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Genetic Expression in the Developing Brain

Nirupa Chaudhari and William E. Hahn

Abstract. The adult mouse brain contains complex populations of polyadenylated
[poly(A)*] and nonpolyadenylated [poly(A)”] messenger RNA’s (mRNA’s). These
mRNA’s are separate sequence populations, similar in complexity, and in combina-
tion are equivalent to ~ 150,000 different mRNA sequences, of average length.
Essentially all of the “‘adult’”’ poly(A)* mRNA’s are present in the brain at birth. In
contrast, most of the poly(A)” mRNA’s are absent. Brain poly(A)” mRNA’s begin to
appear soon after birth, but the full adult complement is not reached until young
adulthood. This suggests that these poly(A)” mRNA’s specify proteins required for
the biological capabilities of the brain that emerge during the course of postnatal

development.

A major fraction of the DNA that is
thought to code for protein (/) is ex-
pressed as messenger RNA (mRNA) in
the mammalian (rodent) brain (2, 3). It
seems likely that as many, or perhaps
more, structural genes are required for
the formation and function of the brain
than are necessary for all other tissues
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and organs combined. The complexity of
whole brain polysomal RNA is equiva-
lent to about 150,000 different se-
quences, 1500 nucleotides in length (2,
3). The diversity of mRNA molecules in
the brain is biologically consistent with
the extensive cellular heterogeneity and
microdifferentiation of the various cell
types that occur in this organ. In addi-
tion, the greater complexity of brain
RNA might be due to the inherent com-
plexity of neurons. Studies on tumor
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cells of neural origin and nuclear RNA
prepared from the neuronal fraction indi-
cate that neurons contain RNA of higher
sequence complexity than do other types
of mammalian cells (4).

Measurements of the complexity of
brain polysomal RNA have shown that
nonhomologous populations of poly-
adenylated [poly(A)*] and nonpolyade-
nylated [poly(A)”] mRNA are present.
The sequence complexity of these
mRNA populations is about the same (2,
3). Also, in Drosophila a complex po-
ly(A)” mRNA population is present,
many species of which are present in the
head of the fly (5).

Although poly(A)™ mRNA’s have
been identified in various systems (6), a
highly complex population of poly(A)~
mRNA’s appears to be characteristic of
the brain since, in other mammalian cells,
tissues, and organs that have been exam-
ined, essentially all of the sequence com-
plexity is present in the poly(A)* RNA
fraction of polysomal RNA (7). Most of
the rare, complex class mRNA species in
the brain are present at much less than
one copy per cell (3), and, although little
is known regarding anatomical localiza-
tion of specific mRNA’s, we can sup-
pose that many of the rare copy species
are restricted to given cell types, or
subpopulations of cells, where they are
present in relatively high copy frequency
(8). The translational efficiency in cell
free systems of brain poly(A)” mRNA'’s,
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both rare class and abundant species, is
similar to that of brain poly(A)* mRNA’s
and purified prolactin mRNA (9). The
biogenesis of poly(A)” mRNA is not
defined except that respective precur-
sors in the nuclear RN A lack poly(A) (9).
Brain poly(A)* mRNA'’s are derived from
high molecular weight poly(A)" hnRNA
(heterogeneous-nuclear) molecules (10)
that are encoded, at least in many in-
‘stances, by genes containing intervening
sequences (/1), as has been shown for
several specific eukaryotic mRNA’s
12).

In comparison with most other organs,
postnatal development of the brain is
extensive and elaborate. Therefore we
decided to determine whether the com-
plex mRNA population characteristic of
the adult brain is present at birth and, if
not, to quantify genetic expression dur-
ing the course of postnatal development.
For convenience, and with regard to
background information, we used the
mouse in our studies, but our results are
probably relevant to the postnatal devel-
opment of the brains of other mammals
including man.

