REPORT

Heterozygous Reelin Mutations Cause
Autosomal-Dominant Lateral Temporal Epilepsy
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Autosomal-dominant lateral temporal epilepsy (ADLTE) is a genetic epilepsy syndrome clinically characterized by focal seizures with
prominent auditory symptoms. ADLTE is genetically heterogeneous, and mutations in LGI1 account for fewer than 50% of affected fam-
ilies. Here, we report the identification of causal mutations in reelin (RELN) in seven ADLTE-affected families without LGII mutations.
We initially investigated 13 ADLTE-affected families by performing SNP-array linkage analysis and whole-exome sequencing and iden-
tified three heterozygous missense mutations co-segregating with the syndrome. Subsequent analysis of 15 small ADLTE-affected fam-
ilies revealed four additional missense mutations. 3D modeling predicted that all mutations have structural effects on protein-domain
folding. Overall, RELN mutations occurred in 7/40 (17.5%) ADLTE-affected families. RELN encodes a secreted protein, Reelin, which has
important functions in both the developing and adult brain and is also found in the blood serum. We show that ADLTE-related muta-
tions significantly decrease serum levels of Reelin, suggesting an inhibitory effect of mutations on protein secretion. We also show that
Reelin and LGI1 co-localize in a subset of rat brain neurons, supporting an involvement of both proteins in a common molecular
pathway underlying ADLTE. Homozygous RELN mutations are known to cause lissencephaly with cerebellar hypoplasia. Our findings
extend the spectrum of neurological disorders associated with RELN mutations and establish a link between RELN and LGI1, which play

key regulatory roles in both the developing and adult brain.

Temporal-lobe epilepsy is the most common type of focal
epilepsy. It is sometimes associated with structural brain
lesions, but genetic forms have also been described. Famil-
ial temporal-lobe epilepsy comprises two genetically
distinct syndromes: familial mesial temporal-lobe epilepsy
(FMTLE [MIM: 611630])! and autosomal-dominant lateral
temporal epilepsy (ADLTE [MIM: 600512]), also named
autosomal-dominant partial epilepsy with auditory fea-
tures (ADPEAF).” ADLTE is a well-defined epileptic syn-
drome clinically characterized by focal seizures with
prominent auditory and/or aphasic symptoms, normal
brain MRI, and relatively benign evolution.”? Its inheri-
tance pattern is autosomal dominant with reduced pene-
trance (around 70%). Mutations associated with ADLTE
are found in leucine-rich, glioma inactivated 1 (LGII
[MIM: 604619])*° in 30%-50% of ADLTE-affected fam-
ilies.>”® Other genes harboring ADLTE-causing mutations
are unknown. LGI1 is expressed mainly in neurons, partic-
ularly in the neocortex and limbic regions,*? and its pro-
tein product, LGI1, is secreted.” LGI1 has been implicated
in the transmission of K™ and AMPA synaptic currents'“"!
and in the regulation of post-natal maturation of cortical

excitatory synapses and dendrite pruning.'? However, it
is not known which of these functions underlies ADLTE.
Identification of additional genes whose mutations cause
ADLTE will help to clarify the pathogenic mechanism lead-
ing to this disorder. Here we report the identification of
ADLTE-causing heterozygous mutations in RELN (MIM:
600514), encoding the protein Reelin.

To identify genes harboring ADLTE-causing mutations,
we performed linkage analysis of 16 ADLTE-affected fam-
ilies in whom Sanger sequencing had failed to detect
LGI1 mutations; we did so by using a SNP array followed
by whole-exome sequencing to identify candidate variants
in the linkage peaks. Most of these families have been
described previously.” We reassessed the epilepsy pheno-
types of affected members to confirm eligibility for linkage
analysis on the basis of clinical features and intrafamilial
clinical homogeneity. Each family contained two or more
affected individuals with a history of focal epilepsy with
auras characteristic of the syndrome, i.e., auditory (ringing,
humming, sounds, voices, or music) and/or receptive-
aphasic symptoms, and absence of identified structural or
metabolic insults to the CNS. Written informed consent
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Pedigrees of Families in Whom RELN Mutations Segregate with Disease

