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L1 knockout mice show dilated ventricles, vermis
hypoplasia and impaired exploration patterns
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L1 is a neural cell adhesion molecule mainly involved
in axon guidance and neuronal migration during brain
development. Mutations in the human L1 gene give

to a complex clinical picture, with mental retardation,

neurologic abnormalities and a variable degree of
hydrocephalus. Recently, a transgenic mouse model
with a targeted null mutation in the L1 gene was gener-
ated. These knockout (KO) mice show hypoplasia of
the corticospinal tract. Here we have performed further
studies of these KO mice including magnetic resonance
imaging of the brain, neuropathological analysis and
behavioral testing. The ventricular system was shown
to be abnormal with dilatation of the lateral ventricles
and the 4th ventricle, and an altered shape of the Sylvius
aqueduct. Additionally, the cerebellar vermis of the KO
mice is hypoplastic. Their exploratory behavior is
characterized by stereotype peripheral circling reminis-

cent of that of rodents with induced cerebellar lesions.

INTRODUCTION

intracellular machinery of the cell. In addition to its role in the
development of the nervous system, L1 has also been implicated in
learning and memory (4).

Although L1 has been the focus of many studies from neuroscien-
tists since its initial description in the early 1988s6), itsclinical
significance in man remained enigmatic until L1 mutations were
identified in patients with mental retardation and various neurologic
disorders (3). The clinical picture resulting from L1 mutations is
extremely variable (3,7-12) and includes f§rasomes X-linked
hydrocephalus due tdemosis of the queduct of Blvius (HSAS),
spastic paraplegia type-1, X-linked agenesis of the corpus callosum
and MASA syndrome_(ental retardation,pdasia, Buffling gait,
adducted thumbs12,13). These fouranditions originally were
thought to represent distinct clinical entities, but since L1 mutations
were found to be the cause of all of th{@4+18), they wereimped
together into one clinical conditiof10). Since the mairysptoms
include_orpus callosum hypoplasia, mentetardation, dducted
thumbs, pastic paraplegia angdirocephalus, this disorder is now
referred to as CRASH syndror(f0). More than 70 L1 mutations
in all parts of the L1 molecule have been described in CRASH
patients, with almost every family having its exclusive L1 mutation.
A continuously updated overview of these mutations is provided at
our L1 Mutation Web Page at http://dnalab-www.uia.ac.be/dnalab/
11/ (19).

L1, also referred to as L1CAM, belongs to the immunoglobulin Recently, two transgenic mouse models with a targeted null
superfamily (IgSF) of cell adhesion molecules (CAMs). Duringmutation in the L1 gene have been generated using embryonic
nervous system development, L1 is involved in neuron—neurestem cell technology. Dahnat al (20) generated L1 knkout
adhesion, neuron—Schwann cell interaction, migration of neuroO) mice by interruption of exon 8 through insertion of a
and in axon outgrowth, pathfinding and fasciculation (1,2). Duringeomycin/thymidine kinase cassette. These mice were smaller,
all these processes, L1 provides a means of adhering to varideiss viable and less sensitive to pain compared with their
substrates. It serves as a component of a signal transduction sysigitd-type (WT) littermates, and appeared to have weaker
permitting neurons to detect specific ligands in their environmentindlimbs, possibly due to hypoplasia of the corticospinal tract.
and transmits those signals through intracellular second messengke extent of hydrocephalus was dependent on the genetic
systems. The extracellular part of L1 interacts with a myriad dfackground of the mouse strain: when bred on a C57BL/6J
adhesion molecules, including L1 itself (3), whereas the cytoplasmi@ackground, hydrocephalus was detected upon light microscopic
domain provides a link between the extracellular signals and tlexamination of the brain, whereas in the KO mice bred on a
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Figure 1. RT-PCR analysis. mMRNA was isolated from brain tissue from 1-and _ . . . L . )
4-day-old mice. RT-PCR with primers 1F and 2R (located in exons 8 and 9, Figure 2. Immunohistochemistry of the brain. Brain slices stained with a

respectively), yields a 164 bp band in controls but not in the KO. As a positive c0mmercial rat monoclonal antibody against L1 were analyzed by light
control, RT-PCR products (120 bp) of the murfrrl (fragile X mental microscopy. Sagittal cryostat brain sectiongu@) from WT (left) and KO

retardation) gene are shown. PCR products from both reactions were spottedight) mice are shown. Fiber bundles were immunostained for L1 using the

together into the same lane. Lane 1, 100 bp length marker; lane 2, heterozygod_é]dired immunoperoxidase metho_d. I_n WT brain sections, some fibers of the
female (1 day old); lane 3, heterozygous female (1 day old); lane 4, KO male'Nternal capsule and the substantia nigra are labeled for L1 (left), whereas all

(4 weeks old); lane 5, WT male (4 weeks old); lane 6, WT male (4 weeks old); fiPers in KO brain are negative for L1 (right). The KO is at magnificattsh
and lane 7, blank. The KO mouse does not show an L1 RT-PCR product,the WT at magnification60.
although thé=mrl mRNA signal is present.

