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Invertebrate studies have highlighted a role for EH and SH3 domain Intersectin (Itsn) proteins in synaptic vesicle recycling and mor-
phology. Mammals have two Itsn genes (Itsn1 and Itsn2), both of which can undergo alternative splicing to include DBL/PH and C2
domains not present in invertebrate Itsn proteins. To probe for specific and redundant functions of vertebrate Itsn genes, we generated
Itsn1, Itsn2, and double mutant mice. While invertebrate mutants showed severe synaptic abnormalities, basal synaptic transmission and
plasticity were unaffected at Schaffer CA1 synapses in mutant mice. Surprisingly, intercortical tracts— corpus callosum, ventral hip-
pocampal, and anterior commissures—failed to cross the midline in mice lacking Itsn1, but not Itsn2. In contrast, tracts extending within
hemispheres and those that decussate to more caudal brain segments appeared normal. Itsn1 mutant mice showed severe deficits in
Morris water maze and contextual fear memory tasks, whereas mice lacking Itsn2 showed normal learning and memory. Thus, coincident
with the acquisition of additional signaling domains, vertebrate Itsn1 has been functionally repurposed to also facilitate interhemispheric
connectivity essential for high order cognitive functions.

Introduction
The evolutionarily conserved Intersectins (Itsns) contain multi-
ple protein-protein interacting surfaces—two Eps15 homolo-
gous (EH) domains, a coiled-coil domain and five SH3
domains—as well as vertebrate-specific DBL/PH and C2 do-
mains. Invertebrates have one Itsn gene while mammals have
two, Itsn1 and Itsn2. Each mammalian Itsn gene is expressed as
short (Itsn1S, Itsn2S) or long (Itsn1L, Itsn2L) variants through
alternative splicing (Guipponi et al., 1998; Yamabhai et al., 1998;
Sengar et al., 1999) (Fig. 1A). Itsn1S, Itsn2S, and Itsn2L proteins
are widely expressed throughout the body, whereas Itsn1L ex-
pression is restricted to the nervous system (Guipponi et al., 1998;
Sengar et al., 1999; Pucharcos et al., 2001).

Itsns have been studied in Drosophila and Caenorhabditis el-
egans. In Drosophila, Itsn mutants show reduced accumulation of
endocytic proteins Eps15, AP180, and Dynamin, as well as im-
paired synaptic vesicle recycling at the neuromuscular junction
(Koh et al., 2004; Marie et al., 2004; O’Connor-Giles et al., 2008;
Rodal et al., 2008). The loss of D-Itsn ultimately results in cata-
strophic synaptic overgrowth and lethality in third instar larvae.
C. elegans Itsn also functions to facilitate efficient synaptic vesicle
recycling (Rose et al., 2007; Wang et al., 2008). Despite significant
homology between worm and fly proteins, C. elegans mutants are
viable (Glodowski et al., 2007; Rose et al., 2007; Wang et al.,
2008).

Itsn gene function is less defined in vertebrates. A number of in
vitro and ex vivo studies have revealed functions for mammalian
Itsns. For example, in cell culture, Itsn proteins have been impli-
cated in endocytosis, exocytosis, dendritic spine maturation,
neurite extension, apoptosis, as well as regulation of cell polarity,
actin remodeling, and mitogenic signaling (for review, see
Pechstein et al., 2010; Sengar et al., 2012). Recently, Yu et al. (2008)
have generated and studied Itsn1 mutant mice. Most of these were
grossly normal but exocytic and endocytic defects were observed in
ex vivo cultures. Itsn2 mutant mice have yet to be described. Here we
report on genetic analysis of the mammalian Itsn gene family and
identify an essential and novel role for Itsn1 in axonal growth at the
cortical midline as well as in spatial learning.

Materials and Methods
Intersectin mice. Itsn1 �/Gt ES cells were purchased from the German
Gene Trap Consortium (GGTC) (Wiles et al., 2000). Itsn2 �/� ES cells
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were generated by homologous recombination
(Fig. 1 B). Both ES cell lines were implanted
into recipient surrogate mice using aggregation
techniques and backcrossed to 129Sv mice for
10 generations. Note: Itsn1 Gt/Gt and Itsn2 �/�

mice represent complete loss-of-function mu-
tants. For Itsn1 Gt/Gt, this is based on deletion of
the last four SH3 domains, deletion of Itsn1L-
specific exons, and loss of Itsn1 expression on
Western blots (Fig. 1 D). For Itsn2 �/�, this is
based on deletion of exon3 resulting in a
frameshift mutation early in the coding se-
quence, as well as lack of Itsn2 protein by West-
ern blot (Fig. 1 D). Itsn1 Gt/Gt Itsn2 �/� double
mutants were generated by interbreeding
Itsn1 �/GtItsn2 �/� males and females. Alleles
were identified by PCR using the following
primer sets: Itsn1 Gt/�, ATCACACTCAGTCT
TCGCTAGCTG,CCCTACTTGCCTTGGTCT
TTGCTT, and CGCCTTATCCGGTAACTAT
CGTCT; Itsn2 �/�, TGCTGGAGTTAAGTCA
GCAC, and AGCAAGGAAAGGGATAGCAC.
Animals of both sexes were used for these
experiments.

For behavioral experiments, mice were indi-
vidually handled (2 min) for each of 10 d before
testing. Mice had ad libitum access to rodent
chow and water in a 12 h dark/light cycle room.
All animal procedures were conducted in ac-
cordance with requirements of the Province of
Ontario Animals for Research Act, 1971 and
the Canadian Council on Animal Care (CCAC
1984, 1995).

Growth cone fluorescent cytochemistry. Pri-
mary hippocampal neurons were prepared
from fetal Wistar rats (embryonic day 17–19).
These were plated on poly-D-lysine treated
glass coverslips (as previously described)
(Salter and Hicks, 1994). At 3 DIV, cells were
fixed with 4% PFA and blocked with 0.1% Tri-
ton X-100/5% donkey serum in PBS for 60
min. Cells were incubated with anti-Itsn1 mAb
(BD Biosciences; 1:100) in 0.05% Triton
X-100/1% donkey serum in PBS overnight at
4°C. After three washes with PBS, Cy3-
phalloidin (Invitrogen) and Cy5-anti-mouse
IgG (Jackson Immunology; 1:500) in 0.05%
Triton X-100/1% donkey serum were added for 60 min followed by three
washes with PBS before mounting on slides. Images were taken using
spinning disk confocal microscopy. Relative fluorescent intensity was
measured and normalized to phalloidin-stained regions within boxed
regions as a function of the square area.

