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Brain development and function depend on the directed and co-
ordinated migration of neurons from proliferative zones to their
final position. The secreted glycoprotein Reelin is an important
factor directing neuronal migration. Loss of Reelin function results
in the severe developmental disorder lissencephaly and is associ-
ated with neurological diseases in humans. Reelin signals via
the lipoprotein receptors very low density lipoprotein receptor
(VLDLR) and apolipoprotein E receptor 2 (ApoER2), but the exact
mechanism by which these receptors control cellular function is
poorly understood. We report that loss of the signaling scaffold
intersectin 1 (ITSN1) in mice leads to defective neuronal migration
and ablates Reelin stimulation of hippocampal long-term potenti-
ation (LTP). Knockout (KO) mice lacking ITSN1 suffer from disper-
sion of pyramidal neurons and malformation of the radial glial
scaffold, akin to the hippocampal lamination defects observed in
VLDLR or ApoER2 mutants. ITSN1 genetically interacts with Reelin
receptors, as evidenced by the prominent neuronal migration and
radial glial defects in hippocampus and cortex seen in double-KO
mice lacking ITSN1 and ApoER2. These defects were similar to,
albeit less severe than, those observed in Reelin-deficient or
VLDLR/ ApoER2 double-KO mice. Molecularly, ITSN1 associates
with the VLDLR and its downstream signaling adaptor Dab1 to fa-
cilitate Reelin signaling. Collectively, these data identify ITSN1 as a
component of Reelin signaling that acts predominantly by facilitat-
ing the VLDLR-Dab1 axis to direct neuronal migration in the cortex
and hippocampus and to augment synaptic plasticity.
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he development and function of the brain depend on the

directed and coordinated migration of neurons from pro-
liferative zones to their final position (1-3). Studies in mutant
mice and flies have shown that neuronal migration is governed by
developmental signaling but does not depend on neuronal ac-
tivity (2, 4, 5). Formation of the complex six-layered architecture
of the neocortex and the laminated structure of the hippocampus
(1-3) involves the proper migration of neurons along radial glial
cells, a process guided by the extracellular Reelin glycoprotein
(2, 6, 7). Loss of Reelin function results in the severe develop-
mental disorder lissencephaly (8) and is associated with neuro-
logical diseases, such as epilepsy (9), Alzheimer’s disease (10),
and schizophrenia (11) in humans. Reelin binding to its recep-
tors, very low density lipoprotein receptor (VLDLR) and apo-
lipoprotein E receptor 2 (ApoER2) (12, 13), induces tyrosine
phosphorylation of the signaling adaptor protein Disabled 1
(Dabl) by Src family kinases (14-17). Defective Reelin signal-
ing (e.g., in Reeler mice that lack Reelin expression) disrupts
neuronal migration, resulting in defective cortical layering (6, 7,
13, 17), malformation of the radial glial scaffold (17, 18), and
dispersion of hippocampal pyramidal and granule neurons (9,
19). Combined genetic ablation of both VLDLR and ApoER2

www.pnas.org/cgi/doi/10.1073/pnas.1704447114

(13) or of the VLDLR/ApoER2-associated signaling adaptor
Dabl (17, 20) mimics the loss of Reelin, whereas less severe
migration defects are seen in KO mice lacking either VLDLR
or ApoER2.

Although previous studies have indicated that VLDLR and
ApoER?2 exhibit partially overlapping functions in Reelin signal-
ing, others show that VLDLR and ApoER?2 also serve divergent
roles in neuronal migration (15, 21). Moreover, both receptors are
required independently for Reelin-mediated augmentation of
hippocampal LTP (22, 23), whereas ApoER2 mediates the aug-
mentation of spontaneous neurotransmission by Reelin (24).
These data suggest that additional as-yet unidentified components
must exist that contribute to the shared and specific functions of
Reelin receptors in neuronal migration and synaptic plasticity (15,
19, 21, 23). Thus, the molecular mechanisms underlying signaling
via VLDLR and ApoER?2 (e.g., the mechanism by which ligand
binding to these receptors is transmitted to intracellular tyrosine
phosphorylation of Dab1) remain incompletely understood (6).

