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Localization of Cells Synthesizing Transforming Growth Factor-Alpha 
mRNA in the Mouse Brain 
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The distribution of transforming growth factor (TGF)-(Y and 
TGF-& mRNA containing cells in adult mouse brain was ex- 
amined using in situ hybridization histochemistry. There were 
no detectable TGF-8, mRNA-containing cells found in the 
brain. TGF-a! mRNA was localized to cell bodies of the cau- 
date nucleus, dentate gyrus, anterior olfactory nuclei, and a 
laminar distribution of mitral cells in the olfactory bulb. TGF- 
a-synthesizing cells were localized in brain regions that have 
been shown to synthesize nerve growth factor, epidermal 
growth factor (EGF) and enkephalins. The function of local 
synthesis of TGF-cr in the brain is as yet unknown. 

Transforming growth factors (TGFs) were originally defined as 
polypeptides that induce the phenotypic transformation of a 
variety of normal cell lines (De Larco and Todaro, 1978). Two 
different proteins have been described as transforming growth 
factors, TGF-a and TGF-0. TGF-a displays structural homol- 
ogy with epidermal growth factor (EGF) (Marquardt et al., 1984) 
and binds to the EGF receptor (Carpenter et al., 1983; Massague, 
1983). Several molecular-weight forms of secreted TGF-o( have 
been described. The fully processed 50-amino acid form and 
the larger glycosylated forms are all derived from the trans- 
membrane precursor (Bringman et al., 1987). TGF-o( and EGF 
have similar biological activities and appear to be equally mi- 
togenic for several cell lines (Massague, 1983; Derynck et al., 
1984; Bringman et al., 1987) yet TGF-ol appears to function as 
a superagonist in several systems (Stem et al., 1985; Ibbotson 
et al., 1986; Schreiber et al., 1986). TGF-6 is structurally un- 
related to TGF-o( or EGF and is a homodimeric protein (Assoian 
et al., 1983; Derynck et al., 1985) that interacts with distinct 
receptors (Massague, 1985; Cheifetz et al., 1986). It is mitogenic 
for a variety of normal fibroblast lines, but inhibits the growth 
of several other normal cell types and many tumor cells (Moses 
et al., 1985; Roberts et al., 1985). 

The presence of TGF-cu was originally detected in the medium 
of several retrovirus-transformed fibroblasts, and its synthesis 
was later documented in several tumor cell lines (Todaro et al., 
1985). A recent survey revealed the expression of the TGF-o( 
gene in a wide variety of carcinomas and sarbomas, but not in 
hematopoietic tumor cells (Derynck et al., 1987). TGF-o( gene 
expression has been detected during early fetal development 
(Twardzik, 1985) and, recently, low levels of TGF-a mRNA 
have been found in the brain, liver and kidney of the adult rat 
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(Lee et al., 1985). Compared to TGF-LU, TGF-fl synthesis is more 
ubiquitous, since most, if not all, normal or transformed cells 
in culture release TGF-P (see, e.g., Derynck et al., 1985). 

Materials and Methods 
Mouse brains were processed for in situ hybridization using a modifi- 
cation of previous methods (Wilcox et al., 1986a, b). The animals were 
killed by cervical dislocation, the brains removed and fixed by immer- 
sion in 4% paraformaldehyde for 3 hr, followed by immersion in 15% 
sucrose overnight at 4°C. The brains were then frozen and 10 pm sagittal 
sections were taken every 100 pm for hybridization to a murine TGF- 
a-specific probe. The murine TGF-cY-specific probe was a 1400 bp geno- 
mic Suu3A fragment, corresponding to a segment in the sixth exon of 
the TGF-c~ gene. This segment in the 3’-untranslated region has its most 
upstream residue 6 bases 3’ to the stop codon. The Sau3A fragment 
was subcloned in the BumHI site of the plasmid sp64 in the antisense 
orientation with respect to the transcriptional direction from the sp6 
promoter. This probe has been used in Northern blots and recognizes 
a 5.0 kb TGF-a mRNA species in ras-transformed mammary epithelial 
cells (Salomon et al., 1987). Serial sections were also hybridized to a 
murine TGF-/3 riboprobe. The murine TGF-fl probe was the EcoRI 
fragment of pkur& (Derynck et al., 1986) corresponding to a cDNA 
containing the entire coding sequence for the TGF-6, precursor. This 
1600 bp fragment was inserted into the EcoRI site of plasmid sp65 in 
the antisense orientation with respect to the transcriptional direction 
from the sp6 promoter. As controls for positive chemography, addi- 
tional sections were carried through the hybridization procedure without 
adding any radioactive probe tothe hybridization mixture. 

