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The adenomatous polyposis coli (APC) gene is a tumor sup- 
pressor gene that is mutated in human familial adenomatous 
polyposis, an autosomal dominant condition with predis- 
position to colorectal carcinoma and brain tumors. Although 
tumor suppressor genes appear to play a general role in 
regulating cellular proliferation, the normal biological func- 
tion of the APC gene product is unknown. In the present 
study, we cloned fragments of the rat homolog of the APC 
gene and examined its tissue distribution by Northern blot 
analysis. These studies demonstrated particularly high lev- 
els of APC mRNA in brain. To gain clues to the role of the 
APC gene in brain function, we examined the neuroanatom- 
ical distribution of APC mRNA using in situ hybridization. In 
the adult, prominent expression of APC mRNA was observed 
in the olfactory bulb, hippocampus, and cerebellum, with low 
levels of hybridization in other regions of adult rat brain. In 
contrast, during embryonic and early postnatal development 
(l-2 weeks), high levels of APC expression were found 
throughout the brain and then decreased to adult levels by 
6 weeks after birth, except in the olfactory bulb where the 
high levels of APC mRNA found in development persist in 
the adult. During development of cortex, cerebellum, and 
retina, APC mRNA expression was particularly prominent in 
layers containing newly formed postmitotic neurons, with 
lower levels observed in the proliferative zones where neu- 
rogenesis occurs. The high levels of APC expression from 
early neurogenesis until late stages of neuronal maturation 
suggest that APC may contribute to suppressing neuronal 
proliferation during this period of intense growth. 

[Key words: familial polyposis, tumor suppressor genes, 
in situ hybridization, differentiation, prohormone convertase, 
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Studies of genetic abnormalities in a wide spectrum of tumors 
have recently led to the identification of a class ofgenes, referred 
to as tumor suppressor genes (Klein, 1987; Weinberg, 1991). 
The association between deletions or mutations in these genes 
and tumorigenesis provides support for the hypothesis that un- 
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der normal conditions members of this class, such as the reti- 
noblastoma (RB), ~53, deleted in colon cancer (DCC), Wilms 
tumor (WTl), and neurofibromatosis type 1 (NFl) genes, reg- 
ulate cellular proliferation and differentiation (Klein, 1987; Sag- 
er, 1989; Weinberg, 199 1; Vogelstein and Kinzler, 1993). 

Familial adenomatous polyposis (FAP) is an autosomal dom- 
inant condition associated with germline mutations in a tumor 
suppressor gene referred to as APC (adenomatous polyposis 
coli); mutations in the APC gene predispose young adults to 
develop multiple adenomatous polyps in the colon and even- 
tually malignant colorectal tumors (Herrera et al., 1986; Groden 
et al., 1991; Joslyn et al., 1991; Kinzler et al., 1991; Nishisho 
et al., 199 1; Miyoshi et al., 1992). An inherited predisposition 
to multiple intestinal neoplasia in mice has also been linked to 
a mutation in the murine homolog of the APC gene (Su et al., 
199 1). In addition, APC gene mutations also appear to be an 
early event in the development of sporadic colorectal neoplasms 
(Powell et al., 1992). The effects of germline APC mutations do 
not appear to be restricted to the colon, since many extracolonic 
manifestations of FAP have been reported, including an asso- 
ciation between FAP and tumors of the CNS, referred to as 
Turcot’s syndrome (Crail, 1949; Turcot et al., 1959; Kropilak 
et al., 1989; Sohrabi et al., 1991). Furthermore, PCR-based 
analysis of various human tissues indicates that APC expression 
is not limited to the colon but also occurs in brain, lung, aorta, 
spleen, and placenta (Groden et al., 199 1). Thus, the APC gene 
may be involved in regulating cellular proliferation in a wide 
variety of tissues, including brain. 

