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Regional Distribution and Developmental Expression of Epidermal 
Growth Factor and Transforming Growth Factor-a! mRNA in Mouse 
Brain by a Quantitative Nuclease Protection Assay 
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A solution-hybridization ribonuclease-protection assay was 
used to identify epidermal growth factor (EGF) mRNA in 
mouse brain and to compare the regional and developmental 
levels of EGF gene expression in the CNS with those of its 
structural homolog, transforming growth factor-a (TGF-a). 
Adult brain regions examined included brainstem, cerebel- 
lum, cerebral cortex, hippocampus, basal hypothalamus, ol- 
factory bulb, olfactory tubercle, striatum, and thalamus. While 
both EGF and TGF-tr mRNAs were detected in all regions, 
TGF-cu mRNA levels were 15-l 70 times higher, ranging from 
0.39 (cerebellum and cerebral cortex) to 2.93 (striatum) pg 
TGF-cu mRNA/sg total cytoplasmic RNA. In contrast, EGF 
mRNA levels ranged from 11 to 36 fg EGF mRNA/ag, with 
the highest regional concentrations observed in olfactory 
bulb, basal hypothalamus, and cerebellum. In our compari- 
son between sexes, no significant male-female differences 
in EGF or TGF-a mRNA levels were observed for any region 
of adult brain. However, in the pituitary gland, consisting of 
both endocrine and neural elements, EGF and TGF-(U mRNA 
levels were significantly higher in males (234 and 215 fglpg, 
respectively) than in females (172 and 116 fglrg, respec- 
tively). An examination of growth factor gene expression in 
the developing CNS revealed EGF and TGF-a mRNAs de- 
tectable as early as embryonic day 14 (earliest time point 
studied). While gene expression for both peptides continued 
into the postnatal period, EGF and TGF-a mRNA levels were 
nearly equal to adult concentrations by postnatal day 10. 
Taken together, our findings provide evidence for the syn- 
thesis of EGF in brain and suggest a role for both EGF and 
TGF-cr in the development and support of the mammalian 
CNS. 

Epidermal growth factor (EGF) is a potent mitogenic peptide, 
first isolated from the male mouse submaxillary gland (Cohen, 
1962), influencing the growth and development of a variety of 
tissues (reviewed in Carpenter and Cohen, 1979; Carpenter and 
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Wahl, 1990). From observations in culture, EGF has been shown 
to promote the proliferation and differentiation of glia (Leutz 
and Schachner, 198 1; Simpson et al., 1982; Honegger and Guen- 
tert-Lauber, 1983) and to enhance neuron survival and process 
outgrowth (Morrison et al., 1987, 1988; Casper et al., 1991). 
The normal physiologic function of EGF in brain, however, has 
not been determined despite the presence of EGF receptors 
(EGF-R) in both the developing and mature CNS (Adamson 
and Meek, 1984; Chabot et al., 1988; Gomez-Pinilla et al., 1988; 
Hiramatsu et al., 1988; Werner et al., 1988). 

Perhaps one of the greatest obstacles to elucidating roles for 
EGF in the nervous system has been the inability to establish 
firmly its presence in the CNS. Indeed, published reports con- 
cerning the immunological detection of EGF in brain have re- 
mained inconsistent and controversial. The intense EGF im- 
munostaining observed in pallidal and cortical regions of adult 
rodent brain by Fallon et al. (1984) for example, has not been 
observed by other investigators employing comparably sensitive 
and specific immunohistochemical techniques (Poulsen et al., 
1986; Beerstecher et al., 1988). Attempts to identify EGF im- 
munologically in extracts of both rodent and human brain have 
produced conflicting results as well (Byyny et al., 1972; Laksh- 
manan et al., 1986; Probstmeier and Schachner, 1986; Schau- 
dies et al., 1989). With only one incidental observation of low 
EGF mRNA levels in whole adult mouse brain (Rall et al., 
1985) no evidence for the expression of EGF mRNA in fetal 
brain (Carpenter and Wahl, 1990), and the inability of EGF to 
cross the blood-brain barrier (Nave et al., 1985; Jorgensen et 
al., 1988) the source of the intense EGF immunostaining ob- 
served in the CNS remains unclear. 

The apparent discrepancy among these findings has led to 
speculations that EGF is not endogenously synthesized in brain, 
but that other peptides sharing EGF-like structural character- 
istics serve as the physiological ligands for EGF-R activation in 
the CNS (Probstmeier and Schachner, 1986; Ojeda et al., 1990). 
Transforming growth factor-a (TGF-a), a structural homolog of 
EGF able to compete equally well in EGF-R binding studies 
(Carpenter et al., 1983; Marquardt et al., 1983, 1984; Massague, 
1983) has been considered the likeliest of such candidates based 
on relatively strong immunological and molecular evidence sup- 
porting its synthesis in both the developing and mature CNS 
(Lee et al., 1985a; Fallon, 1987; Wilcox and Derynck, 1988; 
Kudlow et al., 1989; Brown et al., 1990; Fallon et al., 1990; 
Ojeda et al., 1990). Therefore, whether EGF is expressed in 
brain in addition to TGF-ol remains unclear. 