Most Brain Poly(A)®™ mRNA’s Are
Present at Birth

Most, if not all, of the poly(A)*
mRNA species characteristically present
in the young adult mouse brain are pres-
ent in the brain at birth. This was shown
by combining two measurements. First,
we measured the sequence complexity of
brain poly(A)* mRNA from adult and
newborn mice by saturation hybridiza-
tion of genomic single-copy DNA
(scDNA) (13). From the percentage of
DNA that was resistant to S1 nuclease
after hybridization (/4), the sequence
complexity was determined to be
~ 1.2 X 10° and ~ 1.0 x 10° kilobases
(kb) for adult and newborn brain, respec-
tively. That these poly(A)™ mRNA pop-
ulations, of similar complexity, were
composed of the same sequences (that
is, are homologous) was shown with a
complementary DNA (cDNA) probe
representing the complex, rare copy
class of poly(A)™ mRNA from adult
brain. Since reverse transcription is effi-
cient to the extent that the sequence
complexity of the cDNA is essentially
equal to that of the template mRNA, and
a quantitative yield of ¢cDNA can be
obtained which is within 80 to 95 percent
of the theoretical maximum (/5), this
probe is suitable for making such a mea-
surement. As shown in Fig. 1, cDNA
complementary to the complex class of
poly(A)* mRNA from adult brain was

27 MAY 1983

Table 1. Hybridization of cDNA representing
rare copy (complex) class of brain poly(A)*
mRNA to liver and kidney polysomal RNA.
The cDNA was prepared as described in Fig.
1; the percentage of cDNA hybridized was
normalized by setting the homologous system
(brain mRNA) at 100 percent. The actual
maximum observed hybridization with brain
mRNA was 95 percent as determined by
resistance to S1 nuclease (/4).

cDNA
RNA hybridized
(%)
Brain poly(A)* mRNA 100
Brain polysomal 100
Liver polysomal 32
Kidney polysomal 35

hybridized to completion when polyso-
mal RNA from newborn mouse brain
was used as driver, indicating that
most, if not all, of the adult
poly(A)* mRNA’s are present in the
brain at birth. A similar result was ob-
tained with purified poly(A)* mRNA
from newborn mouse brain to hybridize
the cDNA (data not shown).

Many of the poly(A)"™ mRNA species
present in newborn and adult brain are
absent from the brain polysomes of the
17-day-old fetus (gestation is 21 days)
since only about 80 percent of the cDNA
was hybridized at termination when fetal
polysomal RNA was used as driver (Fig.
1). Also, we observed that nuclear RNA
of the 17-day fetus hybridized the probe
to the same extent as did polysomal
RNA (data not shown), indicating that
genes specifying mRNA’s which are ab-
sent in the 17-day fetal brain are not
transcriptionally active. We estimate
from these results that the equivalent of
~ 15,000 different poly(A)* mRNA’s of
average size (1.5 kb) (16) appear during
the last 3 to 4 days of gestation.

Putatively Brain-Specific
Poly(A)* mRNA’s

For perspective on tissue-specific dif-
ferentiation, it is necessary to estimate
the extent to which brain poly(A)*
mRNA'’s are specific to the brain. Since
brain poly(A)" mRNA is about twice as
complex as that from liver or kidney (7,
15, 16), the presence of a large number of
brain-specific poly(A)* mRNA’s was
suggested. We made sequence overlap
measurements by hybridizing the cDNA
complementary to the rare copy brain
poly(A)* mRNA, to polysomal RNA
from liver and kidney. By this assay
we estimate that ~ 35 percent of the
poly(A)* mRNA species in the brain is
also present in either the liver or the
kidney (Table 1). This finding is not
surprising since a large number of com-
monly shared mRNA’s thought to code
for proteins required for general ‘‘house-
keeping’’ in all cells have been described
by several investigators (/7). Of more
interest is the ~ 65 percent of the cDNA
that did not hybridize, which indicates
the absence of respective ‘‘brain’
mRNA species in the liver or kidney
polysomal RNA. Although it is prema-
ture to refer to these poly(A)* mRNA’s
as being strictly brain-specific until com-
parisons are made with more organs and
tissues, these results suggest that this is
the case.