The APC gene encodes a hydrophilic 3 12 kDa protein with 
no obvious signal peptide or membrane-spanning domains and 
no striking homology to proteins of known function (Groden et 
al., 1991; Kinzler et al., 1991; Smith et al., 1993). Although the 
association between mutations in the APC gene and FAP sup- 
ports a role for this gene in suppressing oncogenesis, little is 
known about its normal cellular function. While screening a rat 
hypothalamic cDNA library at low stringency for novel brain- 
specific subtilisin-like prohormone convertases involved in neu- 
ropeptide biosynthesis, we cloned a cDNA corresponding to an 
mRNA expressed at high levels in the CNS. Further analysis 
demonstrated that this sequence was highly homologous with 
the human APC gene. To help decipher the normal biological 
function of the APC gene in the CNS, we examined the ana- 
tomical distribution of its mRNA using Northern blot analysis 
and in situ hybridization. In particular, since tumor suppressor 
genes act as negative regulators of cell proliferation, we have 
focused on defining APC gene expression in embryonic and early 
postnatal development. 
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Figure I. Rat APC cDNA. The hu- 
man APC cDNA (M73548) is dia- 
grammed, and the alignment of rat hy- 
pothalamic clone X4 12 is indicated. The 
restriction sites used to subclone regions 
of X4 12 are also indicated, along with 
the regions of X412 that were se- 
quenced (solid bars). Regions of 2 30 nt 
in length with ~70% identity between 
human APC and rat PC 1, PC2, or furin 
screening probes are indicated by an 
open circle. The partial sequence of 
X4 12 has been submitted to GenBank 
(accession #L 19294). 
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Materials and Methods 
Cloning of rat APC cDNA. A rat hypothalamic cDNA library (Lambda 
Zap11 vector, Stratagene, La Jolla, CA; prepared as in Stoffers et al., 
1989) was screened by plaque hybridization for additional members of 
the subtilisin family of peptide biosynthetic endoproteases using an 
equal mixture of three 450 nucleotide (nt) cDNA probes corresponding 
to portions of rat PC1 (nt 1007-1451), rat PC2 (nt 1109-1556), and rat 
furin (nt 1187-l 63 1) (Bloomquist et al., 199 1). We used low-stringency 
screening conditions [25”C, 50% formamide, 0.75 M NaCl, 75 mM so- 
dium citrate (pH 7.0), 0.8 mg/ml Ficoll, 0.8 mg/ml polyvinylpyrrolidine, 
0.8 mg/ml bovine serum albumin, 20 mM sodium phosphate, 0.1% 
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SDS, 0.1 mg/ml sonicated herring sperm DNA] (Sambrook et al., 1989; 
Yoon et al., 1989; Tamkun et al., 199 1). Southern blots were washed 
as described (Stoffers et al., 1989) except that the higher-stringency wash 
was at 37°C instead of 50°C. Phages showing strong hybridization were 
plaque purified and inserts were rescued as pBluescript plasmids using 
helper phage. cDNA inserts were radiolabeled and used to probe North- 
em blots with RNA prepared from a variety of adult rat tissues; only 
cDNA inserts encoding neuroendocrine-specific transcripts were pur- 
sued. Since transcripts recognized by clone X4 12 were highly enriched 
in the CNS, its 6.2 kilobase (kb) insert was partially sequenced, com- 
parison to sequences in GenBank revealed that clone X4 12 was the rat 
homolog of mouse and human APC (Fig. 1). Four restriction fragments 
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Figure 2. Northern blot analysis of APC mRNA in various adult rat tissues. Total RNA was prepared from various adult rat tissues and 10 pg 
was separated on a denaturing gel and blotted. The positions of the 18s and 28s ribosomal RNAs, as detected with ethidium bromide, are indicated, 
ethidium bromide staining confirmed approximately equal loading of all the lanes (not shown) for this autoradiogram exposed for 5 d. The inset 
shows a deliberate overexposure of the brain tissues on an independent Northern blot, to visualize the weak signals in several non-CNS tissues. 
Similar results were obtained in four independent analyses of this type using three independent sets of RNA from the various tissues. Hy, 
hypothalamus; OB, olfactory bulb, Cb, cerebellum; PC, parietal cortex; Hi, hippocampus; At, atrium; Ve, ventricle; Sikh, skeletal muscle; Lu, lung; 
Li, liver; K, kidney; Sp, spleen; St, stomach; C, colon; D, duodenum; Ov, ovary; r, testis; Pa, pancreas; Su, submaxillary; AP, anterior pituitary; 
NIL, neurointermediate pituitary; AtT, AtT-20 mouse corticotrope cells; 293, human embryonic kidney 293 cells. 
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Figure 3. In situ localization of APC mRNA in adult rat brain. A, Sagittal section displays marked heterogeneity of APC expression with several 
areas of prominent hybridization, cerebellum (Cb), hippocampus (Hi), and olfactory bulb (OB). B, Adjacent sagittal section hybridized with 35S- 
labeled sense riboprobe demonstrates lack of signal. C-G, Coronal sections taken at the level of the olfactory bulb (C), striatum (D), hippocampus 
(IT), cerebellum (F), and pituitary (G). G, glomerular layer of olfactory bulb; IGL, internal granule layer; Cx, cortex; CP, caudate putamen; PO, 
primary oifactory cortex; DG, dentate gyrus; GL, granule cell layer; IL, intermediate lobe of the pituitary; NL, neural lobe, AL, anterior lobe. 

