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Abstract

Reelin, a large extracellular matrix glycoprotein, is secreted by several neuron populations in the developing and adult rodent brain.
Secreted Reelin triggers a complex signaling pathway by binding lipoprotein and integrin membrane receptors in target cells. Reelin
signaling regulates migration and dendritic growth in developing neurons, while it can modulate synaptic plasticity in adult neurons.
To identify which adult neural circuits can be modulated by Reelin-mediated signaling, we systematically mapped the distribution
of Reelin in adult rat brain using sensitive immunolabeling techniques. Results show that the distribution of intracellular and secreted
Reelin is both very widespread and specific. Some interneuron and projection neuron populations in the cerebral cortex
contain Reelin. Numerous striatal neurons are weakly immunoreactive for Reelin and these cells are preferentially located in
striosomes. Some thalamic nuclei contain Reelin-immunoreactive cells. Double-immunolabeling for GABA and Reelin reveals that
the Reelin-immunoreactive cells in the visual thalamus are the intrinsic thalamic interneurons. High local concentrations of
extracellular Reelin selectively outline several dendrite spine-rich neuropils. Together with previous mRNA data, our observations
suggest abundant axoplasmic transport and secretion in pathways such as the retino-collicular tract, the entorhino-hippocampal
(‘perforant’) path, the lateral olfactory tract or the parallel fiber system of the cerebellum. A preferential secretion of Reelin in these

neuropils is consistent with reports of rapid, activity-induced structural changes in adult brain circuits.

Introduction

Extracellular matrix (ECM) molecules interact with each other and
with cell-surface receptors, modifying adhesive forces and/or sign-
aling cues that are critical for correct cell proliferation, migration or
differentiation during brain development. Moreover, many of these
ECM molecules remain widely and selectively distributed in the adult
brain. Their known ability for cell signaling and for adhesion
regulation make them potential modulators of synaptic plasticity
(Dityatev & Schachner, 2003; Berardi et al., 2004).

Evidence for such a role is now firmly established for the ECM
glycoprotein Reelin (D’Arcangelo, 2005a). By binding to lipoprotein
receptors, Reelin can activate a complex signaling cascade that exerts
a robust effect on long-term potentiation in the hippocampus
(Weeber et al., 2002). This effect involves modulation of the
N-methyl-D-aspartate receptor (NMDATr), a key molecular switch for
activity-induced synaptic changes (Beffert et al., 2005; Chen et al.,
2005; Sinagra et al., 2005). In addition, Reelin is well known as a
crucial regulatory signal for the migration and/or dendritic growth of
some developing (Tissir & Goffinet, 2003; Jossin, 2004; Niu et al.,
2004; D’Arcangelo, 2005b) and stem-cell-derived adult neuron
populations (Hack er al., 2002; Haas et al., 2002). Because these
effects involve regulation of cell adhesion and/or cytoskeletal
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dynamics, there have been suggestions that, similarly, Reelin might
influence local cell adhesion or motility in adult synapses (Impagnat-
iello et al., 1998; Rodriguez et al., 2000; Quattrocchi et al., 2002).
A large molecule (~400 kDa), Reelin is constitutively secreted by
neurons (Lacor et al., 2000; Derer et al., 2001). In adult mammals,
several brain neuron populations express Reelin (Ikeda & Terashima,
1997; Alcantara et al., 1998; Pesold et al., 1998). In these neurons,
immunolabeling studies have located Reelin within secretory organ-
elles (Pappas et al., 2001; Martinez-Cerdefio et al., 2002) or as intra-
axonal particles (Martinez-Cerdefio et al., 2003; Pappas et al., 2003).
In addition, secreted Reelin accumulates extracellularly in some
neuropil areas (Miyata et al., 1996; Pesold et al., 1998; Pappas et al.,
2001; Pérez-Garcia et al., 2001; Misaki et al., 2004), and can associate
with integrin receptors at perisynaptic sites (Rodriguez et al., 2000).
In previous immunolabeling studies in adult non-human primates
and carnivores (Martinez-Cerdefio et al., 2002, 2003), we observed
major interspecies differences. We wished to compare our findings
with equivalent data in rodents, for which in situ mRNA hybridization
(ISH) data were available (Ikeda & Terashima, 1997; Alcantara et al.,
1998; Pesold et al., 1998; Haas et al., 2000). However, the published
adult rodent immunolabeling data (Miyata et al., 1996; Pesold et al.,
1998, 1999; Pérez-Garcia et al., 2001; Misaki et al., 2004) were
limited and fragmentary. The mRNA data were insufficient to establish
the location of the protein because, after translation, Reelin may
undergo axonal transport (Pesold et al., 1998; Derer et al., 2001),
secretion (D’Arcangelo et al., 1997), dimerization (Benhayon et al.,
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2003; Strasser et al., 2004), cleavage (Jossin, 2004) and even
internalization by other cells (D’Arcangelo et al., 1999; Morimura
et al., 2005). Thus, we decided to undertake a systematic immuno-
mapping of Reelin protein in adult rats.

Materials and methods

Brain tissue from 13 adult (2-14 months of age) Sprague—Dawley rats
of either sex was used. Procedures were carried out in accordance with
European Community Council Directive 86/609/EEC and approved
by our University’s Bioethics Committee.

In the course of the project, we tried several modifications of the
fixation and immunostaining protocols; for brevity, only the procedure
that we found consistently to give the best results, which are the basis
for the reported data and illustrations, is described below. Animals
were killed with an intraperitoneal overdose of sodium pentobarbital
(80 mg/kg), and perfused through the heart with saline (5 min),
followed by cold (4 °C) 4% paraformaldehyde in 0.1 M phosphate
buffer (PB) for 45 min. Subsequently, brains were blocked in the
stereotactic coronal plane, removed from the skull and soaked in 30%
sucrose in PB at 4 °C for 48 h. Serial 40-pum-thick coronal sections
were obtained on a Leica freezing microtome. To examine the retinas,
the eyes of two animals were also removed, cryoprotected as described
and freeze-sectioned at 50 um perpendicular to the iris.

Immunolabeling and controls

Series of sections sampling the various brain regions along the
rostrocaudal axis were used for Reelin immunodetection. Endogenous
peroxidase was quenched by 20 min incubation in 1% H,O, in
phosphate-buffered saline (PBS). Subsequently, sections were pre-
incubated, free-floating, in 0.1 M citrate buffer pH 6.0 at 90 °C for
10 min (Shi et al., 2001). Note that we used lower temperatures and
shorter times than for standard heat-induced antigen retrieval protocols.

To rule out the possibility of non-specific labeling, parallel series of
tissue sections were assayed with three different, well-characterized
monoclonal antibodies that bind non-overlapping amino acid
sequences near the Reelin N-terminus (D’Arcangelo et al., 1997; de
Bergeyck et al., 1998). This protein region is present in the full-length
Reelin as well as in some of the biologically active fragments in which
the full-length form of Reelin is cleaved after secretion (Lambert de
Rouvroit et al., 1999; Jossin et al., 2004). The antibodies used were
142 (1 : 400-1 : 1000, Calbiochem, San Diego, CA, USA), CR50
(1 : 100; a gift from Dr Masaharu Ogawa, Riken, Japan) or G10 (1:
400, Chemicon, Temecula, CA, USA). Sections were incubated
overnight at room temperature in a medium containing an anti-Reelin
antibody + 3.3% normal rabbit serum + 1% bovine serum albumin
(Sigma, St Louis, MO, USA) + 0.3% Triton X-100 in PBS.
Immunolabeling was revealed using biotinylated rabbit anti-mouse
serum (2 h, Sigma) and then the avidin-biotynilated horseradish
peroxidase complex (Vector Laboratories, Burlingame, CA, USA) for
1.5 h, followed by a peroxidase reaction (0.001% H,O, in cold PBS,
3—-15 min) using diaminobenzidine (DAB) as the chromogen. Multiple
rinses in PBS were intercalated between each step. The labeling
yielded by the three antibodies was consistent in all brain regions (see
Supplementary material, Figs S1 and S2). In the remaining figures,
antibody 142 was applied. Throughout the study, we did not use metal
enhancement of the DAB labeling so as to prevent the risk of spurious
metal impregnation.

The coincident results from three different, well-characterized
monoclonal antibodies virtually ruled out non-specific immunostain-

ing. Nevertheless, we ran multiple additional controls for labeling
specificity (see supplementary Fig. S1). First, we either omitted the
primary antibody or substituted it with non-immune mouse serum
(Vector Laboratories). Both assays left the nervous tissue unlabeled,
but produced some staining in pia mater, blood vessels and in a few
ependymal cells. This observation suggests that the labeling in these
structures could be, at least in part, non-specific; thus, we do not
describe it in the following text. Second, we pre-absorbed the primary
antibodies with the supernatant obtained from a culture of EBNA-293
cells that had been transfected with a Reelin cDNA expression vector
(PCDNA3, gift from Dr J. A. del Rio, Science Park, Barcelona
University, Spain). The supernatant was collected 4 days after
lipofectamine transfection and concentrated 50 times using a Centr-
icon-20 centrifuge (mol. wt 100 kDa, Amicon, Millipore, Billerica,
MA, USA). Incubation with the primary antibodies mixed with this
supernatant yielded no labeling, whereas a parallel negative control
run with primary antibodies mixed with a concentrated supernatant
from parallel mock-transfected cells produced normal labeling. Third,
to rule out the possibility that some of our labeling might correspond
to avidin binding to endogenous biotin (McKay et al., 2004), or a
spurious cross-reaction of the secondary rabbit antiserum, we
conducted parallel assays applying 2-h incubations in ABC at room
temperature, which yielded no labeling, or substituting the biotinyl-
ated secondary antiserum with an Alexa 568-conjugated goat
antiserum (Molecular Probes, Eugene, OR, USA), which produced
a fluorescent labeling identical to that observed in the standard
experiments.

