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Role for Reelin in Neurotransmitter Release
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The extracellular matrix molecule Reelin is known to control neuronal migration during development. Recent evidence suggests
that it also plays a role in the maturation of postsynaptic dendrites and spines as well as in synaptic plasticity. Here, we aimed to
address the question whether Reelin plays a role in presynaptic structural organization and function. Quantitative electron
microscopic analysis of the number of presynaptic boutons in the stratum radiatum of hippocampal region CA1 did not reveal
differences between wild-type animals and Reelin-deficient reeler mutant mice. However, additional detailed analysis showed that
the number of presynaptic vesicles was significantly increased in CA1 synapses of reeler mutants. To test the hypothesis that vesicle
fusion is altered in reeler, we studied proteins known to control transmitter release. SNAP25, a protein of the soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex, was found to be significantly reduced in reeler
mutants, whereas other SNARE complex proteins remained unaltered. Addition of recombinant Reelin to organotypic slice
cultures of reeler hippocampi substantially rescued not only SNAP25 protein expression levels but also the number of vesicles per
bouton area indicating a role for Reelin in presynaptic functions. Next, we analyzed paired-pulse facilitation, a presynaptic
mechanism associated with transmitter release, and observed a significant decrease at CAl synapses of reeler mutants when
compared with wild-type animals. Together, these novel findings suggest a role for Reelin in modulating presynaptic release

mechanisms.

Introduction

During cortical development, the extracellular matrix protein
Reelin, synthesized and secreted by Cajal-Retzius (CR) cells in
the marginal zone of the cortex, is essential for the proper
formation of cortical layers and the correct orientation of ra-
dially migrating neurons (D’Arcangelo et al., 1995, 1997; Ra-
kic and Caviness, 1995; Curran and D’Arcangelo, 1998;
Frotscher, 1998; Rice and Curran, 2001; Tissir and Goffinet,
2003; Soriano and Del Rio, 2005; Forster et al., 2006a,b, 2010;
Cooper, 2008; Chai et al., 2009; Zhao and Frotscher, 2010).
The reeler mouse mutant deficient in Reelin exhibits inverted
cortical layering and misoriented apical dendrites of pyrami-
dal neurons. Reelin signaling involves the two lipoprotein re-
ceptors very-low-density lipoprotein receptor (VLDLR) and
apolipoprotein E receptor 2 (ApoER2), and the adapter pro-
tein Disabled 1 (Dab1), which is phosphorylated by nonrecep-
tor tyrosine kinases on binding of Reelin to its receptors
(Howell et al., 1997; Sheldon et al., 1997; Ware et al., 1997;
Lambert de Rouvroit and Goffinet, 1998; Hiesberger et al.,
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1999; Trommsdorff et al., 1999; Arnaud et al., 2003; Bock and
Herz, 2003). VLDLR and ApoER?2 are thought to act in a sim-
ilar fashion since both receptors are able to activate the Reelin
signaling cascade. However, recent studies pointed to divergent
functions of ApoER2 and VLDLR in the migration of cortical
neurons during brain development (Hack et al., 2007).

Reelin is not only involved in early developmental processes
such as neuronal migration and layer formation. There is ongo-
ing Reelin expression after birth by numerous interneurons
(Drakew et al., 1998; Pesold et al., 1998; Ramos-Moreno et al.,
2006), and Reelin signaling was found to be involved in late steps
of neuronal development such as dendritic differentiation and
spine formation (Niu et al., 2004, 2008). In adult animals, Reelin
modulates synaptic plasticity and memory by differential splicing
of postsynaptic ApoER2 (Beffert et al., 2005) and by modulating
NMDA receptor activity (Chen et al., 2005). Previous studies also
indicated Reelin effects on the branching pattern and the number
of synaptic contacts formed by axons of entorhino-hippocampal
projection neurons (Del Rio et al., 1997; Borrell et al., 1999). No
effects of Reelin on presynaptic functions in adult animals have
been reported so far.

In the present study, we provide evidence for presynaptic
effects of Reelin. In reeler mutants, the number of synaptic
vesicles of presynaptic boutons in CAl stratum radiatum is
increased when compared with wild-type animals, accompa-
nied by decreased levels of SNAP25, a protein of the soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex (Parpura and Mohideen, 2008). Together with
decreased paired-pulse facilitation (PPF), a presynaptic form of syn-
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aptic plasticity, these findings point to a role of Reelin in transmitter
release at central synapses.

Materials and Methods

Animals

Experiments were performed in agreement with the German law on the
use of laboratory animals and institutional guidelines of the University of
Freiburg. Reeler mice were maintained on a B6/C3Fe background.
ApoER2, VLDLR single- and double-mutant mice and Dabl mutants
were maintained on a mixed Sv129Ev X C57BL/6] background. The day
of birth was considered postnatal day 0 (P0).

Immunohistochemistry

Adult wild-type mice and reeler mutants (n = 4 for each genotype) were
deeply anesthetized with sodium pentobarbital (Narcoren; Merial; 300
mg/kg body weight) and fixed by transcardial perfusion as described
previously (Deller et al., 2000). Brains were sliced coronally on a vi-
bratome (50 wm). Free-floating sections were blocked with a mixture of
10% horse serum (HS) and 0.5% Triton X-100 in PBS for 1 h at room
temperature (RT) and incubated with mouse-anti-neuronal nuclei
(NeuN) (mAB377; 1:1000 in PBS plus 10% HS; Millipore), followed by
secondary fluorochrome-conjugated antibodies (Alexa Fluor series; In-
vitrogen) in PBS for 2—3 h. Each step was followed by washing with PBS
(three times for 10 min at RT). Sections were mounted on Superfrost
glass slides in fluorescent mounting medium (Dako) containing 1 ug/ml
4',6-diamidino-2-phenylindole dihydrochloride (DAPI).