Figure 4. Expression of APC mRNA in adult olfactory bulb. Left panel represents a dark-field photomicrograph of an emulsion-dipped coronal 
section of adult rat olfactory bulb. Following in situ hybridization with %-labeled APC antisense riboprobe, sections were coated with photographic 
emulsion as described under Materials and Methods. Top right shows higher magnification of the area enclosed. Exposure time was 2 d. Bottom 
right is a bright-field photomicrograph of the same area, lightly counterstained with hematoxylin. CL, glomerular layer; ZGL, internal granule layer; 
&A, granule cell layer of accessory olfactory bulb; AOB, accessory olfactory bulb; Mi, mitral cell layer. 



Figure 5. Expression of APC mRNA during embryonic development of the CNS. In situ autoradiograms of coronal sections hybridized with 
antisense APC riboprobe at El 5, E17, and E21 are shown in top panels. Bottom panels show sag&al sections of the whole embryo at E19. L$ 
panel of bottom row shows a bright-field photomicrograph of an El 9 section counterstained with hematoxylin (HEM). Middle panel of bottom row 
shows in situ autoradiogram of the same section hybridized with antisense APC riboprobe. Right panel shows an adjacent section hybridized with 
sense APC probe. BT, basal telencephalon; Re, retina; CP, cortical plate; BG, basal ganglia; PL, placenta; SC, spinal cord, TGn, trigeminal ganglion; 
DRG, dorsal root ganglion. 
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of X4 12 were subcloned into pBluescript (Stratagene) for sequencing, 
and two fragments (fragments A and B in Fig. 1) were used to prepare 
sense and antisense riboprobes for in situ hybridization analyses and 
cDNA probes for Northern blot analyses. 

Animals. Sprague-Dawley rats (Harlan, Indianapolis, IN) were main- 
tained in a light controlled room (12 hr light/ 12 hr dark) with access to 
food and water ad libitum. Rats were designated as postnatal day 1 (Pl) 
on the day of parturition. Pregnant female rats were staged based on 
presence of a vaginal plug. 

Northern blot analyses. Tissues were dissected on ice and homoge- 
nized in guanidine isothiocyanate. Total cellular RNA was then isolated, 
separated by denaturing agarose gel electrophoresis, transferred to nylon 
membranes, hybridized, and washed under high-stringency conditions 
(Bloomquist et al., 199 1). Subcloned fragments of rat APC (Fig. 1) were 
labeled by random priming using 32P-dCTPa. 

In situ hybridization. In situ hybridization using 35S-labeled ribo- 
probes was performed as previously described (Bhat et al., 1992). Whole 
embryos or brains were embedded in Tissue Tek (Miles, West Haven, 
CT) and rapidly frozen in plastic molds on a dry ice-ethanol slurry. 
Cryostat sections 12 pm (Microm, Heidelberg, Germany) were mounted 
onto gelatin-coated slides. Slides were fixed in 4% w/v paraformalde- 
hyde and acetylated with 0.5% w/v acetic anhydride in 0.9% w/v NaCl 
containing 100 mM triethanolamine (pH 8.0). YS-labeled riboprobe was 
added to the hybridization buffer containing 50% formamide, 600 mM 
NaCl, 1 x Denhardt’s, 10 mM Tris HCI (pH 7.4), 1 mM EDTA, 10 mM 
dithiothreitol, 0.2 pg/rl of tRNA, and 10% dextran to give a final con- 
centration of 1 x 1.06 cpm/50 ~1 of buffer. Hybridization was carried out 
overnight at 56°C in moist sealed chambers. Coverslips were removed 
under 2 x SSC (1 x SSC is 150 mM NaCl, 15 mM sodium citrate, pH 
7.0) at room temperature. Slides were incubated in a solution of 2 x 
SSC (30 min, 37°C) containing 10 &/ml RNase A (Worthington, Free- 
hold, NJ). The RNase treatment conditions for APC in situ hybridiza- 
tion were determined based on initial studies comparing hybridization 
with sense and antisense probes under different stringencies. Under the 
incubation conditions selected (2 x SSC, 37“C), no hybridization signal 
was observed with the sense probes. At higher wash stringencies (0.2 x 
SSC, 37°C or 2x SSC, 50°C) the overall pattern of hybridization was 
identical, but the signal intensity with antisense probes was decreased 
slightly. After RNase treatment, slides were rinsed in 2 x SSC at room 
temperature for an additional 30 min, dehydrated in ethanol solutions, 
air dried, and exposed to x-ray film (Kodak XAR) for l-3 d. Experiments 
utilizing two different antisense riboprobes obtained from different regions 
of the rat APC gene (probes A and B, Fig. 1) yielded similar results. 
YS-labeled sense and antisense riboprobes were transcribed from lin- 
earized plasmids using T, or T, RNA polymerase as described (Bhat et 
al., 1992). Hybridization with NMDA receptor probe NMDARl (gift 
from M. McLane, Zeneca, Wilmington, DE) was performed using sim- 
ilar conditions. For higher resolution analysis, slides were dipped in 
Kodak NTB2 photographic emulsion. After exposure for 3-7 d, slides 
were developed and lightly counterstained with hematoxylin. Anatom- 
ical structures were identified in conjunction with the atlases of Paxinos 
and Watson (1982) and Paxinos et al. (199 1). To compare the intensity 
of hybridization during development, sections from animals of various 
embryonic and postnatal ages were processed for in situ hybridization 
together. The pattern of expression during development was examined 
in six developmental series. Each time point shown in the Results was 
represented in at least four of these series. 