Magnetic resonance imaging and diffusion tensor imaging. Initially, mice
were anesthetized with ketamine/xylazine and intracardially perfused
with 30 ml of 0.1 M PBS containing 10 U/ml heparin (Sigma) and 2 mM

ProHance (a Gadolinium contrast agent) followed by 30 ml of ice-cold
4% paraformaldehyde (PFA) containing 2 mM ProHance (Spring et al.,
2007). Perfusions were performed with a Pharmacia minipump at a rate
of �100 ml/h. After perfusion, mice were decapitated and the skin, lower
jaw, ears, and cartilaginous nose tip were removed. The brain and re-
maining skull structures were incubated in 4% PFA � 2 mM ProHance
overnight at 4°C and then transferred to 0.1 M PBS containing 2 mM

ProHance and 0.02% sodium azide for at least 7 d before MRI scanning.
A multi-channel 7.0 tesla MRI scanner (Varian) with a 6 cm inner

bore diameter insert gradient set (max gradient strength 100 G/cm, rise
time � 150 �s) was used for all images of brains within skulls. Three
custom-built solenoid coils were used to image three brains in parallel
(Bock et al., 2005).

For volume changes, conventional MRI scan parameters were used: a
T2-weighted, 3-D fast spin-echo sequence, with a TR of 325 ms, and TEs
of 10 ms per echo for 6 echoes, four averages, field-of-view of 14 � 14 �
25 mm 3, and matrix size � 432 � 432 � 780 giving an image with 0.032
mm isotropic voxels. Total imaging time was �11 h (Lerch et al., 2011).

For diffusion experiments, a 3-D diffusion weighted fast spin-echo se-
quence with an echo train length of 6 was used with a TR of 325 ms, first TE
of 30 ms, and a TE of 6 ms for the remaining 5 echos, 10 averages, field-of-
view 14 � 14 � 25 mm3, and a matrix size of 120 � 120 � 214 yielding an
image with 0.117 mm isotropic voxels. One b � 0 s/mm2 image (with min-
imal diffusion weighting) and six high b-value images (b � 1956 s/mm2) in
six different directions [(1,1,0),(1,0,1),(0,1,1),(�1,1,0),(�1,0,1),(0,1,�1)]
(Gx,Gy,Gz) were acquired. Total imaging time was �16 h.

To visualize and compare any changes, mouse brain images were lin-
early (6 parameter followed by a 12 parameter) and nonlinearly regis-
tered toward a pre-existing atlas and transform was created for each
mouse (Dorr et al., 2008). All scans were then resampled with the appro-
priate transform and averaged to create a population atlas representing
the average anatomy of the study sample. All registrations were per-
formed using mni_autoreg tools (Collins et al., 1994). The result of reg-
istration was to have all scans deformed into exact alignment with each
other in an unbiased fashion. This allowed for analysis of deformations

Figure 1. Gross phenotypic characteristics of Itsn mutations. A, Schematic representation of protein domains in major Itsn1 and
Itsn2 isoforms. Each gene produces two proteins. Two EH, a coiled coil, and five SH3 domains are common to each. A Cdc42 GEF and
C2 domain are specific to each long form. B, Targeting strategy for generation of Itsn2 �/� mice. Exon3 was deleted resulting in a
frame shift mutation. C, Offspring from breeding heterozygous mutant pairs were born at the expected Mendelian frequency. D,
Western blots of whole brain lysates from double mutant mice were compared with wild-type littermates. Double mutant mice
lacked expression of Itsn isoforms in the brain. E, Body mass at time of weaning (3 weeks of age). Itsn1 Gt/Gt and Itsn1 Gt/GtItsn2 �/�

mice had significantly lower body mass versus WT littermates. Itsn1 Gt/Gt and Itsn1 Gt/GtItsn2 �/� mice were not significantly
different from each other ( p � 0.201). F, Itsn1 Gt/Gt mice have comparable body mass to WT littermates by 13 weeks of age.
p values were determined using one-way ANOVA (Holm–Sidak method).
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needed to take each individual mouse’s anatomy into this final atlas
space, the goal being to model how deformation fields related to geno-
type (Nieman et al., 2006; Lerch et al., 2008). Determinants of deforma-
tion fields were then calculated as measures of volume at each voxel.
Significant volume and shape changes could then be calculated by warp-
ing a pre-existing classified MRI atlas onto the population atlas (Dorr et
al., 2008), which allowed for a volume of 62 segmented structures en-
compassing cortical lobes, large white matter structures (i.e., corpus cal-
losum), ventricles, cerebellum, brain stem, and olfactory bulbs (Dorr et

al., 2008) to be assessed in each brain. Multiple
comparisons were controlled for by using false
discovery rate (FDR) (Genovese et al., 2002).

Fiber tractography was performed on im-
ages using DTI studio (DTI studio software, H.
Jiang and S. Mori, Johns Hopkins University,
Baltimore, MD). Fiber tracking was initiated in
bilateral regions of interest and was terminated
if the fractional anisotropy (FA) dropped be-
low 0.35 or the tract turning angle was larger
than 70°.

Open field. For the open field test, each
mouse was placed in the center of an empty
white plastic chamber (46 � 46 � 20 cm) and
observed for 30 min. Mouse location was
tracked by a camera located above the open
field, and total distance traveled as well as time
spent in three different zones (outer, middle,
inner) measured by camera linked to a com-
puter system using LimeLight software (Coul-
bourn Instruments).

