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Summary
Purpose—Clinically, perturbations in the semaphorin signaling system have been associated with
autism and epilepsy. The semaphorins have been implicated in guidance, migration, differentiation,
and synaptic plasticity of neurons. The semaphorin 3F (Sema3F) ligand and its receptor, neuropilin
2 (NPN2) are highly expressed within limbic areas. NPN2 signaling may intimately direct the
apposition of presynaptic and postsynaptic locations, facilitating the development and maturity of
hippocampal synaptic function. To further understand the role of NPN2 signaling in central nevous
system (CNS) plasticity, structural and functional alterations were assessed in NPN2 deficient mice.

Methods—In NPN2 deficient mice, we measured seizure susceptibility after kainic acid or
pentylenetetrazol, neuronal excitability and synaptic throughput in slice preparations, principal and
interneuron cell counts with immunocytochemical protocols, synaptosomal protein levels with
immunoblots, and dendritic morphology with Golgi-staining.

Results—NPN2 deficient mice had shorter seizure latencies, increased vulnerability to seizure-
related death, were more likely to develop spontaneous recurrent seizure activity after chemical
challenge, and had an increased slope on input/output curves. Principal cell counts were unchanged,
but GABA, parvalbumin, and neuropeptide Y interneuron cell counts were significantly reduced.
Synaptosomal NPN2 protein levels and total number of GABAergic synapses were decreased in a
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gene dose-dependent fashion. CA1 pyramidal cells showed reduced dendritic length and complexity,
as well as an increased number of dendritic spines.

Discussion—These data suggest the novel hypothesis that the Sema 3F signaling system's role in
appropriate placement of subsets of hippocampal interneurons has critical downstream consequences
for hippocampal function, resulting in a more seizure susceptible phenotype.
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Semaphorin; Guidance; Electrophysiology; Immunocytochemistry; Morphometry; Excitability

Autism, a neurodevelopmental disorder affecting between 0.2% and 0.5% of the population,
is characterized by deficits in communication and behavior. Although the cause of autism is
unknown, studies strongly suggest a genetically heritable risk factor (reviewed in Geschwind
& Levitt, 2007). Epilepsy, particularly seizure disorders of the frontal and temporal lobes
(reviewed in Gedye, 1991; Salmond et al., 2005), is highly comorbid with autism (Clarke et
al., 2005; Kagan-Kushnir et al., 2005), although the potential interactions between autistic
symptoms and epileptiform activity are still under investigation (Deonna & Roulet, 2006).
Mutations in a number of candidate genes have been suggested based on chromosomal linkage
analysis, but causative roles have remained elusive (Maestrini et al., 1999; Newbury et al.,
2002). Recently, however, single nucleotide polymorphisms in the autism susceptibility region
2q 34 of the human genome coding for neuropilin 2 (NPN2; also known as NRP2) have been
identified and strongly associated with autism (Wu et al., 2007).

NPN2 is a receptor for the chemorepulsive axon guidance mediator semaphorin 3F (Sema3F;
a member of the class III semaphorins) (Xiang et al., 1996) and is part of a family of axon
guidance cues that are involved in responses to brain injury and environment changes (Tessier-
Lavigne & Goodman, 1996; Song & Poo, 2001; Pasterkamp & Verhaagen, 2006), as well as
during neuronal migration and differentiation in development (Marin et al., 2001; Pozas et al.,
2001; Dent et al., 2003; Fenstermaker et al., 2004; Niell et al., 2004; Pascual et al., 2004).
Further, this signaling system is highly expressed in adult hippocampus (Chen et al., 2000;
Barnes & Slevin, 2003; Barnes et al., 2003; Sahay et al., 2003; Pascual et al., 2004; Sahay et
al., 2005; Yang et al., 2005). In rodent studies, neuropilin expression levels are increased by
exposure to enriched environments (Cao et al., 2004) and decreased by chemically induced
status epilepticus (SE) and/or N-methyl D-aspartate (NMDA) receptor blockade (Barnes et al.,
2003; de Wit & Verhaagen, 2003; Holtmaat et al., 2003; O'Donnell et al., 2003; Yang et al.,
2005) (but see Shimakawa et al., 2002). Importantly, genetic lesioning studies knocking out
different components of this signaling system (NPN2, Sema3F, or plexin A3) have resulted in
animals with extended infrapyramidal mossy fiber axonal pathways and spontaneous seizures
(Giger et al., 2000; Sahay et al., 2005), similar to those found in the epileptic brain (Cavazos
& Cross, 2006; Holtkamp & Meierkord, 2007; Nadler et al., 2007). These data suggest that
semaphorin signaling is normally associated with experience-dependent neuronal activity and
that experimental manipulations decreasing this signaling pathway's function are closely allied
with hyperexcitability and abnormal neuritic outgrowth in the hippocampus. However, NPN2
has pleiotropic roles in guidance, differentiation, and neuritogenesis, and it is not known to
what degree developmental alterations contribute to these phenotypes.