Western blotting

To ascertain further immunolabeling specificity in brain regions such
as the striatum and dorsal thalamus, where ISH studies had not
reported labeling, we carried out a Western blot analysis with tissue
sampled from these regions (see Supplementary material, Fig. S2). As
control, we also Western-blotted lysate from parietal isocortex, a
region where our protein data were basically in agreement with
published mRNA data (Alcantara et al., 1998). For this experiment,
we perfused two additional adult rats with sterile saline for 5 min, to
remove blood (low levels of Reelin are present in blood, Smalheiser
et al., 2000), then extracted the brain from the skull and sectioned it
into 0.5-mm-thick coronal slices. Under the dissecting microscope, we
sampled tissue from the lateral posterior nucleus of the thalamus and
from the caudate-putamen. Other samples were taken from the parietal
isocortex. One milliliter of lysis buffer was added to each sample, and
the mix was mechanically homogenized and heat-denatured. Subse-
quently, lysate samples (30 pL striatum, 30 pL thalamus, and 10 pL
parietal cortex) were analysed in parallel lanes on 3% and 5% sodium
dodecyl sulfate-polyacrylamide electrophoresis gels, first at 75 mV for
10 min and then at 150 mV for 65 min. Molecular weight standards
were run in additional lanes. The separated proteins were electroblot-
ted at 150 mA overnight at 4 °C onto a Protran nitrocellulose
membrane (Scheleicher & Schuell, Dasel, Germany) using a Mini-
TransBlot system (Bio-Rad, Hercules, CA, USA). Non-specific
binding was blocked by incubating in 10% milk powder in TRIS-
saline buffer containing 0.4% Tween-20 (TBST) for 2 h. Blots were
then incubated in agitation with the 142 monoclonal anti-RELN
antibody diluted 1 : 400 in TBST. After repeated washing in TBST,
the blots were incubated for 1 h in anti-mouse antibody and
peroxidase-labeled goat serum (Bio-Rad, 1 : 10 000 dilution). Stain-
ing was visualized with a rapid electrochemoluminiscent detection
system (ECL Western Blotting System, Amersham, Piscataway, NJ,
USA) and exposed to Hyperfilm-ECL (Konica-Minolta).
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Some sections were counterstained with Thionin to define accu-
rately the position of the labeled neurons and their relationship to
other unlabeled cells. Likewise, retinal cytoarchitecture was delineated
on 1-um semithin sections taken from the 50-pum-thick eye sections,
after dehydration, inclusion in Araldite and staining with Toluidine
blue.

Immunolabeling co-localization

In some experiments, parallel sections were immunostained with an
antibody against mouse anti-neuronal nuclei antigen (NeuN, 1 : 400;
Chemicon) as an additional, more precise cytoarchitectonic reference
of neuron number and distribution. In other experiments we wanted to
examine the possible correlation between the distribution of Reelin-
immunoreactive (Reln-ir) neuronal somata and the striosomal com-
partment of the caudate-putamen. To this end, sections adjacent to
those labeled with anti-Reelin antibodies were assayed with a
monoclonal antibody against the p-opioid receptor (1 : 400; DiaSorin,
Saluggia, Italy) as a selective marker for the striosome compartment in
rats (Prensa & Parent, 2001).

In a further group of experiments, tissue sections from two animals
were double-labeled using antibodies against either Reelin or gamma-
amminobutyric acid (GABA). These sections were obtained from two
animals perfused with 2% paraformaldehyde + 0.2% glutaraldehyde in
PB; their brains were sectioned as described above. Tissue sections
were incubated in a solution that contained mouse monoclonal anti-
Reelin 142 (1:400) and a rabbit polyclonal GABA antiserum
(1 : 500; Sigma), as well as normal goat serum and bovine serum
albumin. The primary antibodies were tagged either with an Alexa
568-conjugated goat anti-rabbit serum (1 :100) or Alexa 488-
conjugated goat anti-mouse serum (1 : 100; both from Molecular
Probes). In all experiments, sections were finally mounted on glass
slides, air-dried, dehydrated and coverslipped with DePeX.

Analysis and imaging

Tissue analysis was conducted under a Nikon 600 Eclipse microscope.
Images were acquired with 100x plan-apochromatic objectives using a
Nikon DMX 1200 digital camera in a single focal plane; depth-of-field
enhancing algorithms were not used. Panoramic, high-resolution tissue
images were produced as composites from serial 100X images taken
using a precision motorized stage (Prior Scientific Instruments,
Cambridge UK) driven by the AnalySIS image software package
(Soft Imaging Systems, Miinster, Germany). Canvas software (v.9,
ACD Systems, Saanichton, BC, Canada) was employed for image
processing and final figure composition on Apple G4 computers.
Image processing consisted only of adjustments in tone scale and
gamma, as needed to obtain optimal images. Local retouching was
limited to areas outside the nervous tissue. We followed Paxinos &
Watson’s (1998) rat brain atlas to delineate brain structures and for
anatomical nomenclature.

Co-localization tissue analysis in the double-labeling experiments
was carried out with a Leica TCS SPII spectral confocal microscope
sequentially applying argon (488 nm) and helium-neon (543 nm)
laser lines, with dichroic mirror adjustments at 500 and 700 nm,
respectively, to ensure complete channel separation. Serial 1-pum-thick
optical slices were taken on the z-axis. Co-localization analysis was
carried out on 361 X 361-um fields from the nuclei of interest.
Confocal analysis revealed that, owing to the incomplete penetration
of the GABA antibody through the thickness of the tissue section,
GABA labeling was limited to the outer 4-5 pm. Thus, we limited our
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co-localization analysis to single 1-um optical slices taken near the
surface in order to avoid underestimating GABA immunolabeling. Co-
localization of Reelin and GABA signals was determined by
computerized analysis of the fluorescence intensities in each image
pixel using the Leica SPII Confocal software. Proportions of GABA-
only, Reelin-only and double-labeled cell profiles were computed as a
percentage of the total number of Reelin-labeled cells counted. We
made no attempt to estimate absolute cell numbers.

Results

The three anti-Reelin monoclonal antibodies applied on adjacent tissue
sections yielded strictly coincident labeling patterns. The labeling
delineated discrete cellular structures such as some neuronal somata,
their proximal dendrites and initial axon segments. In addition, several
gray matter regions showed a prominent homogeneous staining that
we interpret as ECM labeling. Although the white matter was
essentially labeling-free, some particular axonal tracts showed weak
Reelin immunoreactivity as well. Overall, staining intensity varied
markedly between the different cell populations and neuropil areas,
suggesting substantial differences in protein content. Parallel control
experiments (see Methods and Supplementary Material) showed that
labeling of the pia mater, blood vessel walls and some ependymal cells
was non-specific; thus, we do not describe this labeling in the
following text.

Reln-ir neuronal somata were numerous in the forebrain, mesen-
cephalon and cerebellar cortex, whereas the pons and medulla
contained markedly fewer Reln-ir cells. At high magnification,
neuronal somata labeling was always absent from the cell nucleus,
indicating an intracytoplasmatic location. The basic appearance and
distribution of the labeling at high magnification was similar in weakly
and heavily labeled cells. At high magnification, the labeling was
uneven, mostly appearing as discrete beaded or elongated lump-like
structures that usually grouped at the base of dendrites or of the axon.
These Reln-ir structures usually extended into the proximal dendrites.
In some heavily labeled neurons, the individual axons were also
visible at high magnification as a discontinuous line of very small
(< 1 pm) immunoreactive beads (Fig. 1C). The appearance of these
beads under the light microscope is consistent with that of the
secretory vesicles (Cameron ef al., 1993; Derer et al., 2001).

Tables 1 and 2 provide a comprehensive account of our observa-
tions on the distribution of the cell somata, axons and neuropil
labeling throughout the brain. The actual appearance of the Reln-ir
structures is documented in the figures. Therefore, the following text
details only the most salient features of the labeling.

Reelin immunoreactivity in the olfactory bulb and olfactory areas

Four distinct neuron types in the main olfactory bulb (MOB) were
Reln-ir: the mitral and the tufted cells, all of which were labeled, a
subpopulation of periglomerular cells and a subpopulation of granular
cells (Fig. 1A-C). In addition, a few large cells scattered in the
granular layer, presumably Cajal cells, were Reln-ir. The labeling of
mitral and tufted cells was heavy and revealed the somata, proximal
dendrites and axons of these cells (Fig. 1B and C). Axonal labeling
consisted of discrete, bead-like lumps that were clearly visible only at
high magnification (Fig. 1C, arrowheads) and could be followed
stretching through the deep MOB layers to join the lateral olfactory
tract (LOT). As indicated above, this type of labeling is consistent with
labeling of intra-axonal immunoreactive organelles. At low magnifi-
cation, this axonal labeling was not clearly visible; instead, a faint

© The Authors (2006). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 23, 401-422



404 T. Ramos-Moreno et al.
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FiIG. 1. Reelin-like immunolabeling in the olfactory bulb. (A) Panoramic view of a coronal section which encompasses the main (MOB) and accessory (AOB)
olfactory bulbs, as well the lateral division of the anterior olfactory nucleus (AOL). Note the highly selective localization of labeling to particular cell layers and/or
neuropil zones in each of these three fields. Arrows point to location of the lateral olfactory tract (LOT), while the arrowheads indicate the position of the internal
plexiform layers in MOB. (B) Detail of the labeling in MOB (inset in A). Note that virtually all the mitral and tufted cells are heavily Reln-ir. In addition,
subpopulations of smaller periglomerular cells in the glomerular layer (GL) and of granular cells in the granular layer (GnL) are also immunoreactive. (C) High-
magnification views of labeled mitral neurons in MOB. Note that, in addition to somata and dendrites. Reln-ir is clearly visible in the axon of these cells
(arrowheads). (D) Particulate labeling in the LOT axons and amorphous, presumably extracellular, labeling in sublayer Ia of AOL. The pial surface is at the top.
(E) Labeling in the superficial layers of AOL (inset in A). Note the amorphous appearance of the immunoprecipitate in the superficial part of layer I (sublayer Ia),
which we interpret as extracellular matrix labeling. The myelinated axon trunks in LOT also show immunoreactivity, although less heavily. Isolated Reln-ir cell
somata are present in these deep layers. For other abbreviations, see List. Scale bars, 500 pm (A); 100 um (B and E); 10 pm (C and D).
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TABLE 1. Localization and relative proportions of Reelin-immunoreactive
neuronal somata and neuropil in the rat telencephalon

Neuronal ~ Neuropil
somata /axons
Olfactory bulb
Main olfactory bulb
Glomerular layer (periglomerular cells) 00O +
Superficial plexiform layer (tufted cells) [ 1 ] +
Mitral cell layer 000 +
Inner plexiform layer - +
Granular layer O +
Lateral olfactory tract - ++
Accesory olfactory bulb 000 +
Olfactory cortical areas
Anterior olfactory nucleus
Molecular layer O +H+
Pyramidal layer O -
Multiform layer O +
Endopyriform nucleus O +
Olfactory tubercle - +++
Nucleus of the lateral olfactory tract O +
Pyriform cortex
Molecular layer [ J +H++
Pyramidal layer [ @) -
Polymorph layer O +
Other basal telencephalic regions
Preoptic areas 000 ++
Septo-hippocampal junction O +
Diagonal band nuclei [ @) +
Septal nuclei
Medial [ @) ++
Lateral ventral 0O +
Other O +
Substantia innominata/anterior amigdaloid areas [ @) +
Ventral pallidum - -
Bed nucleus of stria terminalis O +
Stria terminalis (tract and nucleus) O +
Globus pallidus O -
Striatum (0@) +
Amygdaloid complex
Corticomedial group [ @) ++
Basolateral group (@@) -
Central nuclei O -
Dorsal claustrum + endopyriform nucleus [@@) +
Hippocampal formation and parahippocampal cortex
Fascia dentata
Stratum moleculare [ J +++
Stratum granulare - -
Hilus 000 +
Cornu Amonnis
Stratum lacunosum-moleculare (1} +++
Stratum radiatum o +
Stratum pyramidale - -
Stratum oriens (1} +
Alveus - -
Subicular complex
Stratum moleculare [ ] ++
Stratum pyramidale OO +
Stratum oriens O +
Entorhinal cortex
Layer I [ ] +H+
Layer I 000 +
Layer I1I 000 +
Layer IV (@@) +
Layer V O +
White matter (interstitial cells) [ J -
Isocortex
Layer I 000 +++
Layer II [ ] +
Layer III [ @) +