In the present study, we analyzed KO mice deficient in inter-
sectin 1 (ITSN1) (25, 26), a scaffold protein highly expressed in
neurons (27). ITSN1 is a multidomain protein comprising two
Epsl5 homology (EH) domains and five SH3 domains (A-E)
connected via a central helical region and a C-terminal DH-PH
domain with guanine nucleotide-exchange activity toward Cdc42
(Fig. S14). These domains provide interaction surfaces for mul-
tiple endocytic and signaling proteins, including dynamin, Eps15,
FCHo, assembly protein 2 (AP-2), N-WASP, and Sos (27-30).
Although based on these activities, ITSN1 has been implicated in
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cell signaling (30), exocytosis/endocytosis (25, 27, 28, 31-33), de-
velopment of dendritic spines (29, 34), cortical midline connec-
tivity (35), and spatial learning (35), its precise physiological
function in the mammalian central nervous system in vivo remains
incompletely understood. Here we identify ITSN1 as a component
of Reelin signaling that acts predominantly by facilitating the
VLDLR-Dabl axis to direct neuronal migration in the forebrain
and to augment synaptic plasticity.

Results

Hippocampal Lamination Defects in ITSN1 KO Mice. To explore the
physiological functions of ITSN1 in vivo, we analyzed the overall
brain architecture of KO mice deficient in ITSN1 (25, 26). Nissl-
stained sections of hippocampi from ITSN1 KO mice showed a
gross dispersion of pyramidal neurons in the CA1 and CA3 areas
and an altered shape of the dentate gyrus (DG) (Fig. 14), sug-
gesting a possible defect in neuronal migration. A similar phenotype
has been observed in KO mice lacking Reelin receptors (e.g.,
VLDLR, ApoER2) (13). Defects in Reelin signaling are accom-
panied by malformation of the radial glial scaffold in the DG (17,
18); therefore, we examined whether loss of ITSN1 affects radial
glial cell morphology. Indeed, in KO mice lacking ITSN1, radial
glial processes immunopositive for the radial glial marker Nestin
(Table S1) were severely disorganized (Fig. 1B), and their numbers
were reduced compared with those in wild-type (WT) littermates
(Fig. 1 B and C). The total volume of the DG was unaffected by loss
of ITSN1 (Fig. S2.A4 and B). A similar disorganization of the radial
glial scaffold (18) and reduction in the number of radial glial pro-
cesses was observed in ApoER2 KO mice (see Genetic Interaction of
ITSNI with Reelin Signaling). A key function of the radial glial
scaffold is to guide neuronal migration in the DG to allow the
integration of newborn neurons into the neuronal network and
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Fig. 1. Hippocampal lamination defects in adult ITSN1 KO mice. (A) Nissl-
stained horizontal sections of hippocampi from 2-mo-old WT and ITSN1
(ITSN'1) KO mice. (Scale bars: 200 pm.) (B) Immunofluorescence staining for Nestin
in sagittal sections of WT and ITSN1 KO hippocampi. (Scale bars: 100 pm.)
(C) Quantification of Nestin-positive processes in the DG. n = 8 littermate cou-
ples. ***P < 0.001. (D) Immunofluorescence staining for Dcx in horizontal sec-
tions of WT and ITSN1 KO hippocampi. (Scale bar: 100 um.) (E) Quantification of
Dcx-positive cells in the hilar region. n = 4 littermate couples. **P < 0.01.
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enable learning and memory in adults (2, 6, 7). Conditional defects
in Reelin signaling impair radial neuronal migration, resulting in
the ectopic location of newborn neurons in the hilar region of
the DG (20). A similar accumulation of ectopic newborn double-
cortin (Dcx)-positive neurons in the hilus was found in ITSN1
KO mice (Fig. 1 D and E). These data suggest that ITSN1 is re-
quired for normal hippocampal cell layering, formation of the ra-
dial glial scaffold, and proper migration of newborn neurons in the
hippocampus.