Here, we used a NPN2 knockout murine model to assess the consequences of deficits in this
signaling system to behavioral convulsions, hippocampal excitability, neuronal cell type/
number, ultrastructural morphology (neurite length and complexity as well as dendritic spine
type and number), and synaptic protein content. Our results strongly suggest that a deficit in
NPN2 during development critically affects interneuron migration and differentiation in the
hippocampus and that this has downstream consequences, negatively impacting seizure
susceptibility and hippocampal network excitability. Given earlier work showing NPN2's
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association with autism, this model system that appears to recapitulate at least the seizure
susceptibility aspects may be ideal for investigating NPN2's putative role in this
neurodevelopmental disease and may aid in defining new therapeutic interventions for autism
and autism-related epilepsy.

Methods
Generation of NPN2 knockout mice

The animal experiments were performed under protocols approved by the University of
Kentucky Institutional Animal Care and Use Committee. We received NPN2 tau-green
fluorescent protein male heterozygotes (+/−; one of the two NPN2 alleles knocked out) from
Drs. Andreas Walz and Peter Mombaerts (Rockefeller University, New York, NY, U.S.A.) on
a C57BL/6J X B129 mixed genetic background (Walz et al., 2002). These were backcrossed
five generations; each time a heterozygous male was mated with a pure FVB/NJ wild-type
female (Jackson Laboratory colony; The Jackson Laboratory, Bar Harbor, ME, U.S.A.). The
progeny were genotyped according to the previously published polymerase chain reaction
(PCR) protocol (Walz et al., 2002). The resulting 1,500 pups are approximately 40% wild-type
(−/−), 50% heterozygous (+/−), and 10% homozygous (−/−). From the N1 to N5 generation,
handling induced seizures, and SE was noticed only in mice either heterozygous or
homozygous for NPN2 knockout (KO) allele.

Kainic acid-induced SE
Male, 25–30 g, >2 month old +/+ and +/− littermates (n = 9/group) were injected
subcutaneously with vehicle or kainic acid (KA) (Yang et al. 2005). As noted in Results, −/−
littermates were also injected with KA, but none survived beyond 1 week. In all experiments,
the mice were observed for at least 6 h for evidence of SE, 4 h of which either continuous or
intermittent class IV or V seizures were displayed (Racine, 1972; Pitkanen et al., 2002). Class
IV or higher seizures were achieved after 2–3 doses (cumulative dose of 20–25 mg/kg with 15
mg/kg more common). The latency to class III or higher seizure onset, numbers of seizures,
and duration of KA-induced SE (KA-SE) by genotype were recorded. Mice (n = 3) that did
not develop KA-SE as noted by behavioral seizures were excluded from the analyses. SE was
terminated after 6 h by subcutaneous injection (SC) injection of 40 mg/kg pentobarbital.
Animals were anesthetized by injection of 100 mg/kg pentobarbital and decapitated. Brains
were removed and frozen by slow immersion in −50°C dry ice/methanol/2-methylbutane bath
to preserve morphology.

Quantification of KA-induced epileptogenesis—We investigated the long-term effects
of KA-SE on cell death and epileptogenesis in the +/+ and +/− mice (n = 9/group). Systematic,
treatment-blinded observations were made over 8 months via videotaping (10 h/month from 3
days to 240 days after KA-SE) to determine whether mice developed spontaneous recurrent
behavioral seizures (>class II) indicating the presence of epilepsy (defined as >2 class IV or
higher seizures in 80 h video period). The number of seizures/80 h of videotape/mouse was
noted.

Penetylenetetrazol-induced seizures
Pentylenetretrazol (PTZ) dissolved in buffered saline was administered SC at a dose of 30 mg/
kg. Animals were monitored for 30 min after injection. Behavioral responses were scored using
the following scale: class 1, hypoactive; class 2, partial clonus (clonic seizure activity affecting
face, head, and/or forelimb or forelimbs); class 3, generalized clonus (sudden loss of upright
posture, whole body clonus involving all four limbs and tail, rearing, and autonomic signs);
and class 4, tonic–clonic seizure (generalized seizure characterized by tonic hindlimb
extension) (Ferraro et al., 1999). Latency to first seizure as well as the class of that seizure
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were analyzed [one-way analysis of variance (ANOVA) with Student-Newman-Keuls post hoc
analysis; mice that did not develop seizures during the observation period were excluded from
analysis].