Results 

Cloning of rat APC cDNA 
Clone X4 12 was selected from a rat hypothalamic cDNA library 
based on two criteria: hybridization with a mixed cDNA probe 
specific for subtilisin-like endoproteases and expression limited 
to neuroendocrine tissues. However, examination of the se- 
quence of X412 indicated that this clone did not exhibit any 
extended homology with domains conserved in other members 
of this protease family. Instead, a sequence homology search 
revealed that the nucleic acid sequence of clone X4 12 exhibits 

Figure 7. Expression of APC mRNA during embryonic development 
of the cortex. Panels show dark-field photomicrographs of photographic 
emulsion-dipped sections taken from developing cortex at El5 (top), 
E 17 (middle), and E2 1 (bottom). Exposure time was 2 d. PPL, primordial 
plexiform layer; NE, neuroepithelium; LV, lateral ventricle; CP, cortical 
plate; ZZ, intermediate zone. 

Figure 6. Expression of APC mRNA in embryonic spinal cord and dorsal root ganglia. Transverse sections of E 17 spinal cord were processed for 
APC in situ hybridization. Left panel shows a dark-field micrograph of an emulsion-dipped section; the right panel shows the same section 
counterstained with hematoxylin. DH, dorsal horn; VH, ventral horn; DRG, dorsal root ganglion; Ve, vertebrae. 
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Figure 8. Expression of APC mRNA 
in the retina. Top panels show bright- 
field (left) or dark-field (right) photo- 
micrographs of photographic emul- 
sion-dipped sections of E 15 retina. The 
neural retina is divided into two major 
layers: the layer closer to the vitreous, 
which develops into several layers in- 
cluding the ganglion cell layer (G), and 
the outer layer or the matrix (M). Bat- 
tom panels illustrate APC mRNA ex- 
pression in adult (Ad) retina. CT, con- 
nective tissue; PE, pigment epithelium; 
OS, photoreceptor outer segments; ON 
outer nuclei layer; IN, inner nuclear 
layer; ZP, inner plexiform layer; GC, 
ganglion cell layer. Exposure time, 3 d. 

, 

~95% identity with the corresponding sequences of the mouse 
and human APC genes (solid bars in Fig. 1). The 6.2 kb cDNA 
includes the COOH-terminal half of the APC protein and most 
of the 3’-untranslated region, not including a polyA tail. The 
human APC cDNA (GenBank M73548) contains four regions 
of ~30 nt with ~70% identity to the mixed PCl, PC2, and 
furin probe (indicated by circles in Fig. 1). Southern blot analyses 
of clone X4 12 demonstrated that the single restriction fragment 
containing two of these regions of homology was the only frag- 
ment that hybridized strongly with the mixed probe under the 
screening conditions used. 

Expression of rat APC mRNA in adult tissues 
Northern blot analysis of a panel of adult rat tissues demon- 
strated a striking abundance of an approximately 9-10 kb APC 
mRNA in several brain regions (Fig. 2). Olfactory bulb, hip- 
pocampus, cerebellum, and parietal cortex contained the highest 
levels of APC mRNA. Much lower levels of APC mRNA were 
observed in the colon, pancreas and anterior pituitary. Two 
forms of APC mRNA (9 kb and 10 kb) were observed in each 
of the tissues, perhaps due to alternative splicing as observed 
with the human APC gene (Groden et al., 1991). Longer ex- 
posure of a similar Northern blot revealed weak signals in sev- 
eral additional tissues (inset, Fig. 2). A similar distribution of 
APC mRNA was found using a panel of adult mouse tissues 
(not shown). 