We considered that poly(A)* mRNA’s
appearing in the brain late in fetal devel-
opment (see above and Fig. 1) might be
mostly brain-specific relative to liver and
kidney. Therefore, we prepared a com-
plex cDNA probe from adult poly(A)*
mRNA, from which most of the se-
quences complementary to 17-day fetal
poly(A)* mRNA had been removed by
saturation hybridization with fetal poly-

Fig. 1. Hybridization of cDNA
representing rare (complex)
class poly(A)* mRNA’s from
adult Swiss Webster mouse 80
brain with template poly(A)*
mRNA (X), or with total poly-
somal RNA from 17-day fetus
(A), newborn (M), or adult (O)
brain. Cyt is the molar concen-
tration of the RNA multiplied
by time in seconds (mole nu-
cleotides per liter per second)
corrected for sodium ion con-
centration above standard
conditions (35). Percent hy-
bridization is normalized rela-

100
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% cDNA hybridized

I Ll dereeanck Tt bl I
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taken as 100 percent (actual level was 91 percent). Complementary DNA obtained by reverse
transcription (I5) of adult poly(A)* mRNA was hybridized to Cyt of 5 under conditions of
continuous mixing (35). After hybridization, cDNA mostly representing rare, or complex, class
mRNA was isolated by hydroxyapatite chromatography as the unbound fraction. Hybridized
cDNA was determined by the S1 nuclease-DEAE filter method (14).
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somal RNA. This ‘‘fetal null” probe
hybridized to liver and kidney polysomal
RNA to the same extent (~ 40 percent)
as observed for the total cDNA probe.
Therefore the poly(A)* mRNA popula-
tion appearing late in fetal development
of the brain includes both ‘‘shared’’ and
putatively brain-specific mRNA’s.

Genes Encoding Brain Poly(A)” mRNA’s
Activated Postnatally

Since most of the poly(A)” mRNA’s
appear to be specific to the brain (see
below), and considering the extensive
postnatal development of the brain, it
was of interest to determine when these
mRNA’s appear. We first examined the
sequence complexity of polysomal RNA
from newborn brain and found it to be
half that of the adult (Table 2). In con-
trast to the adult brain, most of the
complexity of the newborn polysomal
RNA is contained in the poly(A)* frac-
tion. Thus, most, if not all, of the mea-
surable ‘‘adult” poly(A)” mRNA’s are
absent at birth.

Measurements of the sequence com-
plexity of brain nuclear RNA from the
newborn suggested that the genes speci-
fying most of the poly(A)” mRNA'’s are
not transcriptionally active at birth. We
found that the sequence complexity of
total nuclear RNA from neonatal brain
was ~ 1.4 x 10° kb less than in the adult

Table 2. Sequence complexity of mouse brain
RNA in relation to development. Various
RNA'’s were isolated as described (2, 16, 35)
and used to hybridize scDNA (/3). Hybrid-
ized DNA was quantified by the S1 nuclease—
DEAE filter method (/4). Standard deviations
are based on five or more values for the
amount of scDNA which was hybridized.
Sequence complexity was estimated on the
basis of a complexity of 3.2 X 10° nucleotides
for the scDNA of the haploid genome.

scDNA quse(:l-ce
RNA hybrnd- com-
1(2(;4)1 plexity
v (kb)
Newborn
Total polysomal 36 =03 1.2 x10°
Poly(A)" mRNA 33:+0.2 1.0 x 10°
Adult
Total polysomal 7.4+05 23x10°
Poly(A)* mRNA 3.6 = 0.3 1.2 x 10°
Newborn
Total nuclear 13.3£08 42 x10°
Poly(A)* hnRNA  12.4 0.1 4.0 x 10°
21-day
Total nuclear 16.4 0.6 5.2 x 10°
60 day (adult)
5.6 x 10°

Total nuclear 17.8 £ 0.7
Poly(A)* hnRNA 125+ 0.3 4.0 x 10°

926

(Table 2). The greater sequence com-
plexity of adult nuclear RNA is consist-
ent with the presence of the precursors
of poly(A)” mRNA’s [complexity
~ 1.1 X 10° kb (2)] in the nuclear RNA.
Most of the sequence complexity of total
nuclear RNA in the newborn, unlike that
in the adult, is due to the polyadenylated
fraction [poly(A)* hnRNA]. Also, the
sequence complexity of adult and new-
born poly(A)* hnRNA is the same, as is
the case for respective poly(A)* mRNA
populations. Since qualitatively most of
the different brain poly(A)* hnRNA’s
are precursors of poly(A)" mRNA (10),
this observation was expected.