In contrast, we did not detect consistent defects in our ITSN1
KO mice with respect to cortical midline connectivity (Fig. S2 C
and D) that were previously reported in a gene trap line with
different genetic background (35). Moreover, loss of ITSN1 did
not affect the kinetics of presynaptic vesicle exocytosis or endo-
cytic membrane retrieval as measured by fluorescence analysis of
pHluorin-tagged synaptic vesicle proteins (Fig. S3 4 and B), levels
of exocytic/endocytic proteins (Fig. S3C), and the number, area,
length, and morphology of dendritic spines (Fig. S3 D-H).

Intersectin Is Required for Reelin Signaling to Facilitate NMDAR-
Mediated LTP. Given that pyramidal cell dispersion, malformation
of the radial glial scaffold, and defects in neuronal migration in the
hippocampus have been observed in mouse mutants of the Reelin
pathway (2, 6, 7, 13, 20) we hypothesized that ITSN1 may consti-
tute a component of Reelin signaling. To directly test this idea, we
probed the ability of Reelin to augment hippocampal long-term
potentiation (LTP), a process that strictly depends on signaling via
the ApoER2 and VLDLR (22, 23). Brief theta-burst stimulation
(TBS) of CA1 Schaffer collaterals from WT mice perfused with
control media induced reliable LTP that was strongly facilitated by
application of Reelin (Fig. 2 4 and C), in agreement with pre-
viously reported data (22, 23). Application of Reelin-containing
media had no effect on baseline transmission (Fig. S4C). In con-
trast, Reelin failed to augment TBS-induced LTP in hippocampal
slices from ITSN1 KO mice (Fig. 2 B and C). Loss of ITSN1 did
not affect TBS-induced LTP as such (Fig. 2 B and C and Fig. S5C)
or basal parameters of synaptic transmission (Fig. S5 4 and B), in
agreement with previous reports (25, 35).

To further investigate the mechanism underlying Reelin-
mediated augmentation of LTP, we analyzed the effect of Reelin
on N-methyl-p-aspartate receptor (NMDAR) potentials, late
components of TBS-elicited field excitatory postsynaptic potentials
(fEPSPs) (Fig. S4 A and B). In agreement with previous data (22,
23), Reelin application potentiated NMDAR-mediated potentials
in hippocampal slices from WT mice (Fig. 2 D and E). In contrast,
ITSN1 KO mutants showed no elevation of NMDAR-mediated
potentials above control levels (Fig. 2 D and F). a-Amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-
mediated potentials, measured as the first response during TBS,
were not affected in Reelin-perfused slices (Fig. S4 4 and D). As a
result, the NMDA/AMPA ratios were facilitated in WT slices, but
not in slices from ITSN1 KO mice (Fig. S4 E and F).