The hvbridization nrobes were suecific 3SS-labeled RNA transcrints 
complementary to the mRNA obtained after in vitro transcription-of 
the cDNA insert from linearized plasmids using sp6-RNA polymerase. 
The transcription procedure was modified from Melton et al. (1984). 
The transcription mixture contained a final concentration of 500 NM 

each of the nucleotides cytidine 5’-triphosphate (CTP), guanosine 5’- 
trinhosnhate (GTP). uridine trinhosohate (UTP). and 12 ILM ‘S-ATP 
(A-mersham; sp act:‘650 Ci/mmol), 40 unit‘s of RNasin (Promega Bio- 
tech), 2 mM spermidine, 10 mM dithiothreitol (DTT), 10 mM NaCl, 40 
mM Tris, pH 7.5, and was initiated by the addition of 15 units of sp6- 
RNA polymerase. The reaction proceeded for 2 hr at 37”C, followed by 
DNase digestion of the template (RQI DNase; Promega Biotech), phe- 
nol/chloroform extraction, and ethanol precipitation. The specific ac- 
tivity of probes synthesized by this method was 162.5 Ci/mmol, or 
approximately 1 O9 cpm/rg. 

Hybridizations were carried out as described previously (Cox et al., 
1984; Wilcox et al., 1986a), except for some modifications necessary 
for the use of the ?S-labeled RNA probes. These included using a 
hybridization buffer containing 50% formamide, 0.3 M NaCl, 20 mM 
Tris, pH 8.0, 5 rnr.4 EDTA, 1 x Denhardt solution, 10% dextran sulfate, 
and 10 mM DTT, and 2000 cpm/pl 35S-labeled riboprobe. Hybridization 
was allowed to proceed for 18-20 hr at 50°C. After hybridization, the 
slides were washed twice for 10 min in 2 x SSC (1 x SSC = 150 mM 
NaCl, 15 mM Na citrate, pH 7.0), followed by treatment for 30 min at 
22°C with 20 pglml RNase A (Sigma Chemical), washing 2x for 10 
min in 2 x SSC, for 2 hr in 0.2 x SSC at 42°C and finally twice for 10 
min in 0.5 x SSC at 22°C. All posthybridization washes, except for the 
final washes in 0.5 x SSC, contained 10 mM @-mercaptoethanol and 1 
mM EDTA. 35S-Labeling of the RNA probes proved to be necessary 
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Figure I. Results from in situ hybridizations of mouse brain sections to %-labeled TGF-(U (A-E) or TGF-0 (F) riboprobe. Sagittal sections (10 
rm) were hybridized and washed as described and coated with Kodak NTB2 nuclear emulsion. Autoradiograms were exposed for 4 weeks at 4°C 
in the dark and after developing were counterstained with hematoxylin and eosin. Silver grains were visualized by either polarized light epilumi- 
nescence (Leitz) alone (4, E, F) or in combination with bright-field illumination (B-D). Positive TGF-o( hybridizations are shown for the olfactory 
bulb (A; x loo), mitral cells of olfactory bulb (II; x 3 lo), periglomerular cells of the olfactory bulb (C, x 3 lo), the caudate nucleus (D; x 3 lo), and 
the dentate gyrus (E, x 3 10). A serial section of the dentate gyrus hybridized to YS-labeled TGF-P riboprobe showed no hybridizing cells (F, x 100) 
and provides a useful control for the TGF-ol hybridizations. Elevated grain densities apparent in A-D are due to the use of %-labeled ATP and 
UTP in the transcription reaction, which results in a higher specific-activity probe. Abbreviations: CPU, caudate nucleus; LS, lateral septum. 

since no detectable hybridization was obtained using similar 3H-RNA 
probes. 

After hybridization and washing, the slides were dehydrated in graded 

dilution) and Kodak fixer, and counterstained with hematoxylin and 
eosin. 

alcohols containing 0.3 M NH,AC, dried under vacuum, and then coated 
with Kodak NTB2 nuclear emulsion diluted 1: 1 with water. Autora- 
diograms were exposed for 4 weeks with desiccant at 4°C in the dark. 
The slides were developed at 15°C with Kodak D19 developer (1: 1 

Results 
Examination of the autoradiographic results of the histological 
sections after in situ hybridization revealed that several areas 
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in the brain (Fig. 1) have a low, yet significant, expression of 
the TGF-ol gene. These results are summarized in Figure 2 by 
a schematic representation of the sites of TGF-a expression in 
the adult mouse brain. Cell bodies hybridizing to the TGF-a! 
probe were found in the caudate nucleus (Fig. lD), dentate gyrus 
(Fig. lE), the dorsal, medial, and lateral extents of the anterior 
olfactory nuclei, accessory olfactory bulb, and the tuberculum 
olfactorium (data not shown). Consistent labeling was also found 
in many periglomerular (Fig. 1C) and mitral (Fig. 1B) cells of 
the olfactory bulb, the latter cells forming a laminar cell group 
adjacent to the granular cell layer (Fig. 1A). Scattered labeling 
of cells was also seen in cells of the external plexiform layer of 
the olfactory bulb. 

The labeling of cells by TGF-a in situ hybridization appeared 
to be predominantly neuronal. Labeling was in a population of 
cells with large nuclei. The mitral cell labeling was consistent; 
these cells also have large nuclei with a characteristic mor- 
phology. It should be noted, however, that it is not possible to 
exclude the possibility that glial cells could also make TGF-a 
mRNA. 