At present, Rall et al. (1985) provide the only evidence for 
preproEGF mRNA expression in the CNS, having performed 
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dot blot hybridization on RNA isolated from whole adult mouse 
brain. However, their report acknowledged that some cross- 
hybridization between their probe and other EGF-like mRNA 
sequences was possible. We have therefore chosen to examine 
EGF and TGF-a mRNA expression in brain by a ribonuclease 
protection assay in order to clarify whether EGF mRNA is in 
fact synthesized in the CNS and, if so, how EGF gene expression 
in brain might relate to that of its structural homolog TGF-a. 
The advantage of using this technique over other commonly 
chosen methods (including dot blot and Northern blot hybrid- 
izations) is that it affords one the ability to detect and quantitate 
extremely low levels of mRNA and, further, allows one to dis- 
tinguish between similar mRNA sequences expressed in the 
same tissue. Exploiting these methodological advantages, then, 
our findings on the (1) regional distribution, (2) expression be- 
tween sexes, and (3) developmental profiles of EGF and TGF-ol 
mRNAs in mouse brain suggest that both EGF-R ligands may 
play a role in the development and support of the mammalian 
CNS. 

Materials and Methods 
Tissue collection. Anatomically defined brain dissections were per- 
formed on 60 male and 30 female adult Swiss-Webster mice (86-88 d) 
as diagrammatically represented in Figure 1. Individual animals, killed 
by cervical dislocation, were decapitated, their olfactory tracts tran- 
sected in situ (corresponding to dissection 1 of Fig. I), and the remaining 
intact brain transferred to an ice-cooled glass plate. After dislodging 
olfactory bulbs and whole pituitary from their bony fossae, transection 
of the brainstem (midbrain-pons-medulla) was performed at the med- 
ullary-spinal junction (dissection 2) and in a plane passing rostra1 to 
the superior colliculi and caudal to the mammillary nuclei (dissection 
3). Cerebellum was subsequently isolated by severing the cerebellar 
peduncles (dissection 4). From the ventral surface, dissection of the 
basal hypothalamus was achieved by surrounding its protruding surface, 
delineated by the optic tracts, and cutting rostrally to reach the optic 
chiasm (dissection 5). The cerebral hemispheres, sliced in the mid- 
sagittal plane, were subsequently positioned medial surface down, and 
the olfactory tubercles (outlined by the myelinated lateral olfactory tracts) 
were skimmed from the cortical surface (dissection 6). Following the 
dorsolateral contours of the thalamus beneath the fomix (arrow 7), this 
diencephalic region (consisting primarily of thalamic structures) was 
detached from laterally bordering fibers of the internal capsule and 
removed ventromedially with anterior commissure and optic chiasm 
serving as rostra1 delimitations (dissection 8). The hippocampus, now 
medially exposed, was removed by elevation of its fimbrial border and 
subsequent cortical detachment. Dissection of the striatum (caudate- 
putamen-globus pallidus), approached from the medial surface of the 
hemisected brain through the lateral ventricle, was anatomically defined 
by encapsulating fibers of the corpus callosum and the internal capsule. 
With hippocampus and striatum removed, sampling of frontoparietal 
cortex was permitted. All brain tissues, having been frozen over dry ice 
upon dissection, were ultimately stored at -80°C until processed for 
the isolation of total cvtoolasmic RNA, Submaxillarv dand (SG), serv- 
ing as an EGF assay control tissue, and anterior pituiiary (microscop- 
ically dissected from 20 of the male whole pituitaries), providing a 
TGF-(U control, were similarly collected and stored. 

For the developmental analysis of growth factor mRNA expression, 
12 pregnant Swiss-Webster mice were commercially obtained with vagi- 
nal plug dates reported as embryonic day 1 (El). At 14, 15, 16, and 17 
days of gestation, pairs of female mice were killed by cervical dislocation 
and their embryos dissected from uteri. Whole embryonic brains were 
subsequently removed with the aid of a dissecting microscope, frozen 
on dry ice, and stored at -80°C until processed for RNA isolation. Two 
neonatal litters each of I- and IO-d-old Swiss-Webster pups were ob- 
tained [day of birth designated as postnatal day 0 (PO)], and following 
their decapitation, whole brains were collected and frozen. 

Isolation of cytoplasmic RNA. Total cytoplasmic RNA was prepared 
from dissected brain, pituitary, and submaxillary gland tissue as de- 
scribed (Jakubowski and Roberts, 1992). Briefly, individual tissues were 
removed from - 80°C storage, placed into the barrel of a 1 ml tuberculin 
syringe (serving as a disposable homogenizer), and briefly thawed. Ice- 
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Figure 1. Diagrammatic representation of the regional dissection of 
adult mouse brain. A, dorsal view; B, ventral view; C, mid-sagittal view. 
Numbers I-8 indicate the positions of cuts sequentially performed dur- 
ing dissection. See Materials and Methods for complete description. 
Dissection landmarks are abbreviated as follows: S, superior colliculi; 
L, lateral olfactory tract; IV, mammillary nuclei; CC, corpus callosum; 
F, fomix; AC, anterior commissure. 

cold ribonuclease-free lysis buffer (10 mM Tris-HCl, pH 7.4, 1.5 mM 
MgCl,, 0.5% Nonidet P-40, 0.25% sodium deoxycholic acid, 0.3 M 
sucrose) was subsequently drawn into the syringe through a 22 gauge 
needle. By repeatedly expelling lysis buffer and tissue through the needle 
(-8-10 strokes), complete homogenization of tissue without the dis- 
ruption of nuclei was achieved. A ratio of - 100 mg wet tissue weight 
per milliliter of lysis buffer was maintained. Lysates were subsequently 
layered over a sucrose cushion (10 mM Tris-HCI, pH 7.4, 1.5 mM MgCl,, 
0.4 M sucrose) and centrifiuged -5000 x g for 10 min at 4°C. Super- 
natants consisting of cytoplasmic fractions were recovered and treated 
with 0.2 mg/ml proteinase K, 0.03 vol 5 M NaCl, and 0.1 vol 10 x SET 
(1 x SET: 1% SDS, 5 mM EDTA, pH 8.0, 10 mM Tris-HCI, pH 8.0) for 
1 hr at 45°C. Following phenol-chloroform and chloroform extractions, 
cytoplasmic RNA fractions were precipitated at -20°C with 2 vol 4.5 
M sodium acetate, pH 7. 