Cued-MWM. Mice were trained to swim to a
cued platform in a pool of opaque water for 5 d.
A red cylindrical object was placed 7 cm above
the 5 cm radius platform, which was sub-
merged 1 cm below the water surface. A total of
six trials were performed on each training day.
At the start of training, a mouse was placed on
the platform for 15 s and then dropped into the
pool with its nose facing the wall at various
quadrants of the pool (north, east, south,
west). The mouse was then given 1 min to swim
to the cued platform. Once it had reached the
platform, it remained there for 15 s before the
start of the next trial. On the probe test day (day
6), the mouse was placed on the platform for
15 s after which the platform and cue were re-
moved from the pool and the mouse given 1
min to locate the platform. Performance dur-
ing the probe test was analyzed by comparing
the percentage of time spent in the area of the
pool that previously contained the cued plat-
form (target zone; 20 cm radius around the
platform area) as compared with the opposite
or all other zones. The distance traveled, time
to platform, and swim speed during training
days were measured using ActiMetrics Wa-
terMaze software.

Fear conditioning. Mice were trained to asso-
ciate a mild foot shock with the context where
training was conducted. During the 3.5 min
training session, each mouse was placed in a
chamber and given 2 min to habituate to the
environment. A mild foot shock of 0.7 mA in-
tensity was delivered and the mouse was taken
out of the chamber 1 min later. Successful de-
livery of a foot shock was assessed via video
observation of each mouse. Twenty-four hours
after training, mice were returned into the
training context and the percentage of time
spent freezing was assessed over a 5 min period.

Shock was delivered via the MED-PC IV program and ActiMetrics Freeze
Frame, a video motion detection tracking system used to detect minute
movements during training and testing sessions.

Fine motor test. The grid test assesses the fine motor ability of mice to
maneuver on a 2 cm � 2 cm grid. The mouse was placed at the center of
a grid 20 cm above a table and given 5 min to move around. Each session
was video recorded and then watched in slow motion to count the num-
ber of times a forepaw or hindpaw slipped through the grid. If two paws

A

D
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B C

Figure 2. Basal synaptic transmission and long-term potentiation at SC-CA1 synapses are normal in Itsn mutants. A–C, Mea-
surements of fEPSPs, afferent volleys, and paired pulse ratios in all genotypes revealed no significant differences in hippocampal
basal synaptic physiology. D, Normalized fEPSPs during increasing stimulation frequency were indistinguishable between geno-
types. E, F, Induction of LTP using HFS and TBS stimulation of SC-CA1 synapses were indistinguishable between genotypes.
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slipped at the same time, it was scored as two slips. Two scorers, blind to
mouse genotype, observed motor testing.

Electrophysiology. Hippocampal slices (300 �m) were prepared from
adult mice using conventional techniques. Before recording, slices were
incubated in a holding chamber for �1 h in oxygenated artificial CSF
(ACSF) containing 132 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 2 mM

MgCl2, 11 mM D-glucose, 24 mM NaHCO3, and 2 mM CaCl2. A single slice
was then transferred to the recording chamber and superfused with
ACSF supplemented with 5 �M 1( S),9( R)-(-)-Bicuculline methylbro-
mide at 2 ml/min. When indicated, 100 �M D(-)-2-amino-5-

phosphonopentanoic acid was also added in perfusion. fEPSPs from the
CA1 stratum radiatum region were recorded with glass micropipettes
filled with ACSF and evoked by stimulating Schaffer collateral afferents
using bipolar concentric tungsten electrodes. The afferent fibers were
stimulated at 0.05 Hz with single pulses at an intensity that produced
30 –35% of maximum synaptic response. LTP was induced by theta-
burst stimulation (TBS) consisting of 15 bursts of 4 pulses at 100 Hz with
an interburst interval of 200 ms or titanic stimulation consisting of 2
trains of 100 Hz pulses lasting for 500 ms with an intertrain interval of
20 s. In some experiments, 10 repeated stimuli at different frequency (5,

Figure 3. Disruption of Itsn1 results in corpus callosal agenesis. A, Cresyl violet staining of coronal sections of right-side brain hemispheres from representative WT and Itsn mutant mice (ec,
external capsule; ic, internal capsule; or, oriens; cc, corpus callosum; RSGc, retrosplenial granule cortex c). B, Increased magnification of insets shown in yellow boxes in A. The corpus callosum ends
in a probst-like bundle. C, Representative confocal image of growth cone from 3 DIV neuronal cultures. Phalloidin labels actin and dotted box regions indicate measured growth cone and axonal
regions. D, A total of 29 cultured cells were imaged and both phalloidin and anti-Itsn1 fluorescent units were quantified in growth cones (gray bars) and normalized respectively to axonal levels (black
bars). E, Embryonic expression of Itsn1 in cortical plate is detected at E15.5. Comparison of Itsn1 expression in cortical sections of the E11.5, E13.5, E15.5, E18.5, and P14 mouse brain. Fluorescent in
situ hybridization using an Itsn1-specific probe revealed no detectable Itsn1 expression at E11.5 and E13.5. Itsn1 expression is detectable by E15.5 and remains on at E18.5. Postnatal brain shows
strong Itsn1 expression in the hippocampus. Area surround by a black box in the inset shows region used in magnification. All sections and expression data were provided by the Allen Institute for
Brain Science.
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10, 20, or 50 Hz) were delivered to examine the presynaptic release effi-
ciency with 100 �M D(-)-2-Amino-5-phosphonopentanoic acid in per-
fusion to prevent any NMDA receptor-dependent postsynaptic
plasticity. fEPSP slope was calculated as the slope of 10 – 60% of the rising
phase of the peak. Raw data were acquired with a MultiClamp 700A
amplifier and a Digidata 1322A acquisition system (Molecular Devices)
sampled at 10 Hz. Data were expressed as mean � SEM. Two-way
ANOVA was used to evaluate statistical significance.