To probe whether ITSN1 is selectively required for Reelin-
dependent facilitation of hippocampal LTP, we induced LTP in the
presence of brain-derived neurotrophic factor (BDNF), another
well-established facilitator of LTP (36). Recordings in the presence
of BDNF revealed that LTP was facilitated in both WT and ITSN1
KO mice to the same level (Fig. S5 D and F), indicating that
ITSNT1 is dispensable for BDNF-dependent LTP augmentation. To
study a possible role of ITSN1 for hippocampal plasticity in general,
we chemically induced synaptic plasticity by applying the voltage-
dependent K* channel blocker tetracthylammonium (TEA). In-
cubation of slices with TEA induces spontaneous discharges of
neurons and thereby a voltage-gated Ca?* channel-dependent form
of LTP (37). TEA equally facilitated synaptic responses in both
genotypes to the same extent (Fig. S5 E and F). Collectively, these
data demonstrate that ITSN1 is specifically required for Reelin
signaling to augment NMDAR-mediated hippocampal synaptic
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Fig. 2. Intersectin is required for Reelin facilitation of LTP- and NMDAR-
mediated responses. (A and B) Normal LTP induced by single TBS in slices per-
fused with control media of WT (n=7,n=7; 125.8 + 3.1%) and ITSN1 KO (n =6,
n = 6; 126.3 + 2.9%) mice. (A) LTP in WT slices was strongly facilitated when
Reelin-containing media were applied 15 min before TBS (n = 12, n = 8; 142.1 +
3.1%). (B) Application of Reelin did not facilitate LTP in ITSN1 KO mice (n = 12,
n = 8; 128.8 + 3.3%). Representative traces are the average of 30 fEPSPs recorded
10 min before (black) and 50-60 min after LTP induction (gray). (Scale bars:
0.5 mV and 10 ms.) (C) Mean + SEM LTP levels recorded 50-60 min after LTP
induction in control media in the presence or absence of Reelin. Data are from A
and B. **P < 0.01, significant difference between control and Reelin-treated WT
slices; ##P < 0.01, significant difference between Reelin-treated WT and ITSN1 KO
slices, two-tailed unpaired Student'’s t test. (D) Representative fEPSPs elicited by
TBS for WT (Upper) and ITSN1 KO (Lower) in control media (black and dark gray,
respectively) and in Reelin-treated conditions (gray). Horizontal lines indicate the
time intervals, 80-180 ms after the beginning of each theta burst, in which the
mean amplitudes of the late NMDAR mediated responses were measured. (Scale
bars: 0.5 mV and 200 ms.) (E and F) Late NMDAR-mediated responses during TBS
in control media revealed normal levels of NMDAR depolarization in ITSN1 KO
compared with WT mice (P = 0.483, two-way RM ANOVA). (E) Reelin facilitation
of NMDAR responses during TBS in WT slices compared with control. P = 0.007,
*P < 0.05, **P < 0.01, two-way RM ANOVA, followed by SNK post hoc analysis.
(F) Lack of Reelin facilitation of NMDAR responses during TBS in ITSN1 KO slices
compared with control. P = 0.835, two-way RM ANOVA. The data were analyzed
from TBS traces during the LTP experiments (A and B).

plasticity, whereas loss of ITSN1 phenotypically mimics KO mice
lacking the Reelin receptors ApoER2 or VLDLR or their signaling
adaptor Dabl.

ITSN1 associates with the VLDLR and its downstream signaling
adaptor Dab1 and facilitates Reelin-induced Dab1 phosphorylation.
To obtain molecular insights into the mechanism by which
ITSN1 mediates Reelin signaling we probed for direct physical
interactions between ITSN1 and components of the Reelin
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pathway. We found that ITSN1 can associate with the VLDLR,
but did not detect reliable binding to ApoER2 (Fig. 34). ITSN1-
VLDLR complex formation involved the SH3 domains of
ITSN1 and the intracellular domain of VLDLR (Fig. 3B). Fur-
thermore, ITSN1 also bound to the ApoER2/VLDLR-associated
adaptor Dabl (Fig. 3C), a key signaling factor that transmits
Reelin signals to intracellular effectors by undergoing tyrosine
phosphorylation (17, 20, 38).