RNA samples to be assayed were recovered by centrifugation at 
- 16,000 x g for 20 min at 4°C. The resulting pellets were washed with 
70% ice-cold (-20°C) ethanol, dried, and resuspended in diethylpyro- 
carbonate-treated deionized water. RNA concentrations were subse- 
quently determined by A,,, readings. Quantitated samples, prepared 
from individual animals, were ultimately pooled such that EGF and 
TGF-LU assay samples (40-100 pg and 10-100 rg, respectively) could 
be drawn from the same RNA preparations. Agarose gel electrophoresis 
confirmed that the RNA was undegraded and free of DNA. In order to 
standardize the total quantity of RNA in all samples of a given assay, 
total yeast RNA was added where necessary. Aliquoted samples were 
ultimately dried, resuspended in 30 ~1 of freshly prepared hybridization 
buffer (80% formamide, 40 mM PIPES, pH 6.7, 1 mM EDTA, pH 8.0, 
0.4 M NaCl) and stored at -80°C until assayed. 

Preparation of DNA templates.for in vitro transcription of RNA s&an- 
dards-and 32P-libeled antisense iiboprobes. Plasmid pmEGF 344, con- 
sisting of a 344 base oair (bo) mouse DreoroEGF cDNA insert flanked 
by Tj and T7 RNA’poly-m&ase promoiers, was constructed by sub- 
cloning the 3’ PstI fragment of clone pmEGF-26Fl2, kindly provided 
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Figure 2. Schematic representation of EGF and TGF-o( subclones used to generate RNA probes and standards. A, A 344 bp mouse EGF cDNA 
sequence of plasmid pmEGF 344, shown in reference to the full-length preproEGF mRNA transcript (redrawn from Scott et al., 1983; Doolittle 
et al., 1984), was used as a template for the in vitro transcription of EGF-specific RNA probes and standards. Defining nucleotides 3023-3366 
(Gray et al., 1983) of the preproEGF mRNA, this subclone fragment included sequences encoding the mature EGF peptide (solid box). Numbers 
l-7 (Scott et al., 1983) or letters u-i (Doolittle et al., 1984), designated within the preproEGF mRNA transcript, indicate the EGF-like peptide 
sequences sharing varying degrees of homology with EGF. Untranslated 5’ and 3’ sequences are represented by lines; the open bar represents the 
protein-coding portion of the mRNA. Predicted signal sequence and transmembrane domains (shaded regions) are designated s and t, respectively. 
B, The TGF-a peptide coding region (solid box), predicted signal and transmembrane domains (shaded areas), and untranslated 5’ and 3’ sequences 
(extended lines) of the TGF-a mRNA transcript are indicated (redrawn from Lee et al., 1985a). The 373 bp mouse genomic DNA fragment 
(contained within plasmid pmTGF-ol373), used in the generation of TGF-or-specific RNA probes and standards, defined the most upstream segment 
in the 3’ untranslated region of the TGF-o( mRNA transcript beginning six bases 3’ to the translational stop codon (Wilcox and Derynck, 1988). 

by Dr. Axe1 Ullrich (Max-Planck-Institut fiir Biochemie, Martinsreid), 
into the PstI site of the Bluescript II/KS(+) vector (Stratagene). As 
shown in Figure 2A, this cDNA insert (spanning bp 3023-3366; Gray 
et al., 1983) included nearly the entire coding sequence for the mature 
EGF peptide. Plasmid pmTGF-ol 373, similarly constructed with the 
Bluescript II/KS(+) vector, contained a 373 bp BamHI-AvaI fragment 
(Fig. 2B) obtained from the 5’ end of a 1400 bp TGF-agenomic Sau 
3AI seauence. aenerouslv urovided bv Dr. Rik Dervnck (Wilcox and 
Derynck, 1988r * - - 

- . 

In preparation for in vitro transcription reactions, EGF and TGF-o( 
plasmid recombinants were enzymatically restricted either 5’ (for an- 
tiseme riboprobe) or 3’ (for sense RNA standards) to their specific DNA 
insert sequences, purified by agarose gel electrophoresis, and recovered 
usina the Geneclean DNA isolation techniaue (Bio 101). 32P-UTP- 
labecd antisense riboprobes (l-2 x lo9 cpm/rg) or unlabeled RNA 
standards were subsequently generated by respective T3- or T7-pro- 
moted in vitro transcription reactions performed essentially as described 
(Blum, 1989). Purification of probe or RNA standards from unincor- 
porated nucleotides was achieved by ethanol precipitation at -20°C in 
the presence of 2.5 M ammonium acetate. 