Colors of symbols refer to the indicated diagnostic categories. Open symbols indicate healthy family members. Circles indicate females,

and squares indicate males. Families F14 and F33, previously described by Michelucci et al.,”

were recently reassessed, and new affected

individuals were ascertained. Individuals with a mutation in RELN are indicated by m/+; individuals tested for mutations and found to

be negative are indicated by +/+.

was obtained from all family members participating in the
study. The study was approved by local, Italian League
Against Epilepsy (LICE) or Columbia University ethics
committees. Affected and unaffected members of these
families (143 DNAs in total, 50 affected persons) were
genotyped with the high-density HumanOmnil-Quad
v.1.0 (Illumina) beadchip, and genome-wide linkage
analysis was performed with the Merlin program,'” under
the assumption of autosomal-dominant inheritance with
70% penetrance, a disease-allele frequency of 0.001, and
a phenocopy rate of 0.0. To avoid inflated linkage values,
we performed two independent analyses by using two
different SNP subsets selected on the basis of different
linkage-disequilibrium parameters, > < 0.4 (180,047
SNPs) and 1* < 0.2 (62,887 SNPs). In both analyses, the
highest linkage peak (heterogeneity logarithm of odds
[HLOD] = 2.349; alpha = 0.289) was at chromosome
7q22.1 (Figure S1), a region encompassing 5.70 Mb (chr7:
101,977,695-107,685,645) between SNPs rs803118 and
1s1990158. Two relatively large families, shown in Figure 1,
were the main contributors to this HLOD peak: F31 (LOD
score = 2.03) and F14 (LOD score = 1.92).

We then performed whole-exome sequencing on two
affected members each from 13 of the families analyzed