In situ hybridization of a sagittal section of adult rat brain 

revealed prominent expression of APC mRNA in the olfactory 
bulb, primary olfactory cortex, hippocampus, and cerebellum 
(Fig. 3A,C,D). Identical results were obtained with antisense 
probes prepared from either of two nonoverlapping regions of 
the cloned APC fragment. The lack of hybridization with the 
sense APC riboprobe confirmed the specificity of APC in situ 
hybridization (Fig. 3B). The neocortex showed a weak hybrid- 
ization signal and levels of APC mRNA appeared to be extreme- 
ly low in the adult caudate-putamen (Fig. 30), thalamus, and 
spinal cord. The relatively strong signal observed for APC mRNA 
in parietal cortex based on Northern blot analysis may reflect 
normalization to ribosomal RNA. In the hippocampus, APC 
mRNA appears to be localized in the pyramidal neurons of 
CAl-CA4, as well as in dentate granule cells (Fig. 3E). In ad- 
dition, hybridization was observed in the alveus, a fiber tract 
located at the edge of the hippocampus. In the cerebellum, hy- 
bridization was prominent in the granular layer (Fig. 3F). Low 
levels of APC mRNA expression were also observed in the 
anterior and intermediate lobes of the pituitary but not in the 
neural lobe of the pituitary (Fig. 3G). 

Coronal sections through the olfactory bulb of adult rat brain 
were dipped in photographic emulsion and microscopic ex- 
amination indicated that APC mRNA expression was most 
prominent in the internal granule and the mitral cell layers, as 
well as the granule cell layer of the accessory olfactory bulb (Fig. 
4). Hybridization was also observed in cells surrounding the 
glomeruli. 
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Figure 9. Developmental profile of APC mRNA distribution in postnatal rat brain: in situ autoradiograms of sag&al sections hybridized with 
antisense ??4abeled APC riboprobe taken from rats killed at indicated stages of development. Anatomical regions are depicted schematically to 
the right. Sections from different developmental stages were exposed to film for equal times. Cx, cortex; OB, olfactory bulb, CP, caudate putamen; 
T, thalamus; Hi, hippocampus; Cb, cerebellum; ZC, inferior colliculus; SC, superior colliculus; EML, external medullary lamina. 

APC expression in embryonic development 

Since tumor suppressor genes are thought to regulate cellular 
proliferation and differentiation, we investigated the expression 
of APC mRNA during development of the CNS. Examination 
of in situ autoradiograms of sections through embryonic rat 
heads demonstrated that APC mRNA was expressed by em- 
bryonic day 15 (El 5) in developing brain and retina (Fig. 5, top 
panels). Sagittal sections through the entire embryo at these 
developmental stages revealed that negligible levels of APC 
mRNA were found in tissues outside the central and peripheral 
nervous systems. Hybridization to an El9 section (Fig. 5, bot- 
tom panels) shows high levels of APC mRNA expressed in the 

brain and spinal cord. As in adult tissues, the sense riboprobe 
did not yield a hybridization signal. Microscopic examination 
of emulsion-dipped transverse sections of E 17 spinal cord re- 
vealed intense hybridization in both spinal cord and dorsal root 
ganglia (Fig. 6). In comparable sections from the adult, APC 
hybridization was negligible (not shown). 

Microscopic examination of photographic emulsion-dipped 
sections of E 15 cortex demonstrated highest levels of APC mRNA 
in the outermost layer of the neuroepithelium, the primordial 
plexiform layer (Fig. 7, top). At El 5, the primordial plexiform 
layer contains postmitotic cells that have migrated from the 
neuroepithelium and marks the future location of the cortical 
plate (Mat-in-Padilla, 1971; Konig and Marty, 1981). At E17, 
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Figure IO. Northern blot analysis of APC mRNA during development. 
In the Northern blot shown each lane was loaded with 10 pg of total 
RNA from the brains of animals killed at the indicated ages and hy- 
bridized with probe A. The portion of the blot containing the APC 
signal is shown in toppanel. To keep the APC signal in the early postnatal 
samples from being overexposed in the analysis, the exposure time was 
only 12 hr. Ethidium bromide staining of the 18s ribosomal RNA in 
the gel prior to transfer is shown in the bottom panel. Similar results 
were seen with a second independent developmental series of brain 
RNA sample?. 

