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ABSTRACT During embryonic development of brain lam-
inated structures, the protein Reelin, secreted into the extracel-
lular matrix of the cortex and hippocampus by Cajal–Retzius
(CR) cells located in the marginal zone, contributes to the
regulation of migration and positioning of cortical and hip-
pocampal neurons that do not synthesize Reelin. Soon after
birth, the CR cells decrease, and they virtually disappear during
the following 3 weeks. Despite their disappearance, we can
quantify Reelin mRNA (approximately 200 amolymg of total
RNA) and visualize it by in situ hybridization, and we detect the
translated product of this mRNA by immunocytochemistry
preferentially in g-aminobutyric acid (GABA)ergic neurons of
adult rat cortex and hippocampus. In adult rat cerebellum,
Reelin is expressed in glutamatergic neurons (granule cells). The
translated product of this mRNA is readily exported from the
granule cell somata to the parallel fibers, where it has been
detected by electron microscopy in axon terminals located pre-
synaptically to Purkinje cell dendrites.

The neurological mouse phenotype dubbed ‘‘reeler’’ derives its
appellation from a characteristic reeling gait caused by im-
paired regulation of motor coordination and ataxia (for a
review, see ref. 1). In 1995, a gene was cloned and the structure
of the protein encoded by this gene was revealed; this protein,
termed Reelin (2), was identified as the product of a gene that,
when mutated, is responsible for the onset of the neurological
phenotype expressed by the reeler mouse (2–4). Probably the
reeler mouse brain becomes scrambled because of a mutation-
dependent dysfunction of Reelin. Consequently, many neurons
cannot reach their proper final destination, and it is also
probable that their axons and neurites cannot branch appro-
priately (3, 5–7). During embryogenesis, Reelin is released
near the final destination of the migrating cortical neurons,
perhaps acting as a signpost for these migrating neurons (3,
6–10). The identification of Reelin and the recent progress in
Reelin research was brought about by the successful prepara-
tion of a monoclonal ‘‘allogenic’’ antibody termed CR50,
which recognizes a brain protein expressed in normal mice but
not in the reeler mouse brain (10). The epitope recognized by
the CR50 antibody appears to be located at the NH2 terminus
of Reelin (10). We know five reeler mouse alleles: the original
reeler (Relnrrl) (11); the Orleans allele Relnor-rl (4); the trans-
genic allele Relnrl-tg (2); and Relnrl-Ab1 and Relnrl-Alb2, two alleles
generated by chlorambucil mitogenesis (12, 13). The intrinsic
molecular mechanisms that are operative in evoking the
neurological reeler phenotype may differentially affect Reelin
function in each of the five different phenotypes. The complete
gene deletions per se may be a factor operative in the expres-
sion of the neurological phenotype Relnrl-tg (2), but in other
phenotypes, Reelin gene deletions, though modest in exten-

sion, prevent Reelin transcription or secretion (4, 12, 14). In
the cortex and hippocampus of rat embryos, Reelin begins to
be synthesized in Cajal–Retzius (CR) cells from embryonic day
13 to the second postnatal week, and in the cerebellum Reelin
is expressed first in the external granule cell layer (EGL)
before the granule cell migration to the internal granule cell
layer (IGL) (2, 15–17). When the CR50 antibody is added to
embryonic preparations expressing normal histogenetic pat-
terns of lamination, it induces typical histogenetic abnormal-
ities of the Relnrl phenotype (7, 9, 10, 17). After birth, with the
disappearance of the pioneer cells, the expression of Reelin
mRNA and that of the translated product is reduced but not
abolished (2, 8, 15, 18, 19). However, it cannot be categorically
excluded that some pioneer neurons remain in the brain,
migrate to deeper cortical layers (20), and become responsible
for the postnatal production of Reelin.