Reelin localization in adult rat brain 405

TABLE 1. Continued

Neuronal Neuropil
somata /axons
Layer IV [ ] +
Layer V 000 +
Layer VI [ @] +
White matter (interstitial cells) [ J -

For descriptive purposes only, labeled neuronal somata containing heavy, solid
immunoprecipitate (filled circles) and those displaying a less heavy labeling
(open circles) are distinguished. The number of circles represents a gross
approximation of the relative number of each type of immunoreactive somata in
a nucleus or layer (-, none detected; 1 circle, occasional isolated cells; 2 circles:
numerous cells; 3 circles: all, or nearly all, the neurons are labeled). Likewise,
crosses are used to represent differences in the density of neuropil/axonal
immunoreactivity (—, none detected; +, faint labeling; ++, dense labeling; +++,
very heavy labeling).

staining could be observed in the LOT. In addition, light neuropil
labeling was evident in all cell layers of the MOB, but most
particularly in the internal plexiform layer (IPL) (Fig. 1B).

All the mitral cells in the accessory olfactory bulb (AOB) were
Reln-ir. A band of heavy neuropil labeling delineated the IPL
(Fig. 1A, arrowheads).

Figure 1 illustrates the labeling in the lateral division of the anterior
olfactory nucleus (AOL): labeling was similar in the other divisions of
the anterior olfactory nucleus. Isolated, weakly Reln-ir neurons were
present in all layers, but particularly in layer III, and they displayed
fusiform or multipolar somata. The pyramidal cells of layer II were
unlabeled. The myelinated LOT axons showed a faint labeling that, at
high magnification, was seen to consist of discrete immunoreactive
beads. In contrast with the scarcity of labeled cell somata, a heavy
band of homogeneous neuropil labeling delineated the whole width of
sublayer la of the AOL (Fig. 1E), and abruptly decreased at the border
with sublayer Ib. At high magnification this labeling appeared as a
homogeneous, amorphous impregnation that we interpret as
extracellular Reelin. In addition, rows of bead-like labeled particles
delineated some neurites. Neuropil immunostaining was virtually
absent in layers II and IIL.

The pyriform cortex (Pir) contained Reln-ir neuronal somata in all
its layers, but most prominently in layer II (Fig. 2A and B). Layer II
Reln-ir cells were pyramidal or bitufted, and the labeling often
delineated their proximal dendrites and axons. Thionin counterstain
(not illustrated) showed that Reln-ir somata constituted the superficial
cellular rows of layer I, whereas most somata in the deep parts of the
layer were unlabeled. There was, in addition, a progressive shift of the
labeling in layer II along the rostro-caudal extent of Pir: Reln-ir cells
were scant and very superficial in rostral Pir, near the transition to
AOL, but were progressively more numerous and tightly packed in the
intermediate and caudal levels of Pir, where they constituted the full
thickness of layer II. In addition, scattered fusiform or multipolar cells
in Pir layer I1II were Reln-ir.

LOT axons running subpially in Pir showed clear bead-like labeling
at high magnification; nevertheless, as already noted in AOL, this
labeling appeared relatively weak at low magnification. In addition, as
in the anterior olfactory nucleus, the neuropil in the outer zone of Pir
layer I (sublayer la) was strikingly Reln-ir (Fig. 2A and B). The width
and sharpness of the inner border of this band of heavily labeled
neuropil decreased caudally in Pir (compare Fig. 2A and B with
Fig. 2D). In addition, sublayer Ib, and layers II and III of Pir showed
fainter but evident immunolabeling of their neuropil in comparison
with the labeling in the amygdala (Fig. 2D).
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TABLE 2. Localization and relative proportion of Reelin-immunoreactive
neuronal somata and neuropil in rat diencephalic and brainstem regions

Neuronal
somata

Neuropil
/axons

Hypothalamus and prethalamic structures
Zona incerta + Fields of Forel (00 +
Reticular thalamic nucleus -

00O

Ventral lateral geniculate nucleus
Entopeduncular nucleus (60 +
Subtalamic nucleus - -
Hypothalamus
Paraventricular nucleus @00 ++
Mammillary bodies - -
Other hypothalamic nuclei and areas (00 +
Dorsal thalamus and epithalamus
Anterodorsal thalamic nucleus 00O +

Dorsal lateral geniculate, lateral posterior, (00 ++

intralaminar nuclei

Other dorsal thalamus nuclei. - -

Habenular nuclei + Fasciculus retroflexus O ++
Pretectum and mesencephalon

Pretectal nuclei

Olivary pretectal nucleus @00 ++

Other pretectal nuclei 00O +
Superior colliculus

Zonale and superficial gray strata [ le]e] +++

Other strata OO +
Inferior colliculus

Dorsal cortex OO ++

Other subdivisions O +
Periaqueductal gray matter O +
Terminal nuclei of the accesory optic system (]0) +++
Substantia nigra

Pars compacta, O +

Pars reticulata - -
Ventral tegmental area O -
Raphe nuclei OO +
Interpeduncular nucleus O +++

Pons, cerebellum, medulla oblongata

Raphe nuclei OO +
Reticular nuclei O
Principal, oral and interpolar spinal - -
trigeminal nuclei
Caudal spinal trigeminal nucleus (0@ +
Basilar pons nuclei O +
Superior olivary complex - +
Parabrachial complex - -
Cochlear nuclei

Granule cell layer 000 +

Other cochlear nuclei - +
Vestibular nuclei — _
Cranial motor nuclei - -
Cerebellar cortex

Molecular layer @) o+

Purkinje cell layer - _

Granular layer 00O -
White matter - -
Deep cerebellar nuclei O -
Inferior olivary nucleus - +
Ventrolateralreticular nucleus OO -
Cuneate and gracilis nuclear complex O -

Graphic conventions as in Table 1.

In addition to AOL and Pir, all the remaining basal telencephalic
target fields of mitral cell axons (LOT axons), namely the olfactory
tuberculum (TuO), the nucleus of the lateral olfactory tract, and the
cortical (ACo) and medial (AMe) nuclei of the amygdala, contained a
band of heavy neuropil labeling in the outer part of their subpial

(molecular) layer. Some of these nuclei contained several Reln-ir cell
somata in their deep tiers; however, an important observation is that
the TuO lacked Reln-ir cell somata (Fig. 2A).

Reelin immunoreactivity in septum, amygdala and basal ganglia

The different septal nuclei contained numerous Reln-ir cells (Fig. 2C),
but staining intensity varied markedly among the nuclei. Numerous
immunoreactive cell somata were present in the diagonal band nuclei
(Fig. 2C and D) and in the preoptic areas. The anterior area and the
basal and lateral nuclei of the amygdala contained scattered Reln-ir
neurons (Fig. 2A and D). The central amygdaloid nucleus, by contrast,
contained no labeled neuronal somata. It is noteworthy that the
neuropil of the amygdala nuclei showed a consistently lower level of
neuropil staining than the adjacent cerebral cortex (Fig. 2D). As noted
above, neuropil labeling was heavy in the superficial part of the
molecular layer of the cortical and medial amygdaloid nuclei.

Large numbers of striatal neurons were weakly Reln-ir (Fig. 3). We
did not attempt to investigate age-related changes; however, it is of
note that this striatal immunostaining was always stronger in young
adult rats (2—5 months of age), but much fainter and less widespread
in older animals. The labeled neurons were multipolar and ranged
from 14 to 20 pm in longer diameter, suggesting that they may
mainly be mid-sized spiny neurons. At high magnification, their
labeling was seen to consist of very small discrete particles that were
distributed in the perikaryon and dendritic shafts (Fig. 3E). The Reln-
ir cells showed an uneven, patchy distribution throughout the caudate-
putamen (CPu). They were more abundant in the rostral and
intermediate levels of CPu, particularly in its lateral and ventral
portions, as well as in the medial region of the caudal CPu. By
contrast, they were scarce in the dorsomedial part of the rostral and
intermediate CPu, and in the lateral part of the caudal CPu. Labeled
neurons were absent from the nucleus accumbens. Groups of more
intensely Reln-ir neurons delineated patch-like domains within the
CPu, in a pattern reminiscent of the striosomal compartment of rat
striatum. To examine the possibility that the patches of heavily Reln-ir
neurons actually corresponded to striosomes, we compared Reelin-
labeled sections with adjacent sections immunostained for the
p-opioid receptor, a specific marker for the striosomal compartment
(Fig. 3A and A’). This confirmed that the patches of strongly Reln-ir
neurons largely coincide with the striosomes. However, the experi-
ment also showed that many other Reln-ir cells are located in the
matrix compartment throughout the CPu, particularly in the ventro-
lateral portions of the nucleus. Western blot analysis of striatal tissue
samples provided additional evidence that the immunolabeling
observed in the striatal neurons is specific for Reelin protein (see
Supplemetary material, Fig. S2), and indicated that the prevalent
Reelin product in the striatum is the 180-kDa peptide.

Except for a few occasional multipolar cells, the dorsal and ventral
pallida were unlabeled (Fig. 2A). Numerous fibers of the stria
terminalis were weakly Reln-ir. In addition, weakly Reln-ir neurons
were present in the nucleus of the stria terminalis.