Immunohistochemistry of the brain

129/SvEv background, no ventricular dilatation was found. Inth@ye have stained brain sections with a variety of functional
peripheral nerve system, the interaction between axons apthrkers specifically staining neurons (MARBubulin, seroto-
Schwann cells was disturbed. Simultaneously, Ceban (21) -~ nin, synaptophysin, neuron-specific enolase, GAP-43) or glial
generated L1 KO mice by replacing exons 13 and 14 of theis (5100, galactocerebroside). No differences in localization
murine L1 gene, encoding the sixth immunoglobulin domain, byattern between KO and WT brain sections were found (data not
a neomycin/thymidine kinase cassette. The KO mice were breglown).
in & 129/Sv background. Upon western blot analysis on whole-cryostat sections from 6-week-old mouse brains were stained
brain lysates, no L1 was detectable in the KO mice, indicating th@kth ‘monoclonal antibodies against L1. In normal adult mouse
L1 expression was completely abolished, in contrast to the Kg}ajn 1 expression was low but present, whereas in brain
mice generated by Dahreeal (20), that showed a very low (Iess sections from KO mice, L1 is undetectable (Fig. 2). The same
than a few percent) L1 expression. Like the KO mice generate@ctions were also stained with a monoclonal antibody against
by Dahmeet al (20), the KO mice generated by Cokeal (21)  NCAM, a cell adhesion molecule homologous to L1. The staining
were less viable and smaller than their littermates. The eyes Wejgitern of the NCAM antibody was indistinguishable between the
smaller and sunken, the fur was abnormal, and the hind-pg{ and the control mice (not shown).
toenails abnormally long. Dragging of the hindlimbs occasionally
was present. Most of the KO mice did not reproduce. In addition, . .
Cohenet al (21) ound a defect in the guidance of corticospinalmPaired neurite growth on L1 substrate
axons. Hydrocephalus, on the other hand, was not detected UR@) determine whether neurons without L1 have an impaired
standard pathological examination. _ __ability to extend neurites, dorsal root ganglia (DRG) neurons
In this study, we further characterized the brain abnormalitiggom kO and WT mice were cultured on laminin, L1-Fc chimera
and the behavior of the KO mice generated by Cebah(21).  or control substrates (polylysine and anti-Fc antibodies). The
Using high resolution magnetic resonance imaging (MRI), subtie1_Fc chimera, a chimeric molecule consisting of the Fc region
abnormalities in the brain and the ventricular system wergf human IgG and the whole extracellular domain of human L1,
detected. An abnorma"ty in the cerebellar vermis was furthqfas been shown to be b|0|og|ca"y active in stimulating
documented using histological techniques. The behavior and.dependent neurite growth, when affinity coated to tissue
cognitive function of the KO mice were studied using a numbesy|ture substrat¢&2). Both on larimin and on a control substrate
of standard tests. of polylysine and anti-Fc antibodies, there were no differences in
either the percentage of neurons with neurites or the mean neurite
length of KO and WT neurons. This indicates that KO neurons do

RESULTS not have an impaired ability to produce neurites on strong
promoters of neurite growth such as laminin or weakly promoting

RT-PCR analysis substrates like polylysine coated with anti-Fc antibodies
(Fig. 3A).

To verify the absence of L1 in the KO mice, we performed nestedOn L1-Fc, however, KO neurons had a significantly impaired
RT-PCR analysis on total mRNA isolated from the brain of 1-dayability to extend neurites compared with WT neurons. Signifi-
or 4-week-old KO mice. This technique allows the detection ofantly fewer KO neurons showed neurite outgrowth (FigR34A,;
extremely low levels of mRNA transcripts. Using primers0.00001, contingency table analysis), and those neurites that were
localized in exons 8-9, proximal to the site where the neomycjsroduced were shorter than those of neurons from WT mice [Fig.
cassette had been inserted, and primers annealing in exons 20-3B; P = 0.0003, one-way ANOVA followed by Fisher’s protected
distal to the insertion site, no RT-PCR product could be detectéshst significant difference (PLSD)]. Furthermore, the low level

in the KO mice, in contrast to controls and heterozygotes (Fig. 19f neurite outgrowth from KO neurons on L1-Fc was not
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mice compared with WT littermates (Fig. 4A, Table 1), in line

A with the reduced body weight of the KO mice.

100 1004 MRI of the ventricular system identified three abnormalities.
] First, in five out of five KO mice, the shape of the 4th ventricle
80 80 was abnormal (Fig. 4B, coronal section). Volume calculations
| showed that the volume of this 4th ventricle was significantly
increased in the KO mice compared with WT controls (Table 1).
Secondly, we observed a significant dilatation of the lateral
ventricles in the KO mice, but not the 3rd ventricle (Table 1, Fig.
4C). Although gross hydrocephalus, comparable with some
human patients or with the L1 KO bred on a C57BL/6J
background(20), was not present, the diladm of the lateral

60

40

20

% neurons bearing neurites

[

Neurons: KO WT KO WT KO WT KO WT
ventricles was observed in all five KO mice tested=(0.002).
Substrate: - L1-Fe Laminin Li-Fe Control Third, the shape of the aqueduct of Sylvius was different between
KO and WT mice. In mice, the aqueduct, which connects the 3rd
B and the 4th ventricle consists of two parts: the anterior part

ranging from the 3rd ventricle to a fork-like structure called the
ampulla, and the distal part connecting the ampulla with the 4th
ventricle. This latter part is extremely narrow, and could not be
visualized by MRI. Serial coronal sections of the anterior part
indicated that this part of the aqueduct was longer in KO rRice (

= 0.002), suggesting that the distance between the 3rd ventricle
and the ampulla was increased. The cross-section of the aqueduct,
however, was normal at each section level, and the total volume
was not significantly different between the KO mice and the WT
littermates (Fig. 5). No indications of stenosis of the aqueduct
were found.

160
140
120

£ 100 1004

Neurite length (um)
[=2]
o
1

Neurons: KO WT KO WT KO WT KO WT

Substrate: L1-Fc Laminin L1-Fc Control

Table 1. Estimation of surface area and volume of brain regions by MRI

Parameter KO (n=5) WT (n=5) P-value

Figure 3. L1-mediated neurite outgrowth in DRG neurons. Neurons were -
cultured on L1-Fc chimera, laminin or control substrate for 16 h, and neurite Surface total brain (m
growth was analyzedAj The percentage of neurons that bear neurites i surface vermis (mA) 8.392+ 0.15 10.76+ 0.31 0.0005
shown. This percentage was not significantly different between KO and WT ) ) )

neurons when growing out on laminin or control substrate, whereas on L1-Fc, Surface ratio vermis/total brain 0.13®.002 01650004  0.0007
the percentage of KO neurons with neurites was significantly smaller ( \Volume total brain (M) 460.4+ 8.9 5192+ 7.3 0.002
0.0001; contingency table analysi®)) The average length (mearSEM) of

the neurites. Grown on laminin or control sustrate, the neurite length of the KO Volume cerebellum (mé) 64.00+ 1.58 74.20- 1.39 0.003
and WT neurons is not significantly different, whereas on L1-Fc substrate, the \olume ratio cerebellumitotal brain ~ 0.13®.002  0.1430.002  0.228
neurites from the L1-minus neurons are significantly shorter than the neurites