The present paper is concerned with experiments directed to
establish the quantitative expression of Reelin mRNA in the
adult rat brain with reverse transcriptase (RT)-PCR and to
document the exact cell location of Reelin production in
various brain structures of adult rats with in situ hybridization
and immunocytochemistry, using confocal or electron micros-
copy. This work shows that in the cortex and hippocampus of
the adult rat, Reelin is expressed almost exclusively in g-ami-
nobutyric acid-(GABA)ergic interneurons; whereas in the
cerebellum, Reelin is expressed almost exclusively in glutama-
tergic granule cells. Thus in cerebellum, in which the output is
coded by GABAergic neurons, Reelin is located in glutama-
tergic neurons; and in the hippocampus, where the functional
output is coded by glutamatergic mechanisms, Reelin prefer-
entially is expressed and secreted by GABAergic interneurons.
The latest breakthrough in the Reelin story is the identification
(21, 22) of a scrambler mutation (23), which produces a
reeler-like phenotype, but this scrambler mutation maps on
chromosome 4, whereas the reeler mutation maps on chro-
mosome 5. The scrambler locus was considered a Reelin
receptor candidate; however, it was found that one of the two
genes that are homologous to the Drosophila ‘‘disabled’’-like
scrambler maps on chromosome 4 (24). This gene is the mouse
disabled homologue 1 (mDab1) and functions as an essential
component of Reelin response; it is expressed intracellularly in
Reelin target neurons but is not an extracellularly located
Reelin receptor. To establish Reelin function in the adult rat
brain, one may first have to determine whether Reelin and
mDabl protein (21, 22) work in partnership as they likely do in
embryogenesis, and whether Reelin regulates the direction of
axon sprouting and that of dendritic arborization, thereby
protecting the function of various neuronal circuits from an
invasion by sprouting axons and dendrites (25).
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MATERIALS AND METHODS

Competitive, Quantitative RT-PCR Analysis. Quantitative
RT-PCR was performed as described by Impagnatiello et al.
(26).

To determine whether full-length Reelin mRNA is ex-
pressed in adult rats, we used two sets of PCR primers: set I,
forward primers base pairs 1264–1285 and reverse primers
base pairs 1555–1576; and set II, forward primers base pairs
9211–9231 and reverse primers base pairs 9549–9569 (mouse
cDNA sequence, GenBank accession no. U24703). Reelin
internal standard templates extending from base pair 1264 to
base pair 1576 (internal standard 1°) and from base pair 9211
to base pair 9669 (internal standard 2°) were generated by
site-directed mutagenesis (24) using PCR overlapping exten-
sion to introduce a BanI restriction endonuclease site for the
internal standard 1° and BglII restriction endonuclease site for
the internal standard 2° midway between the amplification
primers. The constructed internal standard cDNAs were sub-
cloned into the HincII site of the pGEM1 vector by using
standard cloning methodology; the base sequence, the location
of the mutation, and the direction of the insert were verified.
To obtain internal standard cRNA, the vector was linearized
914 bp downstream of the insert by using SspI restriction
endonuclease and finally transcribed with T7 RNA polymerase
I to obtain the sense strand cRNA (27).

Immunocytochemistry. Rats were anesthetized and per-
fused transcardially with 100 ml of saline followed by 100 ml
of ice-cold 4% paraformaldehyde in phosphate-buffered saline
(PBS: 137 mM NaCly2.7 mM KCly5 mM Na2HPO4y1.7 mM
KH2PO4, pH 7.4) and placed in fixative for 24 hr. Brains were
then embedded in 30% sucrose, frozen, and sectioned in a
cryostat at 20 mm. After a thorough washing in PBS, free-
floating sections were blocked with 3% normal goat serum
incubated overnight at 4°C with the G-10 antibody (13) [1:1000
dilution in 1% normal goat serum in Tris-buffered saline
(TBS), pH 7.4, containing 0.25% Triton X-100 (TBST)], which
specifically recognizes an epitope close to the NH2 terminus of
the Reelin protein. The following day, the samples were
washed several times in 1% normal goat serum in TBS before
being incubated for 1 hr with a biotinylated secondary anti-
body. After washing, sections were processed with the avidin
biotinylated complex (ABC; Vector Laboratories) and the
reaction was developed with 3,39-diaminobenzidine (DAB).
Sections were mounted on slides and counterstained with
neutral red.