by linkage. Whenever possible, we chose second- or
third-degree relatives to reduce the fraction of the genome
inherited by chance. Exome sequencing was performed
at IGA Technology Services with the SureSelect 50-Mb
v.2.0 Capture Kit (Agilent Technologies). Enriched libraries
were sequenced on an Illumina HiSeq2000. Reads were
aligned to the UCSC Genome Browser hgl9 refer-
ence sequence with the Burrows-Wheeler Aligner,"* and
variant calling and genotyping were performed with the
Genome Analysis Toolkit.'®> Variants were annotated by
ANNOVAR'® and filtered with NCBI dbSNP v.135, the
1000 Genomes Project catalog, and AVSIFT.'” An average
of 4.545 Gb of sequence was generated per affected indi-
vidual; 99.8% of the total bases passed quality assessment
and were aligned to the human reference sequence, and
80% mapped to the targeted exons with a mean coverage
of 39x. At this depth of coverage, 95% of the targeted bases
were sufficiently covered to pass our threshold for variant
calling (>10x). We considered only heterozygous nonsy-
nonymous variants, splice-site changes, and short indels
causing frameshifts that were shared by the two affected
individuals analyzed in each family, and then filtered out
those occurring in the 1000 Genomes Project catalog and
the NHLBI Exome Sequencing Project Exome Variant
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Server (EVS) with frequency > 0.01, those in genome
Y segmental duplications, and those classified as benign,
G tolerated, or not damaging by different prediction software
'E 2 tools, such as SIFT and PolyPhen-2 (see examples in Tables
2 % S1 and S2). Finally, we extracted the gene variants lying in
£flalalalalalala the chromosome 7g22.1 linkage interval from the annota-
30| & a|lala o &
Z2c|S|S|cS|cS s S < tion file of potential candidate variants that passed the
@ filtering steps. Three families (F31, F33, and F14) exhibited
§ only one heterozygous mutation in the 7q22.1 candi-
El[g 3 3/53/ 2 3 3 date region (Table S1), and all three missense mutations,
“l1elelelelel°|° c.2392C>A (p.His798Asn), ¢.2531C>T (p.Pro844Leu),
‘v and c.8347G>T (p.Gly2783Cys), occurred in RELN (Gen-
g Bank: NM_005045.3). These mutations were validated by
? Sanger sequencing (Figure S2), and each of them co-segre-
£ gated with the disease in the corresponding family
Elelg s ng gl . 1 £ d hol
2lg 283 8 8|8 (Figure 1). Subsequently, we performed whole-exome
El- e "o~ <e|° sequencing on the probands of four additional ADLTE-
E’ affected families who had not been analyzed by genome-
£ wide linkage and found an additional heterozygous RELN
; 5 sz 2z g ES mutation, ¢.2288A>G (p.Asp763Gly), in one of them.
< 2 § g % § 5 S Moreover, massive parallel sequencing of RELN exons
2 %% 58 5 Z in the probands of 11 small ADLTE-affected families,
ElQ 122121252 performed on the Illumina MiSeq System with the
o MiSeq Reagent Kit v.3, revealed three additional mis-
E sense mutations—c.2015C>T (p.Pro672Leu), ¢.2168A>G
S (p.Tyr723Cys), and ¢.9526G>A (p.Glu3176Lys)—each in
é SRS IR%2 = a single family. These mutations, all validated by Sanger
$ g 812 2 38 g sequencing, were also detected in the additional available
é 8138/ 3/]8x/< affected members of the families (Figure 1). In total, we
il IRl El Rl IRl Bl e identified seven RELN mutations, each in a different
E ADLTE-affected family. The main clinical features of the
3 families affected by RELN mutations are summarized in
® c Table 1. None of the seven mutations was detected in
g 3 270 healthy control individuals of matched ancestry,
b .3 in 174 simplex-case individuals with lateral temporal
HEIRIES s8 & . : ;
2SS v fese epilepsy, or in the 1000 Genomes Project catalog or EVS.
@ b N e The ¢.2015C>T (p.Pro672Leu) mutation, which was de-
_‘é a : ) tected by targeted RELN sequencing, was present in dbSNP
= % E E’% E_’ v.138 and the ExAC Browser (frequency = 0.0001),
S|EE, g 55 whereas ¢.2168A>G (p.Tyr723Cys) was present in the
£ 23 é Ry ExAC Browser only (frequency = 0.000024). All amino
E g % 3 59 < acid substitutions affect highly conserved residues
\O
- NEE gg 2 (Figure S3) and are predicted to be deleterious by the
E :é% t’.ggé PolyPhen-2, SIFT, and MutationTaster prediction tools
g[2ES [ T oo ] SE —; (Table 1). Many potentially harmful RELN variants, most
wl| © Eg o of which await Sanger confirmation, are reported in the
E 8 ~ S 23 EVS. However, all mutations identified in this study affect
; :5, % 3, alolalals .Qg g structurally important amino acids and/or result in amino
=| 22222 2% g £§°S acid changes that most likely perturb protein folding (see
9 ~ — — [*e) — o N — kel 6 o . : K o
%= g below). In the families we studied, 20/33 (60%) of individ-
g {-;'A " 3 é 3 uals carrying one of these mutations have epilepsy, sug-
i §§T§ ':-Sl g gesting a relatively low penetrance of RELN mutations,
Els §'§ 5o 3 and there are no affected persons who do not carry one
Z2la = a [ 5w : .
& S az S/ " ‘:5 i’ o el e 8% ° of these mutations. All together, the above findings
- . 2%% support a pathogenic effect of the reported mutations.
2 z o 258 In our cohort of Italian ADLTE-affected families, RELN
% £ S T B P -~ ) g $o0°
- Sl 22|20 8l8lefs mutations account for disease in 7/40 (17.5%) families, a
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Figure 2. Schematic of Reelin and Local-
ization of ADLTE-Causing Variants
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(A) Multidomain structure of Reelin.

Numbers 1-8 indicate Reelin repeats, each
consisting of subrepeats A and B and an
intervening EGF-like module. Horizontal
lines indicate the three isoforms (160,

SPFS U 1 2 ,T\ 3 4 5 6 1\ 7 8 4+
N-t C-t
160 kDa
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B Cc
Repeat 1 Repeat? Repeat 8 p.His798Asn  p.GIy2783Cys
EGF-Iil\(e ASp‘-bOX2 Asp-lbox13 Asp-pox 15
1 — y
p.Pro672Ley — L p.Gly2783Cys p.Glu3176Lys
p.Asp763Gly p.Pro844Leu
p.His798Asn

p.Tyr723Cys

X-X-X-8-X-D-X-G-X-X-W-X-X-X

Asp-box consensus sequence

310, and 420 kDa) that were detected by
immunoblotting with antibodies to N-ter-
minal antigens. Abbreviations are as fol-
lows: SP, signal peptide; FS, F-spondin-like
domain; U, unique region; ++, positively
charged C-terminal region; N-t, N-terminal
cleavage site; C-t, C-terminal cleavage site.
(B) Schematic structure of three Reelin re-
l peats harboring ADLTE-causing variants.
The approximate locations of EGF-like
and Asp-box modules and positions of
the substitutions are indicated.
(C) Consensus sequence of the Asp-box
motif. The amino acids Ser (S), Asp (D),
Gly (G), and Trp (W) at positions 4, 6, 8,
and 11, respectively, are highly conserved
in Asp-box motifs of different Asp-box-