Given that ITSN1 can associate with VLDLR and Dabl, we
hypothesized that such a scaffolding function of ITSN1 may fa-
cilitate Reelin-induced phosphorylation of Dabl, a key step in
the Reelin signaling cascade. We cultured neurons from control
and ITSN1 KO mouse embryos (E16) and acutely treated them
with Reelin. Whereas Reelin application led to a robust increase
in Dabl phosphorylation in WT neurons, Dabl phosphorylation
was significantly reduced in neurons from ITSN1 KO embryos
(Fig. 3D). In line with this acute defect in Reelin signaling in
cultured neurons, we found the significantly reduced steady-state
levels of phospho-Dabl, which reflect constitutive Reelin sig-
naling, in hippocampal lysates from ITSN1 KO mice (Fig. 3E).
Total Dabl levels remained unaltered in hippocampal lysates
and cortical embryonic neuron cultures from ITSN1-deficient
animals (Fig. S6 4 and B). We did not observe any reduction
in Reelin, ApoER2, or VLDLR levels (Fig. S6 A and C), sug-
gesting that defective Reelin signaling in the absence of ITSN1 is
not a consequence of impaired Reelin production or reduced
receptor levels. Instead, we found increased total levels of Reelin
in the hippocampi of ITSN1 KO mice (Fig. S6 C and D), likely as
a result of compensatory adaptation.
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Fig. 3. Physical association of ITSN1 with Reelin signaling components.
(A) ITSN1 associates with GST-VLDLR, but not with GST-ApoER2. Input, 1% of
mouse brain extract used as the starting material. The multiple bands detected
by the ITSN1-specific antibody represent splice isoforms. (B) ITSN1 associates
with VLDLR via its SH3 domains. Input, 1% of Hek293 cell extract used as the
starting material for affinity chromatography. (C) ITSN1 associates with Myc-
Dab1 via its SH3 and its EH domains. Clathrin heavy chain and the endocytic
adaptor AP-2 were analyzed as negative and positive controls, respectively.
Input, 2.5% of Hek293 cell extract used as the starting material for affinity
chromatography. CHC, clathrin heavy chain. (D) ITSN1 KO mice show de-
creased phosphorylation of Dab1 in response to Reelin stimulation. Embryonal
neuron cultures from controls and ITSN1 KO mice were treated with Reelin,
lysed, and subjected to anti-Dab1 immunoprecipitation. Immunoprecipitates
were analyzed by immunoblotting using phosphotyrosine-specific antibodies
to detect phosphorylated Dab1 (pDab1). The increase in pDab1 intensity after
Reelin stimulation was calculated and compared between control/KO pairs
derived from the same litter. 100%, no increase. n = 4 littermate couples.
**P = 0.003. (E) Reduced pDab1 in hippocampi of 2-mo-old ITSN1 KO mice
compared with WT littermates. Following immunoprecipitation with Dab1-
specific antibodies, pDab1 was detected with phosphotyrosine antibodies.
n = 8 littermate couples. pDab1 in ITSN1 KO was ~79% of that seen in WT.
**P < 0.01, one-sample t test.
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The foregoing results corroborate a role for ITSN1 in Reelin
signaling. They further indicate that ITSN1 acts as a molecular
scaffold that links VLDLR to Dabl to facilitate Dabl phos-
phorylation downstream of Reelin binding, thereby identifying
ITSN1 as a regulator of the Reelin pathway that may act pre-
dominantly via the VLDLR-Dabl1 axis.

Genetic interaction of ITSN1 with Reelin signaling. If ITSN1 were a
component of Reelin signaling associated with VLDLR, then
ITSN1 would be expected to genetically interact with other Reelin
signaling components, particularly with ApoER?2 in vivo. To test this
hypothesis, we crossed KO mice lacking ITSN1 with mice deleted
for ApoER2. Loss of ApoER2 or VLDLR has previously been
shown to cause a weak Reeler-like phenotype that is enhanced in
double-KO (DKO) mice lacking both Reelin receptors (13). In
histological sections from WT, ITSN1 KO, and ApoER2 KO mice,
layer 1 of the neocortex was largely devoid of cell bodies, confirming
previously reported findings (13). In contrast, ITSN1/ApoER2
DKO mice displayed pronounced abnormal neuronal migration
into cortical layer 1 (Fig. 44). This defect was accompanied by the
near-complete absence of the normal radial arrangement of MAP2-
containing dendritic processes of cortical neurons in ITSN1/
ApoER2 DKO mice (Fig. 4B) similar to, albeit less severe than, the
phenotype of VLDLR/ApoER2 DKO mice (13).