61.75+ 0.82 66.45+ 1.28 0.021

from the WT neuronsR(< 0.0001; one-way ANOVA followed bgost-hoc Ventricular volumes (m#)
Fisher's PLSD). 4th ventricle 0.96: 0.06 0.43¢ 0.05 0.0003
4th lateral ventricle 0.6% 0.08 0.32+ 0.06 0.027
3rd dorsal ventricle 0.29 0.04 0.35t 0.05 0.421
significantly different from the outgrowth seen with KO or WT 3rd ventricle (ventral) 0.34 0.03 0.29+ 0.04 0.362
neurons on control substrate. These results indicate that 0SS of L1 ¢ ateral ventricle 041+ 0.04 0.142 0.03 0.002

expression in neurons eliminates neurite growth stimulated by =%
substrate. This is consistent with the idea that L1-mediateriables are indicated as mesBEM.P-values were derived from a two-tailed
neurite growth occurs via a homophilic binding mechanism witlstudents-test. Surfaces were estimated on midsagittal sections.
substrate-bound L{3).
The coronal section through the 4th ventricle (Fig. 4B)

Magnetic resonance imaging (MRI) of the brain and suggested that the cerebellum, visible above the 4th ventricle on
the ventricular system this section, was abnormal in the KO mice. On a midsagittal brain

section (Fig. 4D), the cerebellum of the KO mice seems
The L1 129/Sv KO mice studied here did not show evidence abnsiderably reduced compared with the rest of the brain. To
hydrocephalus when studied by standard pathological techniqugsantify this, we calculated the ratio between the surface of the
(21) (data not shown). To test fatdle abnormalities in the brain cerebellum on the midsagittal section and the surface of total
and the ventricular system, we studied the KO mice and their Warain on this section. In the KO, the ratio was significantly
littermates by high resolution MRI. This technique allowsreducedP < 0.0007).
accurate surface and volume calculations of brain structures usingVe also calculated the volume of the cerebellum and the
the watershed-based segmentation metRéyl Both total brain  volume ratio cerebellum/total brain. This ratio was not signifi-
and cerebellar volumes were significantly reduced in the K®@antly different between KO and WT mice (Table 1). These data
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Figure 5. Cross-section of the anterior part of the aqueduct of Sylvius. The
mean (SEM) surface area of the anterior part of the aqueduct, between the 3rd
ventricle and the ampulla, was calculated on coronal brain sections from KO
and WT mice. Sections 1 is situated at the anterior end of the aqueduct. The
distance between two sections is 80 (m. In the KO mice, this part of the
aqueduct was longer than in the WT mice, but not stenotic. The distal part of
the aqueduct, between the ampulla and the 4th ventricle, could not be
visualized by MRI.

In five adult KO mice and five adult WT littermates, we
determined the surface area of the cerebellar vermis and
compared it with the surface area of the cerebral cortex. The
average surface area of the cerebral cortex of the KO mice was not
significantly different from that of the WT mice (not shown).
However, the average surface area of the vermis of the KO mice
(7.6+ 0.2 mn?) was significantly smallei(< 0.001¢-test) than
that of the WT mice (8.2 0.2 mn?). The ratio between the
surface areas of the vermis and the cerebral cortex was
significantly smaller in the KO miceP(< 0.02;t-test). This
confirms that in the KO mice, the cerebellar vermis is specifically
Figure 4. Magnetic resonance imaging (MRI) of the brak). 8D reconstruc- reduced I_I’l SIz€ ComparEd with the rest of the bra}ln. lnFereStmgly’
tions of brain of a KO (left) and a WT male littermate (right). The KO mice have the vermis hypopla5|a appears to be most prominent in IObUIe_G-
a smaller brain, and the upper part of the cerebellum seems less devaipped. (In all KO mice tested, one or two of the three sublobules of this
Coronal MR images of the brain of a KO (left) and a WT littermate (right) lobule were underdeveloped or totally missing (Fig. 6B and C,
through the 4th ventricle, the cerebellum and the pons. The 4th ventricleasterisk)' a finding never observed in WT mice. These macro-

indicated in yellow, is dilated in the KO, whereas the cerebellum, which lies . L2 . . .
above the 4th ventricle, is smaller in the KO than in the WT litterm@je. ( scopic abnormalities in the vermis prompted us to investigate the

Coronal MR images of the brain of a KO (left) and a WT littermate (right) 9¥t0|09y of the cerebellar cortex, but no microscopic abnorma-

through the fronto-lateral ventricles that are visible as four spots. Note thdities could be found (data not shown).

ventricular enlargement in the KO mic®)(Midsagittal MR images of the

brain of a KO (top) and a WT litermate (bottom). The 4th ventricle (4V), the .

aqueduct of Sylvius and the vermis are visible. The cerebrospinal fluid in theB€havioral tests

ventricular system is brightly lit. The cerebellum (C) appears smaller in the KO . .

and its shape is different. Several experiments were performed to analyze the behavior of
KO mice. In the wire suspension test, a test for muscle strength,
KO mice performed equally well as their WT littermates. The KO

suggest that in the KO mice, the cerebellar hemispheres aénec 15) and the WTn(= 12) mice had no problem hanging from
whole are not hypoplastic relative to the rest of the brain, but théte wire for 60 s.

the structure connecting the two cerebellar hemispheres, theCage activity, expressed as the number of beam crossings in a
cerebellar vermis, is reduced in size. standard cage during a 2 h period, demonstrated hypoactivity in

KO mice. Ten KO mice displayed 722184 beam crossings,
which is significantly lower than the 1498 142 crossings
observed in the group of 18 WT mide £ 0.005).

On a midsagittal sections of whole brain (Fig. 6A), and on The rotarod test is a classical test where the mice have to keep
midsagittal tissue sections counterstained with cresyl violet, their balance on a rotating rod. Five 2-min trials were performed.
whole posterior part of the aqueduct, including the ampulla artach time the mouse falls off, it is placed back onto the rod for
the 4th ventricle (Fig. 6B and C), appeared enlarged in the K& maximum of three attempts per trial. The WT mite (12)

mice. stayed on the rod during all five trials, whereas most of the KO

Histological studies of the vermis
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Figure 6. Light microscopic image of a midsagittal section through the brain.