Solution hybridization ribonuclease protection assay. Solution hy- 
bridization ribonuclease protection assays were performed as described 
(Sambrook et al., 1989). RNA standard tubes were prepared with in- 
creasing quantities of in vitro synthesized sense-strand RNA and aliquots 
of total yeast RNA, equalizing the total quantity of RNA in all tubes 
of a given assay. EGF-specific standards ranged from 50 fg to 4 pg, 
while TGF-ol standards ranged from 100 fg to 16 pg (zero tubes con- 
tained total yeast RNA only). All standards were in a final volume of 
30 ~1 hybridization buffer (see above). Following the addition of excess 
radiolabeled riboprobe (1 ~1 of - 100-200 pg/pl), samples were heat 
denatured at 85°C for 10 min and transferred to a 45°C water bath for 
solution hybridization overnight (16-18 hr). Samples were then incu- 
bated with 300 ~1 RNase digestion mixture (40 &ml RNase A, 2 rg/ 
ml RNase Tl, 10 mM Tris-HCl, pH 7.5,5 mM EDTA, pH 8.0,300 mM 
NaCl) for 1 hr at 30°C briefly treated with 0.1 mg/ml proteinase K (15 
min at 37°C in the presence of 1% SDS), extracted with phenol-chlo- 
roform and ethanol precipitated with the addition of 15 PLg total yeast 
RNA. RN&RNA hybrid pellets were recovered by centrimgation, washed 
with 70% ethanol, dried, resuspended in 7 ~1 gel-loading buffer, and 
analyzed on a 4% nondenaturing acrylamide gel. After drying and ex- 
posing the gel to x-ray film, full-length protected gel bands were cut out 
and quantitated by liquid scintillation counting. Using regression lines 
generated by plotting known amounts of RNA standards against the 
observed cpm in their protected bands, sample cpm values were trans- 
formed to mass quantities. A mathematical correction was made to 
account for the slight difference in length between RNA standards (pos- 

sessing short hybridizing spans of vector sequences) and the protected 
length of sample hybrids. Values were ultimately adjusted to reflect the 
levels of full-length mRNA [4900 bp for mouse preproEGF (Rall et al., 
1985) and 5000 bp for mouse TGF-a (Wilcox and Derynck, 1988)]. 

Results 
Detection of EGF- and TGF-a-specific mRNAs 
Solution hybridization ribonuclease protection assays were de- 
veloped for the detection and quantitation of EGF and TGF-ol 
mRNA in mouse tissue. Representative autoradiographs dem- 
onstrating protected hybrids of EGF and TGF-a RNA are shown 
in Figure 3. The span of EGF-specific standards, ranging from 
50 fg to 4 pg RNA, was determined such that the levels present 
in cytoplasmic RNA extracts fell between the lowest and highest 
nonzero standard values. Similarly, a typical TGF-a RNA stan- 
dard curve, covering a range of values from 100 fg to 16 pg, 
was chosen so that all detected levels were within this defined 
range. Linear regression correlation coefficients (9) of all assay 
standard curves were 10.990. 

Adult male SG RNA, employed as a positive EGF mRNA 
assay control (Rall et al., 1985), was observed to protect the 
antisense EGF RNA probe (Fig. 3, upper left), providing the 
complementary (sense) EGF mRNA required for full-length hy- 
brid formation and ribonuclease resistance. Similarly, cyto- 
plasmic RNA isolated from the anterior lobe of adult pituitary, 
known to express TGF-a and its mRNA (Kobrin et al., 1986, 
1987; Samsoondar et al., 1986; Borgundvaag et al., 1990), was 
observed to protect the antisense TGF-cr RNA probe (Fig. 3, 
upper right) and was subsequently used as a positive TGF-(r 
mRNA control. 

Total yeast RNA, serving as a negative control for both EGF 
and TGF-(U solution hybridization assays, was tested for its 
inability to protect EGF- or TGF-a-specific RNA probes from 
ribonuclease digestion. As shown in the zero lanes of their re- 
spective standard curve autoradiographs (Fig. 3, upper panels), 
EGF- and TGF-a-protected bands were absent in the presence 
of total yeast RNA alone, thereby confirming the complete re- 
moval of all unhybridized radiolabeled probe. 



The Journal of Neuroscience, May 1992, U(5) 1691 

EPIDERMAL GROWTH FACTOR TRANSFORMING GROWTH FACTOR-a 

picograms EGF RNA standards 
I I I I I I I I 1 1 

M 0 0.05 0.1 0.2 0.4 0.6 0.8 1.0 2.0 4.0 SG 

- 

6001 I 

Iy m 347.6665~ + 4.752, r2 - 99 

. ..‘......--.‘----.----‘----r 
2 2.5 3 3.5 4 4.5 

picograms EGF RNA standards 

picograms TGF-cc RNA standards 
I I 1 I I I I I I 1 

M 0 0.1 0.25 0.5 0.75 1.0 2.0 4.0 8.0 16.0 Pit 

II. nalni 

y - 220.9945x + 26.036, r2 I 996 

0 2 4 6 6 10 12 14 16 18 

picograms TGF-a RNA standards 

Figure 3. Standard curves of EGF and TGF-CI ribonuclease protection assays. Upper panels, Representative autoradiographs of EGF and TGF-a 
standard curves are shown, demonstrating the linear relationship between increasing quantities of in vitro-transcribed RNA standards and the 
intensity of their full-length protected bands. Adult male mouse SG RNA and anterior pituitary (Pit) RNA were used as positive control samples 
in all EGF and TGF-(r assays, respectively. The difference in size between tissue RNA bands (SC and Pit) and RNA standards, shown in reference 
to ‘5S-labeled MspI-pBR322 DNA markers (M), was a result of short vector sequences transcribed during the in vitro synthesis of RNA probes 
and standards. These sequences were not complementary to tissue mRNA sequences and consequently were trimmed away during ribonuclease 
digestion. No protected bands were observed in zero lanes containing total yeast RNA alone. Autoradiographic exposure, 14 hr at - 80°C with an 
intensifying screen. (Note: Protected bands were not visible in the zero lanes of autoradiographs even after exposing gels for as long as 70 hr.) 
Lower panels, Following the exposure of dried gels to x-ray film, full-length protected gel bands were cut out (using the autoradiograph as a guide) 
and quantitated by liquid scintillation counting. Linear regression analysis of the relationship between known quantities of RNA standards and 
the cpm present in their protected bands (shown graphically) provided a mathematical equation for transforming tissue RNA cpm values to mass 
quantities. 