Immunoblotting

Mice (2-10 months of age) were anesthetized with CO, and killed by
cervical dislocation. Cortical and hippocampal tissues of wild-type and
mutant animals were homogenized in ice-cold lysis buffer (20 mm Tris-
HCI, 0.15 M NaCl, 2 mm EDTA, pH 7.5, protease inhibitor mixture;
Roche Diagnostics). Lysates were cleared by centrifugation at 10,000 X g
two times for 5 min at 4°C. The cytosolic fraction was removed by ultra-
centrifugation (200,000 X g, 30 min, 4°C). After resolving the pellets in
lysis buffer containing additional 0.1% SDS and 1% Triton X-100, the
soluble membrane fraction was obtained by a second ultracentrifugation
step (100,000 X g, 30 min, 4°C).

Sample preparation for protein analysis of hippocampal slice cultures
was performed as follows: Tissue pellets (—80°C) were lysed in ice-cold
lysis buffer, pH 7.6 [50 mM Tris-HCI, 150 mm NaCl, 5 mm EDTA, 1%
(v/v), Nonidet P-40, 0.5% (w/v) SDS, 0.25% (w/v) sodium deoxy-
cholate], with 1% protease inhibitor (Sigma-Aldrich), and phosphatase
inhibitor mixtures (Sigma-Aldrich) for 30 min, triturated with a pipette,
and centrifuged two times (10,000 X g, 10 min, 4°C).

All samples were analyzed by standard SDS-PAGE and Western im-
munoblotting using chemiluminescence detection techniques (Super
Signal West Pico; Perbio Science).

For semiquantitative analysis, five Western blots from five wild-type
animals and mutant mice, respectively, were analyzed for each antibody.
Films were digitally scanned and densitometry conducted using Image]
1.40 analysis software (National Institutes of Health). To control for
inconsistencies in loading, protein bands of interest were normalized to
actin loading controls.

For immunoblotting, the following primary antibodies were used:
mouse anti-SNAP25 (1:1000; 111001; Synaptic Systems); mouse anti-
synaptobrevin-2 (1:1000; 104211; Synaptic Systems); rabbit anti-syntaxinl
(1:500; AB5820; Millipore); mouse anti-Muncl8 (1:500; 116002; Synaptic
Systems); mouse anti-synaptophysin (1:1000; 611880; BD Biosciences);
mouse anti-synapsin 1 (1:2000; 106001; Synaptic Systems); mouse anti-
clathrin light chain (1:1000; 113011; Synaptic Systems); and rabbit anti
B-actin (1:5000; A2066; Sigma-Aldrich). Secondary antibodies were as fol-
lows: horseradish peroxidase (HRP)-linked sheep anti-mouse (1:10,000;
NA931V; GE Healthcare) and HRP-linked donkey anti-rabbit (1:10,000;
NA934V; GE Healthcare).

Preparation of Reelin-containing supernatants and

control supernatants

Stably transfected HEK 293-cells expressing either full-length Reelin
c¢DNA or green fluorescent protein (GFP) (D’Arcangelo et al., 1997;
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Forster et al., 2002) were grown in DMEM, low glucose (Invitrogen),
containing 10% fetal calf serum (Invitrogen), 1% penicillin—streptomy-
cin (Invitrogen), and 0.9 g/L G418 (Invitrogen) for 2 d to reach full
confluence. Subsequently, the medium was replaced by hybridoma
serum-free medium (Invitrogen), and cells incubated for additional 3 d
(37°C, 5% CO,). Conditioned Reelin and control (GFP) medium was
collected and finally centrifuged (4000 X g, 5 min) before storing at
—80°C.

Preparation of hippocampal slice cultures

Brains of P6 wild-type mice and reeler mutants (n = 5 each) were sliced
(300 wm) with a Mcllwain tissue chopper. Slices were transferred onto
Millipore membranes and placed into six-well plates with 1.2 ml/well
nutrition medium (25% heat-inactivated horse serum, 25% HBSS, 50%
minimal essential medium, 2 mm glutamine, pH 7.2). Slices were incu-
bated as static cultures in 5% CO, at 37°C for 7 d in vitro (Stoppini et al.,
1991). The medium was changed every 2 d.

For treatment of cultures with Reelin, 200 ul of conditioned Reelin or
control medium was added every second day to each well containing 1 ml
of normal nutrition medium. In addition, 3 ul of supernatant was di-
rectly applied onto each slice when the medium was replaced for the first
time. The RGD motive-containing integrin inhibitor peptide [cyclo(Arg-
Gly-Asp-p-Phe-Val); 182015; Merck Chemicals] was added to the nutri-
tion medium at a final concentration of 150 um. The Reelin blocking
antibody CR-50 (Ogawa et al., 1995) was applied to the nutrition me-
dium at a final concentration of 200 ug/ml; treatment was performed as
described for Reelin. After 6 d in culture, slices were centrifuged (800 X
¢, 5 min, RT), supernatants were discarded, and the tissue was immedi-
ately frozen in liquid nitrogen and stored at —80°C.