(A) Whole brain section of a WT (top) and KO (bottom) brain. The size of the

vermis is smaller in the KO, whereas the 4th ventricle (white arrow) of the KO Figure 7. The open field&) and social exploration tesB) The 5&50 cn?

is larger than that of the WTB(@ndC) Cresyl violet staining of a midsagittal  grenas with a 35 cm center circle (A) or imaginary 20 cm annulus around the

section through the vermis illustrating the vermis hypoplasia, particularly cage (B) are schematically drawn, and the typical paths of a KO and WT mouse

lobule 6 (asterisk), which is located immediately posterior of the fissura prima, are shown. In both tests, KO mice walked around in a stereotype movement

is hypoplastic. Furthermore, the ampulla of the aqueduct of Sylvius (upper yjthout any tendency to explore either the center of the field or the cage

black arrow), the posterior part of the aqueduct between the ampulla and the 4thntaining two female mice. Path lengths of KO and WT mice were not

ventricle, and the 4th ventricle itself (lower black arrow) are enlarged in the KO gjgnjficantly different; in the examples shown here, path lengths of 2491 and

mice, which may be a consequence of the hypoplasia of the vermis. 2281 cm were recorded for the KO mouse and the WT littermate, respectively,
in the open field test, and of 1261 and 1513 cm, respectively, in the social
exploration test.

mice (= 15) failed at least at one attempt during the first trial.
From the second trial onward, both WT and KO no longer fell ofheir exploration strategy to the extra stimulus provided by the
However, upon visual inspection, the KO mice clearly displayegentral cage with the female mice. Most of them showed the same
more difficulties in keeping their balance. Apparently, there wastereotype peripheral circling as in the open field test without the
no evidence for gross motor Impalrments Or severe ata.).(la. ) females in the center (F|g 7B), Spending On|y a mean of 3.3
The open field test assesses the behavior of the mice in @ of their path around the cageq0.0001). In the open field
empty 550 cm Plexi cage during 10 min (Fig. 7A). We test and in the social exploration test, the mice walked along the
observed a dramatic difference in walking pattern between thga|| without actually touching it. In both tests, the path length was
two groups. The WT controls & 19) actively explored the cage, not significantly different between the KO and WT group.
frequently crossing the center of the cage, whereas the KO mice
(n= 12) were less inclined tolexplorc.e the center of the field. Moﬁxperiments for memory and cogpnitive function
KO mice, instead, were running in circles (Fig. 7), whereas a few
of them ‘froze’ when put into the open field. The number ofTo test for severe memory deficits, a passive avoidance test was
entries into the center, which we defined as an imaginary circfgerformed using the two-compartment step-through box. During
with 30 cm diameter in the middle of the cage (Fig. 7A), washis test, the mice are put into a small, brightly lit compartment.
significantly lower in KO mice (0.& 0.4) than in the WT group After 5 s, a sliding door to a dark compartment is opened. Upon
(8.4%2.2;P=0.01). entrance into this dark compartment, the mouse receives a weak
The social exploration test is a variant on the open field test witilectric shock. Twenty four hours later, the procedure is repeated.
a small round cage with two clearly visible female mice placed iA mouse with functional memory will remember the electric
the middle of the large Plexi cage (Fig. 7B). Here too, a qualitativehock and will not enter the dark compartment again. The L1 KO
difference in walking pattern was noticed. The WT mice {9)  mice (1 = 5) performed the task as well as the WT mice. None of
walked frequently around the cage containing the two femabhe KO or WT mice re-entered the dark compartment (cut-off =
mice, sniffing and exploring the females and poking their nosé&smin), indicating that avoidance learning is not severely affected.
through the bars. They spent#3% of their path withina 10 cm  Spatial learning was tested in the Morris water maze (MWM)
radius around the cage. In contrast, KO mice11) did notadapt task, in which the mice have to learn to find a hidden platform in
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A fewer entries in the target area (2.6.7) as compared with the
400 control group (7.2 1.1). The swimming speed of KO and WT

W mice was not significantly different during the probe trial,
excluding the possibility that the observed differences are due to
motor incapacity.

As most KO mice exhibited stereotype peripheral circling in the
open field and social exploration tests, we compared the
searching strategies of the mice in the MWM task during the first
acquisition trial and the first trial at day 5. Initially, the paths of
both the KO (6& 4%) and the WT (71 3%) mice were located
mainly in the periphery of the circular maze, arbitrarily defined
as within 25 cm of the pool wall. At day 5, the searching pattern
of the WT mice had changed, and they spent much less time in the
periphery of the pool (38 6% of their path). In the KO mice, on
the contrary, 62t 8% of their path was still localized in the
periphery P < 0.01).

300 4

200 A

ESCAPE LATENCY (s)

100 -

TRIAL BLOCK

DISCUSSION
40
Several biochemical and cell biological studies have highlighted

the vital role of L1 in processes such as axon outgrowth and

neuronal migration during brain development. Mutations in L1 in

EE (I humans result in a combination of X-linked mental retardation
207 and neurologic abnormalities including hydrocephalus, spasticity
and hypoplasia of the corpus callosum (CRASH syndrome).

1 Although the clinical spectrum of L1-associated disease is well

30 -

10 A

TIME IN QUADRANT (% of total)

known, the link between L1 dysfunction and the pathogenesis of
0 oL ARt CRASH syndrome is still unclear. Therefore, two groups recently
KO WT have generated transgenic mice with a knockout in the L1 gene

(20,21), and teidied the mice using mainly histological and
pathological techniques. Here we have characterized further the
mice generated by Cohenhal (21), focusing on brain structure,
behavior and cognitive function.