APC mRNA was enriched in the cortical plate (Fig. 7, middle). 
At E21, as the cortical plate expands, APC mRNA expression 
remained uniformly high in this layer with much lower levels 
observed in the underlying neuroepithelium and intermediate 
zone (Fig. 7, bottom). 

Microscopic examination of photographic emulsion-dipped 
sections of the developing retina also demonstrated marked 
heterogeneity of APC mRNA expression in this structure (Fig. 
8). At El 5, two major layers were apparent in the retina. In the 
matrix layer, which is analogous to the neuroepithelium of the 
cerebral cortex, neurons undergo their final division and then 
migrate inward toward the vitreous (Mores& 1970). This inner 
layer, which is analogous to the cortical plate, contains post- 
mitotic neurons that eventually form the inner layers of the 
retina (Mores& 1970). These two layers are readily apparent in 
in situ autoradiograms using antisense APC riboprobes, as hy- 
bridization is markedly enriched in the inner layer containing 
postmitotic neurons. In the adult retina, APC mRNA expression 
was present at low levels in the ganglion cell and inner nuclear 
layers. 

APC expression in postnatal development 

High levels of APC mRNA persisted in the CNS during the first 
postnatal week and then declined over the next few weeks. The 
timing of this decline varied among regions and these differences 
are readily apparent in sagittal sections (Fig. 9). By P5, APC 
mRNA expression had diminished in the superior colliculus, 
and by PlO APC mRNA expression had diminished in the 
inferior colliculus and in the caudate putamen. However, in the 
cortex a decrease in APC mRNA expression was not apparent 
until 2 weeks after birth and levels of APC mRNA had not 
declined to adult levels until 6 weeks of age (Fig. 9). In striking 
contrast to the overall reduction of APC mRNA expression 
displayed throughout the brain, the extremely high levels ofAPC 
expression in the olfactory bulb persisted into adulthood. 

The developmental profile of APC mRNA in the forebrain 
(excluding olfactory bulb) observed by in situ hybridization was 

confirmed by Northern blot analysis (Fig. 10). Two forms of 
APC mRNA (9 kb and 10 kb) were consistently observed in 
the same proportion throughout development of the CNS, with 
highest levels observed between E 19 and P5. 

In the developing cerebellum, granule cells are generated in 
the external germinal layer (EGL) adjacent to the pial surface 
and then migrate past the Purkinje neuron cell bodies to reside 
in the internal granular layer (Miale and Sidman, 196 1; Fujita 
et al., 1966; Altman, 1972; Jacobson, 1978; Burgoyne and Cam- 
bray-Deakin, 1988). Granule cells are thought to undergo their 
last division in the superficial layer of the EGL and then move 
to the adjacent deeper part of the EGL where they begin to put 
out processes prior to migrating to the internal granular layer. 
Microscopic examination of emulsion-dipped sections of the 
EGL at P5 (Fig. 11) revealed that APC mRNA hybridization 
was lower in the most superficial portion of the EGL than in 
deeper layers, indicating that APC mRNA expression is induced 
in postmitotic granule cells as they begin to migrate. At P15, 
APC hybridization was present in both the EGL and the internal 
granular layer. In the adult, expression persisted in the mature 
granule cells. 

In the hippocampus, APC mRNA expression gradually de- 
clined over the course of development with reductions apparent 
even as late as 5-6 weeks after birth. Detailed examination of 
APC expression in this area revealed an unusual pattern of in 
situ hybridization (Figs. 12, 13). Prominent hybridization was 
observed in layers that correspond to two fiber tracts, the mossy 
fiber pathway and alveus extending into the fomix, in addition 
to the dentate granule cells and pyramidal neurons of the hip- 
pocampus. At later stages in development, APC mRNA ex- 
pression in the mossy fiber pathway decreased and had disap- 
peared by 6 weeks. Hybridization in the alveus persisted at 
reduced levels into adulthood (Fig. 13). To ensure that this 
unusual pattern of hybridization was not an artifact of the probe 
used, we confirmed that probes from two nonoverlapping regions 
yielded the same pattern. Furthermore, neither sense probe pro- 
duced a hybridization signal. To assess whether this pattern of 
expression could be accounted for by hybridization to neuronal 
cell bodies, we performed in situ hybridization on adjacent sec- 
tions with a probe to the NMDA receptor subunit NMDAR 1. 
Previous in situ hybridization studies on the localization of 
NMDAR 1 (Moriyoshi et al., 199 1) demonstrated that NMDARl 
is expressed in neurons throughout the brain but not in white 
matter tracts. The NMDARl probe did not hybridize to these 
fiber tract layers. (Fig. 13, top right). 

