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In order to identify markers for developing neural cell pop- 
ulations and gain molecular insights into the processes of 
neural development and differentiation, we have selected 
cDNA clones of rat brain mRNAs that are expressed in brain 
at embryonic day 16 (E 16) with at least 1 O-fold greater abun- 
dance than they are in adult brain. Eleven such clones were 
obtained from a cDNA library of El6 brain poly(A)+ RNA 
using a combination of differential and subtractive hybrid- 
ization screens. The temporal and spatial patterns of expres- 
sion of the mRNAs corresponding to these clones were char- 
acterized by Northern (RNA) blotting and by in situ 
hybridization. Although all the mRNAs were enriched in em- 
bryonic brain, different mRNAs demonstrated maximum 
abundance at different times in late embryogenesis. The 
mRNAs can be grouped into 3 classes on the basis of their 
patterns of spatial expression in the embryo: one cDNA clone 
from each class and its corresponding mRNAs have been 
characterized in more detail. Class C represents mRNAs that 
are highly enriched in the nervous system and may be ex- 
pressed in newly differentiating neurons; the example cho- 
sen was shown by nucleotide sequence analysis to encode 
the brain crl isotype of tubulin. Class B mRNAs have a broad- 
er distribution in the developing embryo but are expressed 
predominantly in the ventricular germinal zones of the de- 
veloping nervous system and may represent molecules in- 
volved with neurogenesis. A third class (Class A) includes 
mRNAs with a more homogeneous distribution within the 
embryo and developing nervous system, which may encode 
“housekeeping” molecules. These clones and their encoded 
products will provide markers for cell populations at partic- 
ular stages of neural development. 

The development and differentiation of the wide variety of di- 
vergent cell types that make up the adult mammalian central 
nervous system must involve the expression of sets of genes in 
particular temporal and spatial patterns. Such genes are likely 
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to encode molecules that mark the terminal differentiation of 
neural cells, as well as those products that are involved in the 
processes of development. Although significant progr%ss has been 
made in understanding the anatomical development ofthe CNS, 
particularly since the advent of such techniques as birthdating 
(Sidman, 1970), the molecular basis of the genesis and subse- 
quent differentiation of the neural cell types is not well-estab- 
lished. 

One approach to this problem has been to identify specific 
markers for differentiating neural cell populations. The appli- 
cation of hybridoma technology, for example, has generated cell- 
type-specific markers for differentiated glial cells (Raff et al., 
1983; Hockfield and McKay, 1985), and for differentiated neu- 
rons in the peripheral nervous system (Le Douarin, 1980; Bar- 
ald, 1982; Vincent and Thiery, 1984) and the CNS (Levitt, 1984; 
Hockfield and McKay, 1985). These monoclonal antibodies have 
been successfully used to examine some of the processes in- 
volved in cellular differentiation, and have provided a set of 
reagents for the identification of the major structures and de- 
velopmental periods in the developing mammalian brain. 

An alternative approach is to isolate and characterize mole- 
cules whose expression is correlated with the development and 
differentiation of the mammalian nervous system. Using a com- 
bination of subtractive (Hedrick et al., 1984) and differential 
(Dworkin and Dawid, 1980) hybridization procedures, we have 
isolated 11 cDNA clones corresponding to mRNAs that are 
expressed at significantly higher levels in embryonic day 16 
(E 16) brain than in adult brain. Further characterization of these 
clones by Northern blot and in situ hybridization analysis has 
revealed a variety of temporal and spatial patterns of expression. 
On the basis of these data, we grouped the clones into 3 classes 
and selected one clone from each class for further molecular 
and neuroanatomical analysis. One class represents mRNAs 
expressed in newly differentiating cells: the example chosen en- 
codes an cu-tubulin isoform that is expressed at high levels in 
neurons that are elaborating axonal and dendritic processes. The 
mRNAs represented by the second class (example, pDevo 2) 
are expressed at high levels in the germinal zones of the devel- 
oping brain. The third class (example, pDevo 4) represents more 
broadly distributed mRNAs. Together, these clones establish 
the starting point for the further analysis of their encoded pro- 
teins, using the approaches we have described for clones of 
brain-specific mRNAs (Milner and Sutcliffe, 1983; Sutcliffe et 
al., 1983). 

Materials and Methods 
RNA isolation. Timed pregnant Sprague-Dawley rats (Charles River) 
provided a source of fetal and neonatal brains of precise gestational and 
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chronological ages. Embryonic rats at the gestational days 14 (E 14) and 
16 (E16) were dissected into head and body and brain and body, re- 
spectively. The brains of neonatal rats were left whole, or dissected as 
previously described (Lenoir et al., 1986). Total cytoplasmic RNA was 
isolated from the freshly dissected tissue samples by extraction with 
phenol<hloroform-isoamyl alcohol (Schibler et al., 1980). Alterna- 
tively, total cellular RNA was extracted by homogenization in guanidine 
isothiocyanate and CsCl gradient ultracentrifugation (Chirgwin et al., 
1979). Poly(A)+ RNA was prepared by chromatography on oligo(dT) 
cellulose (Collaborative Research) (Aviv and Leder, 1972). 

A 32P-labeled El 6 cDNA was prepared from 5 jog of El 6 poly(A)+ RNA 
and 1 mCi of 32P-dCTP (New England Nuclear) according to the pro- 
cedure of Gubler and Hoffman (1983). After alkaline hydrolysis of the 

cDNA library preparation. A cDNA library was prepared from El6 
rat brain poly(A)+ RNA in the vector pUC 18 using a directional, vector- 
linked cloning procedure, as previously described (Milner et al., 1985). 

