4636 - The Journal of Neuroscience, March 31, 2010 - 30(13):4636 — 4649

Behavioral/Systems/Cognitive

Reelin Regulates Postnatal Neurogenesis and Enhances
Spine Hypertrophy and Long-Term Potentiation
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Reelin, an extracellular protein essential for neural migration and lamination, is also expressed in the adult brain. To unravel the function
of this protein in the adult forebrain, we generated transgenic mice that overexpress Reelin under the control of the CaMKII« promoter.
Overexpression of Reelin increased adult neurogenesis and impaired the migration and positioning of adult-generated neurons. In the
hippocampus, the overexpression of Reelin resulted in an increase in synaptic contacts and hypertrophy of dendritic spines. Induction of
long-term potentiation (LTP) in alert-behaving mice showed that Reelin overexpression evokes a dramatic increase in LTP responses.
Hippocampal field EPSP during a classical conditioning paradigm was also increased in these mice. Our results indicate that Reelin levels
in the adult brain regulate neurogenesis and migration, as well as the structural and functional properties of synapses. These observations
suggest that Reelin controls developmental processes that remain active in the adult brain.

Introduction

Reelin is an extracellular protein that is essential for neuronal
migration and brain development (D’Arcangelo et al., 1995;
Alcantara et al., 1998; Rice and Curran, 2001; Soriano and Del
Rio, 2005; Cooper, 2008). Functions exerted by Reelin are mediated
through the receptors apolipoprotein E receptor 2 (ApoER2) and
very-low-density lipoprotein receptor (VLDLR), which trigger a
complex signaling cascade involving members of the Src kinase fam-
ily, the adaptor Dabl, the PI3K, Erk1/2 and GSK3p kinases, and
CrkL, among others (Howell et al., 1997, 1999; Hiesberger et al.,
1999; Beffert et al., 2002; Arnaud et al., 2003; Ballif et al., 2004;
Gonzalez-Billault et al., 2005; Sim6 et al., 2007).

In the adult brain, Reelin is expressed by subsets of neurons in
the cerebral cortex, in particular by GABAergic interneurons
(Alcantara et al., 1998). Although the role of Reelin in the adult
brain is not well understood, it has been shown that this protein is
expressed in synaptic contacts, and that neurons deficient in
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ApoER2 and VLDLR receptors have impaired long-term poten-
tiation (LTP) (Pesold et al., 1998; Beffert et al., 2005). Recently, it
has been demonstrated that Reelin participates in the composi-
tion, recruitment and traffic of NMDA receptor subunits (Chen
etal., 2005; Qiuetal., 2006; Groc et al., 2007), in the generation of
dendrites, and in the formation of dendritic spines (Matsuki et
al., 2008; Niu et al., 2008). Furthermore, the lack of spines in
cultured reeler neurons is recovered by incubation with Reelin
(Matsuki et al., 2008; Niu et al., 2008). Altogether, these studies
suggest that Reelin is involved in the correct formation and main-
tenance of synapses. This protein also acts as a detachment factor
in the migration of subventricular zone (SVZ)-derived neurons
in the rostral migratory stream (RMS) to the olfactory bulb (OB)
(Hack et al., 2002). Moreover, deficits in Reelin levels and genetic
variants have been associated with several psychiatric disorders
(Impagnatiello et al., 1998; Persico et al., 2001), which, together
with studies demonstrating altered Reelin levels in Alzheimer’s
disease, the localization of Reelin with B-amyloid deposits, and
the importance of Reelin in neurodegeneration and 3-amyloid-
induced synaptic depression (Beffert et al., 2006; Botella-Lopez et
al., 2006; Durakoglugil et al., 2009; Knuesel et al., 2009), supports
the notion that this protein participates in the pathogenesis of
neurological diseases.

Most studies on Reelin functions in the adult brain have been
based on analyses of the Reelin-deficient reeler mice and het-
erozygous reeler mice, as a model of Reelin haploinsufficiency.
Studies in reeler mice are hampered by the dramatic defects in
brain lamination and organization, which raises the question as
to whether defects in reeler mouse function are secondary to the
mispositioning of neurons. Moreover, transgenic mice express-
ing Reelin under the control of the Nestin promoter rescue the
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reeler phenotype in the cerebellum but not in the cerebral cortex
(Magdaleno et al., 2002). To unravel the function of Reelin in the
adult brain, we generated a gain-of-function transgenic mouse
model that overexpresses Reelin specifically in the postnatal and
adult forebrain, under the control of the calcium—calmodulin-
dependent kinase [T promoter (pCaMKIla). Our data provide
evidence that Reelin regulates adult hippocampal neurogenesis,
the positioning of adult-generated neurons, and the structural,
functional, and plastic properties of hippocampal synapses.
These results indicate that, in the adult brain, Reelin participates
in the control of processes that are reminiscent of developmental
processes.

Materials and Methods

Generation of Tgl/Tg2 mice. Total digestion of pCrIM (D’Arcangelo et
al., 1997) was performed with NotlI to linearize the 16 kb vector. Then,
partial digestion with EcoRI for 10 min at 37°C was performed to obtain
a mixture of partially digested species. The 10.6 kb fragment, containing
the Myc-tagged cDNA of Reelin (rIM), was purified and subcloned into
the EcoRI-NotI sites of the pCRII-TOPO cloning vector (Invitrogen). A
10.6 kb fragment was then excised by Spel total digestion, overhanging
ends were refilled using Cloned Pfu DNA polymerase (Stratagene), and
the fragment was subcloned into the EcoRV site of the PMM400 vector
(provided by Dr. M. Mayford, Scripps Research Institute, La Jolla, CA).
The newly generated PMM-rIM vector was digested with NotI to obtain
an injection fragment of 12.6 kb, which contained the tetracycline oper-
ator (tetO), the Myc-tagged Reelin ¢cDNA flanked by 2 intronic se-
quences, and the SV40 poly-A site.

Microinjections of single-cell CBAXC57BL/6] mice embryos with
PMM-1IM construction were performed in the Department of Animal
Reproduction (Instituto Nacional de Investigacién y Tecnologia Agraria
y Alimentaria, Madrid, Spain), and the embryos were implanted in preg-
nant females to obtain founding animals. Mice were bred in the animal
research facility at the Barcelona Science Park (SEA-PCB). They were
provided with food and water ad libitum and maintained in a
temperature-controlled environment in a 12/12 h light—dark cycle.
Reelin-transgenic mice founders (7g2) were identified by PCR. Genomic
DNA was purified using Invisorb spin tissue mini kit (Invitek), and PCR
amplifications on exon 26 and exon 27 were performed using the follow-
ing primers (Invitrogen): RLgen-F: 5'-TTGTACCAGGTTCCGCTGGT-
3', RLgen-R: 5'-GCACATATCCAGGTTTCAGG-3'. A 320 bp fragment
was amplified in Tg2 mice, while the same pair of primers also amplifies
the endogenous reelin gene fragment of 720 bp, containing the 400 bp
intron 26. Confirmed founder mice (Tg2) were then crossed with wild-
type C57BL/6] mice to obtain progeny. Following generations of Tg2
mice were crossed with pCaMKIIa-tTA (Tgl) animals to obtain double
transgenic mice overexpressing Reelin (Tg1/Tg2). The Tgl strain was
provided by M. Mayford and genotyped as described previously (Mayford et
al., 1996). For doxycycline treatment, adult mice were fed with doxycycline
(Bio-Serv, 200 mg/kg) for 1—4 weeks before they were killed.

All the experiments using animals were performed in accordance with
the European Community Council directive and the National Institute of
Health guidelines for the care and use of laboratory animals. Experiments
were also approved by the local ethical committees.

Antibodies and reagents. Mouse monoclonal anti-Reelin antibody
(clone G10) was provided by Dr. A. M. Goffinet (Université Catholique
de Louvain, Brussels, Belgium) and affinity-purified antibody anti-Dab1
(B3) by Dr. J. A. Cooper (Fred Hutchinson Cancer Research Center,
Seattle, WA). The commercial primary antibodies used were as follows:
anti-Reelin (clone G10) (Millipore Bioscience Research Reagents), anti-
DCX (Millipore Bioscience Research Reagents), anti-PSA-NCAM
(ABCYS), anti-5-bromo-2'-deoxyuridine (BrdU) (Acrys), anti-NeuN
(Millipore Bioscience Research Reagents), anti-GFAP (DAKO), anti-
actin (Millipore Bioscience Research Reagents), anti-parvalbumin (Swant),
anti-calbindin (Swant), anti-calretinin (Swant), anti-tyrosine hydroxylase
(TH) (Millipore Bioscience Research Reagents), and anti-Tbr-1 (Millipore
Bioscience Research Reagents). The HRP-labeled secondary antibodies used
for Western blot were from DAKO. Fluorescent secondary antibodies were
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from Invitrogen. Biotinylated-secondary antibodies and streptavidin-bio-
tinylated/HRP complex were from GE Healthcare. F(ab'), fragment anti-
mouse IgG was from Jackson ImmunoResearch.