Reelin immunoreactivity in the isocortex and the hippocampal
formation

Neuronal somata showing different intensities of immunostaining
were present in all layers of the isocortex. Scattered Reln-ir cells were
also present in the subgriseal lamina (layer VII) and in the cortical
white matter. The prevalence of Reln-ir cells in the various cortical
layers displayed slight differences between the cytoarchitectonic fields
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F1G. 2. Reelin-like immunolabeling in basal forebrain and pyriform lobe. (A, C and D) Panoramic views of coronal sections at three different levels showing the
Reln-ir cells and neuropil. In A and D, note the band of heavy neuropil labeling in the superficial layer of the pyriform cortex (Pir), the olfactory tubercle (TuO) and
the cortical (ACo) and medial (AMe) amygdaloid nuclei; labeling matches the known terminal distribution of the mitral cell axons. The sublaminar distribution of
this labeling in Pir can be better appreciated in the higher-magnification view in B. Note in D that, in addition, there is faint neuropil immunolabeling throughout the
deeper layers of the Ppir, ACo, AMe and the endopyriform nucleus (End), whereas such labeling is much weaker or absent from the basolateral (ABL) and central
(ACe) amygdaloid nuclei. In addition, numerous neuronal somata are immunoreactive in most of these structures as well as in the preoptic areas (PoA), substantia
innominata (SI) and medial septum (MSp). The olfactory tubercle, however, does not contain virtually any labeled cell somata. (B) Detail of the immunolabeling in
the superficial layers of Pir. The band of heavily labeled pyramidal cells in layer II is limited to the superficial part of the layer (sublayer Ila), while the deeper
pyramids of this layer are unlabeled (IIb) Compare with Fig. 1D. For other abbreviations, see List. Scale bars, 500 pm (A, C and D); 100 um (B).

(Fig. 4A). A weak level of neuropil labeling was apparent throughout Sublayer Ia of the isocortex contained only heavily staining neurons
the isocortical gray matter; this labeling became markedly heavier in (soma diameter of 15-30 um) with a multipolar shape, but without a
the outer part of layer I, near the pia. preferred dendrite orientation (Fig. 4B). The somata of a few of these
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F1G. 3. Reelin-like immunolabeling in the striatum. (A) Panoramic view of Reelin-immunostained coronal section of the caudate-putamen (CPu) from the rostral
part of the nucleus (bregma + 1 mm). Note the large numbers of Reln-ir cell somata in the lateral and ventral CPu and the discrete groups of labeled cells in the dorsal
part of the nucleus (arrows). (A”) A section adjacent to that shown in A is immunostained against the p opioid receptor to delineate the striosomal compartment of
CPu. Note the close correspondence between striosomes (arrows) and the Reelin-rich cell groups shown in A. (B and C) Reelin-immunostained coronal sections
taken from middle (B, bregma —0.90 mm) or caudal (C, bregma —3.30 mm) CPu levels. Note the uneven distribution of Reln-ir cells. Groups of heavily staining
neurons similar to those shown in A are present throughout CPu. In C, note that Reln-ir cells are largely limited to a medial portion of caudal CPu. (D) Medium-
magnification view of the CPu labeling. Note that most CPu cells are labeled but staining intensity varies markedly between them. (E) High-magnification view of
labeled neuronal somata. Note the uneven distribution of the immunoprecipitate in the cytoplasm. For other abbreviations, see list. Scale bars, 500 um (A—C); 50 pm

(D); 10 pm (E).

neurons were located at the surface of the cortex, just below the pia.
Sublayer Ib as well as layers I-VIII contained several types of weakly
stained small (soma diameter 7-15 um) cells, and darkly stained
medium-sized (15-30 pm) interneuron-like cells of either bipolar or
multipolar shape (Fig. 4D).

In addition, numerous layer V pyramidal neurons in all of the
isocortical areas were Reln-ir (Fig. 4A). Overall, most of these

pyramidal cells displayed moderate to weak labeling. In areas with a
well-developed layer V, such as the motor and somatic sensory cortex,
the most intensely labeled pyramidal cells were preferentially located
in sublayer Va. Weakly Reln-ir pyramidal cell somata were visible in
layer III of some dorsomedial areas such as the cingulate cortex
(Fig. 4A). The appearance of the labeling at high-magnification in
these pyramidal cell somata was identical to that of many other Reln-ir
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FIG. 4. Reelin-like immunolabeling in the cerebral cortex. (A—C) Coronal section samples of primary somatosensory area (A), primary visual area (B) and cin-
gulate cortex (C). For cytoarchitectonic comparison, a parallel section immunostained for NeuN is aligned at the right side of each panel. Note that Reln-ir somata are
present in all cortical layers, as well in the subcortical white matter, but fairly more numerous in layer V. A faint neuropil labeling is present throughout the cortical
gray matter, and is most evident in the outer part of layer I, near the pial surface. This labeling is not a border artifact of the DAB immunostaining; see, for
comparison, the NeuN-immunostained samples. The layer I neuropil staining is particularly heavy in the cingulate cortex. (D) Detail of the labeling in the upper
layers of the somatosensory cortex. Note the multipolar or fusiform shape and the heavy labeling of the neurons labeled in this layer. (E) High-magnification view
of layer V neurons in the somatosensory cortex. Numerous large pyramidal neurons contain intracytoplasmic immunolabeling that delineates the cell nucleus and
extends into the proximal dendrites (arrowheads) as well as into the axon (white arrows). Some layer V interneurons are also Reln-ir (black arrows). For
abbreviations, see List. Scale bars, 250 pm (A—C); D and 20 um (E).
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neurons throughout the brain: uneven or lump-like, and always absent
from the nucleus, indicating its intracellular location (Fig. 4E). Some
of these elongated lumps extended for up to 50 pum into the stalk of the
apical dendrite. Overall, this pattern is consistent with the light-
microscopic appearance of labeled endoplasmic reticulum and Golgi

A B

cisterns of cortical pyramidal cells (De Camilli ez al., 1986; Martinez-
Cerdeiio et al., 2002).

The size and dendritic morphology of the layer V neurons made it
quite evident that most of them were pyramidal neurons. Nevertheless,
because the immunolabeling did not completely reveal the dendritic
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tree of these cells, we double-stained for Reelin and GABA on single
sections to substantiate further that the Reln-ir pyramidal cells were
not GABAergic interneurons with an ambiguously shaped soma.
Analysis of this material (Figs SA and D, and 6A and D)
revealed that whereas about 90% of Reelin+ cells in all other cortical
layers co-localized GABA, only about 20% of the Reelin+ cells in
layer V co-localized GABA. These observations confirm that numer-
ous non-GABAergic pyramidal cells in cortical layer V contain
intracellular Reelin. In addition, the double-labeling analysis revealed
that Reelin and GABA colocalization is virtually complete in layers I
and VII, but not in other layers.

Layer I of the entorhinal areas contained markedly fewer Reln-ir
cells than layer I of the isocortical or subicular fields. Comparison with
parallel NeuN-immunostained sections (not shown) seems to indicate
that this difference simply reflected the much lower overall number of
neurons in layer I of the entorhinal cortex as compared with
the isocortex. In the lateral entorhinal area (LEA), large numbers of
layer II pyramidal cells were heavily Reln-ir (Fig. 7A—C). Thionin
counterstaining revealed that, in fact, virtually all the layer II cells
were Reln-ir. The pyramidal cells of layer III were labeled as well,
although less heavily (Fig. 7A and B). In the deep strata of LEA,
immunolabeled neurons were less numerous, whereas more scattered
neurons are present in the deep strata of LEA. In addition, all the LEA
layers contained other labeled neurons with a fusiform or multipolar
shape. Neuropil labeling was present in the superficial part of LEA
layer I, a terminal field for LOT axons (Price, 1973). In contrast to
LEA, pyramidal cells in layer II of the medial entorhinal area (MEA)
showed uniformly low labeling in their somata (Fig. 7A).

The axons of the entorhinal layer II cells showed the same type of
bead-like labeling described above for mitral cell axons. Despite the
relatively weak and discontinuous nature of this labeling, and the fact
that we did not use metal enhancement of the DAB staining, it was
possible to follow these axons, at 1000x, far into the white matter as
they converged into the angular bundle and entered the subiculum
(Fig. 7C-E). Remarkably, the known terminal field of these axons in
the hippocampus [the superficial part or the molecular layer of the
dentate gyrus (DG) and the stratum lacunosum-moleculare of
Ammon’s horn (CA); Amaral & Witter, 1994] was delineated by a
band of heavy neuropil immunolabeling (Fig. 7F). It is also of note
that the axons of neurons in layer III of LEA also project to the stratum
lacunosum-moleculare of the CA (Deller et al., 1996). Taken together,
the above observations indicate that the whole entorhino-hippocampal
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pathway (cells of origin, axons and terminal neuropil) is heavily Reln-
ir in adult rodents.

Most pyramidal cells in the pyramidal strata of the pre- and
parasubiculum were Reln-ir. In addition, some cells with an
interneuronal shape were located in layer I, and less frequently, also
in the pyramidal strata of these areas (Fig. 7A). In the subiculum
proper, pyramidal cells were not labeled.

Pyramidal cells in the Ammon’s horn fields of the hippocampus
(CA1-CA3) were unlabeled. These fields contained, however, several
populations of heavily immunoreactive multipolar or bipolar inter-
neuron populations usually displaying labeling in their proximal
dendrites (Fig. 7F—H). The laminar distribution of CA1-CA3 Reln-ir
cells was highly heterogeneous. (Fig. 7F and G). Numerous cells were
labeled along the border between the strata oriens and lacunosum-
moleculare as well as in the deep part of the stratum oriens. Additional
cells were scattered in the radiatum and pyramidal strata. Double-
immunostaining for Reelin and GABA revealed that virtually all cells
in the stratum lacunosum-moleculare co-localize both markers
(Figs 5B and E, and 6B).

In the DG, several populations of interneurons were immuno-
stained; however, there was no labeling in granule cells (Fig. 7F and
H). A large population of basket cells were heavily stained. Co-
localization of GABA and Reelin was virtually complete in the basket
cells (Figs 5C and F, and 6C). The DG molecular layer contained
relatively few labeled neurons. As mentioned above, a band of heavy
neuropil labeling covered the outer part of the DG molecular layer and
the stratum lacunosum-moleculare of CA (Fig. 7F). The high-
magnification appearance of this neuropil labeling again revealed an
amorphous staining and numerous rows of fine bead-like particles that
we interpret as labeled neurites.