Preparation of an El6-adult subtractive cDNA probe. A selective cDNA 
probe for screening the E 16 cDNA library was generated using a mod- 
ification of the technique previously described by Hedrick et al. (1984). 

probes synthesized from total membrane-bound polysomal, or soluble 
polysomal postnatal day 1 (Pl) brain RNA. Only those clones showing 
at least a 4-fold enrichment in hybridization to one or the other of the 
polysomal cDNA probes were considered to be synthesized primarily 
on the corresponding population of polyribosomes. 

In situ hybridization. Neonatal rats were anesthetized with chloral 
hydrate and perfused with cold 4% paraformaldehyde in 120 mM phos- 
phate buffer (pH 7.3) the brain removed and postfixed in the same 
fixative for 6 hr. Embryonic rats were treated by immersion in the same 
fixative overnight. The tissue was subsequently rinsed in several changes 
of cold, graded sucrose solutions (12%, 16%, 18%) and frozen; cryostat 
sections 20 pm thick were cut and mounted on chrom-alum-subbed 
slides. Sections were stored at 4°C for immediate use, or at -70°C for 
longer-term storage. Four to 6 embryos were sectioned and analyzed 
for each different cDNA probe. 

were based on those of Higgins and Wilson (1987). Slides were placed 
in 4% formaldehyde in PBS for 20 min, rinsed several times in PBS, 
and immersed in 50 mM Tris-HCl (pH 7.6), 5 mM EDTA containing 

Protocols for pretreatment of tissue and in situ hybridization analysis 

RNA template and subsequent purification, the cDNA (approximately 
2 fig) was mixed with 30 pg of adult poly(A)+ RNA and precipitated. 
The pellet was dissolved in 9 ~1 water and 1.5 ~14 M phosphate buffer, 
1~1200 mM EDTA, and 0.5 ~10.2% SDS were added. The hybridization 
reaction was carried out in a 20 ~1 heat-sealed capillary tube at 68°C 
for 12 hr to a final Cot of 2 100. 

The single-stranded cDNA representing potential mRNAs enriched 
in E 16 over adult brain was separated from the double-stranded RNA: 
cDNA hybrids by hydroxyapatite chromatography. The sample was 
diluted into 1 ml of 0.12 M phosphate buffer, 0.1% SDS, and applied 
to 1 ml of hydroxyapatite in a water-jacketed column that had been 
equilibrated in the same buffer at 60°C. The single-stranded fraction 
was eluted with 2 x 1 ml aliquots of the same buffer. The column was 
washed with 3 x 1 ml aliquots of the same buffer, and the double- 
stranded RNAcDNA hybrids were eluted with 2 x 1 ml aliquots of 
0.2 M phosphate buffer, 0.1% SDS. Approximately 15% of the original 
cDNA was eluted in the single-stranded fraction. Both the single-strand- 
ed and double-stranded fractions were used as probes for colony hy- 
bridization. 

Selective cDNA library screening. Duplicate nitrocellulose filters were 
prepared from the E 16 cDNA library. One filter was hybridized to the 
selected, single-stranded cDNA probe, while the other was hybridized 
to the double-stranded fraction from the hydroxyapatite column (Grun- 
stein and Wallis, 1979). Colonies that hybridized to the single-stranded 
cDNA urobe. but not to the cDNA from the double-stranded cDNA: 
RNA fraction, were selected for further analysis. 

Differential hybridization analysis. Colonies chosen by selective cDNA 
library screening were picked and transferred to duplicate nitrocellulose 
filters. Differential colony hybridization (Dworkin and Dawid, 1980) 
was performed using ‘*P-labeled cDNA synthesized from E 16 and adult 
brain poly(A)+ RNA (Gubler and Hoffman, 1983) as probes. Plasmid 
DNA was prepared from those colonies that showed a significantly 
higher degree of hybridization to the El6 brain cDNA probe than to 
the adult brain cDNA probe. Plasmid DNA samples were digested with 
restriction endonucleases, and the vector separated from insert frag- 
ments on duplicate 1% agarose gels. The DNA was blotted onto nitro- 
cellulose (Southern, 1975) and the duplicate filters were probed with 
3*P-labeled cDNA svnthesized from El6 or adult brain ~olv(A)+ RNA. 
The Southern blot analysis allowed a more accurate determination of 
the levels of enrichment and allowed determination of the relative abun- 
dancies of the mRNAs represented by the selected cDNA clones. 

Northern blot analysis. Poly(A)+ RNA samples were fractionated by 
electrophoresis on 1.5% agarose gels in the presence of 1 M formaldehyde 
(Rave et al., 1979) and transferred to nitrocellulose (Thomas, 1980). 
Plasmid DNA isolated from the selected cDNA clones was labeled with 
32P by nick-translation (Rigby et al., 1977) and hybridized to the im- 
mobilized RNA as previously described (Lenoir et al., 1986). The abun- 
dance of a specific mRNA was estimated from the hybridization inten- 
sity on Northern blots by reference to standards of known abundance 
(Milner and Sutcliffe, 1983), taking into account probe-specific activity 
and autoradiographic exposure times. 