BrdU, bisbenzimide (Hoechst 33342), diaminobenzidine reagent
(DAB), nickel ammonium sulfate, and hydrogen peroxide (H,O,) were
from Sigma.

RNA purification and qRT-PCR analysis. For RNA purification from
brain tissues, animals were killed by dislocation, and brains were imme-
diately removed. Specific brain regions were rapidly dissected, frozen in
liquid nitrogen, and stored at —80°C before processing. Total RNA was
extracted using Trizol (Invitrogen) reagent following the instruction
manual. In brief, tissue homogenization was performed in 1 ml of Trizol
reagent per 50—100 mg of tissue using power homogenizer (Polytron).
Phase separation was provoked by addition of chloroform. RNA from the
aqueous phase was precipitated by adding isopropyl alcohol, and after
washing RNA with 75% ethanol and air-drying, RNA was redissolved in
RNase-free water (Ambion). RNA quality and concentration was deter-
mined by absorbance at 260 and 280 nm in a nanodrop (Agilent) and by
analysis using a bioanalyzer (Agilent).

Five nanograms of RNA per sample were reverse transcribed using
Superscript (Invitrogen) and amplified with Ovation System (NuGEN).
For gene expression assays, we used FAM dye-labeled Tagman MGB
probes specific for the target gene Reelin (Mm00465200_m1) and for the
reference gene Actb (Mm00607939_s1). Reactions were developed in
ABI PRISM 7700 Sequence Detection System (Applied Biosystems) in a
96-well plate using the following conditions: 95°C for 10 min followed by
40 cycles of 95°C for 15 s and 60°C for 1 min (volume of reaction was 12
ul). To ensure equal efficiencies for the target and reference amplifica-
tions, we amplified dilutions from the template (from 0.1 to 100 ng of
ssDNA) and calculated the absolute value of the slope of log input
amount versus AC; (slope 0.0592 <0.1). For quantification, we used
three replicates per sample from five mice per group (5 months old).
Relative quantification was determined using the comparative Ci
method as described in the ABI PRISM users manual.

Western blots. Brain dissection for Western blot analysis was per-
formed as for RNA. Pieces of tissues were also lysed using power homog-
enizer (Polytron) in lysis buffer (50 mm HEPES, pH 7.5, 150 mm sodium
chloride, 1.5 mm magnesium chloride, 1 mm EGTA, 10% glycerol, and
1% Triton X-100) containing Complete Mini protease inhibitor cocktail
(Roche) and phosphatase inhibitors (10 mM tetra-sodium pyrophos-
phate, 200 um sodium orthovanadate, and 10 mm sodium fluoride).
Samples were sonicated, insoluble debris was removed by centrifugation
(15 min, 16,000 X g), and supernatants were stored at —80°C.

Samples were diluted 1:6 with 6X loading buffer (0.5 m Tris-HCI, pH
6.8, 2.15 M B-mercaptoethanol, 10% SDS, 30% glycerol, and 0.012%
bromophenol blue), boiled for 3 min at 95°C, resolved by SDS-
polyacrylamide gels, and transferred onto nitrocellulose membranes.
Membranes were blocked for 1 h at room temperature (RT) in TBST [10 mm
Tris, pH 7.4, 140 mm sodium chloride (TBS) with 0.1% Tween 20] contain-
ing 5% nonfat milk. Primary antibodies were incubated for 90 min in TBST-
0.02% azide [anti-Reelin (clone G10) 1:1000, anti-mDab1 (B3) 1:2000, and
anti-actin 1:100,000]. After incubation with secondary HRP-labeled anti-
bodies for 1 h at RT (diluted 1:2000 in TBST-5% nonfat milk), membranes
were developed with the ECL+ system (GE Healthcare).

BrdU administration. Intraperitoneal injections of BrdU were admin-
istered at a dose of 50 mg/kg. P15 and 2-month-old mice received two
injections and 5-month-old mice received five injections (2 h interval).
Animals were scarified 1, 10, or 20 d after the last injection and then
processed for histology.

Histology. Animals were anesthetized and perfused for 20 min with 0.1
M phosphate buffer (PB) containing 4% of paraformaldehyde (PF).
Brains were removed, postfixed overnight with PB-4% PF, cryopro-
tected with PB-30% sucrose, and frozen. To obtain tissue sections, brains
were sectioned coronally at 30 wm, distributed in 10 series, and main-
tained at —20°C in PB-30% glycerol-30% ethylene glycol. Nuclei were
detected using Nissl staining.

For immunodetection of antigens, sections were blocked for 2 h at RT
with PBS containing 10% of normal goat serum (NGS), 0.2% of gelatin,
and F(ab’), fragment anti-mouse IgG (1:300) when needed. For BrdU
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detection, nuclear permeabilization was per-
formed before blocking. Primary antibodies
were incubated overnight at 4°C with PBS-5%
NGS. For immunohistofluorescence, dye-
labeled secondary antibodies (1:500) were in-
cubated for 2 h at RT in PBS-5% NGS, then
sections were counterstained with bisbenzim-
ide (5 uMm), mounted in Mowiol, and stored at
—20°C. For immunohistochemistry, sequential
incubation with biotinylated secondary antibod-
ies (1:200; 2 h at RT) and streptavidin-HRP (1:
400; 2 h at RT) was performed in PBS-5% NGS.
Bound antibodies were visualized by reaction us-
ing DAB and H, O, as peroxidase substrates, add-
ing nickel ammonium sulfate in the solution in
some cases. Finally, sections were dehydrated and
mounted (Eukitt). BrdU-immunostained sec-
tions were also immunolabeled with anti-NeuN
antibodies.

Electron microscopy. Adult Reelin transgenic
mice (n = 3) and control littermates (n = 3)
were perfused with 2% glutaraldehyde-2%
paraformaldehyde in 0.12 M phosphate buffer.
After postfixation in the same solution over-
night, tissue slices were transferred to 2% os-
mium tetroxide, stained with 2% uranyl
acetate, dehydrated, and finally embedded in
Araldite. Ultrathin sections were collected on
formvar-coated slot grids and stained with lead
citrate. Electron micrographs covering 67 um?*
(final magnification 20,000 X ) were randomly
taken from each hippocampal layer, and the
density of synaptic terminals and dendritic
spines, establishing and receiving at least a syn-
aptic contact, respectively, were calculated
(n = 46—69 micrographs for each layer and
group). In addition, boutons establishing at
least two contacts were also counted. Statistical
analysis was performed using the Student’s 7 test.
An additional set of adult mice [wild type (wt),
n = 2; Tgl/Tg2, n = 2; and Tgl/Tg2 mice treated
with doxycycline for 7 d, n = 3] were processed
for electron microscopy and analyzed as above.

Digital pictures of selected dendritic seg-
ments from pyramidal cells, located at the same
level in the stratum radiatum of the CAl re-
gion, were captured at a magnification of
26,500X. Three series per group were analyzed,
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Figure 1.  Generation and characterization of conditional Tg7/Tg2 transgenic mice. a, Transgenic mice that overexpress Reelin
were based on the Tet-off regulated binary system: the Tg7 transgene contains the tTA transactivator set under the control of
pCaMKllor, while the Tg2 transgene contains riM controlled by the tetO promoter. Double transgenic mice (Tg1/Tg2) express Reelin
in neurons expressing CaMKIlc; transgene expression can be switched off by doxycycline administration, which inactivates tTA
transactivator. b, Western blot experiments showing Reelin, Dab1, and actin protein levels in protein lysates obtained from control
and Tg1/Tg2 adult hippocampus (HP), cerebral cortex (CX), and striatum (STR). Reelin levels are increased in Tg7/Tg2 (T) mice
compared with control littermates (C) or reefer animals (R). Dab 1 levels are slightly reduced in Tg7/Tg2 mice. ¢, Inmunohistochem-
ical detection of Reelin shows that expression of this protein in control adult mice is restricted to a subset of interneurons distrib-
uted throughout the cortex and hippocampal layers, while the striatum shows a diffuse staining (top). In Tg7/Tg2 mice,
overexpression of Reelinis observed in hippocampal pyramidal cells and in granule cells of the dentate gyrus (arrows in bottom left
panel); Reelin is also expressed in neocortical pyramidal cells (bottom middle) and in striatal neurons (bottom right). I-VI, Cortical
layers; CA1-CA3, hippocampal regions; CPu, caudate—putamen nucleus; DOX, doxycycline; H, hilus; LV, lateral ventricle; ML,
molecular layer; SP, stratum pyramidale; WM, white matter. Scale bars: ¢ (left): 200 rem; ¢ (middle and right): 100 m.

ranging from 15 to 20 sections. Dendritic seg-

ments were three-dimensionally reconstructed

with the aid of Reconstruct software (Reconstruct 1.0.5.7), and the num-
ber of dendritic spines reaching 0.4 wm in diameter was counted (1 = 3
reconstructed dendritic segments per animal group, with a total of 32—43
spines per group).