Regional distribution of EGF and TGF-a mRNA in the 
mature murine CNS 
EGF mRNA was detected in all adult male brain regions ex- 
amined as well as whole pituitary, with autoradiographic con- 
firmation of discrete, full-length protected bands (Fig. 4). In the 
CNS, EGF mRNA (Fig. 5, upper graph) was most abundant in 
the olfactory bulbs (36 + 3 fglpg) and basal hypothalamus (30 
+ 3 fg/pg), while lower levels were detected in cerebellum (24 
f 4 fg/pg), olfactory tubercle (21 f 1 fg/pg), brainstem (20 + 
3 fg/pg), striatum (17 k 3 fg/pg), hippocampus (14 k 1 fg/Mg), 
thalamus (12 k 2 fglpg), and cerebral cortex (11 + 2 fg/pg). 
Adult pituitary, a region derived in part from the developing 
CNS but shown to express EGF within its anterior lobe (Kas- 
selberg et al., 1985), contained 234 + 10 fg EGF mRNA/rg, 6- 
20 times the levels present in regions of brain (Fig. 5, upper 
graph). Adult male SG contained 432 f 3 pg EGF mRNA/pg, 
approximately 2000 times the levels in male pituitary and 4 
orders of magnitude greater than the levels present in adult brain 
(Fig. 6). 

TGF-a mRNA levels in brain were 15-l 70 times greater than 
the regional levels quantitated for EGF (Fig. 5, lower graph). 
While clearly highest in the striatum (2.93 f 0.22 pg/bg), a 
relative abundance of TGF-(U mRNA was also noted for the 
olfactory tubercle (1.7 1 k 0.05 pg/pg) and olfactory bulb (1.28 
+ 0.09 pg/Fg) (Fig. 5, lower graph). Slightly lower levels were 
observed in brainstem (0.84 f 0.11 pg/l.lg), hippocampus (0.82 
+- 0.09 pg/pg), thalamus (0.72 f 0.10 pg/bg), and hypothalamus 
(0.67 +- 0.13 pg/rc.g), while the concentrations in cerebral cortex 
and cerebellum (each 0.39 pg/pg) were the lowest among all 
CNS regions examined. TGF-a mRNA in adult male pituitary 
(215 k 12 fdpg)), less than all levels observed in brain, were 
nearly equal to the pituitary levels of EGF mRNA (Figs. 5,6c). 
No TGF-a mRNA was detected in cytoplasmic RNA isolated 
from adult male SG. 

Sex d&erences in EGF and TGF-a mRNA levels 

Consistent with the order-of-magnitude differences reported be- 
tween sexes for both EGF protein and preproEGF mRNA (Byyny 
et al., 1972; Rall et al., 1985), EGF mRNA levels in the adult 
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Figure 4. Ribonuclease protection analysis of EGF mRNA in defined 
regions of the adult male mouse CNS and pituitary. Total cytoplasmic 
RNA isolated from brain regions and whole pituitary was assayed for 
the presence of mRNA complementary to the 344 nucleotide EGF- 
specific riboprobe sequence. Full-length protected RNA bands, shown 
in reference to MspI-digested pBR322 DNA markers, were evident in 
all sample lanes. Quantities of total cytoplasmic RNA assayed were as 
follows: 100 pg for brainstem, cerebellum, cerebral cortex, thalamus, 
hippocampus, olfactory bulb, and striatum; 75 pg for whole pituitary; 
50 pg for basal hypothalamus and olfactory tubercle. All samples were 
standardized to a final quantity of 100 pg RNA by the addition of total 
yeast RNA. The autoradiographic image represents a 24 hr exposure at 
-80°C with an intensifying screen. 

male SG (432 f 3 pg/pg) were significantly higher than the levels 
detected in mature females (15 + 1 pg/pg) (Fig. 6A). In adult 
pituitary (Fig. 6C), the level of EGF mRNA in males (0.23 + 
0.0 1 pg/Fg) was also significantly higher than in females (0.17 
+ 0.01 pg/pg), as were TGF-a mRNA levels between adult 
males (0.22 f 0.01 pg/pg) and females (0.12 rf: 0.02 pg/pg). 
Male-female pituitary mRNA levels compared between growth 
factors, however, revealed a greater sex difference for TGF-(U 
mRNA, with female values 54% below the levels detected in 
males; EGF mRNA in the adult female pituitary was only 26% 
below its respective male value. Despite sexual differences in 
glandular levels of growth factor mRNA transcripts, no signif- 
icant differences between sexes were observed in regions ofadult 
brain for either EGF (Fig. 6B) or TGF-ar mRNA (data not 
shown). 

Developmental expression of EGF and TGF-(u mRNA 
EGF mRNA in the developing brain was detectable as early as 
El4 (earliest time point studied) (Fig. 7). While levels appeared 
relatively stable into the early postnatal period (averaging 47 
fg/kg total RNA between El4 and PI), the expression of EGF 
mRNA by PI0 dropped by more than half the levels observed 
1 d after birth (Fig. 8A, upper graph). By contrast, TGF-a! mRNA 
levels rose between E 14 and P 1 (reaching - 3 pg/pg total RNA) 
and subsequently, fell by -55% by PlO (Fig. 8A, lower graph). 