Isolation of soluble and membrane-bound polysomal RNA. Soluble 
and membrane-bound polysomal fractions were isolated from l-d-old 
neonatal rat brains using the technique of Hall and Lim (1984). Total 
RNA was isolated from these fractions by proteinase K digestion, phe- 
nol-chloroform extractions, and ethanol precipitation. Triplicate South- 
em blots of the selected cDNA clones were hybridized with cDNA 

100 &ml proteinase K for 7.5 min.-This was followed by rinsing the 
slides in PBS and immersing them in 0.02 N HCl for .lO min. After a 
final PBS rinse, the slides were again fixed in 4% formaldehyde for 5 
min and dehydrated in graded ethanols containing 0.33 M sodium ace- 
tate. One milliliter of prehybridization mixture containing 50% for- 
mamide, 0.75 mM NaCl, 25 mM 1,4-piperazinediethylenesulfonic acid 
(PIPES), pH 6.8, 5 x Denhardt’s solution (Denhardt, 1966) 0.2% SDS, 
40 mM dithiothreitol, 250 fig/ml salmon sperm DNA, and 250 &ml 
yeast tRNA was applied to each dry slide, and the slides were subse- 
quently incubated for 2-3 hr at 45°C. The prehybridization mixture was 
drained from the slides and replaced with 75 ~1 ofhybridization mixture 
per slide. This latter solution consisted of the prehybridization mixture 
with 10% dextran sulfate and 0.1-l r&ml radiolabeled RNA probe. 
Slides were coverslipped, sealed with contact cement, and incubated for 
12-l 4 hr at 45°C. Coverslips were removed in 4 x standard saline citrate 
(SSC: 15 mM sodium citrate, 150 mM NaCl) containing 10 mM 
2-mercaptoethanol, washed in several changes of 4 x SSC, and treated 
with 20 r&ml RNase A in 0.5 M NaCl. 10 MM Tris-HCl. and 1 mM 
EDTA fo;30 min at 37°C. This was followed by a rinse in the same 
buffer for 30 min at 37°C in 2 x SSC for 30 min at room temperature, 
and in 0.1 x SSC for 30 min at 45°C. Following the washes, slides were 
air-dried and apposed to DuPont Cronex 4 film for 24-96 hr to obtain 
x-ray images. Slides were then dipped in Kodak NTB-3 emulsion, ex- 
posed for 5-10 d, developed, and analyzed using bright-field and dark- 
field microscopy. 

Anti-sense 35S-labeled RNA probes were prepared using 35S-uridine 
triphosphate (UTP) (New England Nuclear; 1000 Ci/mmol) and SP6 
RNA polymerase (Boehringer Mannheim) to transcribe cDNA inserts 
subcloned into the in vitro transcription vector pGEM-4 (Promega Bio- 
tee) (Melton et al., 1984). A number of controls were used to ensure the 
specificity of hybridization to the tissue sections: prehybridization or 
cohvbridization of a loo-fold excess of cold. anti-sense RNA with the 
35S-iabeled riboprobe, and hybridization of the tissue sections to a la- 
beled RNA probe transcribed from linearized vector without a cDNA 
insert. The first treatment abolished all detectable signal on 24-48 hr 
exposures, while the second produced a very low background signal on 
24-48 hr exposures, and a consistent, nonspecific background pattern 
for long exposure times. The regions that displayed higher levels of 
nonspecific binding were similar to those reported by Higgins and Wil- 
son (1987). Pre- or cohybridization with cold, anti-sense RNA and side- 
by-side in situ hybridization with heterologous anti-sense riboprobes to 
alternate tissue sections circumvented any interpretive problems re- 
sulting from nonspecific background binding. 

Results 
Isolation of developmentally regulated embryonic 
brain-enriched mRNAs 
The strategy used to isolate cDNA clones that represented de- 
velopmentally regulated, embryo-enriched rat brain mRNAs 
was based on the oremise that there are mRNA species that are 
specific to, or highly enriched in, the embryonic virsus the adult 
nervous system. Specifically, the strategy was designed to isolate 
cDNA clones that met 2 different criteria: (1) the represented 
mRNA was enriched by at least IO-fold in the embryonic versus 
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Figure 1. Summary of the strategy used to select cDNA clones of 
mRNAs enriched at embryonic day 16 (E16). 

the adult nervous systems, and (2) the represented mRNA dis- 
played a distinctive regional localization or temporal expression 
pattern. The screening protocol used to isolate cDNA clones 
that met the first of these criteria is summarized in Figure 1: 
the sequential series of screens enabled us to focus on a pro- 
gressively smaller set of clones of interest at each stage. The 
second criterion was satisfied by a more detailed characteriza- 
tion of the mRNAs corresponding to this small group of clones 
by Northern blotting and in situ hybridization analyses. 

Selection of embryonic brain cDNA clones that satisfied the 
first criterion (embryonic brain enrichment) was achieved using 
a combination of subtractive and differential hybridization pro- 
cedures. Ten thousand clones from an embryonic day 16 (E 16) 
rat brain library were screened with an El 6 rat brain cDNA 
probe that had been subtracted once with a 15fold excess of 
adult brain poly(A)+ RNA. This probe theoretically represented 
mRNAs that were highly enriched in, or specific to, the El6 
versus the adult brain. A total of 255 colonies hybridized de- 
tectably to the subtracted embryonic cDNA probe, but not to 
the double-stranded cDNA:RNA fraction, which should contain 
most of the sequences common to E 16 and adult brains. These 
selected cDNA clones were then tested by differential colony 
hybridization for their ability to hybridize to labeled cDNA 
synthesized from adult brain or from E 16 brain poly(A)+ RNA. 
Of the 255 colonies isolated by the initial subtractive hybrid- 
ization screening, 48 showed higher levels of hybridization to 
the El 6 brain cDNA probe. The remainder of the 255 colonies 
included clones that showed only marginal enrichment with the 
El6 probe, as well as others that were false positives from the 
subtractive hybridization screen. 