Figure 8. Acquisition (A) and probe trials (B) of the hidden-platform Morris The general characteristics of both L1 KO mice include

water maze test.A) The escape latency learning curve shows slower il : ;
acquisition rate in KO mice (closed circles) as compared with WT Iittermatesre{juced Vlablhty and reprOdUCtlon’ reduced Welght, sunken and

(open circles). Asterisks indicate the significance of differences between kO/@ctimous eyes, fur abnormalities and long toenails of the
and WT latencies:P < 0.05; *P < 0.01; **P < 0.001. B) Time spentinthe  hind-paws. Abnormalities of the hindlimbs were also noticed,
four quadrants of the pool during the probe trial. The platform used to be locategvhich is probably correlated with the hypoplasia of the cortico-
o sy N o et (U e o o St gPInel 7ac(20). Theselanormalftes migh be ecivalent o the
quadrgnts (light bars) isgindi?:ated by asterisks. The time that the KO spend i pastic parapar_e3|s of the IO\,Ner |II_'an in human pqtlents, th_at also
the NE quadrant is not significantly different from the time they spend in the SNOW hypoplasia of the corticospinal tract (11). It is most likely
adjacent SE quadrant. All data are mea@EM. that a defect in the guidance of corticospinal axons underlies the
corticospinal tract hypoplas{@1), which corrgzonds to thén
vitro data obtained by us and by Dahetel (20) showing that

a circular pool guided by distal visual c{28). In the aguisition  neurite outgrowth is impaired in L1-deficient neurons.

trials, during which the platform is located in a fixed place, we Using MRI, we observed abnormalities of the ventricular
observed that the L1 KO mice £ 10) were capable of learning system and vermis hypoplasia in the KO mice. Recently, a
to find the platform, albeit at a slightly slower learning rate thameuroradiological study on human patients pointed out that
the WT littermates( = 19) @ = 0.005, repeated measureshypoplasia of the vermis is a consistent abnormality in CRASH
ANOVA,; Fig. 8A). However, as the swimming velocity in the KO syndrome (8). In the L1 KO mice, we found a specific size
group was lower than in the WT group € 0.015, repeated reduction of the cerebellar vermis, most notably in the 6th
measures ANOVA), we cannot exclude that the difference icerebellar lobule. The layering of the cerebellar cortex did not
escape latency is, at least partly, due to a difference in swimmisbow cytological abnormalities, which parallels the observations
speed rather than a learning defect. made in human patients (25). The severity of hydrocephalus in

After the final acquisition trial, the platform was removed anchuman patients ranges from marginal widening of the lateral

we performed a probe trial, where we measured the time that thentricles and sometimes the 3rd ventricle, to a massive
mice spent in the quadrant where the platform used to be (targentricular dilatation and macrocephaly, often resulting in pre- or
guadrant). WT controls spent the major part of their time in thiperinatal death (9,26,27) . In the ventricular system of our L1 KO
target quadrant, whereas KO mice did not spend more time in thréce, we found a mild dilatation of the lateral and the 4th
target quadrant than in the adjacent quadrant (Scheffe F-test; Rigntricles, but not of the 3rd ventricle. These observations raise
8B). Moreover, the KO mice also made significanfy=(0.029)  the question of why and how loss of L1 produces hydrocephalus
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of the lateral ventricles in mice. One explanation is based up@tong the walls of the cage, without exploring the inner part of the
our observation that loss of L1 has a clear effect on theage. Even in the social exploration test, where control male mice
L1-mediated neurite outgrowth of cultured neur¢28) and the focus on the cage with the female mice, most KO mice show the
well-known role of L1 in axon pathfinding8). In the absence same stereotype peripheral circling. Stereotype peripheral circling
of L1, neurons that project through the corpus callosum anight have influenced the performance of the KO mice in the
corticospinal tract fail to make proper connections and die, whiddWM task. Since exploration is crucial for the acquisition of this
results in loss of cortical gray and white matter. The dilatation dsk, impaired exploration, as displayed by the KO mice, could
the lateral ventricles could therefore be a form of hydrocephaltiserefore have interfered with acquisition.
ex vacuoA second possibility, supported by the evidence that L1 Spatial learning defects as evidenced by impaired performance
is responsible for axon fasciculation, is that the loss of Llin the MWM previously have been attributed to defective
mediated adhesion between axons in the white matter of théppocampal long-term potentiation (LTR30,31). Hovever,
cortex leads to an increase in brain compliance, which would le&tectrophysiological experiments revealed no LTP abnormalities in
directly to an increase in ventricle size, even with a normdhe KO mice (J.-M. Godfraind, personal communication).
cerebrospinal fluid pressure. Although these two hypotheses ard herefore, and in view of the vermis hypoplasia, it is tempting
amenable to testing, they cannot explain the occurrence of hitth speculate that the cause of the spatial impairment and the
pressure hydrocephalus in some human CRASH patients.  abnormal behavior is related to the cerebellar abnormalities.
A third possibility is that the primary cause of the hydrocephaSeveral authors have proposed that the computational properties of
lus is the altered shape of the aqueduct of Sylvius. This alteréte cerebellum are not only important in motor functions, but are
shape may render the drainage of the cerebrospinal fluid lealso involved learning and other cognitive functions, including a
efficient, leading to the mild ventricular dilatation seen in our Ldistinct role in the processing of spatial information (32-35).
KO mice, and reminiscent of the clinical picture of some mildlyRecent findings by Petrosirit al (36) showed that surgical
affected CRASH patients. Possibly, as the aqueduct is longer thig@moval of hemicerebellum and hemivermis in rats leads to
normal, it may be more vulnerable to obstruction. If the aquedugtriking behavioral changes. In the MWM, rats with cerebellar
indeed becomes stenatic, fluid pressure will build up in the laterkgsions were completely unable to develop useful maze exploration
ventricles and result in gross hydrocephalus, reminiscent of tisrategies, and were constantly circling along the walls of the pool.
situation observed in the L1 KO mice bred in a C57BL/6Jheir circling pattern was very similar to the stereotype peripheral
background20) and in severely affected human patients. Factogrcling we have observed in our KO mice during the open field
such as modifier genes or genetic background may influence tigsts. However, in contrast to the rats with hemicerebellar and
aqueduct stenosis and determine whether the mild ventricula@mivermis lesions, the vermis abnormalities in our L1 KO mice
dilatation, caused by the absence of L1 alone, ends up in massiere located predominantly in the 6th cerebellar lobule. This area
hydrocephalus. of the cerebellum, which is part of the oculomotor vermis, controls