5 10 14

containing protein families and support the beta-hairpin folding of Asp-box motifs. X indicates any amino acid residue. Arrows indicate
the positions of two ADLTE-causing missense variants in the Asp-box consensus sequence.

frequency comparable with that of LGII mutations (12/40
families; 30%). We detected no RELN mutations in 17
FMTLE-affected families, suggesting that mutations in
this gene might specifically cause ADLTE.

RELN, first identified in the homozygous-null mutant
reeler mouse strain,'® comprises 65 exons and is mostly ex-
pressed in the brain. It encodes Reelin (a gigantic secreted
protein of 3,460 amino acids), which consists of an N-ter-
minal signal peptide, an F-spondin-like domain, a unique
region, and eight tandem repeats of 350-390 residues
termed “Reelin repeats” (Figure 2A).'®'? Each Reelin repeat
comprises a central epidermal growth factor (EGF) or EGF-
like module flanked by two subrepeats (A and B), each con-
taining a 14-amino-acid Asp-box (bacterial neuraminidase
repeat) motif”’ (Figures 2A and 2B). Both the EGF-like and
Asp-box modules support the compact, “horseshoe-like”
structural arrangement of each Reelin repeat”’ (Figure 3).
Some ADLTE-related RELN mutations affect amino acid
residues that are important for proper folding of Reelin re-
peats. The p.Pro672Leu substitution affects the first residue
of the EGF-like module in Reelin repeat 1, a proline that
most likely facilitates the abrupt bend of the protein
main chain at the subrepeat A-EGF boundary,?’ and its
replacement with a leucine might result in local unfolding
of repeat 1. Two amino acid substitutions, p.His798Asn
and p.Gly2783Cys, affect residues in Asp-boxes 2 and 13,
respectively (Figures 2B and 2C), most likely resulting in
structural abnormalities. Particularly, the p.Gly2783Cys
substitution replaces an invariant Gly residue at position
8 in the Asp-box consensus sequence’’ with a cysteine
(Figure 2C), most likely altering the conformation of Asp-
box 13. To evaluate the potential impact of the ADLTE-
related amino acid substitutions on the structure of Reelin
repeats, we generated a 3D model of the three Reelin re-
peats harboring these amino acid changes. To do this, we

manually aligned the Reelin sequence (UniProt: P78509)
according to its component repeats by using Jalview.>?
Two crystal structures (PDB: 2DDU, 2E26)>* were used as
starting points for modeling with the HOMER server. The
models were analyzed with the ConSurf*® server, and fig-
ures were drawn with ESPript®® for sequence alignments
and with PyMol (DeLano Scientific) for structures. This
3D model supports the deleterious effects of p.Pro672Leu,
p-His798Asn, and p.Gly2783Cys substitutions on the orga-
nization of Reelin repeats (see Figure S4). In addition, it
predicts structural consequences for the p.Tyr723Cys
replacement, which is due to exposure of an unpaired
cysteine to the solvent, and for the p.Glu3176Lys substitu-
tion, which disrupts a structurally important electrostatic
interaction between the negatively charged Glu3176
and the positively charged Arg3409 (Figure S4). This
latter effect, in particular, might not be dramatic in the
intracellular environment, where pH is neutral, but might
destabilize Reelin repeat 8 when Reelin is exported to the
extracellular milieu. Finally, the p.Asp763Gly substitution
is predicted to perturb the horseshoe-like arrangement of
Reelin repeat 1.