Surgery. Animals were anesthetized with 1-3% halothane (AstraZen-
eca) delivered from a calibrated Fluotec 5 (Fluotec-Ohmeda) vaporizer at
a flow rate of 1-4 L/min oxygen. Animals were implanted with bipolar
stimulating electrodes in the right (contralateral) Schaffer collateral—
commissural pathway of the dorsal hippocampus (2 mm lateral and 1.5
mm posterior to bregma; depth from the brain surface, 1.0-1.5 mm)
(Paxinos and Franklin, 2001) and with a recording electrode in the ipsi-
lateral stratum radiatum underneath the CA1 area (1.2 mm lateral and
2.2 mm posterior to bregma; depth from the brain surface, 1.0-1.5 mm).
These electrodes were made of 50 um, Teflon-coated tungsten wire (Ad-
vent Research Materials). The final position of hippocampal electrodes
was determined under recording procedures. A 0.1 mm bare silver wire
was affixed to the skull as a ground. The eight wires were connected to
two 4-pin sockets (RS-Amidata). The sockets were fixed to the skull with
the help of two small screws and dental cement. Further details of im-

plantation procedures have been explained previously (Gruart et al.,
2006). Animals used in conditioning were also implanted with bipolar
recording electrodes in the left orbicularis oculi muscle and with bipolar
stimulating electrodes on the ipsilateral supraorbital nerve. Electrodes
were made of 50 wm, Teflon-coated, annealed stainless steel wire (A-M
Systems). Electrode tips were bare of the isolating cover for 0.5 mm and
bent into a hook to facilitate a stable insertion in the upper eyelid.
Classical conditioning procedures. For classical conditioning, data were
recorded from 15 animals per group. Three animals at a time were placed
in separate small (5 X 5 X 10 cm) plastic chambers located inside a larger
Faraday box (30 X 30 X 20 cm). Classical conditioning was achieved
using a trace paradigm (see Fig. 10a) consisting of a tone (20 ms, 2.4 kHz,
85 dB) presented as a conditioned stimulus (CS). The unconditioned
stimulus (US) consisted of a cathodal square pulse applied to the su-
praorbital nerve (500 us, 3 X threshold) 500 ms after the end of the CS.
A total of 2 habituation, 10 conditioning, and 5 extinction sessions were
performed for each animal. A conditioning session consisted of 60
CS-US presentations and lasted 30 min. For a proper analysis of the CR,
the CS was presented alone in 10% of the cases. CS-US presentations
were separated at random by 30 = 5 s. For habituation and extinction
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Double-immunohistofluorescence staining in tissue sections from adult Tg7/Tg2 mice. a— ¢, Double immunodetection of Reelin (green) and the neuronal marker NeuN (red) in

hippocampal tissue sections from Tg7/Tg2 mice counterstained with DAPI (blue). a, Low-power micrographs showing Reelin-expressing cells distributed throughout the hippocampal layers,
including the CA1 pyramidal neurons and the granule cells. High-power micrographs from CA1 (b) and DG (c) regions, demonstrating that cells expressing Reelin are also positive for NeuN. d, Double
immunodetection of Reelin (green) and the glial marker GFAP (red) in hippocampal tissue sections from Tg7/Tg2 mice counterstained with DAPI. The staining patterns for Reelin are not coincident
with those for GFAP. Insets, High-power micrographs demonstrating that GFAP and Reelinimmunoreactivities do not overlap. e, f, Double immunodetection of Reelin (green) and neuronal marker
NeuN (red) in tissue sections from the striatum (STR) (e) and neocortex (CX) () of Tg1/Tg2 mice counterstained with DAPI (blue). In both regions, Reelin-expressing cells are also NeuN positive. ll-Ill,
Cortical layers; CA1—CA3, hippocampal regions; CPu, caudate—putamen nucleus; H, hilus; ML, molecular layer; SP, stratum pyramidale. Scale bars: a, d, 200 wm; b, ¢, e, f, 10 um.

sessions, only the CS was presented, also for 60 times per session, at
intervals of 30 * 5 s (Gruart et al., 2006).

Electrophysiological recordings and stimulation procedures. Recordings
were made using six differential amplifiers with a bandwidth of 0.1-10
kHz (P511, Grass-Telefactor). Hippocampal recordings were made with
a high-impedance probe (2 X 10'* (), 10 pF). As criteria, during the
CS-US interval, we considered a “CR” as the presence of EMG activity
lasting >10 ms and initiated >50 ms after CS onset. In addition, the
integrated EMG activity recorded during the CS-US interval had to be at
least 2.5X greater than the averaged activity recorded immediately before
CS presentation (Porras-Garcia et al., 2005).

Electrodes were implanted in the CA1 area, using as a guide the field
potential depth profile evoked by paired (40 ms of interval) pulses pre-
sented to the ipsilateral Schaffer collateral pathway. The recording elec-
trode was fixed at the site where a reliable monosynaptic (5 ms) fEPSP
was recorded. Synaptic field potentials in the CA1 area were evoked
during habituation, conditioning, and extinction sessions by a single 100
s square, biphasic (negative—positive) pulse applied to Schaffer collat-
erals 300 ms after CS presentation. Stimulus intensities ranged from 50 to
400 pA. For each animal, the stimulus intensity was set well below the
threshold for evoking a population spike, usually 30—40% of the inten-
sity required for evoking a maximum fEPSP response (Gureviciene et al.,
2004). An additional criterion for selecting stimulus intensity was that a
second stimulus, presented 40 ms after a conditioning pulse, evoked a
larger (>20%) synaptic field potential (Bliss and Gardner-Medwin,
1973).

For evoking LTP (15 animals per group), we used a high-frequency
stimulation (HFS) train consisting of five 200 Hz, 100 ms trains of pulses
atarate of 1/s. This protocol was presented six times, at intervals of 1 min.
As indicated above for functional synaptic plasticity, pulse intensity (50—
400 wA) was set at 30 —40% of the amount required to evoke a maximum
fEPSP response for baseline recordings and after the HFS train. To avoid
evoking a population spike and/or unwanted electroencephalographic
(EEG) seizures, the stimulus intensity during the HES train was set at the
same amount as that used for generating the baseline recording.

Statistical analysis. For quantifications in the OB (slices from 3.00 mm
anterior to bregma), the number of TH-, parvalbumin-, calretinin-, and
calbindin-positive cells or BrdU-positive cells (20 d after BrdU injec-
tions) was counted every 10th section for each animal; data were normal-
ized to the area counted in 30-um-thick sections (n = 8 —10 sections per
animal, 3 animals per group). To quantify neurogenesis in the SVZ (from
0.09 mm to 0.00 mm anterior to bregma), we counted BrdU-positive
cells (1 d after BrdU injections) from the lateral wall of the lateral ventri-
cle every 10th section; data were represented as number of BrdU-positive
cells per section containing 1 hemisphere (n = 6 sections per animal, 3
animals per group). To quantify proliferation in the RMS (from 2.65 mm
to 2.00 mm anterior to bregma), we counted BrdU-positive cells (1 d
after BrdU injections) every 10th section; data were normalized to the
area containing BrdU-positive cells in 30- wm-thick sections containing 1
hemisphere (n = 4—6 sections per animal, 2-3 animals per group). To
quantify neurogenesis in the hippocampal dentate gyrus (from 1.35 mm
to 2.30 mm posterior to bregma), we counted PSA-NCAM-, DCX-, and
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BrdU-positive cells (1, 10, and 20 d after BrdU
injections) in the subgranular zone (SGZ)/
granular layer (GL) layers; data were normal-
ized to the longitude of the SGZ/GL layer
counted in 30-um-thick sections containing
one hemisphere (1 = 6 sections per animal,
3-5 animals per group). Longitudes and areas
measured for quantification were determined us-
ing ANALYSIS software. Significance was ana-
lyzed using the unpaired two-tailed Student’s ¢
test. Data are represented as mean = SEM.

