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Abstract

The cell adhesion molecule, CHL1, like its close homologue L1, is important for normal brain development and function. In this study,
we analysed the functional role of CHL1 in synaptic transmission in the CA1 region of the hippocampus using juvenile CHL1-deficient
(CHL1—/-) and wild-type (CHL1+/+) mice. Inhibitory postsynaptic currents evoked in pyramidal cells by minimal stimulation of
perisomatically projecting interneurons were increased in CHL1—/— mice compared with wild-type littermates. Also, long-term
potentiation (LTP) at CA3—CA1 excitatory synapses was reduced under physiological conditions in CHL1-/— mice. This abnormality
was abolished by application of a GABAA receptor antagonist, suggesting that enhanced inhibition is the cause of LTP impairment.
Quantitative ultrastructural and immunohistochemical analyses revealed aberrations possibly related to the abnormally high inhibition
observed in CHL1-/— mice. The length and linear density of active zones in symmetric synapses on pyramidal cell bodies, as well as
number of perisomatic puncta containing inhibitory axonal markers were increased. Density and total number of parvalbumin-positive
interneurons was also abnormally high. These observations and the finding that CA1 interneurons express CHL1 protein indicate that
CHL1 is important for regulation of inhibitory synaptic transmission and interneuron populations in the postnatal brain. The observed
enhancement of inhibitory transmission in CHL1—/— mice is in contrast to the previous finding of reduced inhibition in L1 deficient

mice and indicates different functions of these two closely related molecules.

Introduction

The cell recognition molecule, CHL1, close homologue of L1, is
expressed in the nervous system and, as shown in mice, its expression
is developmentally regulated (Holm et al., 1996; Hillenbrand et al.,
1999). CHL1 expression is detectable early during embryonic
development (day 13), reaches peak levels around birth and declines
to lower levels in the adult mouse brain. CHL1 is not only widely
expressed in neurons, similar to L1, but also in astrocytes and
oligodendrocyte precursor cells. After injury of the central and
peripheral nervous system, expression of CHLI1 is up-regulated in
neuronal and glial cells (Chaisuksunt ez al., 2000a, b; Zhang et al.,
2000; Rolf et al., 2003). In vitro, CHL1 promotes neurite outgrowth of
hippocampal and cerebellar neurons (Hillenbrand et al., 1999).
Studies on CHLI1-deficient (CHL1-/—) mice have shown the
importance of this glycoprotein for neurodevelopment (Montag-Sallaz
et al., 2002). CHLI1 deficiency causes alterations in the hippocampal
mossy fibre and olfactory axon projections. Behavioural analyses have
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indicated that CHL1—/— mice react differently to novel stimuli. CHL1
is also important for cortical development (Demyanenko et al., 2004).
In CHL1-deficient mice, the pyramidal neurons in layer V of the visual
cortex are deeply displaced and have inverted polarity, while neurons
in the somatosensory cortex have improperly orientated apical
dendrites.

The CHLI gene in humans maps to chromosome region 3p26.1,
which has been associated with intelligence and cognition. Identifi-
cation of a patient with nonspecific mental retardation and a mutation
in the CHLI gene has provided direct evidence for the linkage of the
CHL]1 locus to mental functions (Frints et al., 2003). Linkage analyses
have suggested that CHL1 may be one of the susceptibility factors for
schizophrenia (Sakurai et al., 2002; Lewis et al., 2003; Chen et al.,
2005). Similar to schizophrenia patients, CHL1—/— mice are impaired
in prepulse inhibition (Irintchev et al., 2004), a measure for the ability
of the central nervous system to gate the flow of sensory information
(Van den Buuse et al., 2003).

L1 has been, like CHLI1, linked to mental retardation (Kenwrick
et al., 2000) and schizophrenia (Kurumaji et al., 2001) and prepulse
inhibition in L1-deficient mice is reduced (Irintchev et al., 2004).
Deficiencies in both genes lead to malformations of the hippocampus
(Demyanenko et al., 1999; Montag-Sallaz et al., 2002). In a previous
study we found that perisomatic inhibitory synaptic transmission is
reduced in the CA1 region of L1 null mice (Saghatelyan et al., 2004).
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This abnormality is noteworthy in light of consistent findings of
reduced numbers of GABAergic cells and lower expression levels of
inhibitory cell markers in major psychiatric diseases (Lewis et al.,
2005; Torrey et al., 2005). Because of the high homology of CHLI to
L1 and expression of CHL1 in hippocampal interneurons (Hillenbrand
et al., 1999), we investigated the role of CHL1 in inhibitory synaptic
transmission in the hippocampus. The physiological and morpholo-
gical data obtained in this study indicate that synaptic inhibition is
abnormally enhanced in the CA1 region of CHL1-deficient mice.

Materials and methods
Animals

For analysis of electrophysiological parameters, age-matched 2—4-
week-old CHL1—/— mice on a C57BL/6J genetic background of both
sexes were used (Montag-Sallaz et al., 2002). For immunohistochem-
istry and electron microscopic analysis, 4- and 3-week-old mice were
used, respectively. Sex- and age-matched wild-type littermates
(CHL1+/+) served as controls. All experiments were conducted in
accordance with the German and European Community laws on
protection of experimental animals and the procedures used were
approved by the local authorities of the City of Hamburg.

Slice preparation for electrophysiological recordings

Transverse slices of the hippocampus (350-um thick) were used for
patch-clamp and field excitatory postsynaptic potential (fEPSP)
recordings. After halothane anaesthesia and decapitation of the
animals, the brains were dissected and cut on a Leica VT 1000M
vibratome (Leica, Nussloch, Germany) in ice-cold artificial cerebro-
spinal fluid (ACSF) containing (in mM): 250 sucrose, 25 NaHCOs,
25 glucose, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl, (pH 7.3,
adjusted with NaOH). The slices were kept at room temperature in
Carbogen (95% 0O,, 5% CO;)-aerated ACSF, containing 125 mMm
NaCl instead of 250 mM sucrose, for at least two hours before the start
of recordings.