All TGF-LU hybridizations were performed in parallel with 
hybridizations of serial sections to a TGF-P-specific probe. This 
probe was labeled to the same specific activity as was the TGF-LU 
probe, and the same amount of probe was added to the hy- 
bridization solutions. While the TGF-/3 probe was effective in 
in situ hybridizations in unrelated histological sections (data not 
shown), there were no specific hybridizations detected in the 
adult brain. Our data thus lead to the conclusion that TGF-P 
is not expressed at detectable levels in the adult brain. This lack 
of hybridization of the TGF-P probe provided a useful control 
for the TGF-a-specific hybridization and supports the specificity 
of the results obtained with the TGF-(Y probe (Fig. 1, E vs F). 
The specificity was further supported by other controls, one for 
positive chemography, where sections were carried through the 
hybridization procedure without the addition of any labeled 
probe, and another where sections were pretreated with 20 pg/ 
ml RNase A prior to hybridization to the TGF-ol probe. There 
were no hybridizing cells seen with either treatment (data not 
shown). 

Discussion 
In this report we describe the localization of the cell populations 
that synthesize TGF-a in the normal mouse brain and thus 

Figure 2. Schematic diagram sum- 
marizing the results of TGF-or in situ 
hybridizations in mouse brain. Dotted 
regions indicate TGF-a-synthesizing 
regions, which included dentate gyms 
(FD), caudate nucleus (CPU), anterior 
olfactory nucleus (OAL), tuber olfac- 
torium (TUO), mitral cell layer (Mn. 
and accessory olfactory bulb (dBA): Ndt 
shown are hybridizations to the perio- 
glomerular cells of the olfactory bulb. 
Abbreviations and drawing after Slot- 
nick and Leonard (1975). 

establish the expression of the TGF-cu gene in vivo in a normal 
organ of an adult animal. We also report that TGF-P, mRNA 
could not be detected in the adult brain. 

Analysis by Northern blot hybridization had previously sug- 
gested the presence of TGF-a mRNA in the brain (Lee et al., 
1985). We have now identified the cell types and areas in the 
adult mouse brain that synthesize TGF-cu. The localization in 
the adult brain of 2 other growth factors has been described. 
NGF has been shown by Northern blots to be synthesized in 
the hippocampus (Shelton and Reichardt, 1986), as well as by 
in situ hybridization localized to the dentate gyrus (Rennert and 
Heinrich, 1986) an area that we have now shown contains 
TGF-ol mRNA as well. The presence of EGF, which is struc- 
turally related to TGF-LU, has been demonstrated by immuno- 
histochemistry in the globus pallidus, ventral palladium, and 
other forebrain structures (Fallon et al., 1984). These regions 
receive efferent innervation from the caudate nucleus, which we 
have shown to synthesize TGF-a. 

The finding that there is TGF-(r gene expression in the brain 
raises the question of the physiological role of TGF-cx in this 
tissue. In a variety of cell types in culture and presumably also 
in vivo, TGF-a and EGF bind to the EGF receptor, and in 
this way exert their mitogenic effect. However, it is unlikely 
that TGF-a acts as a mitogen in the brain, since there is very 
little cell division in this organ. TGF-a may act as a chemotactic 
or a neurotrophic agent, and thus play a role in dendritic sprout- 
ing or arborization. TGF-a may also have other neuromodu- 
latory functions that have yet to be demonstrated. 

The expression of the TGF-a gene in mitral and periglomeru- 
lar cells of the olfactory bulb and in the anterior olfactory nucleus 
and tuberculum olfactorium suggests that this peptide is some- 
how involved in olfactory processes. Olfactory information en- 
ters the brain via the olfactory nerve, whose axons form synapses 
upon dendrites of the mitral and tufted cells in the glomeruli of 
the olfactory bulb. The periglomerular cells are a heterogeneous 
group of interneurons that modify mitral and tufted cell output. 
The periglomerular cells, which apparently contain TGF-a 
mRNA, have been shown to use both substance P and enkeph- 
alins as neurotransmitters (Finley et al., 198 1; Halasz and 
Shepherd, 1983). These neurotransmitters are also prevalent in 
the caudate nucleus and dentate gyrus (Sar et al., 1978; Finley 
et al., 1981), which also show TGF-a-specific hybridization. 
There may thus be a colocalization of enkephalin and TGF-(r 
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in some areas. However, this does not hold for the presence of 
TGF-(Y mRNA in the mitral cells of the olfactory bulb, as these 
cells do not use enkephalin, but rather glutamate or aspartate, 
as a neurotransmitter (Macrides and Davis, 1983). The mitral 
cells do, however, receive enkephalinergic inputs from the peri- 
glomerular cells. It is therefore possible that TGF-a plays a role 
in the cells that receive enkephalinergic information. Further 
research will be needed to investigate the role of TGF-cu in the 
brain and to evaluate its possible interactions with other growth 
factors and neurotransmitters. 
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