
Brain Polysomes: Response to Environmental Stimulation 

Abstract. Polysones have been isolated from rat brain and characterized by 
their appearance in the electron microscope and by their sedimentation. in 
sucrose density gradients. Rats were isolated for 3 days in the dark and were then 
returned to the light for 15 minutes. The polysomes in brain, but not in liver, de- 
creased in rats deprived of light and increased in those stimulated with light. These 

findings together with an increased capacity for protein synthesis in the brain in 
vitro and in vivo suggest that an increase in the activity of messenger RNA in 
the brain may result from environmental changes. 

Recent experiments have associated 
brain RNA with information processing 
and storage. By histochemical and mi- 
crochemical techniques the concentra- 
tion of RNA within neurons has been 
shown to increase with stimulation and 
to decrease with deprivation (1); the 
base ratios have been demonstrated to 

change under conditions of "learning" 
(2). Similarly, protein concentrations 
and specific activity increase in response 
to visual stimulation (3). The mecha- 
nism by which such processes are regu- 
lated is unknown. However, by analo- 

gy with bacterial systems, the availabili- 

ty of messenger RNA may serve as a 
critical intermediate. In bacteria, mam- 
malian liver, and reticulocyte tissues, 
such populations of messenger RNA 

may be defined by their capacity to 

promote ribosomal aggregation and to 
stimulate in vitro the incorporation of 
amino acid into protein (4). Our report 
provides evidence that a similar char- 
acterization is possible with brain tis- 
sues (5), and that with environmental 
stimulation and deprivation changes oc- 
cur in the messenger RNA population. 

Brain polysomes were characterized 

by spectrophotometric and electron mi- 

croscopic techniques and by their capac- 
ity for protein synthesis in vitro. Wistar 
rats (30-day-old) were decapitated; 
their cortices were separated from un- 

derlying white matter and homogenized 
in 0.25M sucrose containing 0.05 mole 
of tris (hydroxymethyl)aminomethane 
(tris) buffer, pH 7.6; 0.005 mole of 

magnesium chloride; and 0.025 mole 
of potassium chloride per liter. The 

homogenate was centrifuged at 20,- 
000g for 30 minutes. Ribosomes were 

prepared from the supernatant fraction 

by addition of 0.1 volume of 20 per- 
cent deoxycholate (DOC) and centrif- 

ugation for 3 hours at 105,000g 
through a 0.5 to 2.0M sucrose discon- 
tinuous zone gradient. Either the re- 

suspended ribosomal pellet or, alterna- 

tively, the supernatant from the sec- 
ond centrifugation was layered over 10 
to 50 percent continuous sucrose gra- 
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dients and centrifuged for 150 minutes 
at 25,000 rev/min. The tubes were 

punctured, and the effluent was passed 
through a recording spectrophotometer. 
Figure 1 demonstrates the polysome 
profile, fraction No. 18 represents the 

peak of single ribosomes (80S) (6), and 
those to the left of it represent heavier 

aggregates that are readily disrupted by 
ribonuclease. The profile is essentially 
unchanged when the homogenate is in- 
cubated with trypsin, chymotrypsin, or 
deoxyribonuclease before its treatment 
with DOC and centrifugation. Omission 
of DOC results in ribosomal yields of 
from 80 to 90 percent of that in prep- 
arations to which DOC is added. This 
may indicate that the majority of brain 
ribosomes are free rather than bound 
to endoplasmic reticulum. 

When checked by electron mi- 

croscopy, the fractions were found to 
contain the anticipated ribosomal aggre- 
gates arrayed about a linear messenger 
RNA (Fig. 2). The state of aggregation 
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Fig. 1. Brain polysomes were prepared 
as described in the text. The ribosomal 
pellet was resuspended in original buffer 
and incubated for 10 minutes at 37?C 
with 5 ,ug of ribonuclease. An untreated 
fraction and an equivalent sample treated 
with ribonuclease were centrifuged through 
a continuous sucrose gradient; the effluent 
was then passed through a recording spec- 
trophotometer. The abscissa represents 
the tube number (approximately 1.1 ml 
per tube). Fractions of heavy ribosomal 
aggregates are found in tubes with lower 
numbers. 

in the various fractions corresponded 
to that predicted from the spectropho- 
tometric profile; the aggregates were 
sensitive to ribonuclease, but insensitive 
to trypsin, chymotrypsin, and deoxy- 
ribonuclease. 