Patch-clamp recordings in hippocampal slices

Submerged slices were continuously superfused in a recording
chamber with Carbogen-acrated ACSF (2-3 mL/min) at room
temperature. All measurements were performed blindly with respect
to genotypes. Cells in the CA1 region were visualized using infrared
microscopy (BXS50WI, Olympus Optical Co., Hamburg, Germany)
and the patch-clamp technique was used for whole-cell recordings of
synaptic currents from pyramidal cells at a holding potential of
—60 mV (Saghatelyan et al., 2001, 2004). To record inhibitory
postsynaptic currents (IPSCs), the intracellular CI” concentration was
elevated (60 mM KCI, 85 mM K-gluconate), thus increasing the
driving force of GABA, receptor-mediated CI™ currents. To evoke
perisomatic IPSCs, the stimulating glass electrode with a resistance of
2 MQ was placed in the stratum pyramidale and 0.2-ms-long pulses
were delivered using a stimulus isolator (WPI, Sarasota, USA).
Miniature and evoked IPSCs were isolated by application of
antagonists of AMPA and NMDA receptors, CNQX (25 puMm) and
AP-5 (50 uM, Tocris, Bristol, UK), respectively. The Na'-channel
blocker TTX (1 uM, Roth, Karlsruhe, Germany) was additionally
included in the extracellular solution to record miniature IPSCs. These
were detected using the template method implemented in the
AxoGraph 4.0 software (Axon Instruments, Foster City, CA, USA),

as events with signal-to-noise ratio greater than three. Whole-cell
voltage clamp recordings were performed using an EPC-9 amplifier
(Heka Electronik, Lambrecht/Pfalz, Germany) and patch clamp
pipettes with a resistance of 2.5-3.5 MQ. Serial resistance in whole-
cell configuration was approximately 15 MQ.

Analysis of unitary and composite pIPSCs

Putative unitary perisomatic inhibitory postsynaptic currents (pIPSCs)
were recorded in response to minimal stimulation, as previously
described (Stevens & Wang, 1994; Saghatelyan et al., 2001, 2004). To
set the minimal stimulus intensity, presumably activating a single
presynaptic neuron, the stimulus—response curves were determined
and only pIPSCs within a clearly defined first plateau were selected for
the analysis. To investigate use-dependent modulation of synaptic
efficacy, paired-pulse stimulation or ten stimuli with intervals of 10,
20, 50, 100 and 200 ms were applied 10-20 times. The trains were
followed by a single pulse applied 200 ms after the last stimulus to
monitor recovery of IPSCs. To avoid effects of presynaptic GABAg
receptors, the GABAp receptor antagonist CGP54626 (200 nMm;
Biotrend, Cologne, Germany) was bath applied during these experi-
ments. The amplitudes of IPSCs were measured using an average of
10-30 sweeps.

Recordings of LTP

Field EPSPs (fEPSPs) were recorded by glass pipettes filled with
ASCEF and having a resistance of 2-3 M£. Stimulation was applied by
unipolar stimulating glass electrodes with a broken tip and resistance
less then 1 MQ. Basal synaptic transmission was monitored at
0.033 Hz. Responses were amplified and filtered at 1 kHz using
CyberAmp 320 (Axon Instruments). Data acquisition and analysis
was performed using the Pulse program (Heka Electronik). Amplitude
of responses was measured as a function of stimulation intensity that
was stepwise increased by 10 or 20 pA until population spike was
elicited. Paired-pulse facilitation (PPF) was defined as A2/A1 x 100,
where Al and A2 are the amplitudes of the fEPSPs evoked by the first
and second pulse, respectively. Long-term potentiation (LTP) was
induced by five theta-burst stimulations delivered every 20 s. Each
theta-burst stimulation consisted of ten bursts delivered at 5 Hz. Each
burst was composed of four stimuli delivered at 100 Hz; the duration
of pulses was 0.2 ms. Amplitudes of three consecutive fEPSPs were
averaged and these mean values were used to compute profiles of LTP.
The mean amplitude of fEPSPs recorded 0—10 min before TBS was
set to 100%. The values of short-term potentiation were calculated as
maximal potentiation during the first minute after LTP induction. LTP
levels were calculated as the increase in the mean amplitudes of
fEPSPs measured 50—60 min after induction of LTP.

Tissue processing for electron microscopic analysis

Five CHL1-/- and five CHL1+/+ mice were anaesthetized with
Narcoren® (Merial, Hallbermoos, Germany, 5 pL/g body weight,
i.p.) and perfused transcardially with a mixture of 4% formaldehyde
and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). After
perfusion, the brains were dissected and postfixed overnight at 4 °C in
4% formaldehyde and 5% glutaraldehyde in the same buffer. On the
next day, the specimens were embedded in agar and 100-pum-thick
transverse slices were cut on a vibratome. The sections were postfixed
for 1.5 h in 1% OsOy4 in 0.1 M cacodylate buffer, dehydrated and flat
embedded in Epon. Before sectioning, the slices were fixed onto Epon
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blocks by instant cyanocrylate glue Roti®-Colll (Carl Roth, Karls-
ruhe, Germany).

Coverage of pyramidal cell bodies by active zones
of symmetric synapses

An estimate of surface ratio was used to stereologically quantify the
length of apposition between CAl pyramidal cell bodies and active
zones of symmetric synapses in tissue sections. Semi-thin sections
were used to locate the CA1 pyramidal cell layer. The slice was then
detached from the Epon block, given a random rotation in the
horizontal plane and re-glued onto the Epon block to ensure sectioning
perpendicular to the horizontal plane of the slice. Semi-thin sections
were cut once again to check the location of the pyramidal cell layer. A
pyramid was then trimmed, and 70-nm-thick ultrathin random sections
were prepared with a diamond knife. Sections were collected on
300 mesh copper grids, counterstained with uranyl acetate and lead
citrate and observed on a Zeiss EM902A transmission electron
microscope (Zeiss, Oberkochen, Germany).

At least ten electron micrographs of the CA1 pyramidal cell layer
were taken per mouse at a magnification of X7000. The negatives
were digitized using a flatbed scanner at 600 dots per inch (dpi) and
256 grey levels, and digitally inverted. The surface ratio was
calculated according to Howard & Reed (1998) as the ratio of the
surface densities of the active zone and perisomatic plasma membrane
profiles and expressed as a percentage. Active zones of symmetric
synapses (Gray’s type one) were identified by the presence of a
postsynaptic density that was equal to the density of the presynaptic
side (Peters et al., 1991). Ten images of the CA1 pyramidal cell layer
per animal were sampled with a test grid. Linear density of
perisomatic active zones was estimated as the number of active zone
profiles per unit length of the pyramidal cell body profile. Fifteen
measurements were made per animal and thus 75 measurements per
animal group.