By day 21 of postnatal development
the complexity of total nuclear RNA is
nearly equal to that of the adult, the rise
in complexity being attributable to
poly(A)™ nuclear RNA. We have found
that poly(A)~ nuclear, but not poly(A)*
hnRNA, hybridizes with ¢cDNA tran-
scripts from poly(A)” mRNA at the ex-
pected rates (9). These observations,
along with direct measurements present-
ed below, show that the change in se-
quence complexity of nuclear RNA dur-
ing postnatal development of the brain is
largely due to the expression of genes
specifying poly(A)” mRNA’s. The
marked increase in the sequence com-
plexity of RNA occurring postnatally
might be a characteristic feature of the
brain associated with the delayed devel-
opment of this organ, since such an
increase was not observed in the liver
18).

Most of the ribosomal RNA (rRNA)
(~ 98 percent) can be removed from
poly(A)~ polysomal RNA by benzoylat-
ed-cellulose chromatography (2, /9). The
remaining partially purified poly(A)~
mRNA can be primed for reverse tran-
scription by addition of random oligonu-
cleotides (15, 20). Therefore, to further
examine genetic expression which oc-
curs during postnatal development of the
brain, we prepared cDNA complemen-
tary to rare (complex) class poly(A)~
mRNA of the adult brain, and used it to
directly probe nuclear and polysomal
RNA from the brains of mice of various
postnatal ages. In the newborn ~ 10
percent of the ‘‘adult’” poly(A)” mRNA
sequences are present in the polysomal
RNA and 20 percent in the nuclear RNA
(Fig. 2). The appearance of poly(A)~
mRNA’s in the polysomal fraction is
delayed relative to the appearance of
these sequences in the nuclear RNA.
After 24 days, when all poly(A)” mRNA
sequences are present in the nuclear
RNA, only ~ 30 percent of the se-
quences are present in the polysomal

RNA. The adult complement of these
mRNA’s is apparently reached in the
polysomal RNA sometime during 35 to
45 days of postnatal growth and develop-
ment (Fig. 2). Surprisingly, about 20
percent of the adult poly(A)” mRNA
complexity (~ 18,000 kb) is absent from
the polysomes even after 35 days of
postnatal development, suggesting the
appearance of ~ 10,000 new proteins in
the brain during the period of develop-
ment from ‘‘adolescent’’ to young adult
(35 to 45 days).

Why many of these mRNA sequences
are present in the nucleus well in ad-
vance of their appearance in the polyso-
mal fraction is puzzling. We considered
that these gene products might be re-
leased from the nucleus but were
blocked from association with ribo-
somes. Therefore we prepared RNA
from the nonpolysomal cytoplasmic frac-
tion of brains from 24- and 35-day-old
mice. Using the complex class cDNA
probe we found that about the same
percentage of the adult poly(A)” mRNA
sequences was present in this fraction as
in the polysomal fraction. Therefore it
appears that a substantial number of
genes encoding poly(A)” mRNA’s are
activated well in advance of the release
of respective mRNA'’s to the cytoplasm,
implying some nuclear mechanism of

Table 3. Apparent restriction of poly(A)~
mRNA of high sequence complexity to brain.
Sequence complexity estimates of liver and
kidney polysomal and poly(A)* mRNA are
based on saturation hybridization of scDNA
(see Table 2). Values obtained by the cDNA
method, not shown, were similar. Comple-
mentary DNA complementary to the complex
class of brain poly(A)” mRNA (see legend,
Fig. 2) was used to probe for the presence of
these mRNA’s in the liver and kidney polyso-
mal RNA. Hybridization only slightly above a
background of 2 percent was observed. Per-
centages are normalized against 100 percent
for the homologous system (brain). Actual
hybridization with brain polysomal RNA was
94 percent as assayed by resistance to Sl
nuclease (/4).