To assess the effects of environmental 
stimulation, we housed 30-day-old rats 
in individual cages for 3 days in the 
dark. The experimental group was then 
removed from the dark and exposed to 
ambient laboratory light and sound for 
15 minutes, while the control population 
remained in the dark. The animals 
were decapitated, and their occipital cor- 
tices were separated from the remain- 

ing cortices; ribosomes were isolated 
as described. Figure 3 represents the 

profile, in sucrose gradient densities, of 
the ribosomes isolated from the occipi- 
tal cortex of environmentally deprived 
animals compared to that of ribosomes 
isolated from rats stimulated with light. 
The total amounts of RNA in the two 

groups were not detectably different. 
However, in each experiment an in- 
crease of from 46 'to 220 percent in poly- 
somes with variable decreases in single 
ribosomes was found. The average in- 
crease for nine experiments was 82 per- 
cent. The overall concentration of poly- 
somes obtained from deprived or light- 
stimulated animals (Fig. 3) is lower 
than that of the controls (Fig. 1). Re- 
sults of experiments with sucrose gra- 
dient densities were not specific for 
ribosomes isolated from the occipital 
cortex of animals exposed to light. 
Changes of equal magnitude were seen 
in profiles of ribosomes isolated from 
the remainder of the cortex, although 
similar results were not seen with ribo- 
somes isolated from livers of the two 

groups of animals. 
Since comparable quantities of total 

ribosomal RNA were used in the gra- 
dient, the significant diminution of poly- 
somes associated with environmental de- 

privation and the increase associated 
with stimulation reflect changes in the 

aggregating capacities of the ribosome. 
Studies with rat liver have shown that 

polysomes are formed by attachment 
of single ribosomes to messenger RNA's 
of various lengths (7). In accord with 
this finding, our own electron micro- 

scopic studies indicate that brain ribo- 
somes also consist of aggregates of var- 
ious sizes which can be reduced to a 
uniform population of single and double 
ribosomes by the action of ribonuclease. 
Since the presence of such polysomal 
aggregates is a reflection of the presence 
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of messenger RNA, it follows that the 
noted increase in polysome content with 
stimulation may well reflect an increase 
in messenger RNA. 

As in other mammalian tissues stud- 
ied in vitro (7), the polysomal fraction 
of brain ribosomes will promote greater 
protein synthesis than single ribosomes 
will (8). As an additional confirmation 
of the presence of increased amounts 
of messenger RNA, the protein syn- 
thesizing capacity of the ribosomes ex- 
tracted from the cortices of environ- 
mentally deprived and environmentally 
stimulated animals was compared. The 
incorporation of radioactive leucine into 

protein was greater in the presence of 
ribosomes from stimulated rats than in 
the presence of those from deprived ani- 
mals (Table 1). The increase, noted in 
several experiments, ranged from 60 to 
100 percent. In all such experiments 
either a fraction at pH 5 or the super- 
natant of control homogenates centri- 
fuged at 105,000g was used with ribo- 

somes from both experimental groups. 
When the formation of valyl-transfer 
RNA or the concentration of activating 
enzymes was assayed in the supernatant 
fractions of control and experimental 
animals, no consistent differences were 
noted. 

The presence of an increased con- 
centration of polysomes and an in- 
creased capacity for protein synthesis 
indicate the presence of additional func- 
tioning messenger RNA. At present, 
we do not have sufficient evidence from 
experiments with radioactive uridine to 
determine whether synthesis of new 
messenger RNA has occurred; it is pos- 
sible that the aggregation takes place 
about messenger RNA strands that 
were synthesized previously. However, 
the rapid turnover of most messenger 
RNA's in the brain would make new 
synthesis likely (9). 

The stimulation of protein synthesis 
associated with environmental stimula- 
tion was also assessed in vivo. Animals 

Fig. 2. Electron microscopy of rat- 
brain Ribosomes. One drop of the 
sucrose gradient effluent was placed 
on a carbon-coated grid, together 
with 0.26-tu polystyrene latex particles, 
and was then washed and air dried. 
Grids were shadow-cast with a car- 
bon-platinum pellet in a Kinney car- 
bon evaporator with a resulting shadow ratio of 1:5. Specimens were examined in 
Phillips EM 100B and 200 microscopes. (A) Polysomes from tube No. 3 of the 
gradient. Ribosomes are arrayed about a linear strand of messenger RNA. Marker 
equals 1000 A. (B) Heavy aggregated polysomes at lower magnification. (C) A 
similar fraction treated with ribonuclease prior to examination. There are no ag- 
gregated structures, only single and double ribosomes. 
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Fig. 3. Response of brain polysomes to 
environmental stimulation. The conditions 
are described in the text, the methods are 
described in the legend to Fig. 1. Equiva- 
lent concentrations of RNA were layered 
over the gradients. The consistent find- 
ings are the increased polysomal aggre- 
gates and the decreased single ribosomes. 

were inoculated intracerebrally with 
radioactive leucine (1 /c in 10 Al) 1 hour 
before they were killed. Forty-five 
minutes after they were inoculated, the 
experimental animals were brought into 
the light for 15 minutes, while the con- 
trol group remained in the dark. There- 
after the animals were decapitated and 
their cortical tissues were processed for 
radioactive material soluble in trichlor- 
acetic acid and for proteins. Over sev- 
eral experiments an average of 980 
count/min was incorporated per milli- 
gram of protein in the group exposed 
to light; 694 count/min per milligram 
of protein was incorporated in the con- 
trols. The range of stimulation in in- 
dividual experiments was from 20 to 
80 percent. The enhancement of in- 
corporation of radioactivity in animals 
exposed to light was similar for oc- 
cipital cortical and the remaining corti- 
cal proteins. In all experiments, the 
amounts of radioactivity in acid-soluble 
materials from control and experimen- 
tal groups were not essentially different. 