Size of active zones and number and spatial arrangement of
synaptic vesicle profiles in perisomatic symmetric synapses

The length of the synaptic density profile was used as a measure of the
active zone size of perisomatic synapses in the CAl pyramidal cell
layer. Measurements were performed using the UTHSCSA ImageTool
program 2.0 (University of Texas, San Antonio, TX, USA; ftp:/
maxrad6.uthscsa.edu), and digital electron micrographs of the CAl
pyramidal cell layer were taken at a magnification of x30 000 and
captured with a MegaView II (Soft Imaging System GmbH, Munster,
Germany) digital camera attached to the Zeiss EM902A microscope.
At least ten synaptic profiles were analysed per mouse. The x-, y-
coordinates of vesicle profile centres were registered using digital
images and the UTHSCSA ImageTool program. Coordinate samples
were analysed with the first nearest neighbour distance (NND)
algorithm using original software written in Delphi (version 5,
Borland Software Corp., Scotts Valley, CA, USA) by Alexander
G. Nikonenko. In our sampling scheme, spatial arrangement of
synaptic vesicles was analysed in ten presynaptic boutons per animal
(50 terminals per animal group). In addition, the measurements of the
distance between the centre of a vesicle profile and the nearest point
tracing the active zone profile were performed using the original
LoClust software written in Delphi by Alexander G. Nikonenko.
Synaptic vesicle numbers were counted for the whole presynaptic
terminal and per vesicle pool located within 100 nm of the active zone
of a synapse. Measurements were performed in ten presynaptic
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terminals per animal (50 terminals per animal group). All ultrastruc-
tural analyses were performed in a blind fashion.

Immunohistochemistry and in situ hybridization

Tissue preparation and immunohistochemical stainings were per-
formed as described previously (Irintchev et al., 2005). Four-week-old
mice were anaesthetized with Narcoren® and transcardially perfused
with physiologic saline for 60 s followed by fixative [4% formalde-
hyde and 0.1% CaCl, in 0.1 M cacodylate buffer, pH 7.3, 15 min at
room temperature (RT)]. Brains were postfixed overnight (18-22 h) at
4 °C in the fixative solution supplemented with 15% sucrose, followed
by immersion in 15% sucrose solution in 0.1 M cacodylate buffer,
pH 7.3, for an additional day at 4 °C. The tissue was frozen for 2 min
in 2-methyl-butane (isopentane) precooled to —30 °C in the cryostat.
Serial coronal sections of 25-um thickness were obtained from the
whole brain on a cryostat (Leica CM3050). Sections were collected on
SuperFrost®Plus glass slides (Roth, Karlsruhe, Germany) so that four
sections 250 pum apart were present on each slide.

The following commercially available antibodies were used at
optimal dilutions: anti-mouse CHL1 (goat polyclonal antibody, R & D
Systems, Wiesbaden, Germany, 1 : 200), anti-parvalbumin (mouse
monoclonal antibody, clone PARV-19, Sigma, Taufkirchen, Germany,
1 : 1000) and anti-vesicular GABA transporter (VGAT, rabbit poly-
clonal antibody, Synaptic Systems, Gottingen, Germany, 1 : 1000).
Prior to the staining, antigen de-masking using 0.01 M sodium citrate
solution (pH 9.0) was carried out in a water bath (80 °C, 30 min; Jiao
et al., 1999). Blocking of nonspecific binding sites was performed for
1 h at RT using phosphate-buffered saline (PBS, pH 7.3) containing
0.2% Triton X-100, 0.02% sodium azide and 5% normal serum from
the species in which the secondary antibody was produced. Incubation
with the primary antibody, diluted in PBS containing 0.5% lambda-
carrageenan and 0.02% sodium azide, was carried out at 4 °C for
3 days. After washing in PBS (3 x 15 min at RT), the appropriate
secondary antibody conjugated with Cy3 (Jackson ImmunoResearch
Laboratories, Dianova, Hamburg, Germany) diluted 1 : 200 in PBS-
carrageenan solution was applied for 2 h at RT. Finally, the sections
were washed, incubated for 10 min at RT with bis-benzimide solution
(Hoechst 33258 dye, 5 pg/mL in PBS, Sigma) to stain cell nuclei and
mounted under coverslips with anti-fading medium (Fluoromount G,
Southern Biotechnology Associates, Biozol, Eching, Germany).

To visualize perineuronal nets, Wisteria floribunda agglutinin
(WFA) staining was performed according to the immunohistochemical
protocol described above using biotin-conjugated WFA (Sigma,
1 : 500) and Cy2-streptavidin (1 : 200 in PBS, Jackson ImmunoRe-
search). For double labelling, biotinylated WFA and antibody against
CHL1 or parvalbumin (PV) were mixed at optimal dilutions.
Visualization was made with streptavidin-Alexa Fluor® 488 (Molecu-
lar Probes, Leiden, The Netherlands) and anti-goat or anti-mouse IgG—
Cy3. Double immunostaining for PV and VGAT was performed by
mixing the primary antibodies at optimal dilutions and using a Cy3-
conjugated anti-mouse and a Cy2-labelled anti-rabbit secondary
antibody preabsorbed with rabbit and mouse serum proteins, respect-
ively (multiple-labelling grade antibodies, Jackson ImmunoResearch).
For a given antigen, all sections were stained in the same solution kept
in screw-capped staining plastic jars (capacity 35 mL, ten slides,
Roth). Specificity of staining was tested by omitting the first antibody
or replacing it by variable concentrations of normal serum or IgG. For
the CHL1 antibody, specificity was also controlled by staining tissue
sections from CHL1 deficient mice (Fig. 6B; see also Supplementary
material Fig. S1, A and B).
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Digoxigenin-labelled antisense cRNA probe corresponding to the
extracellular domain of CHL1 was prepared as described previously
(Holm et al., 1996). A sense probe was transcribed from a similar
construct with inserts in the opposite direction. The cRNA probes
were generated using T7 RNA polymerase followed by alkaline
treatment to obtain an average fragment length of 250 nucleotides.
In situ hybridization was performed as described (Bartsch et al., 1992;
Déorries et al., 1993) using 70-pum-thick vibratome sections from
formaldehyde-fixed (see above) brains of wild-type mice of different
ages (1 week to 1 year, n = 14).

Light-microscopic analysis of perisomatic puncta
and pyramidal cell size

Estimation of perisomatic puncta and area of pyramidal cell bodies
was performed as previously described (Irintchev ef al., 2005). Stacks
of images of 1-pm thickness were obtained from sections double-
stained for PV and VGAT on a LSM 510 confocal microscope (Zeiss)
using 63x oil immersion objective and 1024 x 1024 pixel digital
resolution. One merged image (red and green channel) per cell at the
level of the largest cell body cross-sectional area was used to measure
soma perimeter and area and to count individually discernible
perisomatic puncta (Fig. 6A). Numbers of PV" VGAT" and PV~
VGAT" puncta (see Results for further details) were normalized to the
perimeter of the cell profile. These measurements were performed
using the ImageTool software.