Reelin is synthesized and secreted in several organs other
than the brain and is found in blood serum, where it un-
dergoes post-translational processing qualitatively similar
to that observed in the brain.?” Blood-serum Reelin, most
of which is secreted from the liver, has been examined
for the investigation of the effects of RELN mutations
on extracellular Reelin levels in humans®**"and reeler
mice.”” In addition to the full-length protein (420 kDa),
two smaller isoforms (160 and 310 kDa), resulting from
enzymatic cleavage of the full-length protein, were de-
tected by immunoblot (see schematic in Figure 2A). In
the serum, the 310-kDa isoform accounts for most of
the signal (>80%), whereas only trace amounts of the
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Figure 3. Overall Ribbon Representation
of the 3D Structure of a Generic Reelin
Repeat

The repeat structure, formed by two subdo-
mains, subrepeat A (left) and subrepeat B
(right), is colored in light brown, residues
forming the Asp-boxes are colored in blue,
and the EGF-like domain is presented in
green. Magenta spheres represent substi-
tutions affecting repeat 1 (p.Pro672Leu,
p-Asp763Gly, p.Tyr723Cys, p.His798Asn,
and p.Pro844Leu), repeat 7 (p.Gly2783Cys),
and repeat 8 (p.Glu3176Lys). Pathological
substitutions are found at the interaction
interface between the two subdomains,
affect the EGF-like motif, or are exposed to
the solvent. Zoom panels represent areas
showing the wild-type intra-molecular
bonding dynamics. The coloring of frames
corresponds to different mutation-prone
residues, which are presented in magenta
and shown in stick models, whereas gray
represents surrounding residues within
3.5A. The figure was prepared with UCSF
Chimera.?”
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ruling out any influence of this poly-
morphism on serum Reelin levels in
the study subjects.

160-kDa isoform are present.”” We analyzed blood sera
samples from affected individuals carrying the Reelin sub-
stitutions p.Asp763Gly, p.His798Asn, p.Gly2783Cys, and
p-Glu3176Lys by immunoblot. As shown in Figure 4A,
the amount of the 310-kDa Reelin isoform was remark-
ably lower in the sera from these affected individuals
than in the sera from control individuals, and there
was no increase in the 420-kDa isoform. This trend was
significant in four different experiments (p = 0.028;
Figure 4B). Notably, in persons carrying the p.Asp763Gly,
p-His798Asn, and p.Gly2783Cys substitutions, the
amount of serum Reelin was approximately 50% of that
in control individuals. Because missense mutations are
unlikely to affect protein synthesis, lower levels of serum
Reelin most likely result from impaired secretion of the
altered proteins from hepatocytes, and this mechanism
could also decrease the amount of extracellular Reelin in
the brain. Serum Reelin levels might be influenced by
a polymorphic GGC repeat located immediately 5 of
the RELN initiation codon. In vitro studies showed
that compared to 8- to 10-repeat alleles, rare, “long” 12-
to 14-repeat alleles might result in 50%-60% less Reelin
expression,®' and subjects with at least one long allele
were found to have an average of 25% less serum Reelin
expression than were individuals with common 8- to 10-
repeat alleles.”” Together, 8- and 10-repeat alleles account
for >95% of all alleles in the Italian population overall.**
We detected only these two common alleles in our affected
individuals and control individuals (data not shown),

To get a preliminary insight into a
possible relationship between Reelin
and LGI1, we analyzed rat brain sections by double immu-
nofluorescence and confocal microscopy. For LGI1, we
used the antibody ab30868, whose specificity has previ-
ously been demonstrated.’® The temporal cortex and
hippocampus of immature (3 weeks old) and mature
(2 months old) rats were examined. As shown in Figure 5,
a subset of neurons in both brain areas were immunoreac-
tive for both Reelin and LGI1. Intense double labeling was
observed in some cortical and hippocampal neurons of
mature rats (Figures 5B-5D); other cortical neuronal cells
displayed weak immunoreactivity for both proteins
(Figure 5A), whereas double immunoreactivity was barely
detected in hippocampal neurons of immature rats (not
shown). Moreover, under non-permeabilized conditions,
punctate co-immunostaining was detected outside the
cell bodies and displayed a linear alignment in some cases,
as if along neuronal projections (Figure S5). Overall, the
neuronal co-localization of Reelin and LGI1 suggests that
the two proteins might be involved in a common molecu-
lar pathway.