Se- Brain
quence cDNA
RNA com- hybrid-
plexity ized
(kb) (%)
Brain polysomal 100
Kidney total poly- 6.5 x 10* 6
somal
Kidney poly(A)* 6.5 x 10*
mRNA
Liver total poly- 6.0 x 10* 5
somal
Liver poly(A)™* 6.0 x 10*
mRNA
Liver nuclear 8
Kidney nuclear 9
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posttranscriptional control. In the devel-
oping sea urchin some abundant
mRNA’s, and a large number of rare
mRNA’s, are apparently also regulated
by posttranscriptional mechanisms (217).

Poly(A)” mRNA’s Appearing
_Postnatally Are Specific to Brain

Complementary DNA complementary
to complex class brain poly(A)” mRNA
was used to probe polysomal and nuclear
RNA of the liver and kidney (Table 3).
Little hybridization was observed above
background, indicating that most of the
different poly(A)” mRNA species from
brain polysomes are specific to the brain,
at least relative to these two complex
organs. The slight hybridization of the
cDNA with liver and kidney nuclear
RNA suggests that most of the genes
specifying brain poly(A)” mRNA'’s are
regulated transcriptionally, at least rela-
tive to tissue type. To establish rigorous-
ly whether or not a complex population
of poly(A)” mRNA'’s exists only in the
brain will require further investigation of
more cells, tissues, and organs, but our
data suggest that this is probably the
case. ,

Comparisons of total polysomal RN
and poly(A)" mRNA from the liver and
kidney also show that virtually all of the
sequence complexity is contained in
poly(A)"™ mRNA (Table 3). Similar stud-
ies on polysomal RNA’s from primary
cell cultures (22) and other cells and
organs (7) also indicated the absence
of a complex population of poly(A)~
mRNA'’s, separate from the poly(A)*
population. Thus the presence of a com-
plex population of poly(A)” mRNA'’s
may be a characteristic of the brain.

Discussion ahd Perspectives

Various anatomical and biochemical
properties of the brain develop after
birth. The mass of the mouse brain in-
creases rapidly during the first 15 days
after birth and adult levels of various
neurotransmitters and enzymes are
reached by ~ 30 days (23). Locomotor
abilities are well developed by 15 to 20
days, and sexual maturity occurs by 4 to
7 weeks, depending on the strain of
mouse (24). The mice used in our experi-
ments are regarded as young adults by 45
days and reach adult weight by 60 days.

During postnatal development there is
an increase in the number of glial cells
and myelinization of neurons occurs.
Neurons develop complex dendritic ar-
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Fig. 2. Appearance of poly(A)~ 100
mRNA sequences in nuclear and
polysomal RNA’s during develop- & 8o}
ment. H-labeled cDNA, represent- o &

ing the rare (complex) class of & g0}
poly(A)” mRNA of adult brain, was F §
hybridized with polysomal RNA 28 st
(hatched bars) or nuclear RNA %8
(open bars) from mice of the indi- o ‘é’
cated ages. Poly(A)” mRNA was § 201
obtained from the polysomal RNA,

remaining after removal of the o

poly(A)* mRNA (36), by three
chromatographic cycles on col-
umns of benzoylated cellulose (2,

(17-day fetus)
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19). This procedure removed ~ 98 percent of the rRNA to yield an RNA preparation that was
25 to 50 percent, by mass, poly(A)” mRNA. The cDNA was prepared by reverse transcription
of adult poly(A)” mRNA primed by annealing with random oligonucleotides (15, 20). The
cDNA complementary to the complex class of mRNA was isolated by hybridization with total
brain polysomal RNA to Cy of 50, and with poly(A)* mRNA to Cyt of 1000. The unhybridized
fraction of the cDNA, representing about 10 percent of the original mass, was isolated by
hydroxyapatite chromatography and used as a probe to measure the appearance of poly(A)~
mRNA in polysomal RNA from brains of mice of various ages. Percent hybridization was
normalized relative to the maximum obtained with poly(A)” mRNA from adult brain taken as

100 percent (actual level was 98 percent).

rays (arborization), and synaptogenesis
is a very active process in the postnatally
developing brain (23). These events are
relevant to the integration and fine tun-
ing of neural circuitry. The possible con-
nection between these events and the
postnatal appearance of poly(A)~
mRNA’s can only be speculated, but it
seems likely that various proteins (recep-
tor proteins, protein components of ionic
channels, transmitter peptides) would be
required for these and other processes
that enable the brain to receive, process,
and integrate information.