Quantitative analysis of parvalbumin-positive interneurons
and pyramidal neurons

Numerical densities were estimated using the optical disector method
(Gundersen, 1986) as previously described (Irintchev et al., 2005).
Counting was performed on an Axioskop microscope (Zeiss) equipped
with a motorized stage and Neurolucida software-controlled computer
system (MicroBrightField Europe, Magdeburg, Germany). Serial
sections spaced 250 pm apart from the dorsal hippocampus were used
for the quantifications. Bregma —2.18 mm was defined as the border
between the dorsal and ventral hippocampus, a point after which, in the
rostro-caudal direction, the CA3 region rapidly gains a tangential
orientation with respect to the plane of sectioning (Franklin & Paxinos,
1997). The volume of the whole CA1 region and of its pyramidal layer
was estimated using the Cavalieri method. The borders of the CAl
region were defined by the nuclear staining pattern (Plan-Neofluar®
10x/0.3 objective) according to criteria described by Long et al.
(1998). The numerical density of parvalbumin-positive (PV") cells was
estimated by counting nuclei of immunolabelled cells within system-
atically randomly spaced optical disectors throughout the whole CA1
area. The parameters for this analysis were: guard space depth 2 um,
base and height of the disector 3600 um?® and 10 pm, respectively,
distance between the optical disectors 60 pm, objective 40x Plan-
Neofluar® 40x/0.75. The same parameters were used for the counting
of nuclei in the pyramidal layer except for the base of the disector,
which was 625 pm? and the space between disectors (25 pm). Nuclei
of glial cells in the pyramidal layer were easily recognized and were not
counted. Left and right hippocampal areas were evaluated in four
sections each. All results shown are averaged bilateral values. The
counts were performed on coded preparations by one observer.

Statistical analysis

All numerical data are presented as group mean values with standard
errors of the mean (SEM). Group mean values were calculated from

individual mean values so that the degrees of freedom were
determined by the number of sampling units (animal, tissue, slice).
Parametric tests (stest, one- and two-way analysis of variance,
ANOVA) were used to compare group mean values. The data used for
such analyses conformed to the requirement for normal distribution
(‘normality” test, SigmaStat 2.0, SPSS, Chicago, IL, USA). Distribu-
tions were analysed with the nonparametric two-tailed Kolmogorov—
Smirnov test. The threshold value for acceptance of differences
was 5%.

Results

Basal synaptic transmission and use-dependent modulation
of perisomatic inhibitory currents

Perisomatic inhibitory transmission was studied by recording of
putative unitary pIPSCs in response to minimal stimulation of inter-
neurons. The recordings were performed in the presence of
antagonists of glutamate receptors, CNQX and AP-5, in order to
block EPSCs. For analysis, only pIPSCs within a defined first-level
plateau of responses to stimuli of varying intensities were selected
(Fig. 1A) (Stevens & Wang, 1994; Saghatelyan et al., 2001, 2004).
The pIPSCs had short and stable latencies, which were similar for
both genotypes (1.9 £ 0.18 ms and 2.0 £+ 0.13 ms for CHL1+/+ and
CHL1-/— mice, respectively, n = 12 per genotype, P > 0.05, two-
sided #-test for independent samples). The analysed pIPSCs lacked
visible deflections during the rising phase, as one would expect for
unitary currents evoked by stimulation of a single interneuron. The
pIPSCs in both genotypes had similar shapes (Fig. 1B) with a half-
width of 45+28 ms vs. 50 £3.5 ms and a short rise-time of
1.8 £0.19 ms vs. 1.8 +£ 0.09 ms in CHL1+/+ and CHL1-/— mice,
respectively (P > 0.05, t-tests). Such short rise-times are character-
istic of perisomatic inhibitory currents and allows them to be
distinguished from dendritic currents (Banks et al., 1998; Saghatel-
yan et al., 2000). In contrast to the similarity in latency and shape,
the mean amplitude of pIPSCs was largely increased (+53%) in
CHL1-deficient mice compared with wild-type littermates (Fig. 1C;
138 £ 18 pA vs. 90 = 10 pA; P <0.01, rtest). The stimulation
currents required to elicit the pIPSCs were similar for both genotypes
(Fig. 1C).

As increase in pIPSCs can result from larger quantal size of
postsynaptic responses produced by a single vesicle release, we
analysed amplitudes of miniature IPSCs (mIPSCs), which provide a
direct measure of the quantal size (Fig. 2A). The frequency
distributions of mIPSC amplitudes were similar in CHL1+/+ and
CHL1-/- mice (Fig. 2B; P > 0.05, Kolmogorov—Smirnov test). No
difference between the genotypes was also found for mean amplitudes
of the mIPSCs (Fig. 2C; P > 0.05, #-test). Normal quantal size and
increased mean amplitude of unitary pIPSCs in CHL1-/— mice
indicate that the quantal content, i.e. number of quanta released in
response to an action potential invading the perisomatic terminal, is
increased in the mutant animals. In contrast to the increased evoked
IPSCs, the frequency of the mIPSCs, reflecting the spontaneous
release probability, in CHL1-/— mice was similar to that in CHL1+/+
littermates (Fig. 2D; P > 0.05, #-test).

To analyse use-dependent modulation of perisomatic inhibitory
transmission, we recorded pIPSCs in response to paired-pulse and
short tetanic stimulations (Fig. 3A and C). The interstimulus interval
(ISI) varied between 10 ms and 200 ms. Paired-pulse stimulation with
10 and 20 ms intervals produced a depression down to 30-60% in
both genotypes (Fig. 3B). The depression was even stronger (to 20%)
during tetanic stimulation with these intervals (Fig. 3D), presumably
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FI1G. 1. Analysis of minimal pIPSCs. (A) Stimulus—response plots for
CHL1+/+ and CHL1-/— mice. (B) Minimal pIPSCs obtained by averaging
of 30 consecutive sweeps recorded in single pyramidal neurons in CHL1+/+
and CHL1-/— mice. IPSCs were evoked by an electrode placed close to the
recorded cell in the stratum pyramidale of CAl and were isolated by
perfusion of slices with 25 pM CNQX and 50 pm AP-5. (C) Mean ampli-
tudes of unitary pIPSCs and stimulation intensity (+ SEM) used to elicit
these IPSCs in CHL1+/+ and CHL1-/— mice. *P < 0.05, t-test, comparing
group mean values. Numbers of analysed cells (#) and animals (V) are
indicated.