To alleviate the problem of false positives often encountered 
using differential colony hybridization, a similar differential hy- 
bridization analysis of the 48 positive cDNA clones was per- 
formed on Southern blots (Southern, 1975). Plasmid DNA was 
isolated from the 48 cDNA clones, digested with restriction 
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Figure 2. Northern blot analysis of 6 selected embryo-enriched mRNAs. 
Aliquots (2 pg) of poly(A)+ RNA prepared from E 16 body (El 6 b), El 6 
brain (El 6 br), P 1 brain (PI), P23 brain (P23), and adult brain (A) were 
separated by electrophoresis, blotted to nitrocellulose, and hybridized 
with the indicated clones labeled with I*P. All the clones hybridize to 
apparent single species on the blots, with the exception of pDevo 4, 
which hybridizes to the 2 bands indicated by the arrows. 

endonucleases to cleave the insert cDNA from the vector, and 
the resulting fragments were separated by electrophoresis on 
agarose gels. Duplicate nitrocellulose filters were hybridized in 
parallel to adult brain or E 16 brain cDNA probes. A total of 24 
of the 48 cDNA clones showed a greater than 5-fold difference 
in hybridization intensity to the El6 than to the adult cDNA 
probes and were selected for further analysis. The remaining 24 
clones showed less than 5-fold differences. The Southern blot 
analysis also demonstrated that the 24 selected embryonic brain- 
enriched cDNA clones ranged in abundance from low (~0.0 1% 
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Figure 3. Summary of the properties of the mRNAs corresponding to the selected cDNA clones. The relative abundancies and sizes of the mRNAs 
at different developmental times and in different tissues were estimated from Northern blots. Abundance classes were defined as follows: High, 
> 0.1% (> 200 copies/cell); Middle, 0.1-0.0 1% (200-20 copies/cell); Low, ~0.0 1% (< 20 copies/cell). Comments: A, B, C, Developmental expression 
pattern of the mRNA as defined in the text; S, mRNA is associated largely with free polyribosomes; M, mRNA is associated largely with membrane- 
bound polyribosomes; #, distribution of mRNA has been analyzed by in situ hybridization; +, a mRNA of different size (2500 bases) is detected 
in Pl liver and kidney; *, Devo 1 is the Tori form of ol-tubulin. 

of the total mRNA) to high (>O. 1% of the total mRNA) in the 
El6 brain. 

To obtain a more accurate estimate of the relative degrees of 
abundance at E 16 and adult of each of the mRNAs correspond- 
ing to the selected 24 clones, and hence to make a final selection 
of clones of interest, we analyzed the developmental expression 
of each mRNA by Northern blotting. Plasmid DNA from each 
of the 24 clones was nick-translated and used to probe a North- 
em blot of poly(A)+ RNA from E 16 body, E 16 brain, P 1 brain, 
P23 brain, and adult brain (Fig. 2). All of the 24 clones hybrid- 
ized to mRNAs with higher abundances in El6 brain than in 
adult. In order to concentrate on those with the greatest devel- 
opmental difference in expression, we chose 11 clones that showed 
a 1 O-fold or larger difference in hybridization intensity at El 6 
than adult. 

Characterization of the selected cDNA clones 
The 11 selected embryo-enriched rat brain mRNAs were further 
characterized as to their temporal patterns of expression by 
Northern blot analysis. The results of these studies are sum- 
marized in Figure 3. We have grouped these mRNAs into 3 
general groups on the basis of the time courses of their devel- 
opmental expression: those that are most abundant at El4 (the 
earliest time point examined), those that are most abundant at 
E16, and those that are most abundant at Pl. Only 2 of the 
mRNAs, Devo 5 and 9, are not detectable in the adult brain. 
Two of the cDNA clones, Devo 4 and 5, hybridize to more than 
one mRNA species. In the case of Devo 5, the multiple species 
appear to be regulated coordinately during development. Devo 
4, however, hybridizes to 2 mRNA species that exhibit very 
different temporal expression patterns (Fig. 2), as described be- 
low. The 11 mRNAs range in size from 700 to 3000 nucleotides 
in length. Of the 11 clones, 10 are at least moderately abundant 
(>O.Ol% of the total mRNA). Five of the 11 mRNAs are con- 
tained preferentially in a free polyribosome preparation, while 
4 appear to be largely in the membrane-bound polyribosomal 
fraction. The latter may therefore encode membrane-associated 
or secreted protein products. 

The regional distribution of the 11 mRNAs was determined 
by Northern blot analysis (summarized in Fig. 3). Of the 11 

selected cDNA clones, 7 are higher in the E 16 brain than body, 
but none are specific to E 16 brain. These data are complicated, 
however, by the fact that the E 16 “body” mRNAs could have 
arisen from any of the developing neural tissues (e.g., spinal 
cord, ganglia, or peripheral nervous system) contained in the 
“body” sample. As described below, in situ hybridization of the 
clones to sagittal sections of whole E 16 embryos demonstrated 
that the more highly brain-enriched mRNAs (Devo 1, 8, and 
9) also appear to be enriched in the nervous system of the 
developing embryos. Northern blot analysis of Pl brain, liver, 
and kidney RNAs showed that 5 of 6 clones tested, including 
the 2 that are highly nervous system-enriched in the embryo, 
are also expressed at varying levels in neonatal liver and/or 
kidney. Only Devo 9 RNA is expressed specifically in the Pl 
brain. 

The distribution patterns of the RNAs corresponding to the 
11 selected cDNA clones were examined by in situ hybridization 
to sagittal and coronal sections of El6 embryos and, for 5 of 
the clones, to P3 coronal brain sections. Representative hybrid- 
ization patterns for 3 of these clones (Devo 1, 2, and 4) are 
shown in Figures 4-6. We were able to group the clones into 3 
classes on the basis of the distribution patterns detected by 
hybridization to El6 embryos. Class C (Devo 1, 8, and 9) in- 
cludes clones corresponding to RNAs that are specific to, or 
highly enriched in, the nervous system. These RNAs have a 
heterogeneous distribution within the nervous system and ap- 
pear to be expressed in regions, such as the cortical plate, that 
contain newly differentiating neuronal cell populations. Class B 
(Devo 2, 3, and 7) includes clones of RNAs that are expressed 
in a discrete set of embryonic tissues. Within the nervous sys- 
tem, however, these RNAs are discretely localized, with expres- 
sion largely in germinal zones containing proliferating cell pop- 
ulations. Class A clones (Devo 4, 5, 6, 10, and 11) represent 
RNAs with a much broader distribution pattern in the devel- 
oping embryo. Their distribution within the nervous system is 
also more homogeneous, with no obvious concentration to either 
the cortical plate or germinal zones. 