Reelin immunoreactivity in diencephalic structures

In the dorsal thalamus, Reln-ir cell somata were limited to a few
nuclei. The most prevalent labeling was observed in the anterodor-
sal and paraventricular nuclei (Fig. 8A and D). Numerous weakly
immunolabeled cells were also present in the anterior intralaminar
nuclei such as the central medial, paracentral and central lateral. In
addition, a conspicuous population of Reln-ir neurons was scattered
throughout the dorsal lateral geniculate (DLG) and lateral posterior
(LP) nuclei (Fig. 8C). These DLG and LP cells were mainly
bipolar, and their smooth dendrites were often labeled for several

F1G. 5. Laminar distribution and co-localization analysis of Reelin and GABA immunoreactivity in neuronal cell somata of the isocortex, hippocampal formation
and thalamus. (A) Laminar distribution of neurons immunoreactive for Reelin (black bars) or GABA (gray bars) in the isocortex (parietal cortex area S1). Bars
represent, for each marker, the fraction of the total of immunoreactive cells present in each layer. Total numbers of cells immunoreactive for each marker are shown
below the chart. Note that laminar distribution of Reelin-immunoreactive (Reln-ir) cells is uneven: layer V, despite being relatively thin, contains a large fraction of
Reln-ir cells. By contrast, GABA-immunoreactive (GABA-ir) cells are homogeneously distributed across layers, as the apparent differences between layers simply
reflect the layer thickness. (B) Laminar distribution of immunostained neurons in Ammon’s horn sectors CA1 and CA3. Graphic conventions as in A. For cell layer
abbreviations, see List. (C) Laminar distribution of immunostained neurons in the dentate gyrus. Graphic conventions as in A. Because of their characteristic
position and prominent immunolabeling, the basket cells are singled out here as a distinct cell layer (‘Basket C.”). For other cell layer abbreviations, see List. (D) Co-
localization analysis of Reelin and GABA immunolabeling in isocortical cells. In parallel bars for each marker, the chart displays co-localization ratio (as a
percentage) over a possible maximum of 100%. Data are provided both for the cortex as a whole (‘Global’, top row) and for each cortical layer. Black bars represent
the percentage of Reln-ir cells co-localizing GABA-immunolabeling. Gray bars represent the percentage ratio of GABA-ir cells co-localizing Reelin
immunolabeling. Note that, for each row, the blank space extending up to the right margin of the chart (100%) stands for the ratio of cells immunoreactive for the
corresponding marker that do not co-localize the other marker. Note that only about 20% Reln-ir cells in layer V co-localize GABA. By contrast, the ratio of GABA
cells co-localizing Reelin in this layer is the same (around 45%)) as that in layers II-1I1, IV, and VI. Together with data in A, these results show that layer V contains a
large, layer-specific population of non-GABAergic cells that are Reln-ir. As a significant internal control, Reelin and GABA co-localization is virtually complete in
layers such as layer I (‘I”) or the subgriseal layer and interstitial white matter cells (‘VII-WM?”). (E) Co-localization analysis of Reelin and GABA immunolabeling
in Ammon’s horn sectors C1 and CA3. Graphic conventions as in D. For abbreviations, see List. Reeln-ir and GABA-ir cells are the same cell population; by
contrast, the other hippocampal strata contain significant populations of GABA-ir neurons that do not contain Reelin. (F) Co-localization analysis of Reelin and
GABA immunolabeling in the dentate gyrus. Graphic conventions as in D. (G) Co-localization analysis of Reelin and GABA immunolabeling in several thalamic
nuclei. Co-localization ratios in each nucleus are displayed separately. Because differences in co-localization ratios are extreme, and the distributions of Reln-ir and
GABA-ir cells in the rat thalamus are highly anistrotopic, in this case there is no point in pooling together data from different nuclei in a global ratio for the thalamus
as a whole. Other conventions as in D. For abbreviations, see List.
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FIG. 6. Reelin and GABA co-localization in cerebral cortex and thalamus. (A—C) Plots of of cells immunolabeled for both Reelin and GABA (yellow dots), cells
immunolabeled only for Reelin (blue dots) and cells labeled only for GABA (pink dots) in representative samples of the isocortex (A), the CAl sector of the
hippocampus (B) and the suprapyramidal blade of the dentate gyrus (C). Note in A that the population of Reln-ir cells that do not contain GABA is preferentially
concentrated in layer V. Note also the high prevalence of neurons co-localizing both markers in cells in the subpial layer of the three fields. (D) Four-micrometer-
thick confocal optical section samples of layer V of the parietal isocortex (left column) and dorsal lateral geniculate thalamic nucleus (right column) are shown.
Comparison of these images obtained through each excitation/reveals numerous cells staining either for Reelin (blue arrowheads) or GABA (pink arrowheads) in the
sample from layer V of the isocortex. Yellow arrowheads indicate cells co-localizing both markers. The pyramidal morphology of some of the Reelin-only cells is
evident even in these thin optical sections. Note that all cells labeled in the dorsal lateral geniculate nucleus co-localize both GABA and Reelin. Scale bar, 20 um.

hundred micrometers (Fig. 8E). They were markedly smaller staining (12 £ 1.3 ym minimum soma diameter; compare Fig. 8D
(8.5 £ 1.5 um minimum soma diameter) than the general population and E). The Western blot analysis of LP tissue samples provided
of the neurons in these two nuclei as revealed by Thionin or NeuN additional evidence that the immunolabeling observed in the
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population of thalamic neurons is specific for Reelin protein. As in
other brain regions, the most abundant Reelin peptide detected in
the thalamus is the 180-kDa fragment (see Supplementary material,
Fig. S2).

These observations raised the possibility that the LP and LGD cells
were the intrinsic GABAergic interneurons that are known to exist in
these nuclei of the rat thalamus (Ohara et al., 1983). To investigate this
possibility, we examined thalami double-immunostained for Reelin
and GABA (Figs 5G and 6D). GABA immunoreactivity in the
neuronal somata varied widely in intensity, as previously reported
(Ohara et al., 1983). The co-localization analysis revealed that
virtually all Reln-ir LGD cells contained GABA. The same was the
case for the LP Reln-ir neurons (Fig. 5G). By contrast, the remaining
thalamic nuclei containing Reln-ir (anterodorsal, paraventricular and
anterior intralaminar) contained no GABA cells (Fig. 5G), as
previously reported (Ohara et al., 1983); thus, the Reelin-containing
cells in these nuclei are projection neurons.

Neuropil labeling was absent throughout the dorsal thalamus,
except for a weak but consistent labeling in LGD and LP.

Most cells in the medial habenular nucleus were heavily Reln-ir
(Fig. 8B). A Reln-ir population was also present in the lateral nuclei,
although most of the cells in this nucleus were not labeled. The
habenulo-interpeduncular tract displayed faint labeling that, when
examined at high magnification, had a punctate appearance similar to
that observed in LOT and the angular bundle (Figs 8C and 9B).
Interestingly, the neuropil of the interpeduncular nucleus (Fig. 10A),
which is a main target of these axons, was heavily Reln-ir.

Labeled neurons were very numerous in several prethalamic
(previously referred to as ‘ventral thalamic’, see Puelles &
Rubenstein, 2003) structures, as well as in some hypothalamic nuclei.
The nucleus of the stria medullaris contained a densely packed group
of Reln-ir cells. A population of small, weakly Reln-ir cells was
scattered along the inner border of the external medullary lamina and
the ill-defined ventral reuniens nucleus (Fig. 8A and B); by contrast,
the adjacent reticular thalamic nucleus was not labeled. Weakly
labeled cells were scattered in the dorsal zona incerta, fields of Forel
and entopeduncular nucleus. Most cells in the ventral lateral
geniculate nucleus were Reln-ir; interestingly, the cells in its
magnocellular subnucleus were much more heavily stained than
those in the parvocellular subnucleus or the intergeniculate leaflet
(Fig. 8C). Double-labeling for Reelin and GABA (Fig. 5G) revealed
that in this nucleus co-localization was virtually total.

The paraventricular hypothalamic nucleus was delineated by heavy
immunolabeling of the neurons in its dorsal cap and lateral
magnocellular subdivisions (Fig. 8B). Other subnuclei were virtually
free of labeled neurons. The posterior hypothalamic-midbrain trans-
ition area (‘PH’ in Fig. 8C) contained a heavily Reln-ir cell
population. The dorsal and lateral hypothalamic areas, however,
contained only scattered Reln-ir neurons, most of which were weakly
stained.

The pretectal region showed widespread Reelin immunolabeling,
and all its nuclei contained numerous Reln-ir somata. The labeling in
the olivary pretectal nucleus was remarkable: virtually all its neurons
were heavily labeled, and its neuropil was heavily immunostained
(Fig. 8C and F).

Reelin immunoreactivity in the brainstem and retina

Among the brainstem regions, the mesencephalic tectum and the
cerebellar cortex showed heavy and widespread Reelin immunolabe-
ling. By contrast, immunoreactivity in the pons and medulla was
limited to isolated groups of weakly labeled cells.

Reelin localization in adult rat brain 413

Large numbers of Reln-ir cells were visible in the superior
colliculus. The most numerous and heavily labeled cells were
located in the superficial strata of the superior colliculus (Fig. 9B
and C). In addition, the zonal and superficial gray strata showed
heavy neuropil immunolabeling. At high magnification, this labeling
consisted of an amorphous staining and numerous neurites made
visible by immunostained puncta. The labeled neuropil distribution
matched the known terminal pattern of retinotectal axons (Sefton &
Dreher, 1994; Sakakibara et al., 2003). Moreover, the accessory
optic tract nuclei neurons and their neuropil were Reln-ir (Fig. 9B).
These observations prompted us to examine Reelin immunolabeling
in the adult rat retina (Fig. 9D). A substantial population of retinal
ganglion cell somata, their proximal dendrites and their initial axon
segments were Reln-ir. In addition, weak labeling was present in
some cell somata in the inner nuclear layer. A prominent band of
heavy neuropil immunolabeling delineated the IPL. The remaining
retinal layers were free of labeling.

The inferior colliculus contained numerous labeled neurons
(Fig. 10A—C) that were most abundantly and heavily stained in
the collicular cortex. The periaqueductal gray matter contained
Reln-ir cells that were most abundant in its dorsal portions. The
large neurons of the nearby nucleus of Darkewisch were heavily
Reln-ir as well. Numerous Reln-ir neurons were present in the
raphe nuclei (Figs 9B and 10A, D and E). The periaqueductal gray
matter contained Reln-ir cells that were most abundant in its dorsal
portions. The large neurons of the nearby nucleus of Darkewisch
were heavily Reln-ir as well. Numerous Reln-ir neurons were
present in the raphe nuclei (Figs 9B and 10A, D and E). Some
lateral tegmental nuclei related to the auditory pathways, such as
the nuclei of the lateral lemniscus and the nucleus of the brachium
of the inferior colliculus (Fig. 9A), contained weakly Reln-ir cells.
The remaining mesencephalic tegmentum areas were unlabeled or
contained only occasional stained cells.

The main nuclei of the trigeminal complex and other cranial motor
and sensory nuclei lacked immunolabeling. However, the caudal
portion of the spinal trigeminal nucleus in the medulla oblongata
showed weak but consistent staining of numerous cells in the
superficial sublayer of the nucleus, adjacent to the fibers of the spinal
trigeminal tract (Fig. 10J and K). In addition, the most conspicuously
Reln-ir cells in the medulla oblongata were those of the ventrolateral
reticular nucleus; scattered cells were also present throughout the
lateral reticular nucleus and raphe nuclei.