Electron microscopy

Fixation. Adult mouse brains were fixed as described previously (Deller et
al., 2000). Coronal sections (100 wm) of the hippocampal region were
embedded, serially thin-sectioned, and processed for electron micros-
copy. For studies on organotypic slices, hippocampal slice cultures (n =
3 for each condition) were fixed with 4% paraformaldehyde and 2.5%
glutaraldehyde in 25 mm PBS for 60 min.

Processing sections for electron microscopy. Sections were treated with
1% osmium tetroxide in 0.1 M phosphate buffer (PB) for 40 min at room
temperature in the dark, washed in PB and double-distilled water, and
contrasted in 1% uranyl acetate for 40 min. Sections were dehydrated in
aseries of ethanol, followed by propylene oxide. After 1 h incubation in a
propylene oxide—epoxy resin mixture (Durcopan ACM; Sigma-Aldrich;
1:1), sections were incubated in Durcopan overnight and flat embedded.
After polymerization for 2-3 d at 60°C, sections were cut at 50 nm thick-
ness using an ultramicrotome (Reichert Ultracut E; Leica).

Data acquisition and statistical analysis. Ultrathin sections were visual-
ized with a LEO 906E electron microscope (Zeiss). Measurements were
performed with commercially available image analysis software (Analy-
SIS; SIS). For ultrastructural analysis of CA1 stratum radiatum synapses,
the following parameters were obtained: number of boutons and number
of vesicles per bouton area. A structure was considered a presynaptic
bouton if at least three synaptic vesicles were clearly visible and a synaptic
membrane specialization was present. At least 100 synapses per animal
(n = 4 for each genotype, n = 3 for Reelin-treated cultures) in stratum
radiatum of CA1 were analyzed. Statistical analysis was performed by
using the nonparametric Mann—-Whitney U test. Significance was as-
signed for all tests at p < 0.05.

SDS-digested freeze—fracture replica immunolabeling. Adult Wistar rats
(n = 3) purchased from Charles River were deeply anesthetized with
sodium pentobarbital (50 mg/kg, i.p.) and transcardially perfused with
2% paraformaldehyde and 15% saturated picric acid in 0.1 M PB, pH 7.4.
Coronal sections (90 wm) of the CAl area were cut on a vibratome
(Leica). After cryoprotection in 30% glycerol in 0.1 M PB overnight at
4°C, the sections were frozen by a high-pressure freezing machine (HPM
100; Leica). Frozen samples were inserted into a double replica table and
fractured into two pieces at —130°C. Fractured faces were replicated by
deposition of carbon (5 nm thickness), platinum (2 nm), and carbon (20
nm) in a freeze—fracture replica machine (BAF 060; Bal-Tec). They were
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incubated in 2.5% SDS, 20% sucrose in 15 mm Tris buffer, pH 6.8, at 80°C
overnight. The replicas were washed in 25 mm Tris-buffered saline (TBS)
containing 0.05% bovine serum albumin (BSA) and incubated in a
blocking solution containing 5% BSA in 25 mm TBS for 1 h. Subse-
quently, the replicas were incubated with a mixture of primary antibodies
(20-25 pg/ml) for SNAP25 (111001; Synaptic Systems) and 1-integrin
(AB1952; Millipore) diluted in TBS containing 5% BSA overnight at RT.
After several washes, the replicas were incubated with gold-coupled goat
anti-rabbit (for B1-integrin) and goat anti-mouse (for SNAP25) second-
ary antibodies (1:30; BioCell Research Laboratories) made up in 25 mm
TBS containing 5% BSA overnight at RT. They were then washed and
picked up on 100 mesh grids. Micrographs were taken with an ORIUS
SC600 digital camera (Gatan) at a Philips CM 100 electron microscope.

Electrophysiology

Animals and tissue preparation. Five wild-type and four reeler mice, aged
24-50 d, were decapitated after being deeply anesthetized with Forene
(Abbott). Their brains were instantly removed and immersed in ice-cold
artificial CSF (ACSF). Horizontal 300 um slices were cut using a DSK
1000 Vibratome (Dosaka) and incubated subsequently at 37°C for a min-
imum of 40 min in low-calcium ACSF solution equilibrated with 95% O,
and 5% CO,. For electrophysiological studies, slices were transferred to a
recording chamber perfused with standard ACSF solution at a rate of 2—3
ml/min. The standard ACSF was composed of the following (in mm): 125
NaCl, 25 NaHCOj, 25 glucose, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, and 1
MgCl,, equilibrated with 95% O, and 5% CO,; in the low-calcium ASCF,
the concentration of CaCl, was reduced to 0.5 mm and that of MgCl, was
increased to 4 mm. All experiments were performed at 32-34°C.

Extracellular recordings. Extracellular field potentials were recorded
using an Axopatch 200B amplifier (Molecular Devices) in fast current-
clamp mode. The recordings were filtered at 10 kHz using the four-pole
low-pass Bessel filter of the amplifier and digitized at 20 kHz. Clampex
9.2.0.9 (Molecular Devices) running on a Pentium PC was used for data
acquisition. Stimuli were generated by a DS3 constant current isolated
stimulator (Digitimer). Pipettes for recording and stimulation were
pulled from borosilicate glass tubing (2 mm outer diameter, I mm inner
diameter) on a Sutter P-87 puller (Sutter Instrument) and filled with
HEPES-buffered physiological NaCl solution; resistance of the filled pi-
pettes ranged from 0.34 to 1.1 M(). Both stimulation and recording
electrodes were positioned in the outer third of the CA1 stratum radia-
tum, ~50 wm apart. Extracellular field potentials were evoked by paired
stimulus pulses with an interstimulus interval of 50 ms at a frequency of
0.1 Hz. For all recordings, the stimulus duration was 0.1 ms and the
intensity was varied systematically in the range of 10 to 200 wA (nominal
values).