To illustrate these different patterns of expression, the prop- 
erties of a representative clone from each class (Devo 1, 2, and 
4) have been characterized in greater detail and are described 
below. 
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ruti on of selected cloned mRNAs in E 16 embryos. The mRNAs were detected by in situ hybridization to sagittal sections of E 16 
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embryos; representative autoradiographs are shown. a, Hybridization with a RNA probe complementary to cu-tubulin mRNA (Devo 1). Note the 
intense hybridization to the developing neuraxis and very sparse hybridization to the rest of the body. The developing brain displays regional 
heterogeneity. b, More laterally, the oc-tubulin is present in a number of neural structures, including the paravertebral ganglia (solid arrow) and the 
cortical plate (open arrow). c, RNA probe for Devo 4 mRNA shows a widespread pattern of hybridization to a variety of tissues, with notable 
localization around the ventricular zones of the developing brain (open arrows). d, RNA probe for Devo 2 mRNA shows a heterogeneous pattern 
of hybridization throughout the brain and body. In the developing brain, hybridization is most intense in the ventricular zones (open arrows). In 
the body, the kidney (solid arrow) displays significant hybridization. K, kidney; L, liver. Bar, 1 mm. 
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a-tubulin 

Figure 5. Distribution of selected mRNAs in the developing brain. The autoradiographs show representative in situ hybridization patterns to 
adjacent horizontal sections of El6 brain and head. a, d, The ol-tubulin RNA probe hybridizes to specific neural structures, including the cortical 
plate (arrow in a), dorsal root ganglia (LUG), spinal cord (SC), retinal layer of the optic cup (RG’), olfactory epithelium (OLF) and cranial nerve 
ganglia (arrows). In contrast, Devo 2 (b, e) and Devo 4 (c, fl show a more heterogeneous distribution. Note hybridization of Devo 2 to the 
neuroepithelium at the level of the cerebellar anlage (arrow in b). as well as various non-neural regions of the head (e). This pattern is not evident 
for Devo 4. Bar, 1 mm. 

Devo 1 

Clone pDevo 1 represents a highly abundant, 1.8 kbase brain- 
enriched mRNA. Nucleotide sequence analysis of this clone 
revealed that it encodes the Tal form of a-tubulin (Lemischka 
et al., 198 1). Northern blot analysis demonstrates that the high- 
est levels of cu-tubulin mRNA expression occur at E 16, and that 
levels of this mRNA subsequently decline approximately lo- 
fold by P23 (Fig. 2). a-Tubulin mRNA can be detected in the 
embryo by in situ hybridization as early as E 10 (data not shown). 
The detailed properties of this mRNA and the developmental 
expression of the Tal and T26 isoforms of cY-tubulin will be 
discussed elsewhere (F. D. Miller et al., unpublished observa- 
tions). 

In situ hybridization to sagittal sections of the whole El6 
embryo (Fig. 4) demonstrates that oc-tub&n mRNA is virtually 
specific to the developing nervous system. The mRNA is het- 
erogeneously distributed through the neuraxis: high levels of 
cY-tubulin mRNA are present in the spinal cord, spinal ganglia, 
and throughout the developing brain. Other developing organ 

systems, such as kidney and liver, contain significantly lower 
levels of cu-tubulin mRNA at E 16. This result is confirmed and 
extended by Northern blot analysis of P 1 brain, liver, and kidney 
mRNA, which demonstrates that levels of a-tubulin mRNA in 
the brain are enriched approximately lo-fold over those of both 
liver and kidney. 

In situ hybridization of the cY-tubulin probe to horizontal 
sections through the El6 brain (Fig. 5) shows that cu-tubulin 
mRNA levels are highest in the cortical plate, the mesencephalic 
roof, various brain stem areas, the spinal cord, the spinal ganglia, 
and the retinal layer of the optic cup. In situ hybridization for 
cu-tubulin mRNA to coronal sections of the P3 brain (Fig. 6) 
demonstrates that high levels of ol-tubulin are found in the 
cortical plate, olfactory tubercle, septum, hypothalamus, the 
locus coeruleus, the deep cerebellar nuclei, a number of brain 
stem nuclei, including the trigeminal and facial nuclei, and the 
ventral horn of the spinal cord. 

The localization of Lu-tubulin mRNA to the cortical plate can 
also be seen at higher magnification on sections of P3 brains 
that were coated with photographic emulsion and processed for 
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Figure 6. Distribution of selected mRNAs in the early postnatal brain. Autoradiographs show representative in situ hybridization patterns to 
coronal sections taken at 4 different rostrocaudal levels of P3 brain. a, d, g, j, cY-tubulin mRNA. b, e, h, k, Devo 2 mRNA. c, J i, 1, Devo 4 mRNA. 
The RNA probe for cr-tubulin hybridizes to various regions, including the olfactory tubercle (KXV), cortical plate (CP), hypothalamus (HYPO), 
deep cerebellar nuclei (DCZV), and inferior colliculus (ZC). Devo 2 is present in the olfactory and lateral ventricular zones (arrows in b, e), thalamus 
(in h), and external germinal layer (EGL) of the cerebellum (k). Devo 4 is also localized around the ventricular zones (arrows in c, j). Bar, 1 mm. 

autoradiography (Fig. 7, a, b). The abundance of ol-tubulin 
mRNA in the superficial cortical plate region at P3 is in marked 
contrast to sections of P23 brains, where cy-tubulin mRNA ap- 
pears to be most abundant in cells in deeper layers of cortex, 
particularly layer 5 (Fig. 7, c, d). The cells of the cortical plate 
are too small and too closely packed at P3 to permit cellular 
resolution of the in situ hybridization patterns, even at high 
magnification. At the later stage, however, autoradiographic 
grains can clearly be seen concentrated in “donut’‘-shaped clus- 
ters that correspond in many cases to large pyramidal cells vis- 
ible on the adjacent Nissl-stained section (Fig. 7, c, 6), which 
suggests that a-tubulin mRNA is expressed largely in this cor- 
tical cell type in late postnatal development. At higher magni- 
fication, cellular localization can be visualized more easily in 

less cell-dense areas, such as the motor trigeminal nucleus (Fig. 
7, e, f). 

