brain
Terminal

Body Weight

Table I
Percentage Differences'in Weight and RNA/DNA of Brain
Samples Among Rats in 3 Conditions
(N.= 76 per condition)

Tissue Weights

EC I-CM EC
vs. IC vs. IC vs. I-CM vs. IC
6. O%%%x L GFRRER 1.4 6. hxexr
3. 6R%RR 0.4 3, 2% %K _—

L Bxxxx oL N%RER 2, TERRR —_—

L Gx%®% 1, 8%%% D, 8%x%¥ 3.8****
h.?**** 3, QK 0.7 o.b

L Bxuxx 2.9%K%% 1. 8%%%® 2.8****.
0.7 0.1 0.6 -

L, 1 xxxx 2,9****. 1.0%%%® —
3. Lxex -1.2 —2.2% —

EC

¥p < ,10, *¥¥p < ,05, ¥¥¥p < 01, *¥*¥*¥p < ,00L.

RNA/DNA

I-CM

vs. I1IC

5. 3E%xH

1, §*%%®

0.9*%

1.8%%%%

EC

vs. I-CM

1.1%

1, Q%%%%

o€
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A,

EC X
SD
I-CM X
SD
¢ X
SD
B
EC X
)
T-CM X
sD
Ic X
an

Table II

Mean of Cortical Weights, RNA and DNA for Rats in EC, I-CM, and

and Significance of Differences from IC Values

Wt (mg)

(N = 76 per condition)

RIA/wt? DNA/wt2

Occipital Cortex

77 . GRxEx
+5.1
76 5aRw
+1.8

73.2

4,1

. Total Cortex

709, 3¥X %%

+29.1

695, Gxxx

- +27.3

? Le/100mg

* p < ,10, **¥ p < ,05,

158.9%%  10L,6%%%x

+5,

158,
+6,

157.
+6.,

151.

151.
*3,

150.

+2,

7

*5.]

T*K% 105, 6% %%%

L

£, 7

110.1

*5.6

100, 7*%*
+2,9

101, 5%*x*

2.9

103.1

2,8

< .01, *¥¥% p <

Total
RNA(pz)

123, 3XH**¥
*9.5
121 lpesser
+8,2

115.1

+8.,7

LOTLU**¥%x
+L6
105 3#¥%x
+42

1021

=41

.001 -

Total
DNA(uz)

81.2
+7,0

80.9
+6.,6

80.7

+6,9

71 Lk
34
TOT*%

*35

i

3 l . b

1c,

RNA
DNA

, 522X KK
.078
;506****

.070

L508%% %%
.02
Lgloaxax
.0ko
.L68

.035
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Table ITII

Comparison of Effects of Differential Experience Begun

at 30 or at 70 Days of Age; Percentage Differences

A. Tissue Weight

Occipital Cortex
Total Cortex

Cortex/Rest of Brain

B. RNA/DIA
Occipital Cortex

Total Cortex

30-64 day experiments

(N = 29 per condition)

EC I-CM EC
vs. vs. vs.
Ic IC I-CM
5.5%%  3.9% - 1.5
6, 0¥ ¥* 3.5%%¥ 2, px%

5, Q% %X 3, 5%¥¥ 1. hxx

5.6%%% 5. 6%xx 0,1

2.6%%% 1 6% 1.0%

¥ p < .05, *¥*p < .,0l, ¥¥* p < 001

32

© 70-104 day. experiments

(N = 30 per condition)

EC
vs.
IC

6.3***

L, %xx

L, 1 x%%

8. 1%%x

3, 0%%X

I-CcM
vs.
IC

b e
2,6%xx

2. 8xxx

5, Lpxxx

2. Lxxx

EC
vs.
I-CM

2, 6%

0.6
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Table IV
Percentage Différences in Weight and RNA/DNA of Bréin Samples
Among Rats in Four Conditions, Experimental Sef #2
| (N = 23 per condition) |
Tissue Weights RNA/DNA
Oceipital Cortex Occipital Cortex .

I-cM I-SM , IC I-CM IQSM | IC
FC 2,6 3.6%% 8.5%%xx 0.L 3.6%x% 6 1xxax
I-CM 1.0 | 5, 8%x4% ' T3, 0%% 5. T¥HXK
I-sM ly, B \ . 2, 1%

Somesthetic Cortex
EC b, 1xx 3.8%x 3.9%x
I;CM -0.3 -0.2
I—SM 0.1
Somesthetic + Remaining.
Remaining Dorsal Cortex Dorsal Cortex
EC 3. Ggxx¥ Ly, 2%%x 7. Bk ' 1.2 2.2ﬁ¥ : v3.6**%
I-CM | 0.2 3.7#% 1.0 2, X
I-SM 3.5%% . 1.3
Ventral Cortex ' Ventral Cortex

EC 0.6 - 0.9 b Brrx 0.7 1.1 1.6
T-cM 0.3 L. 2xx | 0.4 0.9
I-SM | 3.9%* | | 0.5
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EC

I-cM

I-8M

EC

I-CM

I-SM

.10, ** p < .03,

Table IV (continued)

I-CM I-5M IC
Total Cortex
2,5%% D, 8x%% 6. Lirxxx
0.3 3., Bxxxx
3, 5H%K
Rest of Brain
1.2 0.9 2,0%
0.2 0.8
1.1
Cortex/Rest of Brain
1.2x% 1.8%% Ly, 3xxxN
0.6 3, 1¥%%%
2. 5%%%

¥*X p < 01, ¥¥¥F p <,

34

I-CM I-SM 1c

Total Cortex

1.0% 2,0%¥%% 3, ORFNK
1.0% D, ORFX¥
1.2%
1
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EC
I-CM
GC

1-7B

EC
I-CM

GC

I-CM
GC

" 1-EB

‘Table V'

35

(Page 1 of 2)

‘Percentage Differences in Weight and RNA/DNA of

Brain Samples Among Rats in Five Conditions

(N = 29 per condition)

Tissue Weights
I-CM . GC I-EB IC

Occipital Cortex

1.6 1.4 G.OXREX G, DRARKX
o2 Lok lser
., Bxxx Ly qxxx

-0.1

Somesthetic + Remaining
Dorsal Cortex

L 2,5%% 0.3 L, 1%%x% L, 3xxwx
-2,2%% | 1.6 1.8
3_8**** h.b****
0.2
Ventral Cortex
1.3 3. L4 ﬂ3.5** 5, 3RHHK
2.1 2.2 3. QXX
0.0 | 1.8
1.7

I-CM

1.0

2,0%%% N

-1.5%

RNA/DNA
GC I-FB

Occipital Cortex

2 hxx b, 5xxxx
1.h4 - 3.5%%X
2,0%

ic

6, 1ExXAK%
5, O%XX%%y:
3, 6% %%

1.5

Somesthetic + Remaining

Dorsal Cortex

yi.ux*t' 3, THX*K
20.6 1.6%%
2, %x

Ventral Cortex

-0.5 0.5
1.0 2.1%*
1.1

3. TXH A%
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0.0

2. 1%
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EC

I-C?
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Q

EC

I-CM
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I-EB

* Table V (continued)

I-cM GC I-EB : IC

Total Cortex

1.9%%  1.6% Lo1wwxk L geerx
-0.h 2,1%% 2. g¥K%
2,5%%% 3, DXRKX
0.7

Cortex/Rest of Brain

B R T £ B0 D TR S

0.6 1, 9%%% 3, DFFKK
1.0%¥% 2, 5%%¥%
1.3%%

.10, **'E < .05, *¥x p < .01, *%**~£ < ,001
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