Data analysis. Amplitudes of the field EPSPs (fEPSPs) were measured
as the difference between the voltage level immediately preceding the
onset and the negative peak of the fEPSP. To normalize the differences
between wild-type animals and reeler mice, the paired-pulse facilitation
ratio (PPR) was calculated from the averaged traces by dividing the am-
plitude of the second fEPSP by that of the first fEPSP. Stability of the
recording was controlled regularly by test pulses of constant amplitude.
Only experiments with changes <20% in the test fEPSP amplitude were
accepted.

Statistics. Calculations were performed in Microsoft Office Excel 2003
(Microsoft) and Matlab 7.1 (The MathWorks). Values are given as
mean = SEM. The significance of differences in individual amplitudes
and PPF indices was assessed by a nonparametric statistical test for inde-
pendent samples, the Mann—Whitney U test.

Results

Synapses of reeler mice exhibit an increase in vesicle number
We studied the ultrastructure of presynaptic boutons in stratum
radiatum of hippocampal region CAl in adult wild-type and
reeler mice (n = 4 animals for each genotype). In view of the
altered anatomy of CA1 in the reeler mutant with a duplication of
the pyramidal cell layer, we first counted the number of presyn-
aptic boutons in comparable areas of CA1 in reeler and wild-type
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Figure 1.  Ultrastructural analysis of presynaptic boutons in CA1 stratum radiatum. 4, B,

NeuN/DAPI staining on coronal brain sections through the hippocampus of adult wild-type (wt)
animals (4) and reeler mice (B) reveal the characteristic altered anatomical organization of CA1
in the reeler hippocampus. The boxes indicate regions of the CA1 stratum radiatum where
ultrastructural analyses of presynaptic boutons were performed. C, Representative electron
micrograph of a presynaptic bouton in CA1 stratum radiatum. Bouton profiles were marked
(white line) and the area measured. D, Number of boutons per area neuropil in CAT stratum
radiatum. No significant differences between wild-type mice and reeler mutants were ob-
served. E, Counting the number of vesicles per bouton area (in square micrometers) showed a
significant increase in reeler mice when compared with wild-type animals. F, Incubation of
organotypic slice cultures from P6 reeler hippocampi in the presence of recombinant Reelin
significantly decreased the number of vesicles per bouton area (in square micrometers) when
compared with mock-treated cultures. Scale bars: 4, B, 200 m; €, 500 nm. Data are expressed
as mean = SEM; Mann—Whitney U test: ***p < 0.001; n.s., not significant.

mice (Fig. 1A-D) and did not observe statistically significant
differences between genotypes (Fig. 1 D) (number of boutons:
wild-type animals, 267 = 9 SEM; reeler mutants, 251 = 13 SEM;
p = 0.44; Mann—Whitney U test). However, when analyzing ves-
icle numbers, significant differences were observed. We found
that reeler mutants exhibited an increase in the number of vesicles
per bouton area by ~20% compared with wild-type animals (Fig.
1E) [vesicles per bouton area (in wm?): wild-type animals, 207 +
6 SEM; reeler, 246 = 8 SEM; p = 0.0001; 100 boutons per animal;
Mann-Whitney U test]. These data indicate that, in reeler mu-
tants, either more vesicles are produced or less released.

Reelin treatment diminishes vesicle density at reeler synapses

We found significantly more vesicles in the reeler hippocampal
region CAl compared with wild-type animals. To address the
question whether this effect is a direct and reversible consequence
of the lack of Reelin, we treated organotypic slice cultures of P6
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Figure 2.

Student's ¢ test: *p << 0.05; **p << 0.01; n.s., not significant.

reeler hippocampi with recombinant Reelin (n = 3 animals). The
ultrastructural analysis of synapses in CA1 (n = 200 per condi-
tion) revealed a significant decrease in the number of vesicles per
bouton area in Reelin-treated reeler cultures. No decrease in vesicle
number was observed in mock-treated tissues (Fig. 1F) [vesicles per
bouton area (in pm?): Reelin-treated cultures, 211 * 11 SEM; mock-
treated cultures, 312 = 14 SEM; p < 0.001; Mann—Whitney U test].

SNAP25 is decreased in reeler mice

To test the hypothesis that an increased number of synaptic ves-
icles in reeler mutants may reflect altered vesicle fusion, the ex-
pression of a variety of synaptic proteins known to be involved in
vesicle generation, fusion, stabilization, and recycling were analyzed
in cortical and hippocampal tissues of adult wild-type mice and
reeler mutants using Western immunoblotting (at least five animals
per genotype; one experiment per animal and protein).