Devo 2 

Clone pDevo 2 represents a moderately abundant, 1.0 kbase 
mRNA that is primarily translated on membrane-bound poly- 
ribosomes. Northern blot analysis demonstrates that the highest 
levels of Devo 2 expression occur at Pl, and that levels of this 
mRNA subsequently decline lO-20-fold by P23. Although levels 
of Devo 2 mRNA are slightly lower at El 6 and El4 than at Pl, 
Devo 2 mRNA is still moderately abundant in the embryonic 
brain, and can be detected by in situ hybridization in the embryo 
as early as ElO. 

In situ hybridization of pDevo 2 to sagittal sections of whole 
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Figure 7. Expression of o-tubulin mRNA during postnatal development. a, Nissl-stained coronal section through the cerebral cortex of a P3 rat 
brain. ML, molecular layer; CP, cortical plate; ZZ, intermediate zone. Bar, 100 pm. b, In situ hybridization of a probe for a-tubulin mRNA to a 
section similar to that shown in a; the mRNA is particularly abundant in the cortical plate region. Bar, 100 pm. c, Nissl-stained coronal section 
through sensorimotor cortex at P20. Bar, 200 pm. d, In situ hybridization of the probe for cr-tubulin to the adjacent section to that shown in c, 
showing most intense hybridization to layer 5 pyramidal cells. e, Nissl-stained coronal section through the trigeminal motor nucleus of a P20 rat 
brain. Bar, 50 pm. J; In situ hybridization of the a-tubulin probe to a section adjacent to that shown in e. Arrows indicate examples of putative 
cellular localization of o-tubulin mRNA. Sections coated with emulsion for autoradiography were developed after 7 d of exposure and photographed 
under dark-field illumination. 
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El 6 embryos.(Fig. 4) reveals that Devo 2 mRNA is expressed 
in a wide variety of embryonic tissues, including the developing 
nervous system, kidney, and liver. This is consistent with the 
Northern hybridization analysis indicating that levels of Devo 
2 mRNA are approximately twice as high in the E 16 body as 
in the E 16 brain. By P 1, however, when Devo 2 expression is 
at its peak in the brain, the mRNA is expressed at approximately 
5-fold lower levels in the liver and kidney. 

In the developing nervous system at E 16, Devo 2 is primarily 
expressed in the ventricular germinal zones (Fig. 5), although 
there is also hybridization to diencephalic and mesencephalic 
regions, and to the developing spinal cord. At P3, Devo 2 ex- 
hibits a heterogeneous distribution in the brain. Hybridization 
was found to both the olfactory and lateral subventricular re- 
gions, but the major site of expression of Devo 2 at P3 is the 
external germinal layer of the cerebellum. In addition to this 
expression of Devo 2 mRNA in germinal layers, there is expres- 
sion in several discrete brain nuclei postnatally-for example, 
within the thalamus and inferior colliculus. 

Because levels of Devo 2 mRNA are high in the E 16 and P 1 
cerebellum, expression of this mRNA in the developing cere- 

Figure 8. Expression of Devo 2 RNA 
in the developing cerebellum. a, In situ 
hybridization of a probe for Devo 2 
mRNA to a sagittal section through the 
fourth ventricle of an El6 embryo, 
showing most intense hybridization to 
the developing external germinal layer 
(EGL) and periventricular areas. b, In 
situ hybridization of Devo 2 mRNA to 
a coronal section of P3 cerebellum, 
showing intense hybridization to the 
external germinal layer. Bar, 100 pm. 
Sections coated with emulsion for au- 
toradiography were developed after 7 d 
of exposure and photographed under 
bright-field illumination. 

bellum was examined in more detail. In situ hybridization re- 
vealed that, at E16, Devo 2 mRNA is expressed in the ventric- 
ular zone of the cerebellar anlage and in the initial extension of 
the external germinal layer (Fig. 8~). By P3, there is continuing 
hybridization of the Devo 2 probe to the external germinal layer, 
with little or no hybridization to the other cerebellar layers (Fig. 
8b). By P23, when cerebellar neurogenesis is complete (Altman, 
1982), the level of Devo 2 hybridization to the cerebellum is 
no higher than background. These data, however, are compli- 
cated by the fact that although there is no significant background 
during early postnatal cerebellar development, nonspecific hy- 
bridization to the granule cell layer of the cerebellum is notice- 
able by P23 (Higgins and Wilson, 1987), and the sites of expres- 
sion of Devo 2 mRNA in the late postnatal and adult cerebellum 
will require further analysis. 

Devo 4 
Northern blot analysis of clone pDevo 4 reveals that this clone 
is homologous to 2 different brain mRNAs of 1.2 and 2.2 kbase 
in length. The 2 mRNAs differ approximately 20-fold in their 
abundance at E16, and are differentially regulated both tem- 
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porally and spatially. The smaller, more abundant mRNA is 
expressed at the highest levels in brain at E 14 (data not shown), 
the earliest time point examined, and declines approximately 
20-fold in its levels of expression by P23. In contrast, the larger, 
less abundant, mRNA is expressed at approximately equal levels 
in the brain from El4 to adult. These mRNAs also appear to 
be differentially regulated in different tissues: the smaller mRNA 
is about half as abundant in El6 body as in El6 brain, while 
the larger mRNA is expressed at 5-fold lower levels in E 16 body 
versus brain. Northern blots of Pl brain, liver, and kidney (Fig. 
9) demonstrate that the smaller mRNA is expressed in all of 
these tissues to varying degrees, while the larger mRNA is pri- 
marily expressed in brain. The clone also hybridizes to a 2.5 
kbase mRNA detectable in Pl kidney and, at lower abundance, 
in Pl liver. Clone pDevo 4 therefore represents a family of 
apparently related, but differentially regulated, mRNAs. 

Mapping of this family of mRNAs in the developing embryo 
by in situ hybridization analysis demonstrates that the Devo 4 
mRNAs are much more homogeneously distributed than either 
a-tubulin or Devo 2 (Figs. 4-6): for example, mRNAs homol- 
ogous to the pDevo 4 clone appear to be present in most of the 
developing organ systems of the El 6 embryo (Fig. 4). Levels of 
expression are higher in the developing nervous system in both 
brain and spinal cord, but there is significant hybridization to 
tissues such as liver and kidney. This correlates well with the 
data obtained by Northern hybridization analysis of Pl brain, 
liver, and kidney (Fig. 9). 

The distribution of the Devo 4 mRNAs within the embryonic 
nervous system is relatively heterogeneous (Figs. 4, 5). Levels 
of this mRNA are particularly high in the ventricular zones, 
with lower levels in the telencephalon, diencephalon, and spinal 
cord. By P3 the Devo 4 mRNAs are more circumscribed in 
their distribution in the brain, with the major sites of hybrid- 
ization being the hypothalamus and the olfactory and lateral 
subventricular regions. The relative contributions of the 2 dif- 
ferent mRNA species to the in situ hybridization patterns has 
not yet been determined. 

Discussion 
The molecular processes underlying the generation and main- 
tenance of the morphologically and biochemically heteroge- 
neous cell types that constitute the mature mammalian CNS are 
not well-established. In an attempt to isolate and characterize 
molecules that mark particular populations of developing neural 
cells, as well as those that might be important in developmental 
processes, we have used a combination of subtractive and dif- 
ferential hybridizations to screen an embryonic rat brain cDNA 
library for mRNAs that are highly enriched in the embryonic 
nervous system. Several of the cDNA clones isolated by this 
protocol were subsequently screened by Northern blot and in 
situ hybridization analysis to provide an initial characterization 
of their temporal and spatial patterns of expression. On the basis 
of the preliminary analysis, we grouped the clones into 3 classes; 
one clone from each class was selected for further molecular 
and neuroanatomical characterization. Similar strategies have 
been used for the isolation of cDNA clones that represent region- 
specific mRNAs (Higgins and Wilson, 1987; Travis et al., 1987) 
and for mRNAs that are present in sympathetic neurons but 
not in adrenal chromaffin cells of the adult rat (Anderson and 
Axel, 1985). 

The screening protocol described in this paper was based on 
the premise that there are moderately abundant mRNAs specific 

PI P23 A L K 

Figure 9. Tissue distribution of Devo 4 mRNA. Aliquots (2 pg) of 
poly(A)+ RNA prepared from Pl brain (PI), P23 brain (P23), adult 
brain (A), Pl liver (L), and Pl kidney (K) were separated by electro- 
phoresis, blotted to nitrocellulose, and hybridized with clone pDevo 4 
labelled with 32P. Note the larger mRNA wecies mesent in Pl kidney 
(arrow). Longer exposure reveals that this mRNA ipecies is also present 
in Pl liver. 

to, or highly enriched in, the embryonic nervous system. Of 
10,000 cDNA clones screened using this strategy, 11, or O.l%, 
represent mRNAs that are enriched at least 1 O-fold in E 16 ver- 
sus adult brains. Two of the selected cDNA clones (Devo 9 and 
Devo 5) represent mRNAs that are not detectable in adult brain 
on a Northern blot. Ten of the 11 clones correspond to mRNAs 
of moderate or higher abundance, a likely reflection of the lim- 
ited sensitivity of the differential colony hybridization method 
used at the second stage of the screening (Dworkin and Dawid, 
1980). Although many mRNAs in the adult brain are of con- 
siderably lower abundance (Chikaraishi, 1979) for these ex- 
periments we opted to focus on embryonic mRNAs of moderate 
to high abundance. The protocols could be modified to allow 
screening of lower-abundance mRNAs-for example, by elim- 
ination of the colony hybridization step or by screening of li- 
braries generated from subtracted cDNAs-but the subsequent 
analysis of such low-abundance mRNAs may be more difficult. 

The second step of the screening strategy involved analysis 
of the temporal and spatial patterns of expression of the selected 
cDNA clones using both Northern blot analysis and in situ 
hybridization. These 2 complementary techniques allow a rel- 
atively complete description of the pattern of expression of a 
particular mRNA in embryos and neonates. Zn situ hybridiza- 
tion to sections of whole embryos allows an analysis of the 
anatomical distribution of a mRNA that would be very difficult 
to obtain by Northern blot analysis. In situ hybridization also 
provides a means of identifying the particular cell type(s) within 
a developing system that may be responsible for production of 
the mRNA of interest. The major problem encountered using 
this technique, that of nonspecific background hybridization in 
certain brain regions (Higgins and Wilson, 1987), can be over- 
come by the use of appropriate controls and of complementary 
Northern blot analysis wherever possible. 

The mRNAs corresponding to the 11 selected cDNA clones 
showed different temporal patterns of expression that were based 
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on the time of peak abundance in the developing brain. In all 
cases, however, the largest decrease in mRNA levels was noted 
between Pl and P23. It is possible that this generalized decline 
may reflect the completion of neurogenesis by P23 in the rat 
CNS, and/or a corresponding dilution of neuronal cells by the 
large postnatal incrcasc in glial cell mass. Preliminary results 
also indicate that at least 3 of the cDNA clones represent mRNAs 
that are synthesized primarily on membrane-bound polysomes, 
suggesting that they encode sccrctcd or membrane-bound pro- 
teins. 

Analysis of the spatial patterns of expression in the embryo 
and neonate by Northern blots and in situ hybridization revealed 
that, of the cDNA clones analyzed, one (Devo 9) represents a 
mRNA that is detectable only in neural tissues. This clone there- 
fore fulfills the operational criterion of brain specificity used in 
previous studies from our laboratories (Milner and Sutcliffe, 
1983; Milner et al., 1987). It is of interest that this mRNA is 
not only brain-specific but also embryo-specific. The lack of 
tissue specificity of the other embryo-enriched brain mRNAs, 
however, is not necessarily surprising; several molcculcs that 
are thought to be of primary importance to the developing ner- 
vous system, such as N-CAM (Edelman et al., 1984) and NGF 
(Harper and Thoenen, 1980), are expressed in a number of 
tissues other than the brain. Thus, the criterion of “brain-spec- 
ificity” is, in a developmental context, limited, and it is perhaps 
more heuristic to consider the spatial distribution of the selected 
mRNAs in the developing nervous system as a function oftime. 

Three classes of developmentally regulated mRNAs can be 
distinguished on the basis of their anatomical distribution dur- 
ing embryonic development. One class of mRNAs (Class A) 
includes those that are highly enriched in the nervous system 
and appear to be expressed largely in newly differentiating cell 
populations. These 2 properties suggest that these mRNAs en- 
code proteins that carry out the specialized functions of neurons. 
For example, the clone that was chosen to illustrate this class 
corresponds to the Tal form of a-tubulin, 1 of 2 known mRNAs 
that encode cY-tubulin in the rat (Ginzberg et al., 198 1; Lemisch- 
ka et al., 198 1). The isolation of a cDNA clone representing 
oc-tubulin mRNA was not surprising: this mRNA has previously 
been shown to be expressed at high levels in the developing 
mouse nervous system, and it decreases significantly in abun- 
dance by adulthood (Lewis et al., 1985). The specific anatomical 
and temporal distribution ofn-tubulin mRNA in the developing 
brain, as described here, is consistent with the necessary pro- 
duction of high levels of this mRNA in those neurons elabo- 
rating processes. Further analysis of the developmental expres- 
sion of the Tnl and T26 isoforms of cu-tubulin suggests that 
there is differential expression of these 2 oc-tubulin mRNAs 
during neuronal maturation; 1 of the 2 mRNAs, Tal, is ex- 
pressed at very high levels in neurons that are elaborating pro- 
cesses, while the other, T26, is expressed in neurons at a level 
and time consistent with maintenance of the neuronal micro- 
tubule framework (F. D. Miller et al., unpublished observa- 
tions). 

The second class of developmentally regulated mRNAs (Class 
B) includes those that have a broader distribution in the de- 
veloping embryo but that appear to be expressed in the nervous 
system largely in germinal cell layers at the time of neurogenesis. 
These clones may encode products that are involved specifically 
with the production of neuronal and/or glial cells from their 
precursors. For example, Devo 2 RNA is expressed in a large 
number of embryonic tissues, but within the nervous system it 

is expressed at high levels in the ventricular neuroepithclial cells 
and in the external germinal layer of the cerebellum, a region 
that is known to generate a number of specific neuronal sub- 
classes postnatally (Altman, 1982). The expression of Devo 2 
mRNA in the cerebellar germinal zones occurs at approximately 
the time of neurogcncsis during late prenatal and early postnatal 
periods. Further analysis (data not shown) indicates that this 
molecule is reexpressed in both the cerebellum and cortex in 
late postnatal and adult stages in specific neuronal subclasses. 
It is interesting to note that N-CAM exhibits a similar pattern 
of expression/rccxprcssion in the ccrcbcllum (Edelman, 1984). 

The third class of mRNAs (Class C) has a much broader 
distribution both within and without the developing nervous 
system. These clones probably encode proteins that perform 
more ubiquitous “housekeeping” functions, and hence may be 
intrinsically less interesting for further study. The clone pDevo 
4 that was selected for further characterization, however, may 
be of particular interest because it represents a family of ap- 
parently related, but differentially regulated, mRNAs. Of the 2 
mRNA species that are present in the brain, one is highly en- 
riched in the embryonic brain, while the other is expressed at 
approximately equivalent levels throughout development. Pre- 
liminary experiments indicate that this clone hybridizes to sev- 
eral bands on Southern blots of rat genomic DNA, suggesting 
that the detected mRNAs may be transcribed from more than 
one gene. 

Previous studies of gene expression during the development 
of the mammalian nervous system have been concerned mainly 
with changes in the complexity ofwhole RNA populations (Kap- 
lan and Finch, 1982). These studies revealed that there was a 
general increase in the complexity of brain RNA during devel- 
opment, particularly during the late prenatal and early postnatal 
stages. The methods used, however, lacked the sensitivity to 
detect subpopulations of the RNAs that might be specifically 
expressed during embryogenesis, and could not track changes 
in the abundances of individual mRNAs. The cloning strategy 
and analysis described here demonstrates, first, that there is a 
small subpopulation of mRNAs enriched or specific to the de- 
veloping nervous system and, second, that strategies of this type 
offer one means to isolate and identify these mRNAs. The clones 
described here will provide markers for cell populations at par- 
ticular stages of neural development and represent the starting 
point for the further characterization of their encoded proteins 
and possible functions during neural development. 
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