EMG and extracellular hippocampal activ-
ity, and 1 V rectangular pulses corresponding
to CS and US presentations, were stored digi-
tally on a computer through an analog/digital
converter (CED 1401 Plus), at a sampling fre-
quency of 11-22 kHz and with an amplitude
resolution of 12 bits. Data were analyzed off-
line for quantification of conditioned re-
sponses and fEPSP slopes with the help of
commercial (Spike 2 and SIGAVG from CED
and STATGRAPHICS PLUS 5.1) and home-
made (Porras-Garcia et al., 2005; Gruart et al.,
2006) representation programs. The slope of
evoked fEPSPs was computed as the first deriv-
ative (in volts per seconds) of fEPSP recordings
(in volts). Five successive fEPSPs were aver-
aged, and the mean value of the slope during
the rise time period (i.e., the period of the slope
between the initial 10% and the final 10% of
the fEPSP) was determined. Computed results
were processed for statistical analysis using the
SigmaStat for Windows package. Linear re-
gression analyses were used to determine the
evolution of fEPSP across training. Unless oth-
erwise indicated, data are represented as the
mean * SEM. Acquired data were analyzed us-
ing a two-way ANOVA, with days as repeated
measure. Contrast analysis was added for a fur-
ther study of significant differences.

Results

Conditional transgenic mice
overexpress Reelin in the

adult forebrain

To study the role of Reelin in the postnatal
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Figure3. Impairment of neural migration, but not neurogenesis, in the SVZ and RMS. a, Representative images from the adult

SVZ immunostained against BrdU after BrdU pulses 1 d earlier. Control and 7g7/Tg2 sections were counterstained with Nissl dye.
b, Quantification of BrdU-positive cells in the SVZ/RMS region revealed no differences in the number of BrdU-positive cells in
controland Tg7/Tg2 mice, either in the SVZ orin the RMS. ¢, Representative images from OB sectionsimmunostained against BrdU,
from control and Tg7/Tg2 mice BrdU injected 20 d before being killed. Note the reduced numbers of stained cells in the GCL.
d, Densities of BrdU-labeled neurons in the GCL and PGC layers of the OB, demonstrating decreased numbers of BrdU-positive cells
inthe GCL of Tg7/Tg2 mice. e, Distribution of TH-immunoreactive cells in control and in Tg7/7g2 0B tissue sections from 12-month-
old mice. In controls, TH-positive cells are restricted to the PGC layer; in Tg1/Tg2 sections ectopic TH-positive neurons are detected
inthe GCL (arrows in right panel). The inset depicts ectopic TH-positive neurons. f, Density of ectopic TH-immunoreactive neurons in the
GCL of control and Tg7/Tg2 mice at different ages; notice the marked increment at older ages. CC, Corpus callosum; DiV, days in vivo;
PGC, periglomerular cell layer; LV, lateral ventricle; EPL, external plexiform layer; MCL, mitral cell layer; STR, striatum. Data are
presented as mean == SEM; ***p < 0.001; Student’s ¢ test. Scale bars: a, ¢, e, 100 um.

and adult forebrain, we generated trans-
genic mouse lines that overexpress Reelin under the control of
pCaMKIIa. We first generated tetO-rIM transgenic mice (7g2) by
cloning a myc-tagged Reelin cDNA construct (rIM) (D’Arcangelo et
al,, 1997) into a tetracycline-regulated system of gene expression
(tetO) (Fig. la). To drive transgene expression specifically in the
postnatal and adult forebrain, T¢2 mice were crossed with transgenic
mice expressing a tetracycline-controlled transactivator (#TA) under
the control of the CaMKIIa promoter (Mayford et al., 1996). In
pCaMKIIa-tTA transgenic mice (Tgl), tTA expression is re-
stricted to most forebrain neurons throughout the neocortex,
hippocampus, amygdala, and striatum, thereby mimicking en-
dogenous CaMKIIa expression (Tgl1/Tg2) (Mayford et al., 1996).
In double transgenic animals carrying both the fetO-rIM and
pCaMKIIa-tTA transgenes (Tgl/Tg2), Reelin expression is di-
rected by the CaMKIIa promoter, in a regulated system that can
be repressed by doxycycline administration (Fig. la).

To analyze the spatiotemporal patterns of Reelin expression,
brain sections were processed for immunohistochemistry using
the monoclonal G10 Reelin antibody. In wt young adult mice and

in Tgl/wtand wt/Tg2 littermates, the pattern of Reelin expression
was as described previously (Alcantara et al., 1998); thus, in the
neocortex and hippocampus, numerous interneurons and a few
surviving Cajal-Retzius cells were Reelin positive; in the OB, Ree-
lin was expressed in mitral and periglomerular neurons, while a
few neurons were faintly labeled in other regions, including the
striatum (Fig. lc, top; supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). In addition to the above
pattern of expression, Tg1/Tg¢2 mice exhibited a marked increase
in Reelin immunostaining. Thus, in the cerebral cortex, numerous
pyramidal cells in the neocortex, hippocampus (most remarkably in
CA1 region), and entorhinal cortex were immunoreactive. The
granule cells in the dentate gyrus (DG) were also Reelin positive.
In the striatum (caudate and globus pallidus), a marked increase
in expression was detected with a large percentage of striatal neu-
rons being Reelin positive [Figs. 1¢ (bottom), 2]. In the OB, there
was an increase in Reelin immunostaining in mitral cells and in
the plexiform layers (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Western blot analyses of
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alterations, compared with control mice.
Thus, cortical lamination in the cerebral
cortex and OB and the numbers and den-
sities of identified neural subpopulations
were similar among the distinct genotypes
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material).
Immunostaining against the glial and
neuronal markers GFAP and NeuN con-
firmed transgene expression exclusively in
neurons (Fig. 2). Finally, neither the mor-
phology nor the distribution of GFAP-
positive radial glial cells in the DG and in
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forebrain lysates revealed that adult Tg1/Tg2 mice showed about
a threefold increase in Reelin expression in the cerebral cortex
and hippocampus, and about a sevenfold increase in the stria-
tum, compared to control littermates (Fig. 1b). qRT-PCR analy-
ses also demonstrated that reelin transcripts were increased in
adult Tgl/Tg¢2 mice (6.2 = 0.3-fold; p =< 0.01)). Dabl protein
levels were slightly decreased in these mice (Fig. 1b). Treatment
with doxycycline reduced Reelin protein overexpression after 1
week of treatment (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Histological examina-
tion of adult Tgl/Tg2 mice did not reveal neuroanatomical

(S,

i : 0-10
D distance from SGZ (um)

0-10
distance from SGZ (um)

Neurogenesis and migration in the hippocampal SGZ. a, Sections from P25 aged mice immunostained with BrdU
antibodies. Mice were injected with BrdU at P15. Control mice show most BrdU-positive cells near the SGZ layer; Tg7/Tg2 mice show
awider distribution of BrdU-positive cellsin the GL. b, Densities of BrdU-positive cells in P15-old mice injected with BrdU pulses and
killed after 24 h, 10 d, or 20 d. Note increased numbers of BrdU-labeled cells in Tg7/Tg2 mice. ¢, Low-power micrographs from
control and Tg7/Tg2 hippocampal sections illustrating higher numbers of DCX-positive cells in the dentate gyrus of Tg7/Tg2 mice.
d, Counts of PSA-NCAM- and DCX-positive neurons in the dentate gyrus of 5-month and 12-month-aged mice. e, g, Photomicro-
graphs demonstrating the radial distribution of BrdU-positive cells and DCX-immunoreactive cells in control and Tg7/Tg2 mice;
note the wider distribution ofimmunopositive neurons in Reelin-overexpressing mice. f, h, Histograms showing radial distribution
of BrdU- and DCX-immunopositive neurons in the GL of control and Tg7/Tg2 mice. Notice that in Tg7/Tg2 mice, many neurons are
not restricted to the inner GL. DiV, Days in vivo; H, hilus; ML, molecular layer; P15, postnatal day 15. Data are presented as mean =+

the SGZ was substantially altered in Tgl/
Tg2 mice (data not shown). Together, the
above findings showed that the spatio-
temporal pattern of Reelin transgene
expression in Tgl/Tg2 mice (forebrain-
restricted postnatal expression) matches
that reported for the CaMKIIa gene
(Mayford et al., 1996). Thus, the Tgl/Tg2
transgenic mouse model, which exhibits
normal cortical lamination, allowed us to
specifically examine Reelin functions in
the adult forebrain.
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Reelin overexpression alters migration
and lamination in the RMS

To determine whether Reelin overexpres-
sion altered adult neurogenesis in the
SVZ (Lois and Alvarez-Buylla, 1994;
Alvarez-Buylla and Lim, 2004), BrdU
pulses were administered at 2 and 5
months, and mice were analyzed 24 h
later. Counts of BrdU-positive proliferative
precursors were done at two rostrocaudal
levels along the SVZ/RMS. The numbers of
proliferating precursors in the SVZ/RMS re-
mained constant in the different genotypes
(Fig. 3a,b).