Vesicle-associated proteins

Synapsin 1, synaptophysin, and the clathrin light chain were
studied as proteins associated with synaptic vesicles. These mol-
ecules were chosen because of their key functions during endo-
cytosis and exocytosis. Synapsin 1 is essential for accelerating
vesicle traffic during repetitive stimulation and the maintenance
of normal vesicle numbers (Hilfiker et al., 1999; Siidhof, 2004).
Synaptophysin is involved in correct vesicle recycling (Valtorta et

Expression of presynaptic proteins. Quantitative Western immunoblot analysis of presynaptic proteins was per-
formed with membrane fractions of hippocampal and cortical tissue of adult wild-type mice (wt) and reeler mutants. A-G, No
significant differences were observed between reeler mutants and wild-type animals in protein levels of synapsin1 (4), synapto-
physin (B), and clathrin light chain (€), Munc18 (D), synaptobrevin (E), and syntaxin 1 (F). In contrast, expression levels of SNAP25
(G) were significantly decreased in tissue of reeler mutants when compared with wild-type mice. Densitometric analysis was
performed in five independent experiments. Data are expressed as mean == SEM. The circles show individual values. Unpaired
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al., 2004) and clathrin in vesicle recycling
and endocytosis (Maycox et al., 1992).
Our Western blot analysis showed that the
protein levels of these molecules were not
significantly altered between reeler and
wild-type animals (Fig. 2A-C) (relative
intensities: synapsin 1: wild-type animals,
1.07 = 0.13 SEM; reeler, 0.91 = 0.15 SEM;
p = 0.45; synaptophysin: wild-type ani-
mals, 1.0 = 0.1 SEM; reeler, 1.08 = 0.13
SEM; p = 0.63; clathrin: wild-type ani-
mals, 1.05 = 0.04 SEM; reeler, 0.96 = 0.13
SEM; p = 0.27; unpaired Student’s ¢ test).
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Next, we analyzed SNARE complex pro-
teins, which are known to control vesicle
fusion (Parpura and Mohideen, 2008),
and the SNARE-associated protein
Muncl8. For Munc18-1, known to stabi-
lize the conformation of syntaxin so that it
is capable of forming SNARE complexes
(Zilly et al., 2006), no significant differ-
ences in protein expression were found
between wild-type and reeler animals, al-
though there was a slight tendency toward
increased values in the mutant (Fig. 2D)
(relative intensities: wild-type animals,
0.86 = 0.08 SEM; reeler, 1.23 £ 0.15 SEM;
p = 0.06; unpaired Student’s f test). Sim-
ilar results were obtained for synapto-
brevin and syntaxin 1, proteins of the
SNARE complex (Fig. 2E,F) (synapto-
brevin: wild-type animals, 0.98 * 0.08
SEM; reeler, 1.07 £ 0.12 SEM; p = 0.53;
syntaxin 1: wild-type animals, 1.14 = 0.12
SEM; reeler, 0.87 = 0.14 SEM; p = 0.18).
Current models suggest that these pro-
teins form a tight complex with the
plasma membrane during synaptic vesicle fusion (Hanson et al.,
1997). Of note, we found a significant decrease in the expression
of SNAP25 (Fig. 2G) (wild-type animals, 1.3 = 0.1 SEM; reeler,
0.63 = 0.11 SEM; p = 0.001). Together with our findings of an
increased number of vesicles in presynaptic boutons, the signifi-
cant decrease in the expression of SNAP25 points to an alteration
in vesicle fusion in reeler mutants.
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Reelin blocking antibodies reduce SNAP25 expression in
wild-type slice cultures and increase presynaptic vesicle
numbers

Our finding that SNAP25 as part of the SNARE complex is altered
in reeler mutants raises the question as to whether this is a conse-
quence of an altered extracellular matrix and cytoarchitecture
resulting from perturbed brain development. Therefore, we used
CR-50 anti-Reelin antibodies (Ogawa et al., 1995) to neutralize
Reelin function in wild-type organotypic slice cultures of P6 an-
imals (n = 3). Our Western immunoblot analysis showed that
exogenous CR-50 treatment decreased SNAP25 protein in hip-
pocampal wild-type cultures compared with mock-treated cul-
tures (Fig. 3A,B) (relative intensities: CR-50-treated cultures,
0.44 = 0.2 SEM; mock-treated cultures, 1.34 = 0.09 SEM; p =
0.01; unpaired Student’s ¢ test). To test whether blocking of Ree-
lin in wild-type tissue also affects the number of presynaptic
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Figure 3.

Expression of SNAP25 is not decreased
in ApoER2 mutants, VLDLR mutants,
receptor double knock-out mice, and
Dabl mutants

Our results indicate that Reelin is involved
in the regulation of SNAP25 expression, a
presynaptic protein and member of the
SNARE complex. How is this Reelin effect
mediated? To test whether the canonical
Reelin signaling cascade is involved in
these processes, we studied the expression of SNAP25 in hip-
pocampal and cortical tissue of ApoER2 ~'~, VLDLR '~ single
and double knock-out mice as well as in Dab1-deficient animals
(n = 3—4 animals per genotype, one experiment per animal and
protein). We were unable to find a significant decrease in
SNAP25 when comparing lysates of control animals and these
mutant mice (Fig. 3D, E) (relative intensities: controls, 0.93 =
0.12 SEM; ApoER2 /", 1.12 * 0.14 SEM; p = 0.35; controls,
0.89 + 0.08 SEM; VLDLR ~'~, 1.21 *+ 0.14 SEM; p = 0.09; con-
trols, 0.9 * 0.06 SEM; Dabl ', 1.12 * 0.06 SEM; p = 0.05;
controls, 0.91 % 0.06 SEM; ApoER2 '~ /VLDLR ', 1.1 = 0.03
SEM; p = 0.004; unpaired Student’s ¢ test).