In this paper, we report the identification of heterozy-
gous missense Reelin mutations in seven families affected
by ADLTE and provide evidence supporting their pathoge-
nicity. Particularly, we show that four amino acid substitu-
tions—p.Asp763Gly, p.His798Asn, p.Gly2783Cys, and
p-Glu3176Lys—significantly reduce serum levels of Reelin,
suggesting a loss-of-function effect due to impaired secre-
tion of altered proteins. Support for this suggestion comes
from our 3D protein model, which predicts that these
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Figure 4. Reduced Reelin Levels in Blood Sera from Individuals
with RELN Mutations

(A) The top panel shows representative immunoblot analysis
of serum Reelin levels in individuals carrying the p.Asp763Gly,
p-His798Asn, p.Gly2783Cys, or p.Glu3176Lys substitutions and
in healthy control individuals, one male (Cm) and two females
(Cf1 and Cf2). The three control individuals are representative of
a group of ten unrelated healthy individuals exhibiting similar
serum Reelin levels and carrying the most common alleles (8 or
10 repeats) at the GGC repeat polymorphism in the 5 UTR of
RELN. The same alleles were also detected in the affected individ-
uals (see text). The two detectable isoforms of 420 and 310 kDa are
indicated by arrows. The bottom panel shows quantification of the
310-kDa Reelin isoform values obtained from the representative
immunoblot. Values were normalized to the serum levels of the
amyloid precursor protein (APP), as reported previously.”” APP is
an endogenous blood component that migrates in serum predom-
inantly as a 180-kDa band. The 310-kDa isoform was substantially
reduced in individuals carrying the substitutions p.Asp763Gly,
p-His798Asn, and p.Gly2783Cys. Total protein amounts in hu-
man sera were determined via bicinchoninic acid assay. Samples,
consisting of 100 pg of serum proteins, were fractionated on Nu-
PAGE 3%-8% Tris-acetate gels and transferred to polyvinylidene
flouride membrane. Blots were incubated with mouse anti-Reelin
antibody 142 (dilution 1:1,000; Millipore) in 5% BSA for 75 min

amino acid changes result in misfolding of Reelin repeats
and most likely lead to degradation of the altered proteins
by the endoplasmic reticulum quality-control machinery.
Reduced levels of serum Reelin are observed in heterozy-
gous reeler mice,”” which have apparently normal brains
but display functional and molecular defects at the syn-
apse.”* Similar synaptic defects might also be associated
with the heterozygous RELN mutations detected in our
subjects and might eventually give rise to ADLTE.

Previous work revealed that homozygous RELN muta-
tions cause lissencephaly with cerebellar hypoplasia
(LCH [MIM: 257320]), a recessive disorder characterized
by severe and widespread neuronal-migration defects, de-
layed cognitive development, and seizures,”” a phenotype
similar to that of homozygous reeler mice.”> Three small
consanguineous LCH-affected families in whom RELN
mutations segregate with disease have been reported so
far; heterozygote individuals in these families exhibited
reduced levels of Reelin in their sera and were reported as
clinically normal.”®*° The apparent normal phenotype of
these individuals is consistent with the relatively low pene-
trance of RELN mutations observed in this study and the
possible occurrence of subtle epilepsy signs, not infrequent
in ADLTE, which might remain undiagnosed in some indi-
viduals. Thus, as in other genetic epilepsy syndromes,*®
RELN mutations might result in different clinical pheno-
types, depending on mode of inheritance: heterozygous
mutations might cause ADLTE, and homozygous muta-
tions might result in the more severe LCH.

Reelin is localized almost exclusively in GABAergic in-
terneurons in the post-natal brain,”” and two types of
neurons have been identified by immunofluorescence anal-
ysis, i.e., neurons with intense Reelin immunoreactivity
and neurons with weak immunoreactivity.*’*® The former
neurons produce and secrete Reelin; the latter are targeted
by Reelin molecules released from other cells.”® LGI1 is
localized mainly in pyramidal neurons, but a detailed anal-
ysis of its distribution in the brain is missing. Notably, our
results show that some cortical and hippocampal neurons
intensely labeled by Reelin antibodies are also heavily
immunoreactive for LGI1, suggesting that these neurons

and then with secondary polyclonal antibody rabbit anti-mouse
immunoglobulins conjugated with horseradish peroxidase (HRP)
for 1 hr. Signals were detected with the ECL Prime Western Blot-
ting Detection Reagent (GE Healthcare). Subsequently, the same
membranes were immunoblotted, without stripping, with an
anti-APP antibody (ab2072, dilution 1:500; Abcam) and poly-
clonal antibody goat anti-rabbit immunoglobulins conjugated
with HRP. Densitometric analysis of 310-kDa Reelin bands was
performed with the Image] software (NIH), and data were normal-
ized against APP signals.