Electrophysiology of NPN2 KO mice
Male +/+ and +/− mice (n = 3/group) were anesthetized in a CO2 chamber prior to rapid
decapitation with a small animal guillotine. Brains were rapidly removed and transverse
hippocampal slices (350 μm) were cut with a Vibratome 3000 (TPI, Saint Louis, MO, U.S.A.)
in cold oxygenated artificial cerebrospinal fluid (ACSF) of the following composition: 128
mM NaCl, 1.25 mM KH2PO4, 10 mM glucose, 26 mM NaHCO3, 3 mM KCl, 0.1 mM
CaCl2, and 2 mM MgCl2 (Thibault et al., 2001). Intact slices were placed in an interface-type
chamber containing ACSF with 2 mM CaCl2 (Ca-ACSF) at 32°C and gassed with 95% O2/5%
CO2 for at least 1 h. Individual slices were then transferred to an RC-22C perfusion chamber
(Warner Instruments, Hamden, CT, U.S.A.) equipped with a bottom net for ACSF perfusion
beneath the slice. The oxygenated Ca-ACSF was delivered at 1.5–2 ml/min and warmed to 33°
± 1°C using an TC2Bip inline heater (Cell Micro Controls, Norfolk, VA, U.S.A.).

Recordings—Electrophysiological data were acquired and analyzed using pCLAMP 8, a
sharp-electrode amplifier (2A), and a DigiData 1320 digitization board (Molecular Devices,
Union City, CA, U.S.A.). Extracellular recording electrodes were pulled from microhematocrit
glass capillaries (Fisher Scientific, Pittsburgh, PA, U.S.A.) on a P80 pipet puller (Sutter
Instruments, Novato, CA, U.S.A.). Electrodes had a 5–15 MΩ, tip resistance when filled with
2 M KCH3SO4 and 10 mM HEPES, pH 7.4. All experiments were conducted in current clamp
mode. Voltage records were digitized at 2–20 kHz and low-pass-filtered at 1 kHz.

Synaptic stimulation was accomplished using a twisted bipolar stainless steel stimulation
electrode (0.0045″ coated; A-M Systems, Everett, WA, U.S.A.) positioned in the Schaffer-
collaterals/commissural fibers of stratum radiatum, approximately 500 μm from the recording
electrode. Somatic field CA1 potentials were recorded (20 kHz sampling rate) from 4–6 slices
per animal. Input-output (I/O) relationships were determined in every slice during baseline
periods (0.2 Hz) prior to frequency facilitation (FF) runs. Data from these I/O analyses were
used to determine the ratio of population spike (PS) over fiber potential at multiple stimulation
intensities and were plotted and fit by linear regression. The slope and x-axis intercept of the
linear fit from each slice were used for further analysis. First, the x-axis intercepts were used
to determine the excitability threshold by estimating the fiber potential amplitude at which
population spikes begin to appear. Second, the slope was used to measure the excitability across
a range of stimulus intensities. Stimulus intensity during the FF paradigm was set to deliver
pulses at 50% of the maximum PS amplitude measured during I/O and was delivered at 7 Hz
for 18 s. Synaptic activation and stimulation protocols were accomplished using a SD9K
stimulator (Astro Med, Grass Instrument, Warwick, RI, U.S.A.). Amplitude of the fiber volley
was determined by comparison to prestimulus baseline. PS amplitudes were calculated as the
difference between the maximum positive deflection of the field excitatory postsynaptic
potential (EPSP) before the PS and the maximum negative deflection of the PS. The degree of
FF was determined by calculating the ratio of difference to the first primary PS elicited in the
FF stimulation period to all other PSs elicited throughout the stimulus train [(subsequent PS-1st
PS)/1st PS]. Each second of ratios included seven measures that were then binned per second
and reported as an average difference ratio per second. As FF stimulation progressed, a
secondary PS gradually appeared. Again, the degree of facilitation of the secondary PS was
determined by calculating the ratio increase compared to the first observed secondary PS.

Data was analyzed using Clampfit (v 8.0; Axon Instruments, Union City, CA, U.S.A.) and
routines written in Igor Pro (v 5.0; Wavemetrics, Lake Oswego, OR, U.S.A.). Group
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comparisons were analyzed for main effects using ANOVA. Statistical analysis of the FF
measures was performed using a ranked two-way repeated measures ANOVA. Means ± SEM
were reported.