To further probe the genetic interaction between ITSN1 and
ApoER2, we analyzed hippocampal cell layering. We confirmed the
previously observed dispersion of hippocampal pyramidal neurons
in ApoER2 KO mice, e.g., CAl splitting into two layers (13). DKO
of both ApoER2 and ITSN1 exacerbated neuronal dispersion in the
hippocampus (Fig. 4C), with the CAl region split into three par-
tially dispersed layers (Fig. 4C, Upper, Insets), whereas neurons in
CA3 (Fig. 4C, Lower, Insets) were widely scattered. Moreover,
paired loss of both ApoER2 and ITSN1 resulted in a significant
further reduction in the number of radial glial cell processes in the
hippocampus (Fig. 4 D and E) and in a further increase in ectopic
Dcx-positive neurons in the hilar region of the DG (Fig. 4 F and G).
In contrast, no further enhancement of hippocampal cell dispersion
was observed in ITSN1/VLDLR DKO mice (Fig. S74), providing
further support to the idea that ITSN1 predominantly regulates the
VLDLR-Dab1 branch of the Reelin signaling pathway. We con-
clude that ITSN1 and ApoER?2 interact genetically in vivo, with
their combined loss leading to cortical and hippocampal malfor-
mations similar to, although slightly less severe than, those observed
in Reeler or VLDLR/ApoER2 DKO mice. Collectively, our data
demonstrate that ITSN1 physically, functionally, and genetically
interacts with Reelin receptors and thus represents a hitherto un-
known component of the Reelin pathway that acts predominantly
by facilitating the VLDLR-Dabl1 axis to direct neuronal migration
and synaptic plasticity.

Discussion

Through complementary genetic, electrophysiological, biochemi-
cal, and cell biological approaches, we have identified ITSN1 as
a component of the Reelin pathway that regulates neuronal mi-
gration and synaptic plasticity in the hippocampus. A function for
ITSN1 in Reelin-augmented hippocampal plasticity is consistent
with and explains deficits in spatial learning and memory previ-
ously observed in ITSN1 KO mice (35). The physical and func-
tional interaction of ITSN1 with VLDLR and Dabl, together
with the genetic analysis of ITSN1/ApoER2 DKO mice, indi-
cate that ITSN1 predominantly regulates the VLDLR-Dab1 axis
of Reelin signaling and thus represents a downstream compo-
nent of this branch of the pathway. Deficiency of Reelin, its
receptors, or Dabl in addition to defective cortical layering and
malformation of the hippocampus causes cerebellar dysplasia,
resulting in the atactic gait phenotype of Reeler mice. Surpris-
ingly, we did not observe cerebellar alterations in ITSN1 KO or
ITSN1/ApoER2 DKO mice (Fig. S7B). These findings suggest
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Fig. 4. Genetic interaction of ITSN1 with Reelin signaling. (A) Nissl-staining
reveals elevated numbers of neuronal cell bodies in the cortical layer | of
3-wk-old ITSN1/ApoER2 DKO mice. (Scale bar: 50 um.) (B) MAP-2—positive den-
dritic processes fail to be radially arranged in the cortex of ITSN1/ApoER2 DKO
mice. (Scale bar: 200 um.) (C) Nissl-stained horizontal sections of hippocampi from
ITSN1 KO, ApoER2 KO, and ITSN1/ApoER2 DKO mice. Mice heterozygous for
ITSN1 and ApoER2 served as controls. Arrowheads indicate disturbed layering.
(Scale bars: 200 um.) (D) Immunofluorescence staining for Nestin in horizontal
sections of hippocampi from different mouse mutants (3 wk of age). (E) Quan-
tification of Nestin-positive processes in the DG. n = 16, 20, 13, and 20 brain slices
from 4, 5, 4, and 5 mice each; one-way ANOVA with SNK post hoc analysis.
(F) Immunofluorescence staining for Dcx in horizontal sections of hippocampi
from different mouse mutants. (Scale bars: 100 pm.) Double-heterozygous ani-
mals served as control. (G) Quantification of Dcx-positive cells in the hilar region.
n =16, 17, 13 and 15 brain slices from 4, 5, 5, and 6 3-wk-old mice each. One-way
ANOVA with SNK post hoc analysis. n.s., not significant; **P < 0.01; ***P < 0.001.

that ITSN1 specifically facilitates Reelin signaling in the forebrain
but is dispensable in the cerebellum, where proteins with over-
lapping function may compensate for its loss. An obvious candi-
date protein for such compensation is intersectin 2 (ITSN2), a
paralog of ITSN1 that associates with VLDLR with equal effi-
ciency (Fig. S7C). Future studies are needed to address this pos-
sibility, among others.