Some sections of adult rats were processed for double-
labeling to detect the presence of Reelin mRNA (in situ
hybridization) and the GABA-synthesizing enzyme glutamic
acid decarboxylase67 GAD67 (immunocytochemistry). Sec-
tions from perfused brains (see above protocol) were thor-
oughly washed at 4°C with diethyl pyrocarbonate (DEPC)y
PBS containing 0.02% Tween 20. After a second wash with
DEPCyPBS, floating sections were incubated overnight at
42°C with a hybridization cocktail, including an antisense
oligonucleotide probe (oligoprobe) for Reelin (1264–1311 bp)
biotinylated at positions 1267, 1278, 1289, 1299, and 1307
(DNA International, Lake Oswego, OR). Reelin sense (base
pairs 1264–1311) and antisense (base pairs 10225–10282)
oligoprobes were used for in situ hybridization. The following
day, the samples were washed at high stringency with SSC (150
mM NaCly15 mM sodium citrate, pH 7) and PBS followed by
30 min in 1% BSA in PBS. The sections were incubated
overnight at 4°C with both mouse anti-biotin (primary anti-
body in situ) and rabbit anti-GAD67 (primary antibody, im-
munocytochemistry) antibodies. The sections were washed in
1% BSA in PBS at 4°C, incubated 1 hr at room temperature
with biotinylated anti-mouse antibody (secondary antibody, in
situ), washed, and then incubated for 1 hr at room temperature
with a fluorescein-conjugated antibody against biotin (tertiary

antibody, in situ) and a rhodamine-conjugated anti-rabbit
immunoglobulin antibody (secondary antibody immunocyto-
chemistry). Mounted sections were studied with a Leica
TCS-NT laser confocal microscope. To quantify the number of
neurons coexpressing Reelin mRNA and GAD67, brain coro-
nal sections (three consecutive sections from each animal)
were studied. From each section, six microscopic fields (three
for each hemisphere) were analyzed. For each brain, we first
identified Reelin mRNA-positive neurons (fluorescein fluo-
rescence) and then established the percentage of these neurons
that contained GAD67-rhodamine fluorescence. In the same
slide, we first identified GAD67 (rhodamine fluorescence)-
positive neurons, and then established the percentage of
neurons that were Reelin mRNA positive. For each cortical
layer in each section, we counted approximately 100 Reelin- or
GAD-positive cells. For CA1, CA2, and CA3 hippocampal
regions and for the dentate gyrus, where the Reelin- and
GAD67-positive neurons were less abundant, all the Reelin
mRNA- and GAD-positive cells of the microscopic fields were
counted.

Electron Microscopy. Nine-day-old and adult rats were
anesthetized and perfused transcardially with PBS followed by
a fixative (4% paraformaldehyde and 0.1% glutaraldehyde in
PBS). Brains were removed and left overnight in fixative, and
80-mm sections were taken through the cerebellum by using a
Vibratome. Sections were preincubated in RPMI medium 1640
(GIBCO) containing 2% normal goat serum and 1% BSA in
PBS, each for 30 min, before being incubated overnight with
the G-10 monoclonal antibody diluted (1:1000) in 1% BSA.
Subsequently, sections were washed and incubated with anti-
bodies tagged with gold particles 1 nm in size. After frequent
washes in 1% BSA, the size of the gold particles was increased
by incubating for 7 min in a silver-enhancement solution
(Goldmark Biologicals, Phillipsburg, NJ). This reaction was
stopped by washing the sample with double-distilled water.
Small blocks of cerebellar cortex were then osmicated, dehy-
drated, and embedded in an Epon-like resin. Thin sections
were contrasted with uranyl acetate and lead citrate, observed,
and then photographed, using a Zeiss-902 electron micro-
scope.

RESULTS

Reelin Expression in the Brain Structures of Neonatal Rats.
After birth, Reelin-immunoreactive neurons are found in the
marginal zone of the cerebral cortex (Fig. 1A), in the subiculum
and hippocampal fissure (Fig. 1 A), in the olfactory bulb (Fig.
1A), and in the inner part of the EGL of the cerebellum (Fig.
1B). In the marginal zone of the cortex, the immunolabeling of
Reelin is evident not only in the cytoplasm of CR cells but also
in the extracellular matrix surrounding these neurons, where it
is greater than in the deeper cortical layers (Fig. 1D).

Combined in situ hybridization and immunohistochemistry
of brain tissue at birth shows that Reelin mRNA in the cortex
and the hippocampus is mostly present in CR cells identified
as GABAergic (for an example, see Fig. 2). Electron micro-
graphs of the cerebellar granule neurons of 9-day-old rats show
that neurons located in the outer part of the EGL are
immunonegative (Fig. 3A), whereas granule cells in the inner
part of the EGL (Fig. 3B) as well as granule cells in the internal
granule layer (IGL) (Fig. 3C) are actively producing Reelin as
evidenced by the abundant clusters of gold particles in the
cytoplasm of these cells. Labeling is also seen in the extracel-
lular matrix surrounding these neurons (Fig. 3C).