Results
Itsn1 and/or Itsn2 mutant mice are viable
To define nonredundant functions of Itsns (Fig. 1A), we gener-
ated Itsn1 mutant mice from a gene-trap (referred herein as Gt)
embryonic stem cell line (Wiles et al., 2000) and Itsn2 mice
through targeted deletion of exon 3 (Fig. 1B). Itsn1�/Gt �
Itsn1�/Gt and Itsn2�/� � Itsn2�/� heterozygous crosses pro-
duced homozygous Itsn1 Gt/Gt and Itsn2�/� offspring at the ex-
pected frequency (Fig. 1C). Double mutant mice produced by
intercrossing single mutants were also viable. Brain homogenates
from Itsn1 Gt/GtItsn2�/� lacked Itsn protein expression (Fig. 1D).
At 3 weeks of age, Itsn1 Gt/Gt mice were noticeably smaller than
their wild-type (WT) littermates (Fig. 1E) and �10% of
Itsn1 Gt/Gt mice failed to thrive. The average weight of Itsn1 Gt/Gt

Itsn2�/� mice was indistinguishable from Itsn1 Gt/Gt mice (Fig.
1E). Although Itsn1 mutants were smaller at weaning, their
weight recovered by 3 months of age (Fig. 1F). This is consistent
with results from Yu et al. (2008), who reported that a small
fraction of Itsn1�/� (Itsn1-TK) mice died before weaning. In-
deed, the viability and slow growth phenotype observed in both
cases confirms the status of Itsn1 Gt/Gt as a complete loss of func-
tion allele. Brains of Itsn1 Gt/Gt mice were smaller as a percentage
of body mass than those of WT mice (1.72 � 0.08%, n � 7, versus

1.95 � 0.09%, n � 6, respectively). Itsn2�/� mutant brains were
not different than WT mouse brains (1.96 � 0.11%, n � 7). Thus,
neither Itsn1 nor Itsn2 is required for survival, but in the case of
Itsn1 mutant mice, early weight gain and overall brain size were
affected.

Itsn1 mutants show normal hippocampal synaptic
transmission and plasticity
Mutation of Itsn in invertebrates results in altered synaptic trans-
mission (Koh et al., 2004; Marie et al., 2004; Wang et al., 2008).
To assess whether this is the case in mice, we examined synaptic
transmission and plasticity in the CA1 hippocampus. We re-
corded field EPSPs (fEPSPs) at Schaffer collateral-CA1 synapses
in acute hippocampal slices from adult mice of each genotype.
Across a series of stimulation intensities, average fEPSP slopes in
Itsn Gt/Gt, Itsn2�/�, and Itsn1 Gt/GtItsn2�/� slices were not differ-
ent from those in WT slices (Fig. 2A). Likewise, there were no
differences in afferent volley (Fig. 2B), which together with the
lack of difference in input– output relationship indicate that basal
synaptic transmission was unaffected by loss of Itsn1 and/or Itsn2.
Paired-pulse facilitation was also comparable in slices from each
genotype (Fig. 2C) indicative of normal presynaptic function. To
examine the fidelity of synaptic transmission across a range of
stimulation frequencies, we measured fEPSP slope at frequencies
of 5, 10, 20, or 50 Hz. We found no differences in response at any
frequency in WT, ItsnGt/Gt, Itsn2�/�, or Itsn1Gt/Gt Itsn2�/� mice
(Fig. 2D). Finally, we investigated long-term potentiation (LTP)
induced by either tetanic or theta burst stimulation protocols.
Robust LTP was induced by either protocol with no differences in
magnitude across genotypes (Fig. 2E,F). Thus, disruption of
Itsn1 and/or Itsn2 does not affect basal synaptic transmission, or

Table 1. Volume changes

Region

Absolute volume (mean �SD)

Wild type (n � 10) Itsn1 Gt/Gt (n � 14) Itsn2 �/� (n � 15) Itsn1 Gt/GtItsn2 �/� (n � 3)

Amygdala 12.70 � 1.13 12.90 � 0.57 12.64 � 1.42 11.72 � 0.47
Anterior commissure—Pars anterior 1.64 � 0.25 1.19 � 0.14** 1.67 � 0.16 0.99 � 0.03**
Anterior commissure—Pars posterior 0.51 � 0.09 0.35 � 0.06** 0.54 � 0.06 0.35 � 0.02**
Arbor vita of the cerebellum 13.25 � 0.94 12.82 � 1.56 12.66 � 1.35 12.51 � 0.93
Cerebellar cortex 53.04 � 4.18 53.59 � 3.32 50.90 � 6.19 50.07 � 2.89
Cerebellar peduncle—Inferior 0.82 � 0.08 0.85 � 0.16 0.81 � 0.09 0.87 � 0.17
Cerebellar peduncle—Middle 1.45 � 0.11 1.47 � 0.19 1.57 � 0.13 1.38 � 0.10
Cerebellar peduncle—Superior 0.99 � 0.07 0.97 � 0.10 0.99 � 0.10 0.94 � 0.07
Cerebral cortex—Entorhinal cortex 7.84 � 0.81 7.76 � 0.38 7.34 � 1.06 6.92 � 0.58
Cerebral cortex—Frontal lobe 38.30 � 5.92 39.18 � 1.95 38.36 � 3.70 35.83 � 2.11
Cerebral cortex—Occipital lobe 4.89 � 0.56 4.99 � 0.34 4.66 � 0.55 4.73 � 0.25
Cerebral cortex—Parietotemporal lobe 67.05 � 7.51 65.01 � 2.29 66.13 � 6.45 59.42 � 3.09
Cerebral peduncle 2.37 � 0.17 1.97 � 0.22* 2.38 � 0.23 1.96 � 0.19*
Colliculus—Inferior 5.18 � 0.32 4.37 � 0.35** 5.18 � 0.43 3.89 � 0.26**
Colliculus—Superior 8.04 � 0.98 6.62 � 0.50** 7.90 � 0.77 5.99 � 0.22**
Corpus callosum 18.84 � 2.42 15.96 � 1.24** 19.56 � 1.84 14.46 � 0.95**
Fimbria 3.35 � 0.62 2.57 � 0.20** 3.43 � 0.38 2.42 � 0.17**
Fornix 0.84 � 0.07 0.91 � 0.07 0.85 � 0.10 0.92 � 0.12
Globus pallidus 2.60 � 0.39 2.14 � 0.19* 2.64 � 0.24 2.02 � 0.15*
Hippocampus 19.59 � 2.35 18.31 � 0.90 18.75 � 1.64 16.86 � 0.72*
Hypothalamus 9.56 � 0.85 9.97 � 0.59 9.52 � 0.98 9.32 � 0.39
Internal capsule 2.98 � 0.42 2.64 � 0.31 3.04 � 0.30 2.44 � 0.12*
Medulla 25.71 � 1.77 24.63 � 2.34 23.95 � 2.84 24.44 � 2.95
Midbrain 13.15 � 1.07 11.41 � 0.80** 12.97 � 1.10 10.65 � 0.29**
Olfactory bulbs 26.13 � 2.75 22.78 � 1.66** 25.90 � 2.47 19.60 � 0.38**
Optic tract 1.78 � 0.17 1.54 � 0.18* 1.75 � 0.17 1.44 � 0.13*
Pons 16.99 � 1.06 16.16 � 1.27 16.49 � 1.43 15.53 � 0.45
Posterior commissure 0.15 � 0.01 0.17 � 0.02 0.15 � 0.02 0.16 � 0.01
Striatum 18.82 � 3.42 16.28 � 0.75* 19.26 � 1.92 13.67 � 0.30**
Thalamus 15.34 � 2.23 14.44 � 0.47 15.75 � 1.32 12.82 � 0.34*