Cell counts
KA-SE-treated animals were killed 7 or 240 days after treatment, and their hippocampi was
sectioned. For excitatory cells, the soma were counted in the cell layers of three major regions:
Dentate gyrus/hilar (DG/H) region, CA3, and CA1 regions (see Supplementary Fig. 1 for
demarcation) (Yang et al., 2005). Within these same demarcated regions, nissl cell counts
(presumed interneurons) were quantified in molecular layer, stratum radiatum, and stratum
oriens of each subregion. Five cresyl violet-stained hippocampal sections (at 200-μm intervals)
per animal were counted using the Image ProPlus program (Media Cybernetics, Bethesda, MD,
U.S.A.). Both hippocampi were counted. Experimenters were blinded to genotype and
treatment group, and average measures per animal were used for statistical analysis (n = at
least 5/group). The cell density was calculated for 200 μm2 of a given hippocampal region in
each of five sections that were averaged together to establish a single value of cell density per
hippocampal region for each mouse. For GABA, GAD-67, parvalbumin, calretinin,
somatostatin, and neuropeptide Y cell counts, the total number of cells counted in each
hippocampal subregion is noted instead of cell density (see Supplementary Fig. 1 for
demarcation). The averages per region in Table 3 and Supplementary Table 3 are calculated
from at least five mice. The statistical analysis was performed using ANOVA followed by a
Student-Newman-Keuls post hoc analysis. Similar analyses were done for both pyramidal and
interneuron cell counts of drug naive (+/+), (+/−), and (−/−) mice.

For counting of GABAergic synapses, hippocampal sections (at 200-μm intervals) per animal
were counted using the Image ProPlus program. Confocal microscopy [Zeiss Laser Confocal
Scanning Microscope (LSM); Carl Zeiss, Oberkochen, Germany] 0.5-μm sections (Z-series
stacks) were taken along the z-axis in the CA3b region using the 100× oil immersion objective.
The images taken from different sections were compared under constant conditions by
adjusting the LSM parameters (pinhole size, laser power, detector voltage). Punctata below
0.1 μm2 were eliminated. Cells were counted only if the clearly defined largest diameter of the
cell and clearly defined puntata could be visualized. The CA3b region of both hippocampi was
counted. The numbers of Parv+ of GAD-65+ punctata around 50 pyramidal cells were counted,
as well as the percent double labeling with both markers. Experimenters were blinded to
genotype and treatment group, and average measures per animal were used for statistical
analysis (n = 5/group). The Statistical analysis was performed using ANOVA followed by a
Student-Newman-Keuls post hoc analysis.

Immunocytochemistry of mouse hippocampus
Drug naive adult mice (>P60) were perfused transcardially with 4% buffered
paraformaldehyde. Free floating coronal sections (30 μm) were cut throughout the rostral to
caudal extent of the hippocampus. Sections were washed with 1× phosphate-buffered saline
(PBS), blocked with blocking buffer [1× PBS, 0.25% Triton X-100, 8% bovine serum albumin
(BSA)] for 1 h, and incubated for 1–4 days at 4°C with 1:5000 GABA and 1:1000 parvalbumin
(Sigma, St. Louis, MO, U.S.A.), 1:1000 calretinin, neuropeptide Y 1:2000, GAD-65 1:1000,
GAD-67 1:500, 1:500 somatostatin (all from Chemicon, Millipore, Billerica, MA, U.S.A.),
and 1:100 GABAA receptor α1 (Millipore, Billerica, MA, U.S.A.). Following incubation with
primary antibody, sections were rinsed 6× with blocking buffer, then with biotinylated goat
secondary antibody (1:1000; Jackson ImmunoResearch, West Grove, PA, U.S.A.) for 2 h at
room temperature, and finally 1 h in 1% ABC reagent (Vector Laboratory, Burlingame, CA,
U.S.A.). Antibodies were visualized with 3,3 diaminobenzidine (DAB; Sigma, St. Louis, MO,
U.S.A.) as a peroxidase substrate with 0.01% H2O2 added as a catalyst. Immunocytochemical
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controls were performed using the same reaction procedure with nonspecific immunoglobulin
G (IgG) or without the primary antibody. For neuropeptide Y experiments, a rhodamine-labeled
donkey anti-sheep antibody (1:1000: Jackson ImmunoResearch) was used. For GAD-65/
parvalbumin and GABAA receptor α1 double labeling experiments, a Texas Red goat anti-
mouse or Cy5 goat anti-rabbit (1:1000; Jackson ImmunoResearch) was used. Cell counts were
performed as described above.