Reelin Expression in the Telencephalon of Adult Rats. In
the cingulate, motor, and somatosensory cortex, Reelin im-
munoreactivity is expressed in scattered neurons detectable in
every cortical layer. Fig. 4 shows that the greatest number of
Reelin-positive cells in the parietal cortex is found in layers
IyIII and VyVI (Fig. 4A). In Reelin-containing neurons,
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immunolabeling is evident in both somata and proximal den-
drites (Fig. 4E). The RT-PCR assay using forward primers
(base pairs 1264–1285) and reverse primers (base pairs 1555–
1576) that target the region close to the 59 end of the Reelin
cDNA shows that the cortex of the adult rat contains 220 6 18

(6SEM) attomoles (amol) of Reelinymg of total RNA (n 5 6).
Similarly, quantitative RT-PCR analysis using forward primers
(base pairs 9211–9231) and reverse primers (base pairs 9549–
9569) that target the 39 end of the Reelin cDNA yielded almost
identical results (210 6 22 amolymg of total RNA). In situ
hybridization of Reelin mRNA (antisense strand oligoprobe
base pairs 1264–1311) combined with GAD67 immunohisto-
chemistry indicate that the majority of the above-mentioned
neurons expressing Reelin are GABAergic (see Fig. 5 and
Table 1). Approximately half the cortical GABAergic inter-
neurons express Reelin (see Table 1). In situ hybridization
experiments show similar results when Reelin antisense strand
oligoprobe (base pairs 10225–10282) is used.

In the CA1, CA2, and CA3 regions of the hippocampus,
there is a high expression of Reelin-positive cells in stratum
oriens, and a more moderate expression in the stratum radia-
tum and stratum lacunosum-moleculare (Fig. 4B). In the
dentate gyrus, Reelin is expressed predominantly in the in-
terneurons located at the base of the granule cell layer (but not
in the granule cells) and in the polymorphic layer, whereas in
the molecular layer Reelin-containing neurons are sparse (Fig.
4B). In the areas surrounding the hippocampal fissure (stratum
lacunosum-moleculare, and the upper third of the molecular
layer of the dentate gyrus) a strong diffuse Reelin immuno-
labeling is detected (Fig. 4 B and D). Double labeling for
Reelin mRNA and GAD67 (see Fig. 5) shows that every
hippocampal neuron that expresses Reelin is GABAergic,
including the great majority of GABAergic cells in the stratum
oriens of areas CA1, CA2, and CA3 (Table 1). However, the
percentage of GABAergic cells that express Reelin mRNA in
other hippocampal layers is low (Table 1). In the dentate gyrus,
Reelin-positive neurons include pyramidal GABAergic basket
cells in the granule layer, as well as most GABAergic inter-
neurons of the polymorphic layer, whereas only about 25% of
the GABAergic cells of the molecular layer express Reelin

FIG. 2. Confocal laser microscope images of Reelin mRNA de-
tected by in situ hybridization using a biotinylated oligoprobe (base
pairs 1264–1311) visualized with fluorescein (green) (Top), and
GAD67 immunohistochemistry visualized with rhodamine (red) (Mid-
dle), in a hippocampal CR cell at P0. (Bottom) Overlay of Top and
Middle showing that Reelin mRNA colocalizes with GAD67 (yellow).
(34,000.)

FIG. 1. Reelin (G10)-immunostaining in the neonatal [postnatal
day 0 (P0)] rat. Low magnification of a brain sagittal section (A) shows
that Reelin is most abundant in the marginal zone of the cerebral
cortex, hippocampus, cerebellum, and olfactory bulb. Higher magni-
fication of the cerebellum (B) shows that Reelin is most abundant in
the EGL. C shows that the highest Reelin expression is around the
hippocampal fissure. D, which is a high magnification of the cortical
plate boxed in A, shows that Reelin is highly expressed in large
horizontally oriented fusiform neurons, presumably CR cells. [Bars 5
1 mm (A), 25 mm (B and C), and 50 mm (D).]