due to higher depletion of vesicles after ten pulses as compared with
two pulses. At 50, 100, and 200 ms ISIs, paired-pulse depression was
only to approximately 80% of the baseline level and tetanic depression
was down to 50% in both genotypes (Fig. 3A-D). IPSCs recorded
200 ms after the tetanus showed recovery to approximately 50-60%
level at all ISIs and in both genotypes (Fig. 3E). The recorded profiles
of depression in CHL1-/— mice very much resembled those
previously reported for wild-type mice (Saghatelyan et al., 2004). In
CHL1+/+ mice, two cells showed paired-pulse facilitation at short
ISIs, unlike other cells. Therefore, the mean values of paired-pulse
modulation at 10 and 20 ms had a tendency to be higher in CHL1+/+
than in CHL1+/+ mice. Independently of whether these two cells
were taken for the statistical evaluation or not, two-way variance
analysis (ANOVA for independent factor genotype and repeated
measure ISI) of paired-pulse modulation in CHLI-/- and
CHL1+/+ mice revealed no significant effects of genotype and no
interaction between genotype and ISI (P > 0.1; Fig. 3B). Also for
tetanic and post-tetanic depression, there was no detectable effects of
genotype and no interaction between genotype and ISI (P > 0.1;
Fig. 3D and E). Application of the #-test with Bonferroni correction
for multiple comparisons also did not reveal any significant
difference between genotypes for any tested ISI. In summary, no
significant abnormalities in activity-dependent modulation was found
in CHL1-/— mice.
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FI1G. 2. Analysis of mIPSCs. (A) Examples of mIPSCs isolated in CHL1-/—
and CHL1+/+ mice by perfusion with 1 pm TTX, 25 uM CNQX and 50 pm
AP-5. (B) Cumulative distributions of mIPSC amplitude in CHL1-/— and
CHLI1+/+ mice. The number of measured amplitudes is indicated by m. No
difference between the two distributions was detected by the Kolmogorov—
Smirnov test (P > 0.05). (C and D) Mean amplitudes (C) and frequencies
(D) + SEM of mIPSCs recorded in cells from CHL1-/— and CHL1+/+ mice.
Numbers of analysed cells (#) and animals (V) are indicated.

LTP in CA3-CAT1 synapses

As GABAergic transmission appeared to be increased in CHL1-/—
mice, we hypothesized that this abnormality may result in a reduction
of LTP. To verify this hypothesis, we stimulated axons of CA3 neurons
and recorded field excitatory postsynaptic potentials (fEPSPs) in the
stratum radiatum of the CAl region. As shown in Fig. 4A, no
difference was found in stimulus-response curves, i.e. in the
relationships between amplitude of fEPSPs and intensity of stimula-
tion, between CHL1+/+ and CHL1—/— mice. Comparison of paired-
pulse facilitation with 10, 20, 50, 100 and 200 ms ISIs using two-way
ANOVA also did not reveal abnormalities in CHL1—/— mice compared
with CHL1+/+ littermates (Fig. 4B). However, short-term potentia-
tion and LTP evoked by five trains of theta-burst stimulation (TBS)
were significantly reduced in CHL1—/— as compared with CHL1+/+
mice (144 £ 4.2% vs. 178 £ 9.1% and 124 £ 3.1% vs. 148 £ 4.5% in
CHL1-/-and CHL1+/+ mice, respectively, P < 0.01, ¢-test; Fig. 4C).
To verify whether the LTP deficit in CHL1-/— mice was due to
increased GABAergic inhibition, we studied LTP after blocking of the
GABA, receptors with picrotoxin. Short-term potentiation and LTP
recorded in the presence of picrotoxin were similar in CHL 1—/— mice
and CHLI+/+ littermates (203 =17% vs. 171 +84% and
152 £3.1% vs. 162+ 11% in CHL1-/- and CHLI+/+ mice,
respectively, P > 0.05, t-test). Therefore, the LTP deficit in CA3—
CA1 synapses of CHL1-deficient mice can be attributed to enhanced
GABAergic transmission.
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Ultrastructural analysis of perisomatic synapses

Qualitatively, no differences were noticed in the fine structure of
symmetric, putative inhibitory, perisomatic synapses on principal
neurons in the CAl region of CHL1-deficient mice and wild-type
littermates. Figure 5A shows an example of a symmetric synapse in a
CHL1-/— mouse in which no apparent abnormalities can be detected.
Quantitative analyses revealed, however, large differences between the
genotypes in the synaptic coverage of the pyramidal cell bodies. The
frequency of synaptic contacts on the surface of the perikarya, as
estimated by linear density of active zones (number per unit cell
membrane length) and surface ratio of active zones (percentage of cell
body surface covered by active zones), was by 46% and 52% higher,
respectively, in the mutant mice compared with wild-type animals
(Fig. 5B, ‘Density’ and ‘Surface ratio’). Also, the average length of the
active zones was increased in CHL1—/— mice (+19% compared with
CHL1+/+ animals, Fig. 5B, ‘Length’).

We also estimated a number of parameters at the level of
individual synapses. The average area of the presynaptic terminal
profiles and number of synaptic vesicles per terminal profile did not
diffr in the two animal groups (0.70 = 0.18 pm®>  vs.
0.80 £ 0.06 um”* and 53+ 10 vs. 68+ 13 in CHLI+/+ and
CHL1-/— mice, respectively, P > 0.05, t-tests). Accordingly, no
difference was found in the density (number per unit area) of

synaptic vesicles (Fig. 5C, ‘Density’). On the average, the shortest
distance of a synaptic vesicle to an active zone (Fig. 5C, ‘Distance to
AZ’) or to the first nearest neighbour (56 + 0.84 vs. 56 £ 0.74 nm in
CHL1+/+ and CHL1-/— mice, respectively, P > 0.05, t-test) were
also similar in the two genotype groups. Despite similar mean values
for the nearest neighbour distances in the two groups, the variance of
these distances was smaller in the CHL1-/— mice (—28% compared
with CHL1+/+ littermates, Fig. 5C, ‘NN variance’). This indicates
increased homogeneity in spacing between individual synaptic
vesicles in CHL1—/— synapses and, thus, altered spatial arrangement.
Altered spatial distribution of synaptic vesicles in mutant mice was
also indicated by the observation of higher numbers of vesicles per
terminal close to (at distances smaller than 100 nm) active zones in
CHL1-/- mice compared with CHLI1+/+ littermates (+27%,
Fig. 5C, “Vesicles < 100 nm’).