Total brain RNA content between El4 and PI 0, an index of 
general brain growth, was 57 (E14), 91 (E15), 114 (E16), 143 
(El7), 166 (Pl), and 585 (PlO) &brain (averaged from two 
litters of each age). When levels of EGF and TGF-(U mRNA in 
the developing CNS were expressed per individual brain, the 
observed patterns of mRNA expression for both growth factors 
appeared similar, with total EGF mRNA (Fig. 8B, upper graph) 
and total TGF-a mRNA (Fig. SB, lower graph) increasing 
throughout perinatal development, though an order-of-magni- 
tude difference between EGF (3-l 1 pg mRNA/brain) and TGF-(U 
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Figure 5. EGF and TGF-(U mRNA levels in adult male mouse CNS 
and pituitary. Total cytoplasmic RNA isolated from anatomically de- 
fined brain regions and whole pituitary were assayed for the quantitation 
of EGF and TGF-a mRNA (see Materials and Methods for quantitative 
procedures). The number of independent assay determinations (n) per- 
formed for each region were as follows: n = 6 for brainstem, cerebellum, 
cerebral cortex, hippocampus, olfactory bulb, and thalamus; n = 3 for 
basal hypothalamus, olfactory tubercle, and whole pituitary; n = 2 for 
striatum. Values represent the mean ? SEM for each region. 

(39-691 pg/brain) mRNA values was observed. Whereas total 
brain RNA content increased 3.5-fold between PI and PlO (from 
an average of 166 fig total brain cytoplasmic RNA to 585 pg), 
EGF and TGF-(r total mRNA in whole brain (Fig. 8B) increased 
by only 25% and 54%, respectively. This decrease in relative 
abundance of EGF and TGF-cu mRNA compared to total brain 
RNA content, then, was reflected by the lower EGF and TGF-a 
mRNA concentrations observed 10 d after birth (Fig. 8A). 

Discussion 

This study provides the first specific, quantitative evidence for 
the expression of EGF mRNA in brain and expands upon re- 
ported findings concerning TGF-a! gene expression in the CNS. 
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Figure 6. Comparison of EGF and TGF-(Y mRNA levels between sexes. Total cytoplasmic RNA isolated from male and female adult mouse SG, 
brain regions, and whole pituitary were assayed for the quantitation of EGF and TGF-a mRNA. Tissue collected from female mice were taken at 
random stages of the estrous cycle. To minimize the variability introduced during the handling of samples, RNA extractions and assay analyses 
for tissues matched by sex were performed simultaneously. The analysis of striatum was excluded due to the prohibitive number ofanimals required 
for adequate quantities of total RNA. Values represent the mean + SEM of three independent determinations. A, EGF mRNA levels in adult SG 
revealed significantly higher levels in males compared to females (**, p < 0.0001, Student’s t test). B, No significant difference between sexes was 
observed for the expression of EGF mRNA in adult brain regions (p = 0.2, ANOVA). C, EGF and TGF-a mRNA levels present in adult male 
pituitary were significantly greater than their respective female values (*, p = 0.0 1, Student’s t test). 

Our comparison of the regional distribution, differences between 
sexes, and developmental profile of EGF and TGF-(U mRNAs 
in mouse brain suggests that both EGF and TGF-ol may play a 
role in the growth and support of the mammalian CNS. 

Regional codistribution of EGF and TGF-(u mRNAs in adult 
brain 
mRNAs for both EGF and TGF-a were detected in all regions 
of the mature CNS studied, including brainstem, cerebellum, 
cerebral cortex, hippocampus, basal hypothalamus, olfactory 
bulb, olfactory tubercle, striatum, and thalamus. Despite this 
overlap in distribution, TGF-a mRNA levels, quantitated in 
the pg/pg range, were 15-l 70 times greater than the fg/hg levels 
observed for EGF mRNA. Highest concentrations of EGF gene 
transcripts were in the olfactory bulb and basal hypothalamus, 
while TGF-a! mRNA levels were highest in the striatum and 
olfactory tubercle. The cerebellum, containing a relative abun- 
dance of EGF mRNA, was among the regions expressing the 
lowest levels of TGF-cz mRNA. 

The presence of both EGF and TGF-cu gene transcripts in 
brain, together with previous immunological data (Fallon et al., 

1984, 1990; Lakshmanan et al., 1986; Fallon, 1987; Kudlow et 
al., 1989; Schaudies et al., 1989; Brown et al., 1990) provides 
evidence to support local synthesis of both EGF-R ligands in 
the mammalian CNS. Recently, Ojeda et al. (1990) suggested 
that the low EGF mRNA levels detected in brain reflected a 
limited ability on the part of the CNS to synthesize EGF. Our 
findings reflect levels of EGF and TGF-(Y mRNA within whole 
anatomic regions containing a diversity of cell types and sub- 
populations, and therefore it is possible that EGF mRNA syn- 
thesis within any given brain region is occurring in only a small 
number of cells. Interestingly, mRNA levels for NGF in the 
CNS (Shelton and Reichardt, 1986) are comparable to those of 
EGF. From this standpoint, TGF-a! gene expression itself is out 
of the range of what is traditionally representative of a neuro- 
trophic agent. The striking differences in mRNA levels, then, 
potentially reflect the functional specificities of EGF and TGF-(r 
in the CNS. 