FIG. 3. Electron micrographs of Reelin immunolabeling in rat
cerebellum. (A–C) Electron micrographs of Reelin gold immunola-
beling in P9 rat cerebellum. (A) Absence of gold immunolabeling in
the outer part of the granule cell layer. (B) Abundance of gold
immunolabeling in neuronal somata of EGL (inner part). (C) Gold
immunolabeling in neuronal somata of internal granule cell layer
(asterisks indicates ‘‘secreted’’ Reelin). (D) Light micrograph of adult
rat cerebellum DAB immunostained for Reelin. Note that Reelin is
abundant in the molecular (ML) and granule cell layer (GL) but absent
from the Purkinje cell layer (PL). (E) Electron micrograph of the
granule cell layer, showing absence of Reelin immunolabeling. (F)
Electron micrograph of the molecular layer. Note that the Purkinje cell
dendrite crossing the picture from bottom to top includes a large
mitochondrion (asterisk). One of the neighboring parallel fibers shows
Reelin gold immunolabeling (star).
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(Table 1). In the entorhinal cortex most of the Reelin immu-
noreactive neurons are located in layer II (Fig. 4C). We have
not yet established what proportion of these neurons express
GAD67.

Reelin Expression in Adult Rat Cerebellum. In adult rat
cerebella, the RT-PCR technique indicates that Reelin mRNA

expression is 495 6 18 amolymg of total RNA; this content is
approximately 2.5-fold higher than that of the cortex. In situ
hybridization demonstrates that Reelin mRNA is expressed
mostly in the granular cell layer, but is virtually absent in the
molecular layer or in the Purkinje cells, which are GAD67-

FIG. 5. Confocal microscope images of Reelin mRNA detected by
in situ hybridization using a biotinylated oligoprobe (base pairs 1264–
1311) visualized with fluorescein (green) and GAD67 immunolabeling
visualized with rhodamine (red) in adult rat neocortex (Upper) and
hippocampus (Lower). The overlay of the Reelin and GAD67 distri-
bution shows that in the cortex mRNA for Reelin is found in both
GABAergic and non-GABAergic cells, whereas in the hippocampus
(CA1) all Reelin-positive cells are GABAergic. Similar results were
obtained with Reelin antisense strand oligoprobe (base pairs 10225–
10282).

Table 1. Neuronal colocalization of GAD67 and reelin

Location

Reelin-positive
neurons

expressing
GAD67, %

GAD67-
positive
neurons

expressing
Reelin, %

Frontal cortex 70 6 6.7
Layers I–III 51 6 4.1
Layers IV and V 60 6 4.7
Layer VI 65 6 5.2

Hippocampus
CA1 95 6 3.5

Stratum oriens 88 6 6.5
Stratum radiatum 45 6 4.2
St. lacunosum-moleculare 40 6 4.0

CA2yCA3 93 6 6.3
Stratum oriens 85 6 6.7
Stratum radiatum 55 6 5.2
St. lacunosum-moleculare 50 6 4.6

Dentate gyrus 97 6 3.6
Basket neurons 85 6 6.4
Polymorphic layer 70 6 5.2
Molecular layer 24 6 4.7

Each value is the mean 6 SEM of five animals. Control sections
hybridized with sense probes for Reelin or omitting GAD67 primary
antibody failed to produce fluorescence.

FIG. 4. Light micrograph of adult rat brain DAB immunostained for Reelin (blue) and counterstained with neutral red for cells (red). A
illustrates that Reelin-positive cells are found throughout the cortical laminae but are particularly numerous in layer V. B shows a diffuse Reelin
band lining the hippocampal fissure, in addition to numerous Reelin-positive cells around this fissure, in the stratum oriens, and in the hilus of
the dentate gyrus. C shows a high density of Reelin-positive cells in entorhinal cortex layer II. D is a high magnification of the boxed area of B
showing Reelin-positive cells and extracellular reelin around the hippocampal fissure. E is a high magnification of the box in A illustrating Reelin
expressed in somata and proximal dendrites of a cortical bitufted cell. [Bars 5 150 mm (A), 500 mm (B), 125 mm (C), 50 mm (D), and 25 mm (E).]
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positive (Fig. 6). In contrast, immunolabeling at the optical
microscope level reveals that although in the granular layer
there is sparsely distributed immunostaining, a stronger signal
is seen in the molecular layer, where Reelin labeling is diffuse
and appears to be located in the neuropil (Fig. 3D). Electron
microscopy reveals that many cells in the granular layer fail to
show Reelin immunoreactivity (Fig. 3E), whereas there are
scattered gold particles in the molecular layer associated with
parallel fibers proximal to their innervation of Purkinje cell
dendrites (Fig. 3F).