The extent to which the postnatal
expression of genes encoding the
poly(A)” mRNA'’s in the brain is the
result of a genetically ‘‘hardwired’’ de-
velopmental schedule remains to be de-
termined. Certainly much of the prenatal
developmental program is strongly pre-
determined as shown from the differenti-
ation of fetal brain tissue transplanted
into the anterior chamber of the eye (25).
However, postnatal aspects of brain de-
velopment are plastic and sensitive to
environmental conditions. For example,
the need for sensory input in postnatal
development of the brain is indicated by
the failure of specific cortical ‘‘barrels’
to develop if certain sensory vibrissae
are destroyed at birth (26), and by failure
of the visual cortex to complete develop-
ment upon omission or restriction of
visual input (27). Also, the size and num-
ber of the dendrites of Purkinje cells in
the cerebellum is sensitive to environ-
mental conditions (28). It is possible that
the activation of a large number of genes
is dependent on environmental stimuli
arriving via various sensory modalities,
perhaps in a manner somewhat analo-

gous to the activation of certain genes by
hormones. Thus RNA and protein syn-
thesis is apparently altered in neurons as
aresult of electrical stimulation or during
learning (29). Signals from the environ-
ment play arole in inducing reproductive
behavior in various species. In this re-
gard, egg-laying behavior is elicited
when a small family of genes encoding
neuroactive peptides (egg-laying hor-
mones) is expressed in specific neurons
of the mollusc Aplysia (30).

It is unclear to what extent the mouse
is a representative model for the molecu-
lar genetics of postnatal development of
the mammalian brain. Guinea pigs, for
example, are much more advanced at
birth, as are a number of other mammals
that are born singly instead of in litters.
During postnatal development, the hu-
man brain increases about fourfold in
mass, and behavioral capabilities take
many years to emerge and become re-
fined. The extensive genetic program
that emerges during a few days of post-
natal development of the mouse brain, if
also the case for the human brain, may
take years to complete. It is likely that
various environmental inputs, including
a wide array of social interactions, influ-
ence the outcome of postnatal develop-
ment of the brain more in some species
than in others.

As reported here, about 65 percent of
the sequence complexity of poly(A)*
mRNA in brain, the equivalent of
~ 50,000 1.5-kb species, is restricted to
the brain at least relative to two other
complex organs, the liver and kidney. A
repetitive 82-base sequence has now
been identified in rat which hybridizes
with brain poly(A)" RNA but not with
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liver and kidney RNA (3]). At least
90,000 copies of this repeat are present
per haploid genome (32), and, as has
been proposed, this repeat might be a
tissue ‘‘identity sequence’’ that plays a
role in differential genetic expression
(31). Interestingly, the copy number of
this repeat is roughly similar to the num-
ber of brain-specific poly(A)* mRNA’s
in the mouse, which further suggests a
possible role of this sequence in tissue-
specific genetic expression.

In order to place the molecular genet-
ics of brain development and function
into the context of cellular biology, the
general anatomical and cellular distribu-
tion of specific mRNA’s must be deter-
mined. The fact that specific neurons or
classes of neurons apparently contain
““exclusive’’ proteins, as identified with
monoclonal antibodies (33), implies that
certain mRNA species are confined to
specific neural or glial cell populations.
Recent improvements in in situ hybrid-
ization applied to slices of brain have
permitted the detection of viral RNA in
cells of the brain at an estimated frequen-
cy of 20 copies per cell, or less (34).
Thus, the use of cloned cDNA probes in
in situ hybridization should yield infor-
mation leading to a better understanding
of regional specializations of the brain
relative to specific proteins and protein
families.
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