Light-microscopic immunohistochemical analysis
of perisomatic puncta

The electron-microscopic data indicated that the inhibitory synaptic
input to the cell bodies of CAl principal cells was significantly
increased in CHL1-deficient mice. This input is provided by two
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different types of basket cell, PV" cholecystokinin-negative (CCK")
and PV™ CCK" (Maccaferri et al., 2000; Somogyi & Klausberger,
2005). We addressed the question as to whether the PV' and PV~
GABAergic perisomatic inputs were similarly or differentially altered
in the mutant mice. We quantified the number of perisomatic puncta
positive for both PV and VGAT and such only positive for VGAT
around the cell bodies of pyramidal neurons (Fig. 6A). VGAT was
detected in puncta but not in fibres indicating that it is detectable in
axon terminals and presumably confined to synapses. PV was
detected in cell bodies, dendrites, axons and axon terminals.
Therefore, we counted only perisomatic PV" puncta colabelled with
VGAT, which are likely to be synapses. The results of the quantitative
analysis revealed higher linear densities of both PV’ and PV~
perisomatic puncta in CHL1-/— mice compared with wild-type
littermates (+22% and +31%, respectively, Fig. 7A, B and D). The
total density (PV' plus PV~ puncta) was increased by 27%. This
result is in good agreement with the electron microscopic finding of
increased coverage of cell bodies with active zones. The difference in
the relative increase in CHL1—/— animals compared with CHL+/+
mice estimated by the two methods (+27% and +46%) is explainable
by the assumption that large PV" VGAT" puncta contain, on average,
more than one active zone. The results of the quantitative immunoh-
istochemical analysis suggest that increased synaptic coverage in the
mutant mice is due to increased input from both PV’ and PV~
interneurons.

The digitized confocal images were also used to estimate the size of
the pyramidal cell bodies. Soma areas were similar in CHL1—/— and
CHL+/+ mice as indicated by comparisons of the frequency
distributions and the group mean values (Fig. 7C and D). From this

observation it can be concluded that the linear densities of active zones
and perisomatic puncta are proportional to the numbers of active
zones/puncta, i.e. synaptic input, per cell.

Analysis of parvalbumin-positive interneurons in
CHL1-/— mice

The increased density of perisomatic inhibitory contacts in CHL1-/—
mice could result from higher numbers of projecting interneurons. We
performed a quantitative analysis of PV" cells in the CA1 field of the
hippocampus (Fig. 8A). The numerical density (number of cells per
unit volume) of these interneurons was almost twice as high in mutant
compared with wild-type mice (Fig. 8B, ‘Density’). As the estimated
volume of the CA1 region in the dorsal hippocampus was similar in
the two groups (Fig. 8B, ‘Volume’), the total numbers were
proportional to the densities (Fig. 8B, ‘Number’). The total number
of pyramidal neurons was also higher in the CHL1-/— animals
compared with CHLI1+/+ mice (Fig. 8C, ‘Number’) but this
difference was much smaller (+13%) relative to the difference in the
number of PV"' interneurons (+94%). Thus, the ratio of PV’ to
pyramidal cells was significantly higher in the CHL1-/— animals
(Fig. 8C, ‘PV'/pyramidal cells’) indicating that a single pyramidal
neuron is innervated by a higher-than-normal number of interneurons.
In addition to PV" interneurons, it was of interest to analyse CCK
positive neurons. This investigation could not be performed because
antibodies of quality suitable for stereological analysis of CCK
positive cells in mice were not available to us.

The impact of the CHL1 deficiency on the size of the PV" cell
population raised the question as to whether cell morphology, in
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F1G. 5. Ultrastructural analysis of perisomatic synapses. (A) Electron micro-
graph of a perisomatic synapse with symmetric synaptic densities (arrows) in
the CAl pyramidal cell layer of a CHL1-/— mice. Scale bar, 500 nm.
(B) Linear densities, length and surface ratio of active zones. Number of
synapses/animals are indicated. (C) Density (number per unit area), distance
to active zones, first nearest neighbour NN variance of synaptic vesicles and
number of vesicles per terminal located closer than 100 nm from active
zones. The number of vesicles studied was 2816 for CHL1+/+ mice and
3269 for CHL1-/— animals (50 synapses per genotype). (B and C) Shown
are mean values + SEM. *P < 0.05, r-test, comparing the group mean
values.

particular cell size, was influenced by the mutation. We measured the
soma areas of randomly sampled PV" interneurons and found no
difference between CHL1-/— and CHL1+/+ mice. The mean soma
area in CHL1—/— mice was 213 + 30 um? (147 cells measured in four
animals) and 214 + 32 um? (142 cells, four animals) in CHLI1+/+
mice (P > 0.05, #-test). The frequency distribution histograms of the
areas were bell-shaped in mice of both genotypes (data not shown) and
distributions in CHL-/— and CHLI1+/+ mice were not different
(P > 0.05, Kolmogorov—Smirnov test).

Expression of CHL1 mRNA and protein

Previous morphological observations on CHL1 expression have been
restricted to mRNA detection in brain sections of very young (1-3-
week-old) mice. CHL1 mRNA expression has been observed in
principal neurons and interneurons in the hypothalamus (Holm ef al.,
1996) and stellate, basket, Golgi and granule cells in the cerebellar
cortex (Hillenbrand et al., 1999). In this study we confirmed these
observations (data not shown) and found that, despite a decline in
expression between 1 and 3 weeks, mRNA continues to be detectable
until the age of one year (eight wild-type mice studied at ages of 1, 3
and 12 months, Fig. 9A and B). Using a commercial antibody raised
against mouse CHL1, we could also detect and, for the first time,
report on the expression pattern of CHL1 protein in the hippocampus
(Fig. 6B; see also Supplementary material Fig. S1, E and F) and the
cerebellar cortex (Supplementary material Fig. S1, A-D). CHLI1
immunoreactivity was observed in all areas and layers of the
hippocampus. Staining intensity was least prominent in the principal
cell layers and highest in the hilus of the dentate gyrus and the mossy
fibres in CA3 (Supplementary material Fig. S1, F and E, respectively).
Enhanced, compared with the immediate surrounding, was labelling of
interneuron cell bodies throughout the hippocampus. To reveal
whether this expression was confined to a subpopulation of interneu-
rons, for example PV or PV~, we used WFA to visualize perineuronal
nets around PV' neurons. Previous work has shown that WFA-
positive perineuronal nets surround predominantly, in 94-98% of all
cases, PV" cells in the cerebral cortex of rodents (Wegner et al., 2003;
Irintchev et al., 2005). Analysis of sections double-stained with WFA
and PV antibody in the present study revealed that WFA is also a
reliable marker for PV cells in the hippocampus; 196 out of 221 cell
profiles (89%) labelled with WFA were also PV-positive in the CAl
regions of wild-type mice (20 sections from five animals studied).
WFA was used as a marker for PV" interneurons, and not PV itself,
because in preliminary experiments we noticed interference between
the PV and CHLI1 staining upon double-labelling but not when WFA
was combined with CHL1 antibody staining. Analysis of sections
stained with WFA and CHL1 antibody showed that CHL1 was
expressed in both WFA-positive and WFA-negative cells (Fig. 6B).
The general conclusion from the results described above is that CHL1
is expressed in principal cells and interneurons of different chemical
specificities in the hippocampus during early postnatal life and in
adulthood.