The cerebellar cortex showed heavy neuropil labeling of the
molecular layer and dense labeling in the granule cell layer (Fig. 10H
and ). Additional weakly labeled somata were present in the
molecular layer. The Purkinje cells and the cerebellar white matter
were unstained.

Discussion

We have systematically mapped the localization of Reelin-like
immunoreactivity throughout the forebrain and brainstem of the
adult rat. Our data reveal that Reelin is preferentially present in
neuron populations of the forebrain and the cerebellar cortex, and
much scarcer in the pons and medulla. Results are largely
consistent with previous mRNA ISH studies in rodents (Ikeda &
Terashima, 1997; Alcantara et al., 1998; Pesold et al, 1998;
Haas et al., 2000), and confirm and extend the available
immunolocalization data (Miyata et al., 1996; Drakew et al.,
1998; Pesold et al., 1998; Nishikawa et al., 1999; Pérez-Garcia
et al., 2001; Martinez-Cerdeno & Clasca, 2002). In addition, we
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report the presence of other Reelin-containing cells and neuropil Specificity and interpretation of the immunolabeling
areas, mostly in brain structures not specifically examined in the Labeling included cell somata, dendrites, axons and extracellular
previous studies. neuropil staining, all of which displayed a broad range of staining
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intensity. This pattern is consistent with the expectation that, unlike
Reelin mRNA, which remains in the perikaryon of synthesizing cells
(D’Arcangelo et al., 1995; Schiffmann et al., 1997; Alcantara et al.,
1998; Haas et al., 2000), the Reelin protein can be found: (1) in the
endoplasmic reticulum and Golgi complex of synthesizing neurons
(Pappas et al., 2001; Martinez-Cerdefio et al., 2002); (2) in membrane-
bound vesicles within axons as it is transported for secretion (Derer
et al., 2001; Martinez-Cerdefio et al., 2002, 2003; Pappas et al., 2003);
(3) in the extracellular matrix and cell membranes of synaptic
neuropils after secretion (D’Arcangelo et al., 1997; Pappas et al.,
2001; Dong et al., 2003); (4) within re-internalization vesicles after
binding to receptors in target cells (D’Arcangelo et al., 1999;
Morimura et al., 2005); or even (5) diffusing in the intercellular
space, before eventually reaching the cerebrospinal fluid (Saez-Valero
et al., 2003; Ignatova et al., 2004).

Given such potential variety, we took pains to ensure the specificity
of our staining through an exhaustive set of immunolabeling controls
(Saper & Sawchenko, 2003; see Methods and Supplementary
Material). The coincident results from all these controls firmly
indicate that the observed labeling is specific for Reelin.

It must be kept in mind that Reelin is a very large (~420 kDa) protein
with functionally diverse domains, and that it may be cleaved
after secretion. The monoclonal antibodies used here recognize only
the N-terminal region of Reelin. Specifically, antibody CR-50
binds amino acid residues 246371, while antibody 142 binds residues
164—189, and antibody G10 binds residues 199-245 (D’Arcangelo
et al., 1997; De Bergeyck et al., 1998). This N-terminal region is
present in the full-length protein as well as in some of the cleaved
fragments but not in others (Lambert de Rouvroit et al., 1999; Jossin,
2004). Thus, immunolabeling in our material may correspond to both
full-length Reelin, and any of the cleaved fragments that contain the
N-terminal region, but not to the fragments, some of which may still
mediate signaling, that lack this region (Jossin, 2004). The N-terminal
region allows the homodimerization of secreted Reelin (Utsonomiya-
Tate et al., 2000; Strasser et al., 2004), a process which seems to be
crucial for the co-operative interactions at the cell membrane (such as
clustering and/or internalization of multiple receptors) and which
seems to mediate some Reelin effects in vivo (D’ Arcangelo et al., 1999;
Andersen et al., 2003; Sanada et al., 2004; Strasser et al., 2004,
Morimura et al., 2005). Antibody CR-50 prevents dimerization and
blocks Reelin function in vitro and in vivo (Ogawa et al., 1995; Del Rio
etal., 1997; Nakajima et al., 1997; Kubo et al., 2002; Zhao et al., 2004).
In addition, the N-terminal region is the one that binds integrin a31
receptors (Dulabon et al., 2000; Schmid et al., 2005), and this binding
may be important for a possible Reelin-mediated local regulation of cell
adhesive properties at perisynaptic sites (Rodriguez et al., 2000; Dong
et al., 2003; Sanada et al., 2004; Schmid et al., 2005).
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Resolving the precise subcellular localization of the immunolabe-
ling requires electron microscopy. However, neuronal somata labeling
in Reln-ir cells strongly resembles the light-microscope appearance of
the endoplasmic reticulum and Golgi complex (De Camilli et al.,
1986). The presence of Reelin in these cell organelles of the
constitutive secretory pathway has been demonstrated by electron-
microscopic studies in adult mouse (Pappas et al., 2001) and macaque
neurons (Martinez-Cerdefio et al., 2002). Moreover, most of the
neuron populations with intracellular labeling match those reported to
contain Reelin mRNA in adult rodents (Alcantara et al., 1998; Haas
et al., 2000). There are some mismatches, such as Reln-ir striatal and
thalamic cells, which have not been reported to contain Reelin mRNA
in ISH studies. Because the specificity of our immunolabeling is firmly
established, the incongruence may arise from two alternative, but not
mutually exclusive, possibilities. First, these cell populations may
express Reelin mRNA at levels that are too low to be detected by the
ISH assays on thick tissue sections (Femino et al., 1998; Speel et al.,
1999). Only negative results using PCR amplification can effectively
rule out the presence of low, but biologically significant, numbers of
mRNA transcripts, and, because of post-transcriptional regulatory
mechanisms, low mRNA levels do not directly imply low protein
levels (Gygi et al, 1999; Tian et al., 2004). In addition, the
observation that labeling in these cells is morphologically equivalent
to that in other cells known to express Reelin mRNA (compare for
example Figs 1A, 3E, 4E, 7C, 8D and E, 10C, G and E, or 10I) also
suggests Reelin expression in these cells. A second possibility is that
the immunolabeling reveals Reelin internalized in membrane-bound
vesicles after binding to lipoprotein receptors (D’Arcangelo et al.,
1999; Morimura et al., 2005); thus, it would not require Reelin mRNA
expression by the labeled cells.

Secreted Reelin is particularly abundant in some spine-rich
neuropils

Numerous neuropil areas showed an amorphous/punctate immuno-
labeling of variable intensity. We could not resolve between the Reelin
present within fine axon terminals or distal dendrites and spines, and
that which had been secreted to the ECM. Nevertheless, the light-
microscope appearance of the immunolabeling largely resembled that
noted for other secreted ECM molecules (Dityatev & Schachner,
2003). Interestingly, the heaviest labeling is found in neuropils such as
the stratum lacunosum-moleculare of CAl, the pyriform cortex
sublayer la, the isocortex sublayer Ia or the molecular layer of the
cerebellar cortex, all of which are known to contain massive
concentrations of dendritic spines. This type of neuropil labeling has
been reported in the equivalent brain regions in rodents,
carnivores and primates, including humans (Miyata et al., 1996;

FIG. 7. Reelin-like immunolabeling in the parahippocampal cortex and hippocampus. (A) Panoramic view of the entorhinal and adjacent areas in a coronal section
at approximately bregma —6.30 mm. White arrows indicate area borders. Arrowheads indicate the labeled axons in the angular bundle beneath the subiculum (Sb,
detail in E). Note the heterogeneous distribution and staining intensity of Reln-ir neuron populations in the various fields. Neuropil labeling is visible in layer I of
the entorhinal areas (LEA, MEA). (B) Detail of the immunolabeling in the lateral entorhinal cortex (LEA). Note that most of the pyramidal layer II and III cells
contain Reelin. (C) High-magnification view of the labeled somata and axons (arrowheads) of layer II LEA projection neurons. (D and E) High-magnification detail
of the particulated immunolabeling in putative layer II entorhinal axons running in the deep layers of the lateral entorhinal area (D, arrowheads) and in the angular
bundle under the subiculum (E, compare with the arrowheads in A). (F) Panoramic view of labeling in the dorsal hippocampus taken from a coronal section at about
coronal bregma level —4.30. Note the heavily Reln-ir cells in the strata oriens, lacunosum-moleculare and radiatum of Ammon’s horn fields (CA1, CA3) and in the
dentate gyrus (DG) hilus. In addition to labeled neuronal somata, there is a sharply delineated band of heavy neuropil labeling throughout the stratum lacunosum-
moleculare of CA and the superficial third of the DG molecular layer. This neuropil labeling is present in both the suprapyramidal [within the hippocampal fissure
(HF), delineated by blood vessels] and infrapyramidal (arrowheads) DG blades. The labeled neuropil matches the known terminal distribution of layer II LEA
projection neurons. Similar but fainter labeling can be seen around HF in A. (G) Detail of field CA1. Reln-ir cell somata are preferentially located near the border
between the strata lacunosum-moleculare (LMol) and radiatum (Rad). (H) Detail of labeled cells in DG. Large Reln-ir interneurons are labeled in the polymorph
(PoDG), granular (GrFD) and molecular (Mol) layers of this field; however, there is no labeling in the granular cells. Arrowheads highlight the large basket
interneurons labeled along the border of GnFD and PoDG. For other abbreviations, see List. Scale bars, 500 um (A and D); 100 pm (B); 10 pm (C and E); 25 pm (G
and H).

© The Authors (2006). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 23, 401-422



416 T. Ramos-Moreno et al.

Drakew et al., 1998; Pesold et al., 1998; Rodriguez et al., 2000; Pérez-
Garcia et al., 2001; Martinez-Cerdeno & Clasca, 2002; Martinez-
Cerdefio et al., 2002, 2003; Deguchi et al., 2003; Roberts ef al., 2005).
Electron-microscopic studies have identified secreted Reelin near
dendrites and dendritic spines at extrasynaptic sites (Rodriguez et al.,
2000; Pappas et al., 2001, 2003). In the adult brain, dendritic spines

are known to be preferential sites for rapid, activity-induced structural
changes that correlate with long-lasting changes in synaptic efficacy
such as long-term potentiation or depression (Yuste & Bonhoeffer,
2001; Dityatev & Schachner, 2003; Berardi et al., 2004; Oray et al.,
2004). Moreover, there is direct evidence for activity-driven spine
remodeling in some of the above Reelin-rich neuropils (Geinisman
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et al., 1992; Klintsova & Greenough, 1999; Weeks et al., 1999; Yuste
& Bonhoeffer, 2001; Oray et al., 2004).