While our identification of both EGF and TGF-(U mRNAs in 
brain is consistent with local synthesis, the biological form(s) 
of their respective peptides in brain remains unknown. Previous 
examinations of the cDNAs encoding EGF and TGF-a indicate 
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Figure 7. Ribonuclease protection analysis of EGF mRNA expression 
in orenatal and earlv nostnatal mouse brain. M. ?3-labeled Ms~I/oBR322 

DI%A marker; E14%17, analysis of embryonic brain cytoplasmic RNA 
derived from E14, E15, El6 and El7 fetuses; PI and PI@ analysis of 
postnatal brain cytoplasmic RNA derived from Pl and PlO pups. All 
samples contained 75 wg total cytoplasmic RNA derived from brains 
of individual litters. The autoradiographic image represents a 24 hr 
exposure at - 80°C with an intensifying screen. 

that the mature forms of these peptides are derived from larger 
precursor molecules with structural features common to trans- 
membrane proteins (Gray et al., 1983; Scott et al., 1983; Der- 
ynck et al., 1984; Lee et al., 1985a; Bell et al., 1986). Since 
proteolytic processing of the EGF and TGF-a precursors may 
not be required for biological activity, it is possible that the 
membrane-anchored, unprocessed forms of these proteins serve 
as active forms of EGF and TGF-(U in brain (Brachmann et al., 
1989; Mroczkowski et al., 1989; Wong et al., 1989; Breyer and 
Cohen, 1990). In kidney, in which the unprocessed EGF pre- 
cursor molecule is reported to accumulate (Rall et al., 1985), it 
has been suggested that the proEGF precursor molecule might 
serve as a cell surface receptor in addition to generating mature 
EGF (Pfeffer and Ullrich, 1985). If unprocessed EGF were the 
predominant form present in the CNS, this could explain why 
some investigators have not detected EGF-immunoreactive ma- 
terial in brain (Probstmeier and Schachner, 1986; Beerstecher 
et al., 1988) while others have (Fallon et al., 1984; Lakshmanan 
et al., 1986). More specifically, with EGF antibodies routinely 
raised against the 53 amino acid processed form of the mature 
EGF peptide, differences in antigenic determinants between pro- 
cessed and unprocessed EGF could result in a lack of EGF 
immunostaining for CNS tissue. Unlike the TGF-a! precursor 
protein, however, which codes only for the mature TGF-(Y pep- 
tide, the EGF precursor also contains seven to nine EGF-like 
peptide sequences (Fig. 2), each sharing varying degrees of ho- 
mology with EGF itself. Although conflicting opinions have 
been offered regarding the potential for proteolytic release of 
these peptides from the EGF precursor (Gray et al., 1983; Scott 
et al., 1983; Doolittle et al., 1984), the presence of multiple 
EGF-like immunoreactive species in rat brain (Schaudies et al., 
1989) potentially reflects differential processing ofthe full-length 
precursor in the CNS. Thus, the presence of EGF and TGF-(U 
gene transcripts in brain provides a biochemical basis for mul- 
tiple EGF-R ligands to be endogenously expressed in the mam- 
malian CNS. 

Perhaps the most intriguing finding of the present study is the 
regional codistribution of EGF and TGF-a mRNAs. As both 
EGF and TGF-cu are believed to utilize a common EGF-R in 
viva (Carpenter et al., 1983; Marquardt et al., 1983, 1984; Mas- 
sag&, 1983), the mechanism by which either peptide might 
achieve different biological effects in any particular region of the 
nervous system remains unclear. Currently, there is no exper- 
imental evidence to support the existence of EGF-R subtypes 
in vivo. However, differences in the biological potencies or ac- 
tivities of EGF and TGF-a have been observed (Ibbotson et al., 
1986; Schreiber et al., 1986; Barrandon and Green, 1987; Gan 
et al., 1987). Winkler et al. (1989) recently proposed that dif- 
ferences in EGF- and TGF-a-mediated effects might result from 
(1) differences in growth factor binding sites in the EGF-R or 
(2) differences in receptor conformations induced upon binding. 
Decker (1990) has suggested that differential processing of the 
EGF-R following EGF or TGF-cu binding could account for 
differences in growth factor-specific potencies. It is possible, 
however, that in addition to receptor mechanisms mediating 
potential differences in EGF and TGF-cu activities in brain, 
microregional differences in the distribution of EGF and TGF-LU 
in the CNS may restrict their local availability for binding to 
cell-specific EGF-R. 

Perhaps one of the most favored hypotheses concerning po- 
tential differences in activities of EGF and TGF-(Y in brain is 
that one peptide originates in glia while the other is generated 
by neurons. At present, the glial and/or neuronal sites of EGF 
and TGF-cx mRNA synthesis in the CNS remain unknown. 
While data obtained from immunological studies tend to suggest 
a neuronal source for EGF (Fallon et al., 1984; Lakshmanan et 
al., 1986), TGF-ol-immunoreactive material has been observed 
in both neurons (Fallon, 1987; Kudlow et al., 1989) and glia 
(Fallon et al., 1990). A recent study using in situ hybridization 
histochemistry to localize TGF-ol mRNA in mouse brain has 
revealed a predominantly neuronal distribution of labeled cells 
(Wilcox and Derynck, 1988). In view of the low regional con- 
centrations of EGF mRNA present in mouse brain, an extremely 
sensitive in situ hybridization protocol will most likely be re- 
quired to identify the glial or neuronal source of EGF gene 
expression in the mammalian CNS. 

Sex dQ$erences in growth factor gene expression are tissue 
spec#ic 
Previous studies have reported sex differences in the levels of 
EGF or EGF mRNA in a variety of adult mouse tissues and 
fluids. For the SG, EGF peptide and mRNA concentrations have 
been observed as significantly higher in males than in females 
(Byyny et al., 1972; Rall et al., 1985). Similarly, quantitation 
of EGF in blood serum and liver has revealed higher levels in 
males (Perheentupa et al., 1985a; Laborde et al., 1988). In con- 
trast, both kidney and urine concentrations of EGF have been 
shown to be higher in females (Perheentupa et al., 1985b). In 
view of observed male-female differences in axonal sprouting 
following induced lesions in the CNS (Loy and Milner, 1980) 
and the ability of EGF to promote neurite outgrowth in culture 
(Morrison et al., 1987, 1988; Casper et al., 1991), we were 
interested in whether the levels of EGF gene expression in brain 
might also show differences between sexes and, if so, whether 
such differences might be paralleled by the expression of TGF-a 
mRNA. 