To examine whether migration along
the RMS was altered in transgenic mice,
BrdU-injected mice were analyzed 20 d af-
ter the BrdU pulses. BrdU-labeled cells in
the OB showed a significant reduction in
the total number of cells integrated into
the granular cell layer (GCL) in young
adult mice. This observation suggests im-
paired migration and a decrease in the
number of granule cells successfully
reaching the GCL (Fig. 3¢,d). To analyze
the distribution of periglomerular neu-
rons, sections were immunoreacted against TH. The vast ma-
jority of TH-positive cells were located in the periglomerular
layer in controls. In contrast, in Reelin-overexpressing mice,
substantial numbers of ectopically located periglomerular
neurons were observed in the GCL, and the number of these
neurons increased dramatically with age (Fig. 3e,f). Similar
counts on parvalbumin-, calretinin-, and calbindin-positive
neurons also revealed an ectopic location for these neuronal
subpopulations (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material). We conclude that
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overexpression of Reelin leads to the mispositioning of peri-
glomerular and granular neurons.

Reelin overexpression alters neurogenesis in the hippocampal
SGZ and the migration of newly generated neurons
Hippocampal neurogenesis in the adult DG has been found to be
reduced in reeler mutant mice lacking Reelin (Won et al., 2006).
To study the role of Reelin in postnatal hippocampal neurogen-
esis, Tgl/Tg2 mice and control littermates were pulse-labeled
with BrdU postnatally (P15) and killed 24 h later. A 23% increase
in the number of proliferating progenitors was observed in Reelin
transgenics (Fig. 4a,b). A substantial number of postnatally born
postmitotic neurons disappear by naturally occurring cell death
(Ming and Song, 2005). Reelin has been found to activate both
the PI3K and the mitogen-activated protein kinase (MAPK) cas-
cades, which control both cell survival and differentiation
(Beffert et al., 2002; Simo et al., 2007). We thus examined the
numbers of BrdU-positive cells 10 and 20 d after the BrdU pulses.
The DG of Tgl/Tg2 mice displayed a 19—44% increase in the
number of BrdU-positive cells compared to control littermates
(Fig. 4a,b). We also stained BrdU-labeled sections (20 d after
BrdU injection) with the pan-neuronal marker NeuN. The den-
sities of double-labeled BrdU/NeuN cells was increased in Tgl/
Tg2 mice, thus supporting the notion that adult neurogenesis is
increased in Reelin-overexpressing mice (Fig. 5). To determine
the numbers of adult-generated neurons in the DG, sections from
5- and 12-month-old mice were immunolabeled with PSA-
NCAM and doublecortin (DCX) antibodies, which label differ-
entiating granule cells. TgI/Tg2 Reelin-overexpressing mice
exhibited increases in the numbers of adult-generated granule
cells at 5 months, which became more dramatic in 12-month-old
animals (Fig. 4c¢,d). Furthermore, adult-generated neurons ap-
peared to be more developed and mature in Tgl/T¢2 mice, show-
ing increasing complexity in their developing dendrites (Fig.
4¢,9). Together, these observations indicate that Reelin overex-
pression causes increased neurogenesis in the postnatal adult DG,
and suggest that Reelin influences granule cell differentiation.
Examination of BrdU-pulse-labeled and PSA-NCAM/DCX-
immunoreacted sections revealed that while immunoreactive
neurons in control mice were restricted to the deeper zone of the
GL, in Reelin-overexpressing mice these newly generated neu-
rons displayed a wider distribution along the entire GL, thus
indicating abnormal cell positioning (Fig. 4a,c,e,g). Counts of
adult-generated neurons showed that, at both postnatal adult
stages, the numbers of neurons ectopically located in the GL in-
creased markedly in Tgl/Tg2 transgenic mice (Fig. 4f,h). Thus,
our results indicate that Reelin overexpression causes abnormal
cell migration and positioning of adult-generated granule cells.

Reelin overexpression increases the number of synaptic
contacts and leads to dendritic spine hypertrophy

To address the impact of Reelin expression on synapse formation
in the adult hippocampus, we performed an electron microscope
study. Electron micrographs of the hippocampal region showed
that Tgl/Tg2 mice had an apparent increase in complexity in both
the presynaptic and postsynaptic elements, compared to control
mice (Fig. 6a,b). We then focused on the CA1 and DG regions,
where the Reelin transgene is widely expressed, and counted the
number of synaptic contacts in layers that receive entorhinohip-
pocampal input [i.e., stratum lacunosum moleculare (SLM) in
CA1; medial molecular layer (MML) and outer molecular layer
(OML) in DG] and in layers that receive commissural/associative
connections [i.e., stratum oriens (SO) and stratum radiatum

Pujadas et al. » Reelin Functions in the Adult Forebrain

a
©°
=]
c
o
o
[
o
=
-~
o
[
b
BrdU / NeuN immunostaining
= (P15 + 20 DiV)
S
‘g 30 «%  control(d]
o o e Tg1/Tg2m
2=
23
qJ S
> S 210
= [O]
= g°
o
- 0
GL
Figure 5.  BrdU-labeled cells are NeuN-positive neurons. a, b, Confocal photomicrographs

showing BrdU/NeuN double-labeled neurons (arrows) in the dentate gyrus of P35-old wt and
Tg1/Tg2 mice injected with BrdU 20 d before being killed. High-magnification, single-section
confocal images are illustrated (b). ¢, Histogram showing that densities of BrdU/NeuN neurons
increase in the dentate of Tg7/Tg2 mice. H, Hilus; ML, molecular layer. Data are presented as
mean = SEM; ***p < 0.001; Student's ¢ test. Scale bar: @, 50 um; b, 20 um.

(SR) in CA1; inner molecular layer (IML) in DG]. These trans-
genic mice showed increased density of synaptic contacts in all
hippocampal layers. Differences between control and transgenic
mice were specially marked in commissural/associative layers
containing Schaffer collaterals (SR and SO) in which there was a
32-29% increase (Fig. 6a—c). In the remaining hippocampal lay-
ers, the increase in synaptic density ranged from 10% in the IML
to 17% in the OML. Furthermore, the numbers of axon terminals
that established two or more synaptic contacts were increased in
all hippocampal layers in Tg1/Tg2 mice compared to control lit-
termates (Fig. 6d). In contrast, electron microscopy quantifica-
tions did not reveal any differences in the density of postsynaptic
dendritic spines between genotypes (Fig. 6e).

To confirm that these synaptic alterations were caused by Ree-
lin overexpression in the adult brain, Tg1/Tg2 mice were treated
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(Figs. 6a,b, 7a). These complex spines of-
ten had two or more synaptic active zones,
and are similar to those reported to be in-
duced after learning and LTP (Yuste and
Bonhoeffer, 2001). To corroborate these
findings, serial electron micrograph re-
constructions were performed in CA1 py-
ramidal dendrites in the SR (Fig. 8). In
control mice, most of the reconstructed
dendritic spines were simple, bearing a
thin-type appearance (Yuste and Bon-
hoeffer, 2001; Bourne and Harris, 2008),
had small head spines of ~0.3—-0.4 um in
diameter (<0.4 wm, 18 of 31 dendritic
spines), and exhibited a single synaptic
contact per spine (Fig. 8a—d; supplemen-
tal Video 1, available at www.jneurosci.
org as supplemental material). In contrast,
in Tgl/Tg2 mice, most dendritic spines
exhibited a mushroom-type phenotype
and marked hypertrophy, with large head
sizes (>0.4 wm in diameter, 18 of 28) and
two or more synaptic contacts per spine
(Fig. 8e—h; supplemental Video 2, avail-

e 100 density of dendritic spines sontal able at www.jneurosci.org as supplemen-

Tg1Tg2 m tal material). Some dendritic spines, in
e fact, displayed extremely large heads of
§ g0 ~1 pm in diameter (Fig. 8e—h). These find-
S ings indicate that Reelin overexpression

IML MML OML SLM SR SO

Figure 6.