To assess the distribution of various nerve fiber layers, four stained sections per mouse were
photographed under bright field illumination with an Olympus BX-51 microscope (Olympus,
Tubingen, Germany). Optical density (O.D.) measurements (four per subregion) were assessed
based on average per subregion using the Image ProPlus analysis program. The O.D. of the
fimbrae served as an internal constant control in each slide, and average measurement per
subregion per animal was used for statistical analysis. Results were expressed as a mean ±
SEM. Statistical analysis was performed using ANOVA followed by a Student-Newman-Keuls
post hoc analysis. Sample sizes are noted in Table 3.

Quantitative analysis of synaptosomal proteins on immunoblots
Synaptosomes were prepared from +/+, +/−, and −/− adult mice (>P60, n = 3 per group) as
previously described (Barnes et al., 1995). Briefly, 5 μg hippocampal synaptosomal protein
were used on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels
followed by transfer to Immobilon P membranes (Millipore). After blocking the membranes
with 1× PBS, 0.1% Tween-20, and 5% milk, proteins were visualized by primary antibody
[1:4000 NPN2 antiserum (gift of Alex Kolodkin, Johns Hopkins University), 1:1000
GABAA receptor β2/3 (Upstate, Danvers, MA, U.S.A.), 1:5000 GAD-67, GAT-1, GluR1,
NMDA2A/2B, PSD-95 (all from Chemicon), 1:1000 Fyn (Santa Cruz Biotechnology, Santa
Cruz, CA, U.S.A.), 1:5000 synapsin I and β tubulin (National Hybridoma Core Bank, Iowa
City, IA, U.S.A.)] followed by secondary antibody detection with horseradish peroxidase
(HRP)-linked goat anti-rabbit or anti-mouse IgG 1:5000 (Jackson ImmunoResearch) using the
Supersignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, U.S.A.). Light
emission was detected by BioMax film (Kodak, Rochester, NY, U.S.A.). O.D. of detected
bands were expressed as a mean of the ratios of −/− versus +/+ mouse values ± SEM. Statistical
analysis was performed using ANOVA and Newman-Keuls post hoc test.

Rapid Golgi staining and quantitative analysis
Brains isolated from +/+ and +/− mice (n = 7/group) were fixed with 10% formalin in PBS and
processed using a modified rapid Golgi impregnation technique (Valverde, 1976). Briefly,
coronal tissue blocks of cerebrum (2–3 mm thick) were impregnated using solutions containing
osmium tetroxide plus potassium dichromate (for 5–7 days) followed by immersion in silver
nitrate (for 36–42 h). After dehydration, blocks were embedded in nitrocellulose, and coronal
sections were cut at 120 μm, cleared using α-terpineol and xylenes, and coverslipped under
Permount (Fisher Scientific, Fair Lawn, NJ, U.S.A.). All slides were coded, and randomly
selected neurons (6–8 per brain from each cell population; see below) meeting staining criteria
were evaluated. Camera lucida drawings of individual neurons were used to quantitate the
number and length of dendritic branches and the complexity of the dendritic tree. Only neurons
that fulfilled all of the following criteria were analyzed: (1) Cell type must be identifiable; (2)
neurons must be completely impregnated with the silver-chromate Golgi precipitate throughout
all dendrites and spines; (3) soma of the selected neurons had to be located in the middle third
of the thickness of the 120-μm section; and (4) all dendrites must be relatively free of neurites
from nearby cells, from blood vessels, and from nondescript precipitate.

For dendritic branching analysis, using Zeiss bright-field microscopes equipped with drawing
tubes, we first prepared camera lucida drawings of the basilar trees of randomly selected CA1
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neurons at a magnification of 400×. A total of 5–6 CA1 neurons that met the above criteria
were selected from each hippocampus. The camera lucida drawings were then quantified using
Sholl analysis (Sholl, 1953). Using a template comprised of a series of enlarging concentric
circles that originated at the soma, by quantifying the number of dendritic intersections with
each circle, the Sholl analysis provides a profile of the amount and distribution of dendritic
material measured at 10-μm intervals. We compared the branching and total length of the CAl
dendrites as a function of genotype. An estimate of total dendritic length was obtained from
the total number of dendritic intersections in the Sholl analysis to microns using a previously
generated conversion factor. Dendritic complexity was assessed using a branch point