Although ITSNI1 has been linked to endocytosis at synapses
(25, 31-33), defective Reelin signaling in absence of ITSN1 does
not appear to arise from impaired endocytosis of either VLDLR
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or ApoER2 or from altered expression of these receptors on the
neuronal surface (Fig. S8). Instead, we favor a model in which
ITSNT1 acts as a molecular bridge that facilitates the association and
coclustering (39) of the VLDLR with its adaptor Dabl (40) and,
possibly, further as-yet unidentified signaling factors, thereby acting
as a signaling scaffold that facilitates Dab1 phosphorylation rather
than as an endocytic adaptor (Fig. S1B). Ephrin/EphB receptors
have been linked to ITSN1 (41) and to Reelin signaling (42, 43) and
may be considered possible candidates for such factors; however, we
found that ITSN1 did not detectably associate with EphB2 (Fig.
S9A4), contrary to a previous report (41), and its loss did not affect
ephrin B/EphB signaling and internalization (Fig. S9 C-G). The
neuronal levels of active Cdc42 (Fig. S9B) were likewise unaltered.

The identification of ITSN1 as a component of the Reelin
pathway has wide implications, given that Reelin signaling is of key
importance not only for brain development, but also for the in-
tegration of newborn neurons into neural circuits and thus for
adult learning and memory (6, 7). Consistent with this, ITSN1 KO
mice exhibit display strong deficits in spatial learning and memory
(35), while overexpression of ITSN1 in Down syndrome patients
may lead to cognitive deficits, epilepsy (44, 45), and early-onset
neurodegeneration, phenotypes associated with dysfunction of the
Reelin pathway (6, 7, 9, 10). Thus, pharmacologic manipulation of
Reelin signaling may be a potential avenue for the treatment of
the neurologic symptoms associated with Down syndrome.

Materials and Methods

Maintenance and Breeding of Mouse Strains. The ITSN1 KO mice were a kind
gift from Melanie Pritchard, Monash University, Melbourne, Australia. Het-
erozygous mice were interbred to yield ITSN1 KO mice and corresponding WT
control animals. ApoER2 and VLDLR KO mice were generously provided by
Joachim Herz, University of Texas Southwestern Medical Center, Dallas. To
obtain ITSN1/ApoER2 or ITSN1/VLDLR DKO mice, ITSN1 KO mice were in-
terbred with ApoER2 or VLDLR heterozygous mice. The resulting double-
heterozygous mice were bred to produce DKO and single-KO mice, as well
as control animals (single- or double-heterozygous mice). Genotypes were
determined by PCR analysis from genomic DNA obtained from tail, toe, or ear
biopsy specimens before the experiments. All animal experiments were ap-
proved by the Regional Office for Health and Social Affairs Berlin.

Immunohistochemical Analysis. Immunohistochemistry was performed on
free-floating 40-pm-thick brain sections of paraformaldehyde (PFA)-perfused
mice using specific antibodies as described previously (46). Immunofluores-
cence images were acquired using a Zeiss LSM 710 or 780 confocal micro-
scope. Numbers of processes or cells were counted using ImageJ software.