The absolute volume measurements in mm 3 for each region of interest. * indicates significance based on an FDR of �0.05 or ** �0.01 with respect to wild type.
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short- or long-term plasticity at Schaffer collateral synapses in the
hippocampus.

Lack of midline corpus callosum in Itsn1 Gt/Gt mice
As synaptic transmission appeared normal in Itsn mutant mice,
we next tested for abnormalities in brain structure. Indeed, the
midline corpus callosum, a neocortical structure easily seen in
coronal sections, was absent in mice lacking Itsn1 (Fig. 3A). Ex-
ternal capsule fibers of Itsn1 mutant mice were bundled together
and present across the oriens of the dorsal hippocampus. How-

ever, at the point where they should meet the corpus callosum,
commissural fiber tracts failed to cross the medial longitudinal
fissure (Fig. 3A). Rather, the white matter tract ended ipsilaterally
at the level of the cortical gray matter (retrosplenial granule cor-
tex c), which was extended beyond its normal boundary (Fig. 3B).
In mice lacking Itsn2 alone, the corpus callosum was indistin-
guishable from the same structure in WT mice. As in Itsn1 Gt/Gt

mice, the midline corpus callosum was absent in Itsn1 Gt/Gt

Itsn2�/� double mutants. Since callosal axons were primarily
affected by loss of Itsn1 gene function, we asked if Itsn1 was

Figure 4. Cortical axonal tracts are disrupted in brains of Itsn1 mutants. A, FA analysis of Itsn1 Gt/Gt brain. Differences in FA between WT and Itsn1 Gt/Gt are localized to midline crossing structures.
These differences are highlighted when overlapped onto the WT FA map. A higher t-statistic (closer to red) means a greater difference between WT and Itsn1 Gt/Gt FA values for a given voxel. Shown
are representative transverse sections from dorsal to ventral brain (left to right). The highest statistical differences are observed along tracts that approach the longitudinal medial fissure. B,
Representative white matter tracts from each genotype show loss of tract structure around the midline in crossing fibers from mutants of Itsn1. Significant loss of order can be seen in Itsn1 Gt/Gt and
Itsn1 Gt/GtItsn2 �/� corpus callosum, ventral hippocampal commissure (white arrowhead) in the fornix/fimbria, and anterior commissures. Cerebral peduncles are indistinguishable between
genotypes. Since tractography maps are calculated within established constants (see Materials and Methods), in some cases adjacent neuroanatomical tracts are visualized. For example, a piece of
the corpus callosum is visible in the WT image of the fornix/fimbria as are tracts extending to the brain stem ventral and caudal to the fornix.
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present in axonal growth cones. Indeed, greater accumulation of
Itsn1 was apparent in growth cones than axons of cultured neu-
rons (Fig. 3C,D).

The hippocampus and corpus callosum share a common ori-
gin from developing cortical plate neurons in the subventricular
zone (Aboitiz and Montiel, 2003; Mihrshahi, 2006). Itsn1 mRNA
is highly and selectively expressed in the developing cortical plate
at E15.5 but not at E11.5 or E13.5 (Fig. 1E; data from Allen Brain
Atlas). Itsn1 expression remains on during subsequent embry-
onic and postnatal development (Fig. 3E). Axons of the corpus
callosum extend to the midline at approximately embryonic day
16 in the mouse (Ozaki and Wahlsten, 1992). Thus, expression of
Itsn1 is precisely timed to switch on when corpus callosal axons
approach the midline.

Itsn1 mutants show a fiber tract deficiency in regions that
cross the medial longitudinal fissure
The absence of a corpus callosum in Itsn1 mutants prompted us
to ask whether development of other brain structures might re-
quire Itsn1 and/or Itsn2. We therefore performed an unbiased
search of 30 distinct brain regions using high resolution magnetic
resonance imaging (MRI) to look for structural differences
among all four genotypes. By comparing brain region volumes,
we found differences from WT only in mice mutant for Itsn1.
Itsn2�/� brains were indistinguishable from those in WT animals
(Table 1). In Itsn1 Gt/Gt mice, 12 regions were small. Half of these
were composed of subcortical gray matter while the remaining
half were white matter.

The observed defects in corpus callosum and volume reduc-
tions in other white matter regions raise the possibility that Itsn1
may play a role in connectivity within the brain. To search for
such abnormalities we used diffusion tensor imaging (DTI)
(Basser et al., 1994), which maps FA. FA reports the degree of
restriction on diffusion of water in an underlying microstructure
(termed anisotropy). For example, a high FA means a tissue is
highly oriented (white matter) such that water molecules can
only move along a restricted path as in an axon. Alternatively, a
low FA means a tissue has no specific orientation (gray matter).
Thus, a decrease in FA within a white matter tract typically indi-
cates a loss of fiber bundle integrity. Comparison of FA maps by
genotype revealed that Itsn1 mutant-specific differences located
primarily near or at the midline (Fig. 4A). The largest FA differ-
ences between Itsn1 Gt/Gt and WT brains were found in the corpus
callosum, anterior commissure, fornix/fimbria, habenular com-
missure and, to a lesser degree, the superior cerebellar peduncle
(Table 2).