Discussion

Our results provide first evidence that perisomatic inhibition is
abnormally high in constitutively deficient juvenile CHL1 mice, as
assessed by electrophysiological analysis of evoked unitary periso-
matic IPSCs, electron microscopic evaluation of number and archi-
tecture of perisomatic symmetric synapses, and light microscopic
analysis of interneurons in the CA1 region of the hippocampus.
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FIG. 6. Perisomatic puncta around pyramidal
cells labelled with interneuron markers (A) and
expression of CHLI in interneurons (B) in the
CA1 region. (A) Double immunostaining using
antibodies against parvalbumin (PV, left panel) and
vesicular GABA transporter (VGAT, middle panel)
seen in a 1-pum-thick confocal slice (CHL1-/—
mouse, 25-pum-thick coronal cryostat section). An
overlay of immunostainings is shown in the right
panel. For evaluation of perisomatic puncta,
numbers of individually discernible PV" VGAT"
(arrowheads) and PV~ VGAT" (arrows) were
counted at the level of the largest cross-sectional
area of individual cells determined by comparing
the cell appearance in a stack of confocal slices.
The asterisk marks a PV" interneuron. (B) Stain-
ing for CHL1 with a polyclonal antibody is widely
seen in strata orients and radiatum, and in inter-
neurons surrounded by perineuronal nets brightly
labelled with WFA (thin arrows) in superimposed
images from 5-pm-thick stacks of confocal slices
from a 4-week-old CHL1+/+ mouse and a CH-
L1-/- littermate (25-pum-thick coronal brain sec-
tions). Compared with the overall diffuse antibody
labelling, CHLI staining in cells surrounded by
perineuronal nets (thin arrows) and individual cells
without nets (thick arrows), which are also inter-
neurons as indicated by size and location, is more
intense (A). Weak background CHL staining is
seen in the section from the CHL 1-deficient mouse
(insert), whereas perineuronal nets are intensively
labelled for WFA as in sections from wild-type
mice. Labels indicate the layers of CAl, strata
oriens (or), pyramidale (pyr) and radiatum (rad) in
both panels. Scale bar, 20 um (A); 60 um (B) and
150 pm for the insert in (B). This figure is repro-
duced in colour on-line.

Abnormalities in synaptic transmission and their putative
structural correlates

Electrophysiological analysis of inhibitory synaptic transmission
revealed a 50% increase in the amplitude of minimal, presumably
unitary, IPSCs in CHL1—-/— mice compared with CHLI1+/+ litter-
mates. As coverage of pyramidal cell bodies by active zones was also
found to be 50% higher in mutant mice, without change in soma size,
one could assume that enhancement of evoked transmitter release is
simply due to higher numbers of synapses. However, another line of
evidence suggests a more plausible alternative explanation. Numbers
of PV"' interneurons in mutant mice were abnormally high and the
ratio of PV" cells to pyramidal neurons was increased by more than
60%, indicating a smaller contribution of one interneuron to the

CHL1 and GABAergic synapses 1847

synaptic coverage of an individual principal neuron. Therefore, we
suggest that the increase in IPSC amplitudes in mutant mice is most
likely related to increased synaptic efficacy rather than number of
synapses. This conclusion will hold true if the detected increase in the
size of the heterogeneous PV" cell population, including basket, axo-
axonic, bistratified and oriens — lacunosum moleculare cells, reflects
an increase in the perisomatically projecting cells among these cell
types, i.e. the PV" basket cells (Maccaferri et al., 2000; Somogyi &
Klausberger, 2005). We have no direct evidence for this. On the basis
of the finding that CHL1 is expressed by different types of
interneurons, perhaps by all interneurons in the hippocampus, we
can assume that there is no differential influence of the mutation on
subpopulations of PV" interneurons. This notion is supported by the
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finding of increased numbers of PV~ VGAT' perisomatic puncta
indicating increased input to the pyramidal cell bodies from interneu-
rons other than the PV basket cells, for example CCK" PV~ basket
cells. Expression of CHL1 in PV™ interneurons suggests that such
populations are affected by the mutation in a way similar to the PV"
cells.

The increase in the mean amplitude of evoked IPSCs without
detectable changes in the amplitude of the miniature IPSCs indicates
that probability of release or number of vesicles available for release
are increased in CHL1—/— mice. The electron microscopic analysis
showed that the size of active zones in inhibitory synapses is
increased. It is tempting to speculate that this feature represents a
structural correlate of enhanced transmitter release in CHL1—/— mice.
The size of an active zone is thought to be related to the functional
efficacy of a synapse (Trommald & Hulleberg, 1997). It has been
shown that in the CA1 field of the murine hippocampus the length of
active zones of excitatory synapses correlates with the relative size of
the docked pool of synaptic vesicles and, correspondingly, with
vesicle release probability in excitatory synapses (Schikorski &
Stevens, 1997). Our data show increased amplitudes of unitary pIPSCs
and length of active zone profiles of perisomatic inhibitory synapses in
CHL1-/— mice, suggesting that similar relationships may also hold
true for inhibitory synapses. Interestingly, despite the increase in
evoked release and number of inhibitory contacts, frequencies of
miniature IPSCs were not elevated in CHL1-/— mice. Together with
results showing that the number of inhibitory active zones per
pyramidal cell is higher in mutants, we speculate that the rate of
spontaneous asynchronous release per synaptic contact may be lower
in CHL1—/— mice. These data highlights the possibility that abnor-
malities in GABA release in CHL1—/— mice could involve different
mechanisms between spontaneous and evoked vesicle release. For
instance, spontaneous GABA release has a lower sensitivity to
Ca®*/Mg?*, and GABAjg receptor agonist baclofen when compared
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for soma areas (C, P > 0.05).

with stimulus-evoked responses (Otis & Mody, 1992). There are other
examples where changes in the two modes of release are dissociated
(Taniguchi et al., 2000; Saghatelyan et al., 2001). Moreover, recent
data indicate that spontaneously recycling vesicles and activity-
dependent recycling vesicles originate from distinct pools (Sara et al.,
2005).

An additional factor related to the increased efficacy of GABAergic
synapses in CHL1-/— mice may be related to closer location of
synaptic vesicles to active zones of inhibitory synapses. It is well
known that synaptic vesicles can be divided into several intercon-
nected pools, with vesicles most proximal to active zones having the
highest release-competence. Thus, the position of these organelles
relative to active zones seems to be a reasonable morphological
correlate of vesicle release-competence. In fact, the spatial arrange-
ment of synaptic vesicles within the presynaptic terminal correlates
with changes in the electrical activity of a synapse (Applegate &
Landfield, 1988; Tyler & Pozzo-Miller, 2001). Although no significant
difference was found in the number of synaptic vesicle profiles per
presynaptic terminal profile between CHL1-/— and CHL1+/+ mice,
our data indicate that the spatial arrangement of synaptic vesicles is
different in the two genotypes. Higher numbers of synaptic vesicles
were located very close to active zones (< 100 nm) in CHL1—/— mice
and the overall intervesicle spacing variability was lower compared
with CHL1+/+ mice. These structural features and the physiological
abnormalities suggest that CHL1 is involved in regulation of the
transmitter release machinery of inhibitory synapses.