*p < 0.05; **p < 0.01; ***p < 0.001; Student’s ¢ test. Scale bars: a, b, 0.5 um.

with doxycycline for 1 week before being killed (with Reelin pro-
tein levels returning to normal values; see supplemental Fig. 2,
available at www.jneurosci.org as supplemental material), and
then quantitative fine structural studies were performed as above.
We observed that the increase in synaptic contacts seen in Tgl/Tg2
mice was completely reversed when these animals were treated
with doxycycline (Fig. 7a—c). Furthermore, the phenotypes re-
garding percentages of double-synaptic contacts and densities of
dendritic spines were not only reversed upon doxycycline treat-
ment, but tended to reach values that were lower than those in
littermate control mice (Fig. 7d,e). Altogether the above findings
indicate that the synaptic phenotype observed in Tgl/Tg2 mice
are largely due to Reelin overexpression in the adult brain. More-
over, the discovery that stopping Reelin overexpression decreases
dendritic spine density and the percentage of double-synaptic
contacts to values below those in wt animals reinforces the notion
that transgenic Reelin is biologically active and that overactiva-
tion of the Reelin signaling pathway might lead to desensitization
mechanisms.

Finally, analyses of electron micrographs revealed that den-
dritic spines in Tgl/Tg2 mice were larger and more complex than
in their control littermates. In fact, in Reelin-overexpressing
mice, it was frequent to find very large, mushroom-shaped den-
dritic spines, which were only exceptionally observed in controls

leads to an enlargement and hypertrophy of
dendritic spines, which is associated with
complex and multiple synaptic junctions.

Fine structural features of synaptic contacts in the hippocampus. a, b, Electron micrographs illustrating axon termi-
nals and synaptic contacts (arrows) in the IML of control (@) and Tg7/Tg2 (b) mice. Note the higher complexity of synaptic boutons
and dendritic spines in transgenic mice. ¢, d, Density of synaptic contacts (c) and percentage of synaptic terminals establishing at
least two contacts (d) in different hippocampal layers in Tg7/Tg2 mice and littermate controls. e, Density of dendritic spines
receiving at least one synaptic contact in different hippocampal layers. at, Axon terminal. Data are presented as mean = SEM;

Hippocampal neurons fail to show
paired-pulse depression in
Reelin-overexpressing mice

The above observations suggested that the
structural synaptic alterations in Reelin-
overexpressing mice are reflected in neuro-
physiological synaptic properties. To characterize the physiological
impact of Reelin overexpression, we focused on the hippocampal
CA3—CAL synapse. Schaffer collaterals originate in the CA3 py-
ramidal neurons and terminate in the ipsilateral SO and SR. The
physiology of the CA3—CA1 synapse was monitored in alert-
behaving animals (11 Tg1/Tg2 mice and 13 control littermates)
by stimulating Schaffer collaterals with paired pulses (100
ws square, biphasic pulses) and by recording the field EPSPs
(fEPSPs) evoked in the ipsilateral CA1 region. Successive paired
pulses were presented by gradually increasing the intensity of
stimulation. fEPSP responses to the first (fEPSP') and second
(fEPSP?) pulses were recorded and represented for each inten-
sity. We also took the sum of fEPSP' and fEPSP? responses
(fEPSP ' *?) as a global measure of the synapse to a paired-pulse
stimulus (Fig. 9a,b).

To characterize the physiology of the CA3—CA1 synapse, we
first analyzed paired-pulse facilitation (PPF), measured as the
increase in fEPSP? responses compared to fEPSP' (Zucker and
Regehr, 2002; Lauri et al., 2007; Citri and Malenka, 2008), at
intermediate intensities of stimulation (30% of the saturation
values) and at a wide range of interstimulus intervals (10—1000
ms). We found that PPF peaked at 40 ms and disappeared at
subsequent stimulation intervals in both groups, thereby suggest-
ing that PPF responses under normal physiological conditions
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are similar in control and Tgl/Tg2 hip-
pocampi (data not shown). We next stud-
ied PPF responses at a range of intensities
of stimulation (from 20 to 300 nA), at a
fixed 40 ms interstimulus intervals. In-
creased intensities of first pulse led to
steady increases in fEPSP' responses in
both experimental groups (Fig. 9a). Sim-
ilarly, at low and medium intensity of
stimulation, fEPSP® were greater than
fEPSP' responses in both control and
Tgl/Tg2 mice (i.e., relation fEPSP?%/
fEPSP' >1), again reinforcing similar
PPF patterns (Fig. 9a,b). When the inten-
sity of paired-pulse stimulation was in-
creased in control mice, there was a shift
in most animals (9 of 13) so that fEPSP?
responses were markedly decreased. In
fact, the relation between first and second
fEPSPs response was inverted (fEPSP?/
fEPSP' <1), indicating a paired-pulse de-
pression (PPD) (Fig. 9a,b). In contrast, in
Tgl/Tg2 mice, fEPSP? recordings were
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Doxycycline (DOX) treatment (1 week) reverses the synaptic phenotype in Tg7/Tg2 mice. a, b, Electron micrographs

illustrating axon terminals and synaptic contacts (arrows) in the IML of Tg7/Tg2 (a) and DOX-treated Tg1/Tg2 (b) mice. Note that
the complexity of synaptic boutons and dendritic spines in transgenic mice is reversed upon DOX treatment. ¢, d, The density of
synaptic contacts (c) and the percentage of synaptic terminals establishing at least two contacts (d) are reversed in Tg1/Tg2 mice
treated with doxycycline. e, DOX treatment of Tg7/Tg2 mice leads to a marked reduction in the density of dendritic spines receiving
at least one synaptic contact, reaching values lower than those observed in control mice. at, Axon terminal. Data are presented as
mean = SEM; *p << 0.05; **p < 0.01; ***p << 0.001; Student’s ¢ test. Scale bars: a, b, 0.5 pm.

mechanisms, such as those already de-
scribed in wild-type mice, which modulate
the response to a second input to the CA3—
CA1 synapse in function of the intensity of a
preceding afferent volley input (for details,

see Madronial et al., 2009).

Reelin overexpression enhances
LTP responses evoked in alert-behaving mice
To further investigate synaptic facilitation, we evoked LTP in
both groups of animals. To set basal individual conditions, we
first recorded in vivo responses in the CAl region after stimula-
tion of Schaffer collaterals (every 20 s with a pulse adjusted to
30% of saturation values). LTP was then evoked on the CA3—CA1
synapse by an HES protocol [i.e., six repetitions spaced 1 min,
each consisting of five trains (200 Hz, 100 ms) at a rate of 1/s]
(Gruart et al., 2006). Following the HFS session, animals were
continuously recorded over 120 min, using the same stimulation
protocol applied to generate the baseline. In agreement with
previous studies in behaving mice (Gruart et al., 2006), LTP in-
duction in controls resulted in about a 3- to 3.5-fold increase in
fEPSP responses (Fig. 9c—e). In contrast, LTP induction in
Reelin-overexpressing mice led to a marked rise in potentiation
averaging about a 6- to 6.5-fold increase in fEPSP responses (Fig.
9c—e). The data show that Reelin overexpression significantly
increases early LTP responses, which is consistent with the orig-
inal ex vivo findings in hippocampal slices (Weeber et al., 2002).
To examine the long-lasting effects of Reelin on LTP re-
sponses, mice were continuously recorded over several days fol-
lowing the HFS session. Both control and transgenic animals

exhibited a decline in fEPSP responses after 2—7 d. However, LTP
fEPSP responses in Tg1/Tg2 mice were consistently twofold higher
than those recorded in their control littermates (Fig. 9c—e). Thus,
our results indicate that Reelin overexpression significantly en-
hances LTP responses in the CA3—CAl synapse both at short
times after HFS and during the extinction period. These findings
show that T¢g1/T¢2 mice have a strong potentiation of the changes
in synaptic strength evoked by HES.