Rescue of SNAP25 protein expression in slice cultures of
reeler mutants by exogenous Reelin

To examine whether recombinant Reelin is capable to restore the
expression levels of SNAP25 in tissues of reeler mutants in vitro,
we treated organotypic slice cultures of P6 reeler hippocampi with
recombinant Reelin (n = 3 animals, one experiment per animal
and condition). Similar to our previous experiments in which
exogenous Reelin was able to normalize vesicle number, recom-
binant Reelin rescued SNAP25 protein levels. Western immuno-
blot analysis showed that exogenous Reelin increased the level
of SNAP25 protein in slice cultures of reeler hippocampus
compared with mock-treated cultures (Fig. 4A,B) [relative
intensities: Reelin-treated cultures (Reelin), 1.42 = 0.05 SEM;
mock-treated cultures (mock), 0.75 = 0.15 SEM; p = 0.03; un-
paired Student’s t test].

Integrin inhibitor peptides neutralize the rescue effect

of Reelin

Western blot analyses of ApoER2, VLDLR, and DabI null mutant
mice suggested a noncanonical Reelin signaling pathway in the
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Analysis of SNAP25 protein levels in CR-50-treated wild-type cultures and mutants deficient in the canonical Reelin
signaling pathway. 4, Incubation of organotypic slice cultures from P6 wild-type hippocampi with Reelin-neutralizing CR-50
antibodies significantly reduced SNAP25 levels compared with mock-treated cultures. B, Densitometric analysis of SNAP25 levels
in wild-type slice cultures. €, Reelin-neutralizing CR-50 significantly increased the number of vesicles per bouton area (in square
micrometers) when compared with mock-treated cultures. D, SNAP25 Western blot analysis was performed with membrane
fractions of hippocampal and cortical tissue of adult control mice, ApoER2 mutant mice (ApoER2 ~/~), VLDLR mutants
(VLDLR '), Dab1-deficient mice (Dab7 ~’ ), and ApoER2/VLDLR double knock-out mutants (ApoFR2 '~ /VLDLR ~/™).
E, Densitometric analysis of SNAP25 levels in brain lysates of mutant animals and controls. Data are expressed as mean =+
SEM. Circles show individual values. Unpaired Student’s t test (B, E) and Mann—Whitney U test (C): *p << 0.05; **p < 0.01;
**%p < 0.001; n.s., not significant.

regulation of SNAP25 protein levels. Previous studies have dem-
onstrated that the N-terminal region of Reelin binds a3p1-
integrin (Dulabon et al., 2000; Forster et al., 2002; Schmid et al.,
2005). To test whether Reelin—integrin interactions may contrib-
ute to the presynaptic effects of Reelin, an integrin inhibitor pep-
tide (Shono et al., 2001) was added to organotypic slice cultures
of reeler hippocampi treated with recombinant Reelin (n = 3
animals, one experiment per animal and condition). Our subse-
quent Western immunoblot analysis showed that the rescue ef-
fect of Reelin on SNAP25 was abolished in the presence of RGD
motive-containing integrin inhibitor peptides, whereas addition
of integrin inhibitor peptides to mock-treated tissue had no sig-
nificant effect (Fig. 4 A, B) (relative intensities: Reelin-treated cul-
tures (Reelin), 1.42 = 0.05 SEM; Reelin plus integrin inhibitor-
treated cultures (Reelin plus RGD), 0.65 = 0.1 SEM; mock plus
integrin inhibitor-treated cultures (mock plus RGD), 1.28 = 0.17
SEM; Reelin vs Reelin plus RGD, p = 0.0051; mock vs mock plus
RGD, p = 0.12; unpaired Student’s t test).

Integrin inhibitor treatment increases vesicle density at
wild-type synapses

We found that RGD inhibitor peptides are capable of blocking
the Reelin effect on presynaptic vesicle density in reeler mutant
slice cultures. To test whether RGD inhibitor peptides might
also regulate vesicle density at wild-type synapses, we treated
organotypic slice cultures of P6 wild-type hippocampi with
RGD and control peptides and analyzed vesicle density in syn-
aptic boutons by electron microscopy (n = 5 animals, 100
boutons per animal and condition). We found that also in
wild-type slice cultures RGD peptides were able to significantly in-
crease vesicle densities in accordance with our findings in the reeler
mutant when compared with control peptide-treated slice cultures
(Fig. 4C) [vesicles per bouton area (in um?): integrin inhibitor-
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Figure 4.

element, likely a dendritic spine. Scale bar, 100 nm.

treated cultures (RGD), 153 = 3 SEM; mock-treated control cultures,
129 = 3 SEM; p < 0.001; Mann—Whitney U test].

Presynaptic localization of 31-integrin in CA1 synapses

To investigate the localization of B1-integrin in subcellular compart-
ments of CAl neurons, we performed electron microscopic immu-
nocytochemistry. By performing SDS-digested freeze—fracture
replicaimmunolabeling (Hagiwara et al., 2005; Kulik et al., 2006), we
found Bl1-integrin in presynaptic compartments of CA1 synapses.
Anti-SNAP25 labeling was used to identify presynaptic compart-
ments (Fig. 4D). Counting the number of B1-integrin/SNAP25
double-positive presynaptic boutons in relation to the total number
of SNAP25-labeled synapses revealed that 48% of SNAP25-positive
boutons were also labeled for Bl-integrin (n = 3 animals; 294
SNAP25-positive boutons; 143 SNAP25/B1-integrin double-
positive boutons).