Next, using DTI data, we generated tractography maps to vi-
sualize the corpus callosum, fornix/fimbria, anterior commis-
sure, cerebral peduncle, cerebellar peduncle, fifth cranial nerve
(trigeminal), and optic tracts. We found that white matter con-
necting cortical hemispheres—the corpus callosum, ventral hip-
pocampal commissure, and anterior commissure—showed a
dramatic loss of tracts in Itsn1 Gt/Gt and Itsn1 Gt/GtItsn2�/� dou-
ble mutant mice compared with the same structure in brains of
WT or Itsn2�/� animals (Figs. 4B, 5A). In Itsn1 Gt/Gt mice, trac-
tography revealed that the midline crossing anterior portion of
the anterior commissure (ACa) was not detectable (Fig. 4B). The
posterior portion (ACp), which does not cross the midline, was
present but greatly reduced. For the fornix/fimbria, interhemi-
spheric crossing of the ventral hippocampal commissure was ab-
sent at the medial longitudinal fissure (Fig. 4B).

In contrast to the striking loss of interhemispheric connectiv-
ity along the medial longitudinal fissure, the cerebral peduncle, a

cortical-originating tract that crosses the midline within the
brainstem, was unaffected (Fig. 5B). Likewise, Itsn1 mutants did
not differ from WT or Itsn2�/� animals in any of the noncortical
tracts examined: cerebellar peduncle, trigeminal cranial nerve,
and optic tract (Fig. 5B). Thus, Itsn1 is required for formation of
cortically originating tracts along the medial longitudinal fissure,
but dispensable for tracts crossing outside the cortex, regardless
of whether fibers originate from noncortical or cortical regions.

Mutation of Itsn1 results in impaired learning and memory
A lack of midline corpus callosum could well affect neuronal
function. To begin to analyze CNS function, we tested for biman-
ual motor coordination using the grid test—a task requiring a
high degree of left-right proficiency (Tillerson and Miller, 2003;
Mueller et al., 2009). Homozygous Itsn1 mutant mice (Itsn1 Gt/Gt

or Itsn1 Gt/GtItsn2�/� genotypes) displayed a significantly higher
number of paw slips compared with WT mice in the grid test,
indicating impaired bimanual motor coordination (Fig. 6A). Al-
though Itsn2�/� performed no differently from WT, Itsn1 Gt/Gt

Itsn2�/� mice performed significantly worse than Itsn1 Gt/Gt an-
imals (Fig. 6A). Thus, Itsn1 is required for formation of the mid-
line corpus callosum. Although Itsn2 is not required for proper
development of the corpus callosum, absence of Itsn2 does lead to
decreased bimanual coordination, when combined with lack of
Itsn1.

Since incomplete callosal agenesis is strongly associated with
cognitive impairment in humans (Raybaud and Girard, 2005),
we tested whether the same was true for Itsn mutant mice. First,
we observed general behavioral characteristics of the mice. While
not quantified, home cage behaviors including feeding, groom-
ing, breeding, and nursing, of mice from each genotype, appeared
indistinguishable. Exploratory behavior was similar among
Itsn1 Gt/Gt, Itsn2�/�, Itsn1 Gt/GtItsn2�/�, and WT mice (as as-
sessed by quantifying right vs left rearing behavior in the cylinder
test; Fig. 6B), as was average distance traveled over time in an
open field (Fig. 6C). No preference for outer, middle, or inner
zones of an open field was observed for any of the genotypes,
indicating a lack of anxiety-like behavior (Fig. 6D). Thus, loss of
Itsn1, Itsn2, or both genes did not affect gross behavioral traits.

Table 2. FA changes

White matter regions

Fractional anisotropy

Wild type (n � 8) Itsn1 Gt/Gt (n � 10)

Anterior commissure—Pars anterior 0.68 � 0.04 0.47 � 0.03**
Anterior commissure—Pars posterior 0.68 � 0.03 0.56 � 0.03**
Arbor vita of the cerebellum 0.67 � 0.03 0.65 � 0.03
Cerebellar peduncle—Inferior 0.89 � 0.02 0.87 � 0.03
Cerebellar peduncle—Middle 0.87 � 0.09 0.88 � 0.05
Cerebellar peduncle—Superior 0.59 � 0.02 0.54 � 0.02**
Cerebral peduncle 0.88 � 0.06 0.86 � 0.03
Corpus callosum 0.69 � 0.03 0.60 � 0.02**
Cortical spinal tract 0.66 � 0.02 0.66 � 0.03
Fasciculus retroflexus 0.62 � 0.03 0.58 � 0.02*
Fimbria 0.86 � 0.02 0.72 � 0.02**
Fornix 0.68 � 0.03 0.54 � 0.03**
Habenular commissure 0.37 � 0.04 0.30 � 0.03**
Internal capsule 0.84 � 0.03 0.79 � 0.02*
Lateral olfactory tract 0.56 � 0.07 0.59 � 0.04
Mammilothalamic tract 0.58 � 0.02 0.56 � 0.02
Medical lemniscus/Medial longitudinal fasciculus 0.55 � 0.02 0.52 � 0.02
Optic tract 0.81 � 0.05 0.75 � 0.03*
Posterior commissure 0.35 � 0.02 0.35 � 0.02

The mean FA values for each region of interest. * indicates significance based on an FDR of �0.05 or ** �0.01 with
respect to wild type.
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To specifically test for cognition, we analyzed Itsn mutants using
hippocampal-dependent tests for spatial learning and memory: the
hidden platform version of the Morris water maze and contextual
fear conditioning (Fanselow, 1980; Morris et al., 1982). In water-
maze testing, all genotypes had similar swimming speeds indicating
that swimming motor control was not affected by loss of either gene
(Fig. 7A). Over the five day period, WT and Itsn2�/� mice required
progressively shorter times to find the platform (Fig. 7B), indicating

that mice of these genotypes had learned the platform location. In
contrast, the time spent finding the platform by Itsn1Gt/Gt and
Itsn1Gt/GtItsn2�/� mice remained unchanged after five days of
training, and thus, mice lacking Itsn1 failed to learn its location.
Moreover, in probe tests with the escape platform removed,
Itsn1Gt/Gt and Itsn1Gt/Gt Itsn2�/� mice spent an equal amount of
time in all zones, whereas WT and Itsn2�/� mice showed a strong
spatial bias for the zone where the platform was located during train-