DISCUSSION

This study demonstrates that Reelin, which in the developing
brain is generally produced by CR cells in the marginal zone
of the cortex and hippocampus and by the cerebellar granule
cells in the EGL, is also expressed in significant amounts in the
adult rat brain, where it is expressed in permanent neurons
located deeper in the lamination of the cortex, hippocampus,
and cerebellum. We show that in the hippocampal formation,
Reelin mRNA and its cognate protein are expressed almost
exclusively in GAD67-expressing neurons. In the cortex, scat-
tered Reelin mRNA-positive or Reelin immunopositive neu-
rons are present in all layers, but are most abundant in layers
IyIII, and VyVI; a high proportion of these neurons are
GABAergic, as revealed by immunopositive staining with
GAD67 antibodies. In contrast, in the cerebellum Reelin
mRNA is preferentially expressed in the glutamatergic granule
cell layer, whereas the protein immunostaining is abundant
mostly in the molecular layer.

Table 1 summarizes our findings: In the cortex of the adult
rat, the number of Reelin-positive cells that are GABAergic is
about 70%. In contrast, the percentage of cells that are
GABAergic and express Reelin varies between 51% and 65%
in different cortical layers. In the hippocampus, Reelin-
containing cells that are GABAergic range between 93% and
95%, whereas the cells that are GABAergic and express Reelin
are 85–88% in the stratum oriens, 45–55% in the stratum
radiatum, and 40–50% in the stratum lacunosum-moleculare.
In the dentate gyrus, 97% of the Reelin-expressing cells are
GABAergic and represent 85% of the basket cells, 70% of the
GABAergic cells in the polymorphic layer, and 24% of those
in the molecular layer. In contrast, in the cerebellum Reelin is
expressed in glutamatergic granule cells and not in GABAer-
gic Purkinje cells.

In cortex and hippocampus of adult rats, neurons express a
high-intensity Reelin mRNA signal, which is comparable to
that detected at birth in CR cells. Thus, even though Reelin-
positive neurons in the adult rat cortex are scattered in
different layers, the high mRNA level in each cell justifies the

significant amount of Reelin mRNA measured by RT-PCR in
homogenates prepared from cortices of adult rats. In contrast,
in the cerebellar granule cells of adult rats, the density of the
Reelin mRNA signal is weaker than that found in the cere-
bellar granule neurons of rats studied immediately after birth.
However, the high number of granule cells expressed in the
cerebellum may explain why the mRNA level measured by
RT-PCR is higher in cerebellar than in cortical homogenates.

Because the concentration of Reelin in brain extracts is not
sufficient to characterize the protein by using the Western
blotting technique, it is difficult to conclude from our immu-
nohistochemical studies whether the Reelin expressed in the
adult brain is different from the full-length protein expressed
in the embryonic brain (3, 13). Indirectly, we have attempted
to answer this questions by using: (i) quantitative RT-PCR with
internal standards that recognize Reelin oligonucleotide re-
gions near the 59 or near the 39 end of the cDNA; and (i) by
in situ histochemistry using antisense oligoprobes designed for
the 59 or the 39 end of Reelin cDNA. Using this approach, we
have demonstrated that (i) the amounts of Reelin mRNA in
the cortex and cerebellum are identical when measured with
two internal standards that span virtually the entire length of
the Reelin cDNA; (ii) the distribution and density of the in situ
hybridization signal for Reelin mRNA revealed an identical
brain pattern with either the 59 or the 39 end targeted
oligoprobes; (iii) immunochemical studies with G-10 antibod-
ies, which recognize Reelin’s NH2-terminal region (13), also
reveal a pattern of distribution quantitatively similar to that of
in situ hybridization studies. These data support the view, but
do not definitively prove, that full-length Reelin is expressed
in various structures of adult rat brain.

An important finding from our Reelin immunolabeling
studies is that in the cortex, hippocampus, and cerebellum of
adult rat brain, similar to the developing brain (3, 10, 18), the
Reelin immunoreactivity not only is expressed in neurons but
also is found extraneuronally. For example, the extracellular
Reelin staining pattern revealed immunohistochemically deep
in the lacunosum-moleculare layer of the hippocampus at the
border of the rudimentary hippocampal fissure allows the
inference that Reelin may be released from terminals of local
GABAergic interneurons, or alternatively, may be released
from afferent axon terminals of the perforant pathway that
originates from Reelin-expressing layer II neurons of the
entorhinal cortex (Fig. 4C). As supporting evidence for a
Reelin transport from somata to axon terminal and for its
secretion into the extracellular matrix in the brain of adult rats,
we present the results of our electron microscopic studies
conducted on subcellular Reelin localization (Fig. 3 E and F).
In the adult cerebellum, weakly stained cerebellar granule cell
bodies (Fig. 3 D and E) give rise to Reelin immunostaining in
parallel fiber nerve terminals (Fig. 3 D and E) and to Reelin
in the extracellular matrix space (Fig. 3F), as suggested also by
the diffuse immunostaining present in the molecular cell layer
(Fig. 3D). Notably, Reelin mRNA expression is confined to the
granule cell layer, with virtually no signal for Reelin mRNA
expression in the molecular layer (Fig. 6).