PPF at Schaffer collateral synapses is reduced in reeler

To study whether the observed changes in vesicle number and
SNAP25 protein levels in reeler mutants result in a presynaptic trans-
mission phenotype, extracellular recordings in acute hippocampal

Recombinant Reelin rescues SNAP25 expression in slice cultures from reeler mice, and integrin inhibitor neutralizes
this effect. 4, Incubation of organotypicslice cultures from P6 reeler hippocampiin the presence of recombinant Reelin significantly
increased protein expression of SNAP25 compared with lysates of mock-treated cultures. Addition of RGD motive-containing
integrin inhibitor peptides abolished the rescue effect of Reelin on SNAP25 expression (Reelin plus RGD). B, Densitometric analysis
was performed in at least three independent experiments. C, RGD integrin inhibitor peptides significantly increased the number of
vesicles per bouton area (in square micrometers) when compared with control peptide-treated cultures (control). Data are ex-
pressed as mean == SEM. The circles show individual values. Unpaired Student’s ¢ test (B) and Mann—Whitney U test (C): *p <
0.05; **p << 0.01; ***p < 0.001; n.s., not significant. D, Double immunogold labeling for B1-integrin (15 nm particles; arrows)
and SNAP25 (10 nm; arrowheads) revealed localization in presynaptic boutons (b) of CAT stratum radiatum. s, Postsynaptic
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slices from wild-type animals and reeler
Tk mice were performed in stratum radiatum
of CALl. Stimulation of the Schaffer-collater-
als elicited a brief presynaptic fiber volley
followed by a fEPSP in both acute slices
from wild-type animals and reeler mutants
(Fig. 5A). Although the waveforms of the
responses were similar between reeler and
wild-type tissues, the amplitudes of the fEP-
SPs were smaller in slices from reeler mice
for all stimulus intensities >25 uA (Fig. 5B)
(p<<0.1). Thelower fEPSP amplitude can
be partially explained by the altered
lamination of the reeler hippocampus,
but may also point to a compromised
synaptic transmission in these animals.

Next, we analyzed synaptic responses
to paired-pulse stimuli. In wild-type an-
imals, two consecutive pulses with an
interpulse interval of 50 ms resulted in a
facilitation of the second synaptic re-
sponse (Fig. 5A,C). PPR was 1.7 at 12.5
WA, but rapidly decreased with increas-
ing stimulus intensity, reaching a mini-
mal value of 1.29 at 200 pA. In contrast,
only moderate PPF or even paired-pulse
depression was observed in reeler slices
at low stimulus intensities as reflected
by the low average PPR of 1 at 12.5 pA.
At higher stimulus intensities, depres-
sion was replaced by a moderate degree
of PPF. As the wild-type PPR ap-
proached saturation, the reeler PPR con-
verged to, but remained below that of
wild-type animals for the entire range
(Fig. 5C). These differences in PPR were
significant for all statistically evaluated
stimulus intensities (25 wA, p = 0.0055;
50 uA, p = 0.0111; 75 pA, p = 0.0037;
100 wA, p = 0.0152; 150 A, p = 0.0152;
200 pA, p = 0.0464).

These results suggest that synaptic
transmission is reduced and presynaptic release mechanisms are
altered in reeler mice.

control RGD

Discussion

The results of the present study reveal a novel, presynaptic func-
tion of Reelin in the mature brain. They can be summarized as
follows. (1) Presynaptic boutons of synapses in stratum radiatum
of CA1 contain a larger number of synaptic vesicles in reeler mu-
tants than in wild-type mice. (2) SNAP25, a protein of the SNARE
complex, is significantly decreased in reeler mutants when com-
pared with wild-type mice. Other SNARE proteins and synaptic
vesicle proteins appear mostly unchanged. (3) PPF, a form of
presynaptic plasticity depending on vesicle release, is impaired at
synapses in stratum radiatum of CALl.

Together, these findings point to altered vesicle fusion and
neurotransmitter release at Schaffer collateral synapses in
adult reeler mutants and demonstrate a role for Reelin in reg-
ulating presynaptic functions. The results may have implica-
tions for a variety of neuropsychiatric diseases known to be
associated with altered Reelin expression such as schizophre-
nia, bipolar disorder, and major depression (Impagnatiello et
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Figure5. Extracellularrecordingsin CA1show changesin reeler fEPSP amplitude and PPF. 4,

Typical fEPSPs from wild-type and reeler mice in hippocampal slices recorded at 50 A stimulus
intensity and 50 ms interpulse interval illustrate the reduced amplitude in reeler fEPSP (black)
compared with wild-type fEPSPs (red). In contrast to reeler, pronounced PPF was elicited in
wild-type slices after the second pulse. The recordings contain a distinct fiber volley immedi-
ately after the stimulus (stimulation artifacts truncated). fEPSP amplitude (B) and fEPSP paired-
pulse ratio (C) are significantly reduced in slices from reeler mice (n = 9) compared with
wild-type slices (n = 8). Atthe lowest stimulusintensity (12.5 wA), synaptic responses could be
detected in only five reeler slices and four wild-type slices. Data are expressed as mean == SEM.

al., 1998; Fatemi et al., 2000; Eastwood and Harrison, 2003;
Grayson et al., 2005), epilepsy (Haas et al., 2002), as well as
Alzheimer’s disease (Botella-Lopez et al., 2006), a disease of
the aged human brain.