Evidence for Reelin involvement in the modulation of synaptic
plasticity has grown rapidly over the past few years (D’Arcangelo,
2005a). Because of its known ability to influence membrane
adhesivity and/or cytoskeletal dynamics in embryonic neurons, the
finding of Reelin in adult neuropil areas, near dendritic spines, led to
the first suggestions that, similarly, it might regulate adult synaptic
remodeling (Impagnatiello et al., 1998; Rodriguez et al., 2000; Rice
etal.,2001). A reported intrinsic serine-protease activity of Reelin was
suggested as a possible mechanism behind this activity (Quattrocchi
et al., 2002; Dityatev & Schachner, 2003). Electrophysiological
studies in hippocampal slices showing that Reelin signaling through
lipoprotein receptors modulated long-term potentiation provided direct
evidence for Reelin involvement in synaptic plasticity (Weeber et al.,
2002). This effect has recently been shown to depend on Reelin
signaling through a spliced variant of the apolipoprotein receptor 2
that directly modulates the NMDAr (Beffert et al., 2005; Chen et al.,
2005). NMDAr is a pivotal molecular switch for the induction of long-
term, activity-dependent functional and structural synaptic changes.
Additionally, Reelin signaling has also been found to regulate the
subunit composition of the NMDAr, a finding that now implicates
Reelin in the regulation of critical periods for synaptic plasticity
during late postnatal development (Sinagra et al., 2005). Our finding
of selectively high Reelin concentrations in several dendritic spine-
rich neuropils therefore means that Reelin signaling is in place and
available to be a significant modulator of activity-induced synaptic
changes in these particular adult brain circuits.

Reelin transport and secretion by adult axonal pathways

In the brain, Reelin is axonally secreted only by neurons (D’ Arcangelo
et al., 1997; Alcantara et al., 1998; Derer et al., 2001; Pappas et al.,
2003); thus, in any ECM, Reelin sources can be the local neurons
and/or the terminals of an afferent Reelin-synthesizing pathway.
Most of the Reln-ir neuropils reported in this study contain at least
some Reelin-expressing neurons, which are an obvious source for the
observed ECM Reelin. Interestingly, however, our data also suggest
that an extrinsic afferent pathway may be a Reelin source in some of
these neuropils. This possibility is particularly clear for the mitral cell
projection to olfactory areas of the basal forebrain. Adult mitral cells
express high Reelin mRNA levels (Alcantara et al., 1998), their axons
(LOT) contain Reln-ir particles (Pappas et al., 2003; present results),
and their terminal fields in sublayer la of the molecular layer of the
olfactory areas (Price, 1973) are exactly matched to areas with heavy
ECM Reelin immunostaining (Misaki et al., 2004; present results). A
mitral cell origin for the Reelin in these areas is further supported by the
fact that some of them, such as the olfactory tuberculum and AOL, are
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virtually devoid of local Reelin-expressing neurons (Figs 1E and 2A).
An equivalent pattern is present in the cells of origin, axons and
terminal neuropil of other long pathways. For example, entorhinal layer
IT and IIT cells express Reelin mRNA (Alcantara et al., 1998; Haas
et al.,2000), their axons contain intra-axonal Reln-ir particles (Fig. 7C—
E), and their terminal neuropil in the CA and DG is selectively matched
with a band of high ECM Reelin labeling (Fig. 7F). A similar situation
might occur in some retino-mesencephalic projections (Fig. 9). The
observed distribution of neuropil labeling in the superficial layers of the
superior colliculus and the accessory optic nuclei, all of which receive
direct retinal projections, suggests that some retinal ganglion cells
secrete Reelin into their mesencephalic target fields. The presence of
Reelin mRNA and protein in a population of retinal ganglion cells
(Schiffmann et al., 1997; Rice et al., 2001; present results) adds support
to this possibility. In other cases, the source of high local ECM Reelin
levels appears to be located at a shorter distance. This was previously
noted for the cerebellar granule cell axons that secrete Reelin in the
ECM of the molecular layer (Miyata et al., 1996; Pesold et al., 1998;
present results). Likewise, the neuropil labeling in isocortical sublayer
Ia (Pesold et al., 1998; Rodriguez et al., 2000, 2002; Pérez-Garcia
et al., 2001; Deguchi et al., 2003; Roberts et al., 2005; present results)
might originate, at least in part, in the selective innervation of this
sublayer by Martinotti cells (Wang ef al., 2004), most of which express
Reelin in the adult isocortex (Alcantara et al., 1998; Pesold et al., 1998,
1999).

In summary, the available evidence is consistent with the possibility
that Reelin accumulates in some neuropil areas distantly located from
the cell bodies that actually synthesize the protein, and even in regions
that do not contain any Reelin-expressing cell neurons. Future axon
lesion experiments, or application of axonal transport blockers, could
directly confirm the axonal flow of Reelin in some of these pathways,
and also provide a measure of persistence/clearance of secreted Reelin.

Reelin-immunoreactive cell types in the forebrain

The morphology and distribution of the Reln-ir interneurons in the
isocortex, entorhinal cortex and hippocampus agree with previous
observations in adult rodents (Ikeda & Terashima, 1997; Alcantara
et al., 1998; Drakew et al., 1998; Pesold et al., 1998, 1999; Haas
et al., 2000; Pérez-Garcia et al., 2001). In the hippocampus, all the
labeled cells display interneuron morphology and co-localize GABA
(Figs 5, and 7G and H). In the entorhinal cortex Reelin is present in
both interneurons and pyramidal neurons of layers II-1II (Fig. 7A and
B). In the isocortex, Reelin is present in numerous interneurons in all
layers, but also in a sizable population of non-GABAergic pyramidal
cells in layer V. The latter observation is relevant because it supports
the finding of low but consistent Reelin mRNA and protein levels in
pyramidal cells by Pesold ez al. (1998, 1999), in contrast to studies

Fi1G. 8. Reelin-like immunolabeling in the diencephalon. (A-C) Low-magnification views of coronal sections taken from the rostral pole of the thalamus
(A, approximately at bregma —1.10), as well as from two other levels (B, bregma —1.80 mm; C, bregma —4.50 mm). Note in A the labeled neuronal somata in the
anterodorsal (AD) and anterior paraventricular (PvA) thalamic nuclei, and in the nucleus of the stria medullaris (SMN). A Reln-ir cell population located within the
external medullary lamina is indicated by arrows. Despite its inconspicuous adult appearance, this neuron population is a remnant of the zona limitans intrathalamica
of the embryo (Alcantara et al., 1998). Note in C that numerous Reln-ir neuronal somata are scattered throughout the dorsal lateral geniculate (DLG) and lateral
posterior (LP) nuclei but are conspicuously absent from the ventrobasal (VB) and posterior (Po) thalamic groups. Large numbers of cells are labeled in the pretectal
nuclei (APT, OPT), in the posterior hypothalamus (PH) and periaqueductal gray (PaG), as well as in the ventral lateral geniculate nuclei, particularly in its
magnocellular part (VLGmc). The axons of the habenulo-interpeduncular tract (RB) are immunolabeled; by comparison, note the absence of labeling in the medial
leminscus (ML). (D) High-magnification view of the neuronal somata labeled in the AD thalamic nucleus. (E) High-magnification view of the labeled cells in the
DLG. Note that compared with the image in D (at the same scale), the DLG cells are clearly smaller, consistent with the finding that they are GABAergic thalamic
interneurons (Fig. 5). (F) Detail of the labeling in the olivary pretectal nucleus (OPT). Note that, in addition to its neuronal somata, the neuropil of OPT is heavily
immunoreactive. (G) Labeling in the habenular complex. In addition to numerous somata, note the heavy labeling of some axon bundles of the habenulo-
interpeduncular tract (arrow). There is dense neuropil labeling in a portion of the medial habenular nucleus (arrowheads). For other abbreviations, see List. Scale

bars, 500 pm (A—C and G); 20 um (D and E); 100 um (F).

© The Authors (2006). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 23, 401-422



418 T. Ramos-Moreno et al.

Y INL
IPL
—GCL

W - %ﬁom
W p o oPL

FiG. 9. Reelin-like immunolabeling in the mesencephalon and retina. (A—C)
Labeling in rostral mesencephalon. The panoramic view of a coronal section
(B) at the level of the superior colliculus shows numerous Reln-ir cell somata
and areas of neuropil labeling. There is also labeling in some axons of the
habenulo-interpeduncular tract (RB); a high-magnification view of these axons
is shown in A. The superior colliculus (SC) is conspicuously labeled. A more
detailed view of its four superior layers is illustrated in C. Note that the most
heavily stained somata are located in the stratum zonale (Zo) and stratum
griseum superior (SuG). Note that, in addition, the neuropil is heavily
immunoreactive in these two most superficial SC layers. Additional groups of
Reln-ir neurons are visible in the nucleus of the brachium of the inferior
colliculus (NBCI), Darkewistsch (Dk) and raphe (RLi) nuclei. Note also the
labeling in the medial terminal nucleus of the accessory optic tract and in the
retinal fibers of the accessory optic tract (AOT, MTN). (D) Immunolabeling of
a coronal section of the retina. For cytoarchitectonic reference, a strip from a
parallel semithin section stained with toluidine blue is attached on the right side
of the panel. Note the numerous Reln-ir neuronal somata in the ganglion cell
layer (GCL). There is also weak labeling in the cytoplasm of some cells in the
inner nuclear layer (INL, arrowheads). A prominent band of neuropil
immunolabeling delineates the internal plexiform layer (IPL). Scale bars,
10 pm (A); 1 mm (B); 100 pm (C).

that had concluded that in the isocortex only interneurons expressed or
contained Reelin (Alcantara et al., 1998; Pérez-Garcia et al., 2001).
Specifically, Pesold and colleagues reported that about 30% of
isocortical cells expressing Reelin mRNA were not GABAergic, and
noted that some of them had pyramidal morphology. Our data (Figs 3,
5 and 6) confirm and extend these observations, showing that, in fact,
a large population of non-GABAergic pyramidal cells in layer V of the
isocortex contain Reelin. Interestingly, these rodent findings are in
agreement with reports of Reelin in numerous isocortical pyramidal
cells in adult primates, including humans (Rodriguez et al., 2000;
Martinez-Cerdefio et al., 2002; Deguchi et al., 2003; Roberts et al.,
2005).