(B) Quantification of the 310-kDa Reelin isoform mean values ob-
tained from four independent experiments. Values from each
experiment were normalized to the serum levels of APP. Statistical
analysis of difference in band densities between affected (n = 4)
and control (n = 3) subgroups was performed with the nonpara-
metric Wilcoxon-Mann-Whitney test. The overall quantitative
difference between RELN-mutated persons and healthy control in-
dividuals is statistically significant (p = 0.028).
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Figure 5. Co-localization of Reelin and
LGI1 in Rat Brains

Representative confocal images of double
immunofluorescence analyses performed
with the anti-Reelin antibody 142 (green)
and the anti-LGI1 antibody ab30868 (red)
in brain sections of immature (3-week-
old) and mature (2-month-old) rats. The
merged images show co-localization of
Reelin with LGI1 in distinct neuronal cells
in various brain areas: (A) temporal-lobe
cortex (layer II) of immature rats; (B) tem-
poral-lobe cortex (layers V and VI) of
mature (adult) rats; (C) adult-rat hippo-
campus; and (D) adult-rat dentate gyrus.
Abbreviations are as follows: CAl, region
1 of the Ammon’s horn; C.L. II, cortical
layer II; C.L. V/VI, cortical layers V and
VI; G.C., granule cells of dentate gyrus;
S.0., stratum oriens; S.P., stratum pyrami-
dale; S.R., stratum radiatum. The scale bar
represents 20 pm. Rat procedures were
approved by the ethics committee of
the University of Padova, Italy. Coronal
cortical-hippocampal slices were obtained
from 3-week-old and 2-month-old Wistar
rats perfused with cold 4% paraformalde-
hyde in PBS. Brains were post-fixed in
the same fixative and cryoprotected in a
sucrose solution (30% sucrose in PBS). 50-
pm-thick coronal sections were obtained

Temporal
Lobe

CA1

Dentate
Gyrus

with a Leica vibratome VT1000S, air-dried, and then rinsed in PBS with or without 0.05% Triton. Sections were blocked and then incu-
bated with both Reelin 142 (MAB5366, Chemicon) and LGI1 (ab30868, Abcam) primary antibodies for 72 hr at 4°C. After PBS washings,
sections were incubated for 3 hr with goat anti-mouse Alexa 488 (Life Technologies) and goat anti-rabbit Cy3-conjugated (Jackson Im-
munoresearch Laboratories) and then covered with coverslips. Sections were examined with a 20x water objective, and images were

captured with a Leica SPS5 laser confocal microscope.

might synthesize and secrete relatively high levels of both
proteins, which might act in a coordinate manner to exert
particular functions possibly related to epilepsy. Future
work aimed at characterizing these cell types will help eluci-
date the cellular bases underlying ADLTE.

Reelin is an extracellular glycoprotein that is secreted
by Cajal-Retzius cells during embryogenesis and by
GABAergic neurons in the post-natal brain.*” Reelin serves
a dual purpose in the mammalian brain: it is crucial to the
correct cytoarchitecture of laminated structures during em-
bryonic development'®*” and modulates dendritic growth
and synaptic plasticity at post-natal and adult stages.*'**
These activities are, at least in part, mediated by binding
to apolipoprotein E receptor 2 (ApoER2) and very low-den-
sity lipoprotein receptor (VLDLR),**~** resulting in phos-
phorylation of the intracellular adaptor protein protein
disabled homolog 1 (DAB1).**"** Phosphorylated DAB1
activates several different signaling pathways involved in
formation and plasticity of neuronal networks (for review,
see ref.*”). Recent work on conditional knockout mice sug-
gests that LGI1, like Reelin, could serve different functions
during brain development and adulthood.”’ Given that
Reelin and LGI1 co-localize to distinct neurons in both
the immature and mature rat brain, it is conceivable that
a functional interplay between the two proteins is neces-
sary for proper regulation of various neuronal processes
during development and in adult life. Future work will

hopefully elucidate the type of interaction between Reelin
and LGI1 and how their mutations lead to ADLTE.
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