GST Pull-Down Assays and Detection of Phosphorylated Dab1. GST-tagged
proteins were recombinantly expressed in Escherichia coli (BL-21) and puri-
fied using GSTeBind Resin (Novagen). For this, 100 pg of purified GST-fusion
proteins were incubated with cell or brain extract for 2-4 h at 4 °C on a ro-
tating wheel. Bound proteins were eluted by SDS sample buffer. Dab1 was
immunoprecipitated from hippocampal tissue extracts in the presence of
Phosphatase Inhibitor Mixture 2 and 3 (Sigma-Aldrich). Protein A/G PLUS
agarose beads (Santa Cruz Biotechnology) were loaded with 1 uL of antibody
per 500 pg of extract, and antibody-coupled beads were incubated with
ultracentrifuged extract for 2 h at 4 °C. Levels of phosphorylated Dab1 were
detected by SDS/PAGE and immunoblotting with the phosphotyrosine-specific
antibody 4G10 (EMD Millipore).
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Electrophysiology. Acute hippocampal field electrophysiology was performed
using 2- to 3-mo-old WT and ITSN1 KO mice. Mice were decapitated, and brains
were quickly sectioned into 350-um-thick sagittal slices and then transferred to
recover in a resting chamber (22-24 °C) filled with artificial cerebrospinal fluid
(ACSF) containing 120 mM NacCl, 2.5 mM KCl, 1.25 mM NaH,PO,;, 24 mM
NaHCO3, 1.5 mM MgSO,4, 2 mM CaCl,, and 25 mM glucose (pH 7.35-7.4). After
recovery, slices were transferred to a submerged recording chamber supplied
with continuously bubbled ACSF with solution exchange of 3-5 mL/min at
room temperature (22-24 °C). CA3-CA1 Schaffer collaterals were stimulated in
stratum radiatum using a glass electrode filled with ACSF (1-1.5 MQ), and a
similar glass electrode (1.5-2.5 MQ) placed in the distal part of the CA1 region
was used to record fEPSPs. Electrical pulses of 0.2 ms were delivered for
stimulation of Schaffer collaterals, and basal excitatory synaptic transmission
was evaluated using input-output stimulus response curves. Short-term plas-
ticity of synaptic transmission was tested using a paired pulse facilitation (PPF)
protocol, in which two pulses were delivered at various interpulse intervals
(10-500 ms) and the facilitation was calculated as the ratio of the amplitude of
the second response compared with the first. To test synaptic plasticity, we
induced LTP using single TBS comprising eight bursts delivered every 200 ms,
with each burst containing four pulses at 100 Hz. The data were recorded at a
sampling rate of 10 kHz, low-pass filtered at 3 kHz, and analyzed using
PatchMaster software and an EPC 9 amplifier (HEKA Elektronik).

Statistical Analysis. The data in graphs are mean + SEM values from several
experiments/mice (n and N, respectively). For comparison of WT and ITSN1
KO littermates, statistical analysis was performed using the paired two-tailed
t test, unless indicated otherwise. For comparison of more than two groups,
one-way ANOVA with Student-Newman-Keuls (SNK) post hoc analysis
was performed.

SigmaPlot (Systat Software) was used for electrophysiological data anal-
ysis, statistical evaluation, and data presentation. Data in the figures are
presented as mean + SEM, and the number of tested slices (n) and mice (N)
are indicated in the legends. For statistical evaluation, the two-tailed un-
paired Student’s t test or repeated-measures (RM) ANOVA (significant dif-
ference depicted over a line encompassing the curve) was used, with the
factor genotype or treatment. Significant main effects of treatments de-
tected by two-way RM ANOVA were further explored using SNK post hoc
analysis. Sex was not included as a factor in the analyses, because the data
did not show any sex-related alterations. In the figures, *P < 0.05, **P < 0.01,
statistically significant difference between control medium and Reelin-
treated WT slices; ##P < 0.01, significant difference between Reelin-treated
WT and ITSN1 KO slices.

Detailed information on plasmids; neuronal cell culture, transfection, and
immunostaining; histology and DG volume estimation; tissue and cell ex-
tracts; crude synaptic vesicle (LP2) preparation; Cdc42 activity assay (G-LISA);
surface biotinylation of hippocampal cultures; endocytosis assays; growth
cone collapse assay; and Reelin production, concentration, and application to
neuronal cultures is available in S/ Materials and Methods.
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