Figure 5. A, Overlay of the white matter tracts from Figure 4 B summarizes the loss of midline structure as viewed from below in WT vs Itsn1 Gt/Gt brains. B, Representative white matter tracts, from each
genotype, of cerebellar peduncle, fifth cranial nerve (trigeminal), and optic tracts were found to be similar between all genotypes suggesting normal development and guidance of these axonal tracts.
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ing (Fig. 7C,D). Heterozygous Itsn1�/Gt mice also showed a strong
bias for this zone indicating that one copy of Itsn1 was sufficient for
the test (Fig. 7E).

In the contextual fear memory test, mice were placed in a condi-
tioning chamber and given a footshock. When they were returned to
the same conditioning chamber one day later, Itsn1Gt/Gt and
Itsn1Gt/Gt Itsn2�/� mice froze much less frequently than did
Itsn2�/� and WT mice, which did not differ from each other (Fig.
7F). Moreover, Itsn1�/Gt mice froze to a similar degree as WT mice
in the contextual fear task (Fig. 7G). Thus, Itsn1 disruption results in
major deficits in spatial learning and memory, while Itsn2 mutation
had no observable effect. Double mutants were indistinguishable
from Itsn1 mutants in this regard.

Discussion
Studies in invertebrate models revealed a conserved role for Itsn in
synaptic transmission (Koh et al., 2004; Marie et al., 2004; Wang et
al., 2008). In Drosophila, mutation of Itsn results in lethality, whereas
C. elegans lacking Itsn are viable (Koh et al., 2004; Marie et al., 2004;
Rose et al., 2007; Wang et al., 2008). Examination of fly larvae re-
vealed abnormal neuromuscular junction synaptic bouton mor-
phology and reduced synaptic vesicle number. Drosophila Itsn
mutants also showed smaller EPSP amplitudes over time upon re-
peated strong stimulation compared with wild-type flies (Koh et al.,
2004). This effect on amplitude was reversed by subsequent repeated
stimulation at large intervals suggesting that decreased EPSP ampli-
tude could be the result of membrane recycling deficits (Koh et al.,
2004). Indeed, in D-Itsn mutants, several proteins that regulate en-
docytosis show reduced accumulation (Koh et al., 2004; Marie et al.,
2004; O’Connor-Giles et al., 2008; Rodal et al., 2008). Loss of Itsn in
C. elegans also resulted in decreased frequency of miniature postsyn-

aptic current and a reduction of the number
of active zone vesicles (Wang et al., 2008).
We therefore examined synaptic physiology
at Schaffer collateral–CA1 synapses from
Itsn mutant brain slices. Surprisingly, syn-
aptic deficits were not observed. Basal
synaptic transmission and long-term
potentiation of Itsn mutants were indistin-
guishable from WT littermates. Given the
abnormalities in flies and worms, we ex-
pected that severe impairment of spatial
learning in mice lacking Itsn1 would be
associated with alteration in synaptic
transmission or plasticity in the CA1
hippocampus. However, no such physio-
logical abnormality was observed suggesting
that Itsn function in vertebrates could be dif-
ferent from what is seen in invertebrates. Al-
ternatively, underlying synaptic deficits are
not sufficient to affect synaptic transmission
under the conditions tested. Even Itsn dou-
ble mutants showed no sign of abnormali-
ties like those seen in the fly or worm.
Another potential explanation for this dif-
ference might be that we measured synaptic
activity at central synapses in contrast to the
neuromuscular junctions, a peripheral syn-
apse, which was studied in Drosophila and
C. elegans. However, gross motor function
appeared unaffected in Itsn mutant mice.
Indeed, Itsn1 functions primarily to control
axonal patterning in the rostral CNS.

After finding that callosal fibers failed
to cross the midline in sections from Itsn1 Gt/Gt mutant brains, we
used MRI and DTI to characterize brain matter at high resolu-
tion. Our results revealed a novel and essential role for Itsn1 in
formation of midline crossing tracts of the cortex. While Itsn1
mutants show some tract volume and integrity loss in other re-
gions of the brain, impaired development of the corpus callosum,
ventral hippocampal, and anterior commissures are the most
striking white matter abnormalities. These deficits involved tracts
along the medial longitudinal fissure, greatly reducing or elimi-
nating intercortical connectivity between hemispheres. In con-
trast, white matter tracts not derived from the cortical plate are
unaffected by loss of Itsn1. Given the learning and memory defi-
cits in Itsn1 Gt/Gt mice, it is noteworthy that cortical gray matter
regions were not significantly different from WT mice. While
each hemisphere can independently control simple tasks, infor-
mation sharing via commissures permits more complex process-
ing (Richards et al., 2004; Schmidt, 2008; O’Donnell et al., 2009;
Evans and Bashaw, 2010). Indeed, in Itsn1 mutant mice, simple
motor behaviors are intact while complex learning and biman-
ual functions are impaired. Interestingly, following surgical
transection of hippocampal commissures, WT rats fail to nav-
igate a radial arm maze (Olton et al., 1982). Also, animals with
a unilateral lesion in the fornix and contralateral lesion in the
entorhinal cortex performed as well as surgically manipulated
control rats, highlighting an essential requirement for inter-
hemispheric communication in spatial memory formation
(Olton et al., 1982).