These findings invite speculation that Reelin produced by
the granule cells of the adult rat cerebellum is transported to
the axon terminals of the parallel fibers (Fig. 3F) and then
secreted extracellularly. Probably it acts at a short distance in
a paracrine fashion at specific sites on extracellular matrix
proteins or Purkinje cell dendrites, or on autoreceptors of the
granule cell axon terminals.

The characteristic cell distribution of Reelin mRNA and its
translation product, and the presence of diffuse Reelin immu-
nostaining in the neuropil of the cortex and hippocampus of
adult rats, predict that, as in the granule cells of the cerebellum,
Reelin may be secreted from the nerve terminals of neurons
that colocalize Reelin mRNA and GAD67 and act in a para-
crine fashion on pyramidal cells of layers II to VI of the cortex,

FIG. 6. Confocal microscope images of adult rat cerebellum,
showing the distribution of GAD67 (immunolabeled with rhodamine:
red) and Reelin mRNA (detected with biotinylated oligoprobe base
pairs 1264–1311 and immunolabeled with fluorescein: green). Note
that GAD67 is found predominantly in the Purkinje cell layer (Left),
whereas mRNA for Reelin is found primarily in the granule cell layer
(Right).
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or of the CA1, CA2, and CA3 regions of the hippocampus.
However, this suggestion could lead to a simplistic interpre-
tation of the microanatomy of cortical and hippocampal
Reelin. Our histochemical studies suggest that a number of
questions should be addressed. In the frontal cortex, 30% of
Reelin-secreting cells are not GABAergic. What transmitter
coexists with Reelin in these non-GABAergic neurons? Will
these cells be glutamatergic? Will they secrete the Reelin they
synthesize in a manner similar to that of GABAergic neurons?
Do these cells have another specific role? Do they synapse on
GABAergic neurons that contain Reelin or in GABAergic
neurons that do not contain Reelin? Can we extrapolate
concepts on Reelin biosynthesis and release regulation ac-
quired from the studies of the developing brain to Reelin
biosynthesis and secretion in the adult rat brain? We believe
that some of these questions may be answered by electrophys-
iological experiments on mice with an inducible knockout
Reelin gene that we have initiated.

An important breakthrough in determining the mecha-
nism(s) by which Reelin secreted from the pioneer neurons
may exert its effects on target neurons during development is
reported by Sheldon et al. (21) and Howell et al. (22). The
authors clearly identify the mouse disabled 1 (mDab1) gene as
a critical component of a signaling cascade operative in the
Reelin response of target neuronal cells. Although mDab1 is
not the Reelin receptor, it may participate in the signal
transduction triggered by Reelin in the target neurons during
development. We plan to test whether the mDab1 gene is
expressed in the adult brain as well as verify its cell location in
young and adult mice. We also plan to produce an inducible
knockout (KO) of the mDab1 gene and to study the conse-
quences of this KO morphologically and electrophysiologically.
This will allow conclusions regarding whether Reelin function
depends on the mDab1 gene in adult mice. The role of these
and other important differences between embryonic and adult
Reelin and mDab1 needs to be evaluated before proposing
that the Reelin secreted in the developing brain differs from
that of the adult brain. Reelin may contribute in many ways to
the formation of neuronal circuits in the adult brain by the use
of mechanisms similar to those of embryonic development.
Reelin might protect circuits from interference due to the
sprouting of neurons or dendrites by stopping their elongation
in a given direction, as is suggested (25) to occur during
embryonic development. Another possibility being investi-
gated is whether in the adult brain Reelin regulates synaptic
plasticity, including long-term desensitization (LTD) and long-
term potentiation (LTP). In fact, Reelin frequently is released
by terminals facing the dendritic spines of Purkinje or pyra-
midal cells. The experiments with transgenic mice discussed
above will be used to study such aspects of Reelin function.
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