The dilatation of the 4th ventricle probably has a differengaccadic eye and head movem¢8it3, and is thereforesgessary
origin than in the lateral ventricles. The 4th ventricle liedor an adequate exploration of the external world. It may therefore
immediately adjacent to the cerebellar verf§), and the be thatthe KO mice cannot explore their surroundings properly due
dilatation of the 4th ventricle may be a direct consequence of tff@the vermis hypoplasia, and that the stereotype peripheral circling
vermis hypoplasia. Therefore, the dilatation of the 4th ventricli$ & consequence of this. _ .
probably represents hydrocephagsvacupwhere the increase In conclusmn,'the L; KO mice show evidence of abnormal_ltles
in ventricle size is caused by the loss of brain parenchyma, in tiftat are compatible with the clinical symptoms of human patients
case a decrease in the size of the vermis (see also Fig. 6With CRASH syndrome: defects in the corticospinal tract, a
Similarly, the altered shape of the aqueduct of Sylvius may ald@riable degree of hydrocephalus, hypoplasia of the vermis and
be due to the vermis hypoplasia as the vermis also lies in cld&arning def|C|en_c_|es. The mice W|I! allow further c_haracte_rlzatlon
proximity to the aqueduct and the ampulla (Fig. 6B and C). of the abn(_)rmalltles associated with L1 dysfunction, which may

The study of the brain and the ventricular system has beshed new light on the fundamental causes of these abnormalities.
helped greatly by the use of MRI. Although this technique is nodthough the nature of the vermis hypoplasia remains to be
used routinely in clinical medicine, MRI studies on transgeni@vesugate‘j’ it has focus_ed aftention on therole of L1 in cereb_ellar
mice are scarce in spite of some clear advantages over histopaf#pvelopment. The impaired exploration patterns of the KO mice,
logical studies. Pathologic studies are prone to artifacts inducédlich may be due to the vermis hypoplasia, have highlighted the
by dehydration and fixation procedures, which is a major problefPssible role of the cerebellum in the processing of spatial
if, for example, a mild ventricular dilatation in mice is suspected.”format'on- Understanding the cellular mechanisms that contrib-

For instance, in our studies, the calculated surface area of #i€ t0 these defects will be facilitated by this animal model.

vermis on histological sections is >10% smaller than the surface

of the vermis that was calculated using MRI. Also, MRI iSATERIALS AND METHODS

performed upon living animals, and it allows qualitative an

quantitative studies of brain structure or any other organ, whileT-pCR analysis

is fully functioning. Here, it allowed accuratevivoimaging and

volume calculations of the brain and the ventricular system th&br nested RT-PCR, total mRNA was isolated from the brain of

would not have been possible using standard pathologiciday- or 4-week-old mice using the TRIZoReagent (Gibco

techniques, and they revealed subtle abnormalities that were BRL) followed by reverse transcription into total cDNA using the

detected in previous studies. Superscripgfl Preamplification System (Gibco BRL). The nested
The behavior of the KO mice was characterized by stereoty&€l-PCR analysis was performed, using two different primer sets.

peripheral circling. In the open field test, the mice constantly rafihe first nested RT-PCR was performed with primers annealing
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proximal to the site of the neomycin insertion. The outer PCR wamanufacturer’s protocol (Gibco BRL, Gaithersburg, MD). A
performed using primers 2F '{EAATCATTCAGACTA-  culture supernatant of the transiently transfected COS-7 cells was
CATCTGC-3, exon 6) and 5aR & TTCATCCAGCCACTG- used in the present study. The chimeric protein isolated by a
GACAC-3, exon 12). The PCR product was diluted 1/50 and thprotein A—Sepharose column was confirmed to have an expected
inner PCR was performed onul of this diluted product using molecular weight of 250 kDa by silver staining.

primers 1F (5GTGGGCGAAGAGGACGATGG-3 exon 8) ) _

and 2R (5CTTGGCAGTCTAGGCGGGC-3 exon 9). The Culture of dorsal root ganglia (DRG) neurons and neurite growth
second nested RT-PCR was performed with primers annealiggsayKO and WT male mice (3-6 months old) were killed by
distal to the site of the neomycin insertion. The outer PCR w&¥er-anesthesia with Metophane The DRG neurons were
performed using primers 4bF'{8AGATCAAAGTCCAGG- dissected and trimmed to remove spinal nerves and then
CAG-3, exon 18) and 5bR (ETCATATTTGG- Iincubated in 0.25% collagenase A (Boehringer Mannheim,
TGTCAGGC-3, exon 24). The PCR product was diluted 1/50indianapolis, IN) in Dulbecco's modified Eagle’s medium
and the inner PCR was performed qui of this diluted product (DMEM) (Gibco BRL) containing 10% fetal bovine serum (FBS)
using primers 5bF (BCACAGCAAGAGGCATATCC-3, exon for 1.5 h at 37C. After trituration, the DRG neurons were
20) and 4bR (SCAGGGTGGCCAGGCACTC-3 exons incubated in the presence of 0.1 mg/ml DNase (Boehringer

20-21). Primers S1 and S2, amplifying part of the fragile X gen&/annheim), and were again triturated until a single cell
were used as a positive cont{88). suspension was obtained. After centrifugation, the cells were

resuspended in DMEM with 10% FBS and 50 ng/ml nerve
hi hemi fh . growth factor (NGF), and were plated on two-chamber plastic
Immunohistochemistry of the brain slides (Lab-Tek, Naperville, IL) at a density[@000 cells/cri

Brains were obtained from 6-week-old mice (two KO and two WT N€ culture slides had been pre-coated with one of the following
males). Immediately after dissection, brains were snap-frozen firee substrates: laminin (sequentially coated with pdjiine
liquid nitrogen and stored at —8D. Cryostat sections (8n) were and _10“9/ ml laminin), Ll._FC (sequer_1t|ally coated with poly-
cut with a Leica CM3000 and fixed with 3% buffered parafor+-1ySine, 20ug/ml Fe-specific goat anti-human 19G and L1-Fc
maldehyde for 10 min, followed by a methanol step for 20 mirfh'm_era) and control substratg_ (Seq“e”“?"y coated with poly-
Endogenous peroxidases were inhibited by a 30 min incubationiflySine and 20ug/ml Fc-specific goat anti-human 19G). The

phosphate-buffered saline (PBS)—hydrogen peroxide—sodiu%?"s_were fixed at 16 h after plating, and images of the cells were
azide solution. Subsequently, sections were incubated with (@¢t@ined using the Image-1/MetaMorph Imaging System (Uni-

monoclonal antibodies against either L1 or NCAM (BoehringeY€sa! Imaging, West Chester, PA). Neurite length was measured
Mannheim). Antigen—antibody complexes were visualized witi?S the distance between the tip of the longest neurite and the
rabbit anti-rat IgG conjugated with horseradish peroxidase (DakBEMPhery of the cell soma where the neurite emerges. Only the
Denmark), supplemented with 2% normal mouse serum to blogurites that met the requirements described previ(@&jyvere
cross-reactivity with mouse immunoglobulins. Finally, peroxidas&icluded in this study.