Reelin overexpression leads to increased neuronal activity
during classical conditioning

We next addressed whether such enhanced potentiation could
also be involved in activity-dependent synaptic changes evoked
during an associative learning task. We thus examined the effect
of Reelin on the CA3-CA1 synapse during a classical eyeblink
conditioning, using a hippocampus-dependent trace condition-
ing paradigm (Gruart et al., 2006). It is known that classical con-
ditioning of eyelid responses induce physiological potentiation
in the CA3—CAL synapse that can be monitored in behaving mice
(Gruart et al., 2006; Madronal et al., 2007). Eyelid conditioned
responses were evoked by using a tone (20 ms, 2.4 kHz, 85 dB)
as a CS followed 500 ms later by an electrical stimulus pre-
sented to the supraorbital nerve as a US. fEPSPs evoked at the
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Figure 8.
Tg1/Tg2 mice, illustrating hypertrophy of dendritic spines in Tg7/Tg2 mice. a— ¢, e~ g, Examples of serial electron micrographs in
which the dendritic shaft and spines originating from it have been colored in green; numbers point to examples of reconstructed
dendritic spines in d and h. d, h, Three-dimensional reconstructions of the identified dendritic segments shown in a— cand e- g;
note the large hypertrophy of spines in h, compared to controls (d). Dendritic spine heads with sizes below and above 0.4 wm in
diameter are represented by small and large arrows, respectively. Synaptic contacts are drawn in red. Dendritic spines in electron
micrographs are labeled by numbers. Scale bars: a—c, e-g, 1 um; d, h, 1 m.

CA3-CA1 synapse were recorded 200 ms after the CS presen-
tation across the successive habituation, conditioning, and
extinction sessions (Fig. 10a) (Gruart et al., 2006). Eyelid con-
ditioned responses increased steadily in both groups of mice
(9 Tgl/Tg2and 11 control mice) across the successive condition-
ing sessions; however, EMG conditioned responses were larger in
Tgl/Tg2 mice than in controls, and significant differences with the
habituation period were reached earlier in Reelin-overexpressing
mice (Fig. 10b).

Extracellular synaptic field recordings in the CA1 region re-
vealed significant potentiation of the fEPSP response in control
mice from the fifth conditioning session onwards (Gruart et al.,
2006), reaching 75% potentiation at day 10. Reelin-
overexpressing mice also showed an increase in the potentiation
of the fEPSP response during the conditioning period. However,
such increases were already significant by the second condition-
ing session, and fEPSP responses were consistently higher (p =
0.05) than in their control littermates during the whole condi-
tioning period (Fig. 10¢,d). Moreover, during the extinction pe-
riod, Tg1/Tg2 mice exhibited a dramatic rise in fEPSP responses
compared to controls (Fig. 10¢,d) ( p = 0.05). These results con-
firm that fEPSPs evoked at the CA3—CA1 synapse are potentiated
in parallel with the acquisition of an associative learning task
(Gruart et al., 2006; Madronial et al., 2007), and show that these
activity-dependent synaptic changes are increased in Reelin-
overexpressing mice. As a whole, we conclude that Reelin-
overexpression leads to a marked potentiation of the CA3—CA1l
synapse under both physiological (classical conditioning) and
nonphysiological (experimentally evoked LTP) conditions.

Tg1/Tg2

Three-dimensional serial electron microscopic reconstructions of dendrites in the SR of CA1 region in control and
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Discussion

Reelin control of adult neurogenesis

and migration

To unravel the functions of Reelin in the

adult brain, we generated a transgenic

mouse line that overexpresses Reelin un-
- der the control of the CaMKIIa promoter.
Because Reelin is essential in brain develop-
ment, we mainly addressed the impact of
Reelin protein levels on developmental-like
processes that remain active in the adult
brain, namely adult neurogenesis, neural
migration, and synaptic plasticity. Our data
show that alteration of Reelin expression
does not produce changes in the rate of
adult neurogenesis in the SVZ, although this
region is surrounded by brain areas that ex-
hibit high expression of the transgene
(namely, cerebral cortex and striatum). In
contrast, the pattern of neuronal migration
generated in the SVZ, both granule cells and
periglomerular neurons, is altered in Tgl/
T¢2 mice. In fact, the location of ectopic
periglomerular neurons in the GCL and the
reduced number of granular cells in the
GCL suggest that the overexpression of Ree-
lin arrests the migration of these newly gen-
erated neurons. Recent data have shown
that in vitro incubation with recombinant
Reelin causes a detachment of neuroblast
migrating chains from the RMS, in a process
that is interpreted as a switch from tangen-
tial migration to radial glia-controlled mi-
gration, inside the OB (Hack et al., 2002; Sim¢ et al., 2007). The
phenotype observed in Tgl/Tg2 mice is therefore consistent with
these studies and suggests that adequate Reelin levels are required to
achieve successful neuronal migration in the RMS.

The hippocampal SGZ neurogenic niche, which is essential for
learning and memory, is active throughout the entire life (Kee et
al., 2007; Zhao et al., 2008). Our data show that the rates of
neurogenesis and neuronal incorporation in the DG are in-
creased both during postnatal development and adult stages in
Reelin-overexpressing mice. These data are consistent with stud-
ies in reeler mice, which have shown a lower rate of neurogenesis
(Won et al., 2006). Our results thus support a direct effect of
Reelin on adult neurogenesis, which cannot be attributable to the
abnormal layering observed in reeler mice. Our data provide
evidence that Reelin overexpression increases the numbers of
proliferating progenitors in the hippocampal SGZ, thereby sug-
gesting a direct effect of this extracellular protein on hippocampal
progenitors. This effect could be achieved by modulating the
cycling properties of neural progenitors [as occurs in p21—/—
mutants (Kippin et al., 2005)], although in T¢1/T¢2 mice we did
not observe depletion of neural niches by means of DCX staining
even in 12-month-old animals. Recent evidence indicates that a
substantial number of neural progenitors disappear by cell death
during adult life (Dupret et al., 2007). Finally, and because the
Reelin signaling cascade activates both the ERK and PI3K path-
ways (Beffert et al., 2002; Sim¢ et al., 2007), we cannot exclude the
possibility that Reelin may increase the survival of progenitors,
and consequently, may lead to slower depletion of hippocampal
neural niches. This possibility is also consistent with the finding
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that differences in numbers of newly gen-
erated neurons are much more dramatic
in old Tgl/Tg2 transgenic mice than in
young adult animals (Fig. 4c).

Moreover, our data demonstrate that
overexpression of Reelin results in a dis-
persion and abnormal positioning of
adult-generated neurons within the GL
throughout life. Given that Reelin defi-
ciency also leads to abnormal neuronal
migration and lamination (Drakew et al.,
2002; Zhao et al., 2004; Gong et al., 2007),
our results suggest that Reelin levels, both
below and above a certain threshold, im-
pair neuronal migration. However, it is
also possible that the ectopic expression of
Reelin in the GL of adult Tg1/Tg2 mice
contributes to the altered migration ob-
served in the DG.

Reelin overexpression alters the
structural and functional properties

of adult synapses

Previous studies have shown that Reelin-
deficient reeler and heterozygous mice
display a reduced number of dendritic
spines in pyramidal neurons. Moreover,
incubation of cultured reeler hippocampal
neurons with Reelin increases the density
of dendritic spines (Niu et al., 2008). Here
we show that Reelin overexpression in
adult mice does not alter the number of
dendritic spines in the hippocampus but
does affect their structural properties.
This apparent discrepancy could be ex-
plained in several ways. First, both reeler
and heterozygous mice have increased
Dabl levels, a transducer adaptor re-
quired for most Reelin functions, includ-
ing dendritogenesis (Rice et al., 1998;
Howell et al., 1999; Niu et al., 2004; Olson
etal., 2006). This is particularly evident in
reeler mice, which express a sevenfold in-
crease in Dabl protein (Rice et al., 1998).
It is therefore likely that application of
Reelin to reeler neurons leads to hyperac-
tivation of the Reelin signaling pathway.
Dab1 protein expression was not upregu-
lated in our Tgl/Tg2 Reelin transgenics.
Second, itis also possible that normal Ree-
lin levels are required to achieve standard
numbers of dendritic spines, and that
above a certain threshold of activation,
Reelin overexpression is not sufficient to
modify these numbers. Third, it is also
feasible that adult neurons, by homeo-
static physiological regulation, are speci-
fied to develop a maximum number of
dendritic spines. Whatever the reason,

our results show that Reelin overexpression in a wt background in
vivo does not alter spine density in adult hippocampal neurons.
Finally, our finding that doxycycline treatment of Tg1/Tg2 mice
strongly reverses the synaptic phenotype in adult mice indicates
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Figure 9. Invivo induction of LTP in the CA1 area after electrical stimulation of the Schaffer collaterals in control and Tg1/Tg2