Effects of constitutive CHL1 deficiency on inhibitory
and excitatory neurons

Previous studies have shown that CHL1 deficiency causes aberrations
in the mossy fibre and olfactory axon projections, and in positioning
and shape of pyramidal cortical neurons (Montag-Sallaz et al., 2002;
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F1G. 8. Parvalbumin interneurons and principal cells in CAl. (A) Parvalbu-
min immunostaining in the CAl region of a CHL1-/— mouse (25-pum-thick
coronal cryostat section). Superimposed images from a 10-um-thick stack of
confocal slices. Labels indicate the layers of CALl, strata oriens (or), pyramidale
(pyr) and radiatum (rad). Scale bar, 250 um. (B and D) Mean values + SEM for
numerical density (‘Density’), volume of the CAl region (B) and the
pyramidal cell layer (C; ‘Volume’) and total number (‘Number’) of PV" cells
(B) and pyramidal cells (C) in the dorsal hippocampus of CHL1+/+ and
CHL1-/— mice. In C, the ratio of parvalbumin-positive to pyramidal cells is
shown in addition. *P < 0.05, -test.
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Demyanenko et al., 2004). These findings, in conjunction with in vitro
data (Hillenbrand et al., 1999), indicate that CHL1 is essential for
axonal growth, path finding, synapse formation, neuronal migration
and dendritic growth in certain brain regions. In this investigation, we
found that deficient CHL1 expression also affects the size of two
neuronal populations in the hippocampus: the numbers of both
pyramidal cells and parvalbumin-immunoreactive interneurons are
higher in mutant vs. wild-type mice. We also show, for the first time,
that CHL1 is expressed in these neuronal cell types during early
postnatal life and in adulthood. These findings support the idea of
direct influences of CHL1 on the formation and maintenance of this
neuronal population in the hippocampus. How CHLI is implicated in
proliferation of neuronal precursor cells, cell migration and/or cell
death remains to be elucidated in future experiments. It is worth
mentioning in this respect that CHL1 is a survival factor for cultured
cerebellar and hippocampal neurons (Chen et al., 1999) and moto-
neurons (Nishimune er al., 2005) and stimulates cell migration
(Buhusi et al., 2003). Therefore, it is unlikely that a deficit in CHL1
would promote survival or migration of neurons, putting forward the
idea that expression of CHL1 may restrain proliferation of neuronal
precursor cells, similarly to L1 (Dihne et al., 2003). Thus, the most
plausible explanation for the observed increase in the number of both
interneurons and principal neurons in the CAl region is that during
development more of these neurons are produced in CHL1—/— mice
than in wild-type animals.

Functional implication of increased perisomatic inhibition

in CHL1-/— mice

Parvalbumin-immunoreactive interneurons comprise a major propor-
tion of the GABAergic cell population in the hippocampus. These
inhibitory neurons, being coupled both chemically and electrically,
form an inhibitory network that operates at high-frequency discharge
rates (Fukuda & Kosaka, 2000; Galarreta & Hestrin, 2002; Freund,
2003). This network, establishing synapses on principal cells, has a
strong impact on neuronal excitability and, thus, regulates basic
physiological properties such as synchronization and oscillatory
activities in the hippocampus. Therefore, it could be expected that
an increased inhibitory synaptic input to pyramidal cells, combined
with enhanced transmitter release at the level of individual synapses,
would have profound effects on hippocampal functions. In fact, the
dysbalance between excitation and inhibition may be related to the
abnormal prepulse inhibition observed in CHL1 mutant mice (Irint-
chev et al., 2004). Previous studies have shown that prepulse
inhibition is indeed impaired if excitation is reduced or inhibition is
enhanced by pharmacological application of glutamate antagonists and
GABA agonists, respectively (Geyer et al., 2001, 2002; Swerdlow
et al., 2001).

GABAergic transmission is also important in regulation of synaptic
plasticity. For instance, LTP is impaired in the dentate gyrus of
anaesthetized and freely moving mice deficient in the cell adhesion
molecule, Thy-1. The deficit in LTP in this mutant can be rescued by a
GABA, receptor antagonist (Nosten-Bertrand et al., 1996; Errington
et al., 1997) and there is an increase in inhibitory postsynaptic currents
in the dentate gyrus of Thy-1 deficient mice (Hollrigel et al., 1998).
Similarly, a deficit in CA1 LTP in mice overexpressing heparin-
binding growth-associated molecule, HB-GAM, can be normalized by
disinhibition of hippocampal slices and is accompanied by an increase
in inhibitory currents (Pavlov et al., 2006). Our data on impaired LTP
in CHL1-/— mice provide another example of regulation of LTP via
an increase in levels of GABAergic inhibition.
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FiG. 9. Detection of CHL1 mRNA. In situ hybridization using an antisense CHL1 probe and 70-pm-thick free-floating coronal brain sections from a 4-week-old
(A, low-power magnification of the whole hippocampal formation) and a 3-month-old (B, high-magnification view of the CA1 region) wild-type mouse. Labels in
A indicate the CA1 and CA3 region and the dentate gyrus (DG). Arrows in B point to individual positive interneurons in the oriens (or) and radiatum (rad) layers of
CAL. Note a large-diameter positive cell profile (arrowhead) in the pyramidal (pyr) layer. Scale bar, | mm (A) and 250 um (B).

In contrast to these mutants, mice deficient in L1 or the extracellular
glycoprotein tenascin-R have reduced perisomatic inhibition.
Although the number of parvalbumin-immunoreactive interneurons
are not significantly changed in L1-deficient and tenascin-R-deficient
mice, the amplitudes of unitary perisomatic IPSCs are reduced

(Saghatelyan et al., 2001, 2004) and this abnormality is accompanied
by a reduction in the density and size of perisomatic inhibitory active
zones and by alterations in the distribution of synaptic vesicles in
inhibitory synapses (Nikonenko et al., 2003; Saghatelyan et al., 2004).
Finally, a number of in vitro studies indicate that neuroligins and their
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synaptic binding partners modulate the development of both excitatory
and inhibitory synapses (for a recent review, see Levinson & El
Husseini, 2005). Thus, several extracellular matrix and cell adhesion
molecules, including CHLI1 appear to be crucial for generation and
maintenance of GABAergic cells and synapses. However, the specific
role of CHL1 — at least on the basis of the available data — lies in up-
regulation of both the number of interneurons and the efficacy of
GABAergic synapses.
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