Consistent with findings in adult carnivores (Martinez-Cerdefio
et al., 2003) and non-human primates (Martinez-Cerdefo et al., 2002),
numerous rat striatal neurons contain low Reelin levels (Fig. 2). The
Reelin content of these neurons seems to decrease throughout
adulthood. The most heavily labeled cells are preferentially located
in the striosomal compartment. These findings are in agreement with
reports of Reelin mRNA (Alcantara et al., 1998) and protein
(Nishikawa er al., 1999) in postnatal rodent striatum, with a
preferential localization in striosomes. Alcantara et al. (1998),
however, did not detect Reelin mRNA in the adult mouse striatum;
because the riboprobes used in the same experiments apparently did
not detect low adult mRNA levels present in pyramidal cells of the
adult isocortex (see above), it is possible that they also missed low
Reelin mRNA levels in the striatum. Alternatively, our immunolabe-
ling of striatal neurons may correspond to Reelin internalized in
endosomes (D’Arcangelo ef al., 1999; Morimura et al., 2005).

The present results show that several dorsal thalamic nuclei contain
Reln-ir cells. Labeled cells in the anterodorsal, paraventricular and
anterior intralaminar must be projection neurons, because these nuclei
lack intrinsic interneurons in rodents (Arcelli ez al., 1997). By contrast,
the distribution, morphology and strict co-localization with GABA
consistently indicate that Reln-ir neurons in DLG and LP (Fig. 5) are
the intrinsic interneurons known to exist in these nuclei of the rat
thalamus (Ohara et al., 1983; Arcelli et al., 1997).

Reelin-containing cells are numerous in other diencephalic districts
(Puelles & Rubenstein, 2003) such as the epithalamus, zona limitans
intrathalamica (ZLI; Kitamura et al., 1997), prethalamus and pretec-
tum. It is interesting to note that, during development, the prethalamic
eminence and ZLI derivatives express high levels of Reelin mRNA
(Alcantara et al., 1998). We show here that Reelin remains present in
adult derivatives of these embryonic structures (Kitamura et al., 1997;
Alcantara et al., 1998; Nakagawa & O’Leary, 2001; Hayes et al.,
2003) such as the ventral lateral geniculate nucleus, the intergeniculate
leaflet, the neurons of the external medullary lamina, the ventral
reuniens thalamic nucleus and some subnuclei of the hypothalamic
paraventricular nucleus.

Comparative remarks

Adding to earlier reports in macaques and ferrets (Martinez-Cerdefio
et al., 2002, 2003), the present rat data reveal a conserved basic pattern
of Reelin protein localization in equivalent neuron populations, axonal
tracts and neuropil areas of the forebrain. Such a basic constancy lends
relevance to differences in Reelin protein content observed in
particular neuron populations between these species. This is the case,
for example, of cortical pyramidal cells or thalamic cells. Reelin
protein is present in virtually all isocortical pyramidal cells in
macaques, in virtually all layer V pyramidal cells in rats but only in
occasional layer V pyramids in ferrets. In macaques, subiculum and
CA pyramidal cells are Reln-ir, in rats only parasubiculum pyramidal
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FIG. 10. Reelin-like immunolabeling in the hindbrain and cerebellum. (A) Coronal section at the level of the inferior colliculus. Note the abundant cell somata
labeling in external cortex (ECIC) and dorsal cortex (DCIC) of the colliculus. (B) Immunolabeled cells and neuropil in ECIC. (C) Large multipolar cell of the
DCIC. Note that, as observed in neurons throughout the brain, this neuron contains intracellular Reln-ir clumps in the perikaryon and proximal dendrites
(arrowhead). (D and E) Labeling in the medial raphe nucleus. Elongated particles are present within the dendrites and perikaryon of the neurons (arrowhead in
E). (F) Labeling in the ventral medulla oblongata. A prominent group of Reln-ir neurons are visible in the ventral lateral reticular nucleus (RVL). Note the absence
of labeling in the inferior olivary nucleus (ION). (G) detail of two Reln-ir neurons of the RVL. (H and I) Immunolabeling of the cerebellar cortex. Heavy neuropil
immunolabeling is present throughout the molecular (Mol) layer. There is no labeling in the Purkinje cells (PkL), but virtually all the cells in the granule cell layer
(GnL) are immunoreactive. An example of the cytoplasmic labeling of these granule cells is illustrated in I. (J and K) Immunoreactive neuronal somata and neuropil
(arrows) in the superficial layer of the spinal trigeminal nucleus (Sp5c). K shows a high-magnification view of the small Reln-ir neurons in this layer, amidst
abundant extracellular immunolabeling. For other abbreviations, see List. Scale bars, 500 um (A and F); 20 pm (B); 10 pm (C, E, G and K); 50 um (D and H);
100 pm (J); 5 pm (D).
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cells are Reln-ir and no pyramidal cells are Reln-ir in the CA or
subiculum of ferrets. Likewise, in macaques and ferrets, large numbers
of neurons throughout the thalamus contain Reelin, whereas, in rats,
Reelin is found only in a limited number of cells of a few thalamic
nuclei. Fossil and molecular genetic evidence indicates that rats and
macaques diverged from a common ancestor about 80-90 million
years ago while the ferret lineage split even earlier, around 90-100
million years ago (Murphy et al., 2004). From an evolutionary
perspective therefore the finding of fine-grained interspecies differ-
ences in expression and/or protein processing by some neuronal
populations is unsurprising, all the more so if one compares forebrain
structures that have independently expanded in each lineage (Striedter,
2004). In addition, the comparison between the three species shows
that Reelin is most abundant and widely distributed in the primate
brain; this seems remarkable in view of mounting evidence that Reelin
regulates the synaptic substrates for learning and memory (D’Arc-
angelo, 2005a).

Supplementary material

The following supplementary material may be found on http:/
www.blackwell-synergy.com

Fig. S1. Immunolabeling controls.

Fig. S2. Specificity of the Reelin immunolabeling.
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Abbreviations

ABL, basal and lateral amygdaloid nuclei; AC, anterior comissure; ACo,
cortical amygdaloid nucleus; ACP, anterior commissure, posterior branch; AD,
anterodorsal thalamic nucleus; AMe, medial amygdaloid nucleus; AOB,
accessory olfactory bulb; AOL, anterior olfactory nucleus, lateral division;
AOT, accesory optic tract; APT, anterior pretectal nucleus; Aul, primary
auditory cortex; AV, anteroventral thalamic nucleus; BST, bed nucleus of the
stria terminalis; CA1, Ammon’s horn sector 1; CA3, Ammon’s horn sector 3;
CeL, centralis lateralis thalamic nucleus; CIC, inferior colliculus, central
nucleus; CM, centralis medialis thalamic nucleus; CPu, caudate-putamen;
DCIC, inferior colliculus, dorsal cortex; DG, dentate gyrus; Dk, Darkewitsch’s
nucleus; DLG, dorsal lateral geniculate thalamic nucleus; DR, dorsal raphe
nucleus; ECIC, inferior colliculus, external cortex; End, endopyriform nucleus;
EPL, external plexiform layer of the main olfactory bulb; Fx, fornix; GCL,
ganglion cell layer; GIL, glomerular layer of the main olfactory bulb; GnL,
granule cell layer of the cerebellar cortex; GnL, granular layer of main olfactory
bulb; GP, globus pallidus; GrDG, granule cell layer of the dentate gyrus; HDB,
diagonal band nuclei, horizontal limb; HF, hippocampal fissure; Hi, hilus layer
of the dentate gyrus; Iam, interanteromedial thalamic nucleus; ICj, cell islands
of calleja; InG, intermediate gray stratum of the superior colliculus; INL, inner
nuclear layer; ION, inferior olivary nucleus; IPL, internal plexiform layer; IPN,
interpeduncular nucleus; LEA, lateral entorhinal area; LHb, lateral habenular
nucleus; LMol, stratum lacunoso-moleculare, Ammon’s horn; LOT, lateral
olfactory tract; LP, lateralis posterior thalamic nucleus; LPO, lateral preoptic
area; LSpi, lateral septal nucleus, intermediate subnucleus; LSpL, lateral septal
nucleus, lateral subnucleus; M, mitral cell layer of the main olfactory bulb;
McPo, magnocellular preoptic nucleus; MEA, medial entorhinal area; MHb,
medial habenular nucleus; ML, medial lemniscus; MnR, raphe magnus nucleus;
MOB, main olfactory bulb; Mol, molecular layer of the dentate gyrus;
MoL, molecular layer of the cerebellar cortex; MPo, medial preoptic area; MSp,

medial septal nucleus; MTN, medial terminal accessory optic nucleus; NCBI,
nucleus of the brachium of the inferior colliculus; ON, olfactory nerve layer of
the main olfactory bulb; ONL, outer nuclear layer of the retina; OPL, outer
plexiform layer of the retina; OPT, olivary pretectal nucleus; Opt, optic stratum
of the superior colliculus; PaDC, paraventricular hypothalamic nucleus, dorsal
cap; PaG, periaqueductal gray; PaLM, paraventricular hypothalamic nucleus,
lateral magnocellular part; PaSb, parasubiculum; Pc, paracentral thalamic
nucleus; PcRt, parvocellular reticular nucleus; PerC, perirhinal cortex; PH,
posterior hypothalamic area; PkL, purkinje cell layer of the cerebellar
cortex; Po, posterior thalamic nucleus; PoDG, polymorph layer of the
dentate gyrus; Ppir, prepyriform cortex; ProC, prorhinal cortex; PrS,
presubiculum; Pt, paratenial thalamic nucleus; PvA, anterior paraventricular
thalamic nucleus; PvP, posterior paraventricular thalamic nucleus; PyT,
pyramidal tract; Py, stratum pyramidale, Ammon’s horn; Rad, stratum
radiatum, Ammon’s horn; RB, retroflex bundle (habenulo-interpeduncular
tract); Rli, raphe linearis nucleus; RVL, rostroventrolateral reticular nucleus;
S1, somatosensory area 1, parietal isocortex; Sb, subiculum; SC, superior
colliculus; SM, stria medullaris thalami; SMN, nucleus of the stria
medullaris thalami; SpSc, caudal portion of the spinal trigeminal nucleus;
Sp5Tr, spinal tract of the trigeminal nucleus; ST, stria terminalis; SuG,
superficial gray stratum of the superior colliculus; TuO, olfactory tubercle;
VLGme, ventral lateral geniculate nucleus, magnocellular part; VLGpc,
ventral lateral geniculate nucleus, parvocellular part; VLL, ventral lateral
lemniscus nucleus; VP, ventral pallidum; VPM, medial ventroposterior
thalamic nucleus; VRe, ventral reuniens nucleus; VTA, ventral tegmental
areca; ZI, zona incerta; ZLI, zona limitans intrathalamica. DAB, diam-
inobenzidine; ECM, extracellular matrix; GABA, gamma-amminobutyric
acid; ISH, in situ hybridization, NMDAr, N-methyl-D-aspartate receptor;
Reln-ir, Reelin-immunoreactive.
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