activity was visualized by an incubation with buffered-8i@mino-

benzidine-HCl as a substrate. Magnetic resonance imaging (MRI)
MR imagingIn vivo MRI was performed on an MR microscope
Neurite outgrowth of KO neurons (SMIS, Guildford, UK) with a 7T horizontal bore magnet and 8

_ o _ o cm aperture self-shielded gradients with a strength of 0.1 T/m
Generation of L1-Fc chimeric proteifh chimeric molecule (Oxford Instruments). By means of a stereotactical apparatus—
consisting of the Fc region of human IgG and the wholear plugs and a tooth bar—the head of the anesthetized mouse wa:
extracellular domain of human L1 was constructed using thimly fixed and positioned in the center of a 30 mm wide radio
plg-tail expression system (Novagen, Madison, WI). A cDNArequency bird cage coil—used for both transmitting and
encoding the extracellular domain of L1 was obtained by PCReceiving. Sagittal scouting spin echo images were acquired to
from the pBluescript Il KS+ which contains a cDNA encoding theyuide the positioning of the mouse head in the center of the
full-length human L1 in itslindlll-EcoRl site (12). Primers used magnet. To obtain high-resolution coronal slices of the mouse
for the PCR amplification were as follows: a sense primefrain within reasonable experimental time, a 3D Fast Spin Echo
Correspondlng to nucleotides 2901-2918 of the L1 cDNA; and E,g’bquence (39) was used with an echo tramﬂmf four, reducing
antisense primer §CGCGAATTCACTTACCTGTAGGGAG-  the imaging time by a factor of 4. MR signals of a 3D volume of
CCTCACGCGGCCTG-3 The latter primer contains a cDNA 20x20x22 mn? were acquired within a 23628<64 matrix. The
fragment (bp 3320-3339) encoding for the C-terminal end of thghages were taken with a repetition time of 2500 ms and an echo
L1 extracellular domain, which is immediately followed by atime of 35 ms. The central line of the k-space was sampled at the
splice donor sequence and BodRl restriction site. The PCR  first echo. These parameters were chosen to obtain 3D images of
product was digested wiBsiw! (located at bp 3015) arietcRl,  the brain with optimal contrast between the ventricles and the
and ligated into 8siwl-EcaRlI-digested pBluescript containing surrounding brain tissue, within an acceptable time. The MR data
the full-length L1 cDNA. AHindlll-EcaRI fragment of the ere reconstructed to an image matrix obZ&Bx256 containing
resulting plasmid, which contains a cDNA encoding the L156 coronal slices of §m with spatial resolution of #F8 pm?.
extracellular domain followed by a splice donor sequence, was
then ligated into aHindlll-EcoRlI-digested plg vector. The Data processingSurface areas from different sections through
PCR-amplified region and the insert—vector junctions weréhe brain, and volumes from different brain structures, were
confirmed by sequencing. COS-7 cells were transfected with thestimated to find differences between KO and WT mice. All
plg vector using Lipofectamifié reagent according to the image processing was performed on an HP 720 workstation.
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Surface areas were determined on coronal and midsagittal br&ieurologic, behavioral and cognitive function tests
sections. To extract quantitative volume information from a set of

|Sne ngn?gttiglg ?SCH:?%%Z)O\LQZG rﬂggssr’] t?] esggﬁ;t?r':‘ ; t'gS?’BlaIe KO mice and male WT littermates were used. Behavioral
g q Ap 9 } sting began when mice were 3 months old, and finished within

data set. The volumes of total brain and cerebellum we

; . . eeks.
estimated. The cerebellum was delineated as the brain structtr ire suspension and rotarod tests were used to assess basi
dors_al to the aqueduct and Fhe 4th ventncle on a mldsag'ttl"illeuromotor functions of the animals. In the wire suspension test
section. The volumes of the different ventricular structures wer: fip strength, the front paws of the mouse were put on a taut
segmented and determined from the same 3D sets of coronal izontal steell wire (0.6 mm thick), 46 cm above a table top

IMages. MRI pgramgters were cho;en in such a way th"’}t Eﬂﬂy one trial was performed, during which the animal had to
apparent intensity distinction was obtained between the ventrlclﬁang onto the wire with front paws only, and the latency until

and the surrounding tissues which allowed an easysegmentatfgning was recorded up to a maximum of 60 s. Motor

of these structures based on threshold selection. For each data&%rdination and equilibrium were tested on the rotarod appar-

the threshold was derived consistently from the histogram of tl us. Each mouse was placed on a rotating PVC rod (6 r.p.m.) for
total brain-segmented data. Ventricular structures were defing '

. ; , r test trials with an intertrial interval of 10 min. The time on
on coronal MR images, according to the Mouse Brain @&s i1 rod was recorded up to 120 s cut-off.