mice. a, Individual mice were subjected to paired pulses (40 ms interstimulus interval) presented at the CA3—CAT synapse at
increasing intensities of stimulation. PPFis observed in both control (*p = 0.05) and Tg7/Tg2 (*p = 0.05) mice at low stimulation
intensities (=0.2 mA). Control mice (left) switch from PPF to paired-pulse depression (PPD) at certain intensity values once they
have reached a plateau of global synapse response [fEPSP ' 2 represents the addition of the first (fEPSP ') and the second (fEPSP?)
evoked field synaptic responses]. Tg1/Tg2 mice (right) also reach a plateau at similar intensity values, but inversion from PPF to PPD
does not occur (*p = 0.05). b, fEPSP profiles evoked by paired pulses collected from representative animals at intermediate (0.16
mA; i.e., ~30% of fEPSP "2 asymptotic values) and high (0.24 mA) stimulus intensities. Note that controls (left) and Tg7/7g2
mice (right) show similar profiles and equal PPF at the intermediate intensity level, but not at the high one. Calibrations are as
indicated. ¢, fEPSP slopes evoked during the whole LTP experiment given as a percentage of the baseline (100%) values. Imme-
diately after, fEPSPs were recorded for 2 h (day 1). To further check LTP evolution, fEPSPs were recorded for 15 min during the
following days (2-8). Note that Tg1/Tg2 mice present a significantly (F 7 135) = 5.83; p = 0.05) larger LTP induction that s still
present for the next 7 d. Data are presented as mean = SEM. d, Representative fEPSP profiles from individual animals collected
from control and T7/Tg2 mice during LTP evolution: baseline and 2 h (1), 24 h (2), and 48 h (3) after HFS. lllustrations are
superimposed to show the time course evolution of representative individual profiles. e, Mean fEPSP slopes obtained during 15 min
of recording for the two groups of animals (n = 15 each) were quantified at different times during LTP evolution. Data are
presented as mean =+ SEM (F 7, = 12,452; *p << 0.05; **p < 0.01; ***p < 0.001).

that said phenotype depends on acute overexpression of Reelin,
rather than on the developmental effects of Reelin.

Perhaps the most striking synaptic phenotypic feature of
Reelin-overexpressing Tgl/Tg2 mice is the formation of very
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Figure 10.  Learning curves and evolution of CA3—CA1 extracellular synaptic field potentials for control and Tg7/Tg2 mice. a, A

schematic representation of the classical conditioning paradigm, illustrating CS and US stimuli and the moment at which a single
pulse (100 ws; square; biphasic) was presented to Schaffer collaterals (St. Hipp.). An example of an EMG recording from the
orbicularis oculi (0.0.) muscle obtained from the 10th conditioning session is illustrated, as well as an extracellular recording of
hippocampal activity from the same animal, session, and trial. b, Evolution of the increment (% over baseline values) of eyelid
conditioned responses during the whole conditioning protocol. For both groups of animals, the increment in conditioned responses
was significantly larger than values collected during habituation sessions at the indicated sessions (F; 144 = 14,810; *p <
0.001). Moreover, Tg7/Tg2 mice presented larger increases ( p = 0.05) of conditioned responses than controls from the fifth to the
tenth conditioning sessions. ¢, Representative fEPSPs recorded in the CA1 area following a single pulse presented to the ipsilateral
Schaffer collaterals 300 ms after CS presentation. fEPSPs were collected from both control and Tg7/Tg2 groups. fEPSP slopes were
significantly larger than baseline values at the indicated sessions (F 4 144y = 14,375; *p << 0.001). fEPSPs evoked in Tg7/Tg2 mice
reached larger slopes than controls from the fifth conditioning session to the fifth extinction one. d, Superimposed fEPSP profiles
corresponding to habituation session 1 (baseline) and from the 10th conditioning session (conditioned). Mean percentage values
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leasable pool of synaptic vesicles, as a
result of high stimulation intensities. In
Reelin-overexpressing mice, electrophys-
iological saturation was also reached al-
though the shift from PPF to PPD did not
typically occur (in 72.7% of cases), even at
high stimulation intensities. This finding
suggests that adult transgenic neurons
respond better to repetitive and high-
intensity stimulation than wt neurons.
Experimentally evoked LTP in behav-
ing mice is a method that allows analysis
of the malleability of hippocampal con-
nectivity in physiological conditions as
well as the monitoring of the evolution of
LTP responses over long periods of time
(i.e., days). Interestingly, the present
study in behaving mice revealed that LTP
responses are increased twofold in the
hippocampus of Reelin-overexpressing
hippocampi. Moreover, because HES in-
duction of LTP is likely to overstimulate
neurons in a nonphysiological way, we
also monitored patterns of hippocampal
activity during a classical eyeblink condi-
tioning using a hippocampal-dependent
trace paradigm (Gruart et al., 2006).
Again, this study showed that during clas-
sical conditioning, Reelin-overexpressing
neurons are more prone to be activated
and to elicit increased electrophysiologi-
cal responses than those of controls. Inter-
estingly, in both experimental situations
(LTP and classical conditioning), persis-
tent robust responses were recorded in
Tg1/Tg2 mice over several days (including
the extinction period), as compared to
control littermates. Thus, our results indi-
cate that the modeling of Reelin expres-
sion enhances physiological plasticity in
the CA3-CA1 synapse both during early
and late LTP and across the conditioning

are followed by = SEM.

large, expanded dendritic spines. Most of these spines display typical
mushroom-type shapes and two or more synaptic active zones.
This feature was correlated with increased numbers of synapses
in all hippocampal layers. Persistent dendritic spine enlargement
is commonly associated with increased physiological efficacy and
stable LTP, and the latter is thought to underlie long-lasting
memory and learning (Yuste and Bonhoeffer, 2001; Yang et al.,
2008). One of the questions raised by these structural features is
how they are correlated with the functional electrophysiological
properties of hippocampal neurons. To address this question, we
monitored the physiological properties of the CA3—CAL1 synapse
in adult mice in vivo under specific experimental conditions,
which included intensity tests, electrical-evoked LTP, and clas-
sical conditioning. Our electrophysiological data revealed that,
in contrast to controls, Reelin-overexpressing hippocampal neurons
do not exhibit the shift from PPF to PPD at high stimulation
intensities. When evoked in behaving animals, PPD is likely to be
the result of the activation of disynaptic inhibitory circuits or to
reflect synaptic fatigue caused by massive exocytosis of the re-

sessions. This observation implies that in

both paradigms activation of the Reelin
system is sufficient to drive the structural and molecular changes
responsible for short-term and long-term changes in strength
and synaptic plasticity.

The present data are consistent with those reported in previ-
ous studies showing that ApoER2/VLDLR-deficient mice display
reduced LTP in slices in vitro, which suggests that the effects de-
scribed herein are mediated by these receptors (Weeber et al., 2002;
Beffert et al., 2005). Interestingly Reelin has been found to control
NMDA and AMPA subunit receptor composition and trafficking
during development (Chen et al., 2005; Qiu et al., 2006; Groc et al.,
2007), and both types of ionotropic glutamate receptors are essential
for LTP induction (Jones et al., 2001; Ju et al., 2004). Furthermore,
GSK3p, a downstream effector of the Reelin signaling cascade, has
been found recently to be involved in LTP (Peineau et al., 2007).
Together, our data suggest that extracellular Reelin, which localizes
at synapses (Pesold et al., 1998; Groc et al., 2007), acts via the
ApoER2/VLDLR receptors to trigger a signaling cascade that is suf-
ficient to induce marked LTP physiological alterations in vivo. More-
over, we show that Reelin overexpression also leads to increased LTP
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responses over several days, which suggests that this extracellular
protein controls gene expression and protein synthesis required for
late phases of LTP (Jones et al., 2001; Ju et al., 2004).

Altogether, our results indicate that in the adult brain Reelin
levels are crucial for the modulation of neurogenesis and migra-
tion, particularly in the hippocampus, as well as for the modula-
tion of the structural and functional plastic properties of adult
synapses, including induction and maintenance of LTP. Thus,
Reelin, a protein with pivotal roles in normal development, also
controls plasticity processes in the adult brain that are reminis-
cent of developmental processes. Finally, the modulation of adult
neurogenesis by Reelin (which is closely related to learning), as
well as the recent findings implicating Reelin alterations in Alzhei-
mer’s disease and the observation that B-amyloid species inhibit
synaptic strength and LTP, points to molecular cross talk between
Reelin and APP (Botella-Lopez et al., 2006; Durakoglugil et al., 2009;
Hoe et al.,, 2009; Knuesel et al., 2009). This cross talk may be
relevant in the synaptopathology and learning deficits associ-
ated with Alzheimer’s disease.
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