Despite the large number of variables, 
such as the blood-brain barrier, permea- 
bility changes, amino acid flux, turn- 
over of amino acid pools, and avail- 
ability of RNA moieties which may con- 
tribute to the final result, the stimula- 
tion of protein synthesis in vivo was 
comparable to that noted in vitro. In 
the experiments in vitro, conditions were 
designed so that messenger RNA would 
be limiting. The comparability of data 
from experiments performed in vivo 
therefore suggests that under our con- 
ditions the availability of messenger 
RNA is rate limiting for protein syn- 
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Table 1. Cell-free protein synthesis with 
brain polysomes from animals exposed to 
dark and light. Incubation was at 37?C for 
30 minutes in 0.2 ml containing 5utmole of 
tris-C1, 0.3 mg of ribosomal protein, 0.6 
mg of supernatant protein, 2.0 ,umole of 
adenosinetriphosphate, 2.0 ,umole of Mg++, 
2.0 umole of phosphoenolpyruvate, 0.5 
,umole of guanosinetriphosphate, 10 /Ag of 
phosphoenolpyruvate kinase, 20 Amole of 
NH,C1, .02 tumole each of 19 unlabeled 
amino acids, and 0.25 ,uc of leucine C14 
(I68ac//xmole). Portions (0.1 ml) of the 
reaction mixture were transferred to filter 
paper disks and processed according to the 
technique of Mans and Novelli (14). The 
counting efficiency was 40 percent. Each 
value represents an average of three de- 
terminations. 

Radioactivity 
Conditions (count/min per 

mg protein) 

Complete, light-exposed 
ribosomes 3010 

Complete, dark-exposed 
ribosomes 1470 

Minus ribosomes 80 
Light-exposed ribosomes 

minus supernatant 33 
Dark-exposed ribosomes 

minus supernatant 72 
Complete, light-exposed 

ribosomes plus RNAase 104 
Complete, dark-exposed 

ribosomes plus RNAase 190 
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thesis in vivo as well as in vitro. 
This hypothesis is also supported by the 
fact that decreased amino acid incor- 

poration into protein in the brains of 
older rats in vivo and in vitro is as- 
sociated with smaller populations of 
polysomes (and consequently less func- 
tioning messenger RNA) (8, 10). 

Previous investigations have char- 
acterized polyribosomes by their sedi- 
mentation behavior in sucrose density 
gradients, their appearance in the elec- 
tron microscope, their susceptibility to 
digestion by ribonuclease, their resist- 
ance to digestion by deoxyribonuclease 
and proteolytic enzymes, and their 
ability to incorporate labeled amino acid 
into polypeptide chains. The brain poly- 
somes isolated from young rats possess 
characteristics which differ only slight- 
ly from those of liver preparations. 
Heavier sucrose is required for resolu- 
tion of brain ribosomes, possibly be- 
cause larger aggregates are present and 
the peptides have, on the average, great- 
er molecular weights. Also, concentra- 
tions of ribonuclease greater than those 
used in similar experiments on liver 
ribosomes are needed for digestion (5 
/tg compared to 0.5 pg). 

It is not clear from our experiments 
how environmental stimuli were trans- 
lated into macromolecular changes. It 
is tempting to assume that the local 
release of neurotransmitter from a pre- 
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synaptic terminal results in pc 
macromolecular changes, an 
the effect of hydrocortisone o 
(11). However, no data are 
on this matter; and it is equi 
ble that circulating hormone 
factors mediate the response 
but not in liver. 

The response of brain 
RNA to environmental stimi 
necessarily correlated with 
that can be assayed raises an 

problem. If stimulation a 
evoke this important macr( 
response, we must question ti 
ity of the participation of R 

memory process as has been 

by the experiments of Zemp 
and Hyden (13). Our data si 

template RNA's are involved 
hanced participation of ne 
within a communal response 
increases or decreases in 
RNA may not, per se, speci 
tent and duration of the ne 
mation storage. 
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s or other carbachol applied to a variety of sub- 
e in brain cortical-limbic sites caused the animal 

to drink. If carbachol was applied to 
messenger any one of these sites and atropine to 
Ilation not any other such site, drinking elicited 
"learning" by application of carbachol was re- 
interesting duced. Control tests showed that appli- 
lone may cation of sodium chloride at one site 
omolecular did not reduce drinking evoked by ap- 
he specific- plication of carbachol. Since the reduc- 
NA in the tion of carbachol-induced drinking 

suggested caused by application of atropine at 
et al. (12) any two subcortical sites was always 
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