Their position was defined in terms of antero-posterior dis’[ancecage activity of the mice was assessed using a standard
to the interaural line: (i) lateral 4th ventricles: high i”te”Sityiaboratory mouse cage ({2 cn?) placed between three
structure from IA —3.40 to —1.88 mm as located lateral to the 4{jrared beams (two perpendicular to the long axis and one
ventricle defined at IA —2.00 mm; (i) 4th ventricle: high intensity erpendicular to the short axis), which were connected to a
structure positioned at the midline from IA —3.40 mm to —1.54ap_pyilt microprocessor counter. The mice were placed in the
mm; (iii) dorsal 3rd ventricle: segmentation started caudally as@ge for 2 h, during which beam crossings were counted.
dorsal narrow line or spot with high intensity on the image slice Qpen field behavior was assessed in a brightly lit square arena
that displayed the mammillary recess 3rd ventricle at IA1.10 mM50x50 cn?). Mice always started from the same corner of the
and proceeded to IA 1.50 mm where this structure spread Oflena, and were allowed a 1 min adaptation period. Their path was
more laterally ending as a spot at IA 3.70 mm, alwaysgecorded for 10 min using a computerized video tracking system
well-separated from the 3rd ventricle; (iv) 3rd ventricle: seg¢{San Diego Instruments, CA) to measure dwells and entries of the
mentation started as a ventrally located spot at IA 1.10 mnanimals in different imaginary parts of the field; measures include
proceeded as a vertical line finally ending as a ventral spot at kntries in the four 7 cn? corner squares, entries in the circle
4.18 mm; and (v) lateral ventricles were only partly segmente@iameter 35 cm) and time spent in the center versus the periphery
from IA 3.10 to 4.98 mm, as segmentation of the ventro-later@f the field. Both cage and open field activity were assessed in
part of the ventricles was very difficult. The surface area of thenice on reversed dark-light cycle during their dark phase.
anterior part of the aqueduct of Sylvius was calculated on serialSocial exploration was assessed using the open field set-up with
coronal sections from the 3rd ventricle to the ampulla of tha 15 cm round cage in the middle of the arena. Two female Swiss
aqueduct. The posterior part of the aqueduct, from the ampulladthino mice were put in the cage, and the test mouse was
the 4th ventricle, could not be visualized. Values are indicated agroduced in the arena for a 10 min recording of movements.
meanst SEM, and statistical analyses were performed with &ovements of the test animal were recorded using the video
two-tailed Student's-test, unless otherwise stated. tracking system; the main exploration measures were entries and
path length in the imaginary 10 cm annulus around the cage. A
few of the animals in both groups froze upon introduction into the
open field and social exploration arenas, and hardly moved at all;
Histology of the vermis such animals were not excluded from the analysis which added
to the relatively large variance in recorded parameters.
Passive avoidance learning was tested in a two-compartment
To investigate the surface areas of different brain regions Etep-through box. Animals were putin a smatg(sn?) brightly
sections, five adult L1 KO mice and five adult WT littermatesit compartment. After 5 s, the sliding door was opened leading
were anaesthetized with a mixture of ketamine (50 mg/ml) an@ the large (2830 cn?) dark compartment. Upon entrance into
xylazine (2.8 mg/ml) in sodium chloride (3.6 mg/ml); andthe dark compartment, the door was closed and animals received
perfused transcardially with standard paraformaldehyde—glutagslight electric foot shock (0.3 mA, 1 s). Twenty four hours later,
aldehyde fixative¢40). The brains of the animals were removedthe experiment was repeated, and the time the animals stayed in
cryoprotected in sucrose, embedded in gelatin and cut sagitally @ie small compartment was measured up to 300 s.
a cryotome in 4Qum sections. Subsequently, all sections were A Morris-type water maze task was employed to compare
mounted on glass slides, counterstained with cresyl violet argatial learning abilities between knockouts and controls, as
coverslipped. The surface areas of the vermis of the cerebefieeviously describe(B8). Eght acquisition trial blocks (consist-
(midsagittal plane) and the cerebral cortices (parasagittal planeg of four trials randomly starting from one of four positions)
1 mm from the midline) were measured with the use of awere followed by a final 100 s probe trial. The maze used
automated Neurolucida System (MicroBrightField). Of each areeonsisted of a circular gray plastic pool (diameter 150 cm, height
of each animal, four sections were investigated, and the valug8 cm) filled with opacified water and maintained atQ6A
were averaged per animal. round Perspex platform (diameter 15 cm) was placed inside the
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pool at the center of the north-east (NE) quadrant. The platform-
was placed 1 cm below the water surface. Animals performed one
trial block daily consisting of four swimming trials randomly
starting from one of the four positions (N, E, S, W) with 15 min g
between separate trials. If the animals could not find the platform
within the maximum swimming time of 120 s, they were placed
on the platform, and had to stay there for 15 s before removaF:
Between trials, animals were put under an infrared lamp to avoid
hypothermia. Eight acquisition trial blocks were followed by a 7.
probe trial during which mice had to swim for 100 s in the pool
without a platform. During acquisition and probe trials, the 8.
movements of the animals in the pool were tracked using a
computerized video-tracking system (San Diego Instruments)

Scholey, A.B., Mileusnic, R., Schachner, M. and Rose, S.P.R. (1995) A role
for a chicken homolog of the neural cell adhesion molecule L1 in
consolidation of memory for a passive avoidance task in the tleiakning
Motiv,, 2, 17-25.

Lindner, J., Rathjen, F.G. and Schachner, M. (1983) L1 mono- and polyclonal
antibodies modify cell migration in early postnatal mouse cerebellum.
Nature 305 427-430.

Rathjen, F.G. and Schachner, M. (1984) Immunocytological and biochemical
characterization of a new neuronal cell surface component (L1 antigen)
which is involved in cell adhesioBEMBO J, 3, 1-10.

Willems, P.J., Brouwer, O.F., Dijkstra, I. and Wilmink, J. (1987) X-linked
hydrocephalusAm. J. Med. GengR7, 921-928.

Yamasaki, M., Arita, N., Hiraga, S., lzumoto, S., Morimoto, K., Nakatani, S.,
Fujitani, K., Sato, N. and Hayakawa, T. (1995) A clinical and neuroradiologi-
cal study of X-linked hydrocephalus in JapanNeurosurg 83, 50-55.
Schrander-Stumpel, C., Héweler, C., Jones, M., Sommer, A., Stevens, C.,

This system was also used to analyze the searching strategy of therinschert, S., Israel, J. and Fryns, J.P. (1995) Spectrum of X-linked

mice, during which the percentage of the path of the mice within
the outer section of the circular MWM (the area within 25 cm of
the wall) was calculated on the first trial of the first day, and on
the first trial of the fifth day of the acquisition. All values are
meanst SEM, and all statistical analyses are performed with a

two-tailed Student'$-test, unless otherwise stated.
11.

Animal handling and dissection 12.
Animals were maintained in our animal facility at a 12 h
light—dark cycle, at a constant temperature and humidity. Fo
and water were supplieatl libitum The animals were treated 1,4
according to the guidelines of the ethical committee of the

University of Antwerp which approved the study protocol.
15.
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