In the thalamus, APC mRNA expression was widespread at 
Pl and P5. However, between P15 and P30, intense hybridiza- 
tion persisted only in the external medullary lamina, a white 
matter tract that courses between thalamic nuclei (Figs. 12, 13). 
By 6 weeks, APC expression in this layer was no longer apparent. 
Hybridization to this layer was not seen in adjacent sections 
processed for in situ hybridization with NMDARl probe, in- 
dicating that the pattern of APC hybridization in the external 
medullary lamina does not reflect neuronal expression. 

Discussion 

The major finding of this study is that APC mRNA is expressed 
at high levels throughout the CNS during embryonic and early 
postnatal development. Analysis of the anatomical pattern of 
expression during development of several brain regions indi- 
cated that APC expression is induced soon after neurogenesis. 
In the cortex, neurons are generated near the ventricular surface 
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Figure II. Expression of APC mRNA in postnatal development of cerebellum. In situ autoradiograms of sections hybridized with antisense APC 
riboprobe and coated with photographic emulsion, demonstrate APC mRNA in the cerebellum at P5, P15, and adult (Ad). To illustrate the 
locahzation of APC mRNA ;n the-EGL at P5, high-power bright-field micrographs of hematoxylin-counterstained sections.are shown (upper and 
middle right). The boundaries of the EGL are indicated bv brackets. Arrowheads point to the inner laver of the EGL. The inner laver of the EGL 
contains ‘; higher density of autoradiographic grains than- the outer layer (bounded by arrows). Exposure time was 3 d. EGL, exiernal germinal 
layer; DCN, deep cerebellar nucleus; CL, granule cell layer; ML, molecular layer; ZGL, internal granular layer. 

and then migrate along radial glia to the cortical plate (Angevine 
and Sidman, 196 1; Berry and Rogers, 1965; Rakic, 1972). Ex- 
amination of APC expression in cortex during this period of 
neurogenesis demonstrates that expression is most prominent 
in the cortical plate. In the retina, the matrix zone, which con- 
tains the neuronal progenitor cells (Morest, 1970) had lower 
levels of APC mRNA expression than the adjacent layer to 
which differentiating postmitotic neurons of the inner retina 

migrate. Similarly, in the cerebellum, APC mRNA expression 
was lower in the superficial EGL than in the deeper layers, which 
contain postmitotic granule cells that are migrating to or have 
taken up residence in the internal granule layer. This pattern of 
APC mRNA expression in postmitotic cells is similar to that 
seen in the colonic epithelium, where APC immunostaining 
appears in epithelial cells as they migrate upward from the basal 
proliferative zone in the colonic crypts (Smith et al., 1993). This 
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Figure 12. Localization of APC 
mRNA expression in forebrain during 
postnatal development: in situ autora- 
diograms of coronal sections hybrid- 
ized with APC antisense riboprobe 
taken at the level of the hippocampus 
from animals killed at the indicated ages. 
CX, Cortex; EML, external medullary 
lamina; DG, dentate granule cells of the 
hippocampus. 

profile of APC expression suggests it is induced close to the time 
that cells become postmitotic. Conceivably, this tumor sup- 
pressor gene contributes to generating or maintaining the post- 
mitotic state by limiting reentry into the cell cycle. 

Recent studies provide evidence that other tumor suppressor 
genes may also play a role in neuronal development. Studies of 
RB-deficient mice reveal the presence of ectopic cells with mi- 
totic figures in the cortex outside the ventricular zone, indicating 
that the RB gene may be important for preventing proliferation 
following migration (Lee et al., 1992). In addition, another tu- 
mor suppressor gene, DCC, is induced in PC 12 cells following 
exposure to growth factors that promote differentiation (Lawlor 
and Narayanan, 1992). Furthermore, blockade of DCC expres- 
sion prevents or reverses differentiation into the neuronal phe- 
notype (Lawlor and Narayanan, 1992). Studies implicating an- 
other tumor suppressor gene, ~53, in apoptosis (Clarke et al., 
1993; Lowe et al., 1993) raises the intriguing possibility that the 
APC gene could also be involved in regulating programmed cell 

death in the developing CNS (Oppenheim, 199 1). Although the 
role of the APC gene in neuronal development remains to be 
defined, it appears likely that it is one of several tumor sup- 
pressorgenes that contribute to regulating the complex processes 
underlying development of the CNS. 