Numerous studies have confirmed an essential role for Reelin
in the development of the CNS (see Introduction). Conse-
quently, functional deficits associated with decreased Reelin
expression have been attributed to developmental defects (East-
wood and Harrison, 2003). However, malexpression of Reelin in
neuropsychiatric diseases of adult or aged human beings points
to additional functions of Reelin. Indeed, evidence has accumu-
lated in recent years that Reelin is also involved in neuronal func-
tions in the mature brain. First, it was noticed that Reelin, which
in the prenatal period is expressed by CR cells in the marginal
zone, is expressed by a variety of GABAergic interneurons in the
postnatal brain (Drakew et al., 1998; Pesold et al., 1998). Second,
Beffert et al. (2005) have shown that modulation of synaptic plas-
ticity and memory by Reelin involves differential splicing of
ApoER2 and interaction with the NMDA receptor complex.
Third, in a study on the molecular determinants of granule cell
dispersion, a loss of the normal dense packing of dentate granule
cells in epilepsy, Heinrich et al. (2006) provided evidence for a
role of Reelin in the maintenance of cortical architecture in the
adult brain.
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The present study adds another piece of evidence to a role of
Reelin in the mature brain. We show here that the number of
synaptic vesicles in presynaptic boutons of CAl is significantly
larger in reeler mutants when compared with wild-type litter-
mates. Together with the significantly decreased protein expres-
sion of SNAP25, an essential component of the SNARE complex
controlling vesicle fusion, these results point to compromised
fusion and transmitter release. This conclusion is supported by
the observation of severely altered paired-pulse facilitation, a
form of presynaptic plasticity associated with increased transmit-
ter release, in reeler mutant animals.

What could be the role of Reelin in vesicle fusion and trans-
mitter release? It seems unlikely that developmental defects
caused by altered neuronal migration and aberrant connectivity
underlie the altered PPF in slices from reeler mutants. First, PPF
was also found impaired in heterozygous reeler mice (Qiu et al.,
2006) that do not show developmental defects in anatomical or-
ganization. Second, counts of presynaptic boutons in stratum
radiatum of CAl did not reveal significant differences to wild-
type animals, whereas individual boutons showed a significantly
increased number of synaptic vesicles. Third, incubation of reeler
tissue in the presence of recombinant Reelin was able to rescue
protein levels of SNAP25 and reduced the number of vesicles in
presynaptic boutons. Fourth, blocking Reelin function by CR-50
antibodies in slice cultures of wild-type animals resulted in an
increase in presynaptic vesicles and in a reduction in SNAP25
protein, similar to our findings in reeler mutants. We conclude
that Reelin, probably in concert with other molecules of the ex-
tracellular matrix, is involved in presynaptic mechanisms of
transmitter release.

What could be the molecular pathways leading to decreased
SNAP25 protein levels in reeler mutants? Recent studies have
shown that the transcription factor SP1 regulates SNAP25 gene
expression and that the human SNAP25 gene promoter contains
functional SP1 response elements. Overexpression of SP1 in-
creased SNAP25 gene expression (Cai et al., 2008). Interestingly,
SP1 is involved in the induction of the Reelin promoter by reti-
noic acid (Chen et al., 2007), pointing to a network that intercon-
nects the expression of an extracellular matrix protein and a
SNARE protein. However, when we studied SP1 protein in reeler
mutants compared with wild-type animals, we did not find a
significant difference to wild-type tissue (data not shown). Addi-
tional studies are required to determine the various players in-
volved in Reelin-dependent SNAP25 expression.

PPF is a form of presynaptic plasticity mediated by increased,
Ca**-induced neurotransmitter release (Wu and Saggau, 1994;
Rozov et al., 2001). Previous studies revealed a role for Reelin in
the differentiation and function of postsynaptic structures, such
as dendrites, spines, and the postsynaptic density (Niu et al.,
2004, 2008; Beffert et al., 2005). Long-term potentiation was
found differentially modulated by splice variants of ApoER2 lo-
cated at the postsynaptic density (Beffert et al., 2005). Of note,
SNAP25 expression was not altered in ApoER2, VLDLR single
and double knock-out mice, and Dabl '~ mutants, suggesting
that canonical Reelin signaling via lipoprotein receptors and
Dab1 is not involved in the effects of Reelin on vesicle fusion and
transmitter release.

In addition to signaling via lipoprotein receptors and Dabl,
Reelin is known to bind a3f1-integrins (Dulabon et al., 2000;
Forster et al., 2002). Integrins comprise a large family of cell
adhesion molecules that mediate signaling between cells, are
broadly expressed in the brain, and are associated with synapses.
Moreover, integrins are required for hippocampal synaptic plas-
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ticity and spatial memory (Chan et al., 2003). Remarkably, re-
duced expression of a3-integrins results in a defect in PPF (Chan
etal., 2003), and integrin-associated protein (IAP/CD47) reg-
ulates protein levels of SNAP25, Ca** kinetics, and synaptic
transmission (Numakawa et al., 2004). Our data support the
hypothesis that the presynaptic effects of Reelin might be medi-
ated via the integrin pathway as B1-integrin was found at presyn-
aptic sites. The rescue effect of Reelin on SNAP25 expression
could be neutralized by RGD inhibitor peptides, and wild-type
hippocampal slice cultures showed a reeler-like presynaptic vesi-
cle phenotype after RGD peptide treatment.

In conclusion, we provide evidence for an involvement of
Reelin in presynaptic functions by regulating neurotransmitter
release at hippocampal synapses. The underlying mechanisms do
not seem to involve Reelin signaling via lipoprotein receptors and
Dabl but alternative pathways, likely Reelin binding to integrins.
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