Itsn1 expression is turned on in the cortical plate at mouse
embryonic stage E15.5. This is coincident with the time at which
callosal axons cross the midline (Ozaki and Wahlsten, 1992), and

Figure 6. Comparisons of motor, exploratory, and open field behaviors. A, Motor coordination task was measured by assessing
the number of paw slips on a grid test. Itsn1 mutants (Itsn1 Gt/Gt and Itsn1 Gt/GtItsn2 �/� mice) showed impaired motor coordina-
tion (F(3,45), � 11.91, p � 0.05). One-way ANOVA statistical tests were used to calculate individual p values. B, Exploratory
coordination behavior was measured as forearm usage when standing on rear feet inside a vertical tube. There was no difference
in the total number of rears in this cylinder test (F(3,45) � 1.94, p � 0.05). C, Average distance traveled during open field task. No
statistical differences were observed. D, Anxiety test was measured as time spent in open field zones. The results of an ANOVA with
between-group factor Genotype and within-group factor Zone (outer, middle, and inner) revealed no significant interaction
between Genotype and Zone (F(6,96) �1.40, p �0.05). One-way ANOVA statistical tests were used to calculate individual p values.
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axons originating from the cortical plate
cannot form midline structures without
Itsn1. As the corpus callosum is required
for spatial memory formation, including
fear conditioning (MacPherson et al.,
2008), defective midline connectivity is
the most parsimonious explanation for
why Itsn1 mutants show learning impair-
ment. Loss of Itsn1 can affect vesicular
trafficking (Yu et al., 2008), therefore,
Itsn1 may regulate trafficking of and/or
signaling from guidance cues at the corti-
cal midline. Indeed, many cell surface
proteins, including Eph/Ephrin, Robo/
Slit, DCC/Netrin, and FGFR-1 are known
to regulate callosal midline crossing
(Quinn et al., 2003; Lindwall et al., 2007;
O’Donnell et al., 2009; Bashaw and Klein,
2010). And, Itsn proteins have already
been implicated in EphB and ephrin-B1
pathways (Irie and Yamaguchi, 2002;
Nishimura et al., 2006; Jørgensen et al.,
2009). However, detailed genetic and
physiological analysis of Itsn1 function at
the cortical midline will be necessary to
firmly delineate the molecular pathways af-
fected in Itsn1 mutant mice.

In this study, we also found very little
evidence for Itsn1/2 redundancy. Based
on their shared sequence homology and
overlapping tissue expression, this result
was unexpected. It is possible, however,
that Itsn2 does play a role related to Itsn1,
which is not easily detected using the ex-
perimental approaches described herein.
Indeed, while not statistically significant,
Itsn2�/� mice did trend toward reduced
freezing in the contextual fear task. And
while Itsn1 Gt/GtItsn2�/� double mutants
are no worse than Itsn1 single mutants,
this could simply reflect complete or near
complete learning impairment in Itsn1
mutants already. As well, it is important to
note that Itsn2 on its own does not appear
to contribute meaningfully to CNS pat-
terning; however, as the Itsn1 single mu-
tants have a profound effect on white
matter connectivity, it may not be possible
for double mutant effects to be any worse.

Itsn1 function in commissural develop-
ment has implications for human health.
Ninety percent of humans born with com-
plete callosal agenesis also lack hippocampal commissural midline
crossing and half of these have anterior commissural malformation
(Raybaud and Girard, 2005). Malformation of commissural midline
trajectory is associated with behavioral problems in humans, such as
communication disorders as well as learning and memory deficits
(Richards et al., 2004; Paul et al., 2007). Thus, reduced expression or
function of Itsn1 could have clinical implications. Indeed, humans
with chromosomal deletions that include the ITSN1 locus exhibit
severe cognitive impairment (Lindstrand et al., 2010).

Itsn1 disruption causes gross deficiency of learning and mem-
ory, indicative of its role in facilitating integration of higher order

cognition in mammals. In Itsn1 mutants, axons that form the
corpus callosum, ventral hippocampal, and anterior commis-
sures do not link cortical hemispheres. Itsn1, therefore, is essen-
tial for cortical midline connectivity, a phenomenon involved in
higher learning and cognitive processing. A recent comparison of
conserved genes in two strains of yeast has shown that functional
repurposing is often associated with acquisition of novel domains
(Frost et al., 2012). Indeed, this appears to be the case with Itsn1,
which has acquired novel biological role(s) in axonal guidance at
the midline coincident with inclusion of C-terminal DBL/PH and
C2 domains in a vertebrate and neural-specific isoform, Itsn1L.

Figure 7. Spatial memory deficits in Itsn mutants. A, Morris water maze. Average swimming speeds of all genotypes were
indistinguishable (F(3,43) � 2.79, p � 0.05). B, Summary of training days in the water maze revealed Itsn1 Gt/Gt and Itsn1 Gt/Gt

Itsn2 �/� mice did not learn the platform location after 5 d. The results of a Genotype (Itsn1 Gt/Gt, Itsn1 Gt/GtItsn2 �/�, Itsn2 �/�,
WT) � Day (1–5) ANOVA shows a significant effect of Genotype (F(3,43) � 6.21, p � 0.05) and Day (F(4,172) � 15.25, p � 0.001).
C, During probe tests, Itsn1 Gt/Gt and Itsn1 Gt/GtItsn2 �/� mutants were unable to find the target platform. An ANOVA with the
between-subjects variable Genotype and within-subjects variable Zone (Target, Others) revealed a significant interaction
(F(3,43) � 2.77, p � 0.05) as well as significant main effects of Genotype (F(3,43) � 4.94, p � 0.05) and Zone (F(1,43) � 15.49, p �
0.001). D, Heat map summary of Morris water maze where target zone is indicated by dotted circle. Increasing color intensity
(arbitrary scale) represents increased time spent. E, During Morris water-maze probe tests, Itsn1 �/Gt were able to find the target
platform as well as WT. F, Performance in contextual fear conditioning task. Itsn1 Gt/Gt and Itsn1 Gt/GtItsn2 �/� mice froze signif-
icantly less than Itsn2 �/� and WT mice, which did not differ. Mice with a mutation in Itsn1 showed impaired contextual fear
memory (F(3,44) �6.04, p �0.05). G, Itsn1 �/Gt mice froze to the same degree as WT mice in the contextual fear conditioning task.
One-way ANOVA statistical tests were used to calculate all individual p values.
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