In the present study, examination of APC mRNA expression 
during postnatal development revealed that APC expression is 
maintained at high levels until the late stages of maturation of 
neuronal connections and morphology. However, our results 
suggest that APC expression declines prior to completion of this 
process. For example, in striatum, APC mRNA levels decline 
substantially by P 10, even though marked increases in synaptic 
density occur between P 13 and P 17 in this region (Hattori and 
McGeer, 1973). The reduction in APC expression toward the 
final stages of neuronal maturation coincides with the transition 
to adult patterns of expression of several other genes. For ex- 
ample, expression of APC mRNA in the cortex remains high 
until P15 and then declines. This temporal pattern parallels the 

Figure 13. APC mRNA expression in the hippocampus. Dark-field photomicrographs of emulsion-dipped sections following hybridization with 
APC or NMDARl antisense riboprobes are shown. The top left panel shows the pattern of APC hybridization at P20; for comparison, the top right 
panel shows the adjacent section hybridized with an NMDAR 1. The bottom left is the APC pattern at P30; the bottom right shows the APC pattern 
of APC mRNA expression in the adult. alv, alveus; tnf, mossy fiber; DG, dentate gyrus; CAI, field of hippocampus. Asterisk indicates the external 
medullary layer, a fiber tract in the thalamus; arrow indicates mossy fibers; and arrowheads indicate alveus fiber tract. Exposure time, 5 d. 
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switch in expression of isoforms of microtubule-associated 
protein-2 (MAP2), which is thought to reflect maturation of the 
dendritic cytoskeleton (Riederer and Matus, 1985; Matus, 1988; 
Tucker, 1990). Expression of dynamin- 1, another microtubule- 
associated protein thought to function as a motor protein, is 
also induced at the time APC mRNA expression is downregulat- 
ed (Faire et al., 1992). In contrast to other brain regions, APC 
mRNA expression is not diminished in adulthood in the olfac- 
tory bulb. This persistent high level ofexpression in the olfactory 
bulb may reflect the substantial neuronal proliferation that con- 
tinues in this area in the adult rat (Altman, 1969; Bayer, 1983; 
Kaplan et al., 1985; O’Leary, 1993). Interestingly, the forms of 
MAP2 and several other microtubule-associated proteins found 
in early development persist in adult olfactory bulb (Viereck et 
al., 1989). 

Analysis of APC expression during development of the hip- 
pocampus and thalamus revealed prominent hybridization as- 
sociated w.ith several fiber tracts, such as the alveus, in addition 
to neuronal cell bodies. This expression was developmentally 
regulated, as high levels apparent during early postnatal life 
decline by 6 weeks of age. In the adult, expression persisted at 
reduced levels in the alveus. Examination of these areas with a 
probe to the NMDAR 1 subunit, which appears to label neuronal 
cell bodies (Moriyoshi et al., 1991) indicates that the pattern 
of APC hybridization does not merely reflect expression in neu- 
ronal cell bodies in these layers. Accordingly, this pattern could 
reflect,APC mRNA localization in axons. A few examples of 
mRNA localization outside neuronal cell bodies have been re- 
ported in either dendrites (Bruckenstein, 1990; Kleiman et al., 
1990) or axons (Litman et al., 1993) so this possibility needs 
to be considered. Alternatively, APC mRNA could be expressed 
in glial elements in these layers. Supporting this possibility is 
the presence of aggregates of presumed glial cells in the alveus 
and thalamic tracts when dense APC hybridization is observed. 
Studies of glial cell differentiation in the optic nerve revealed 
that maturation of cells in the oligodendrocyte lineage continues 
during the first few weeks of postnatal life (Raff, 1989). Thus, 
it is tempting to speculate that APC mRNA expression in these 
tracts could reflect induction of APC in glia that are withdrawing 
from the cell cycle during maturation of these fiber tracts. Con- 
ceivably, the prominent APC expression seen in a restricted 
group ofwhite matter tracts may reflect differences in the process 
of glial cell differentiation among white matter tracts. 

In summary, we have characterized the expression of APC 
mRNA in the CNS during development. On the basis of the 
pattern observed, we suggest that a rise in APC expression occurs 
as postmitotic neurons are generated and its decline coincides 
with the switch to a mature neuronal cytoskeleton. During this 
period of prominent APC expression, neurons undergo exten- 
sive morphological changes associated with process extension 
and synapse formation. Perhaps the APC gene acts to suppress 
reentry into the cell cycle in these postmitotic neurons during 
this interval of intense growth. As our results indicate that APC 
is expressed abundantly in the developing CNS, progress in 
defining the cellular function of the APC gene will likely provide 
important insights into neuronal development. 
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