From our studies, no significant sex differences were apparent 
in any region of the CNS for either EGF or TGF-(Y mRNAs. 
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Even for the basal hypothalamus, in which androgen and es- 
trogen receptors are relatively abundant, no significant male- 
female difference in growth factor gene expression was observed. 
However, since we did not use estrous-staged mice for our study, 
we do not rule out the possibility that female levels of EGF 
mRNA vary during the course of the estrous cycle. 

In the adult pituitary, also known to be a rich source ofgonadal 
steroid hormone receptors, significantly higher levels of EGF 
and TGF-cu mRNAs were observed in males. Recently, Pascal1 
and Brown (1988) located sequences in the 5’ flanking region 
of the mouse EGF gene, homologous to sequences present in 
other genes known to be regulated by testosterone. In view of 
these findings, the sex difference in pituitary EGF mRNA levels 
could reflect androgen:receptor:DNA binding interactions that 
directly promote EGF transcriptional changes in this tissue. 
Alternatively, differences in levels of EGF mRNA between male 
and female pituitary might reflect sex differences in the numbers 
of each of the hormone-secreting cell types within the anterior 
lobe. Thus, with the expression of EGF apparently limited to 
the gonadotroph and thyrotroph cell populations (Kasselberg et 
al., 1985) the greater abundance of lactotrophs in female pi- 
tuitary (Velkeniers et al., 1988) would lower the observed con- 
centration of EGF mRNA in females below that of males. A 
similar argument, however, cannot easily be made for the male- 
female difference in TGF-(Y mRNA levels, as this peptide has 
previously been localized to the lactotroph cell population (Ko- 
brin et al., 1987). Therefore, unless TGF-ol was sequestered 
within lactotrophs following its synthesis in some other cell type, 
the levels of TGF-LU mRNA in female pituitary would be ex- 
pected to be higher or at least equal to the levels detected in 
males. Further studies then are necessary to determine whether 

t 

- 

Figure 8. Expression of EGF and 
TGF-a! mRNA in the developing CNS. 
Embryonic whole brain from E14, E15, 
E16, and El 7 mouse fetuses and post- 
natal whole brain from P 1 and P 10 DUDS 
were processed for the isolation of iota1 
cytoplasmic RNA and assayed by ri- 
bonuclease protection analysis. Levels 
of EGF and TGF-LU mRNA are ex- 
pressed per microgram total RNA (4) 
or per whole perinatal brain (B). Bars 
represent the average of two indepen- 
dent assay determinations (each indi- 

El5 El6 El7 PNl PNlO cated with a diamond). 

the sex difference in TGF-o( mRNA expression may be due to 
differences in gonadal steroid hormone expression. 

Coexpression of EGF and TGF-a mRNAs in fetal and early 
postnatal brain 
This study provides the only evidence to date for the expression 
of EGF mRNA in fetal brain. The lack of information con- 
cerning EGF gene expression during embryogenesis has led to 
speculations that TGF-cu is the fetal analog of EGF (Proper and 
Moses, 1981; Lee et al., 1985b; Twardzik, 1985; Popliker et al., 
1987). Our findings now suggest that both EGF and TGF-a may 
participate in normal CNS developmental processes. Consistent 
with our data, EGF-R are present in mouse brain as early as 
El5 and in a manner similar to the rise in TGF-(Y mRNA, 
EGF-R increase in number throughout late embryonic brain 
development (Adamson and Meek, 1984). 

At present, the role of EGF or TGF-a in brain development 
remains unknown. Studies performed in culture have shown 
that specific populations of neurons and glia derived from fetal 
brain are responsive to the effects of EGF (Simpson et al., 1982; 
Honegger and Guentert-Lauber, 1983; Morrison et al., 1987, 
1988; Knusel et al., 1990; Casper et al., 199 1). In a preliminary 
report by Reynolds et al. (1990), EGF and TGF-ar have been 
shown to stimulate the proliferation of striatal multipotential 
progenitor cells in vitro. Interestingly, the cellular morphologies 
induced by TGF-a were somewhat different than those produced 
by EGF (Reynolds et al., 1990). In view of these findings and 
the strikingly different levels of EGF and TGF-a mRNAs pres- 
ent in fetal brain, EGF and TGF-LU are likely to have unique 
roles in the development of the mammalian CNS. 
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Functionul implications 

The potential for EGF and TGF-n to utilize a common receptor 
in vivo underscores the difficulty in assigning physiological roles 
specific to each peptide based on anatomic characterizations 
alone. While it is still not clear which cells in the brain actually 
synthesize EGF or TGF-a, the potential for both ligands to 
compete locally for EGF-R binding suggests that a variety of 
mechanisms may be involved in regulating growth factor-spc- 
cific activities in the CNS. In this light, studies addressing spe- 
citic changes in growth factor gene expression during the course 
of normal brain development or in response to brain injury are 
likely to contribute to our understanding of why two EGF-R 
ligands are physiologically required in this tissue. Further stud- 
ies in our laboratory using mutant mice exhibiting selective 
neurodegenerative losses of cells known to express EGF recep- 
tors have revealed unique patterns of gene expression for EGF 
and TGF-u during specific neuronal or glial events (L. M. Lazar 
and M. Blum, unpublished observations). In view of such dif- 
ferences, it is unlikely that these structurally related peptides 
simply reflect a biochemical redundancy in the normal func- 
tioning of the mammalian CNS. More likely, EGF and TGF-a 
in brain serve within a multifunctional growth factor system 
whose members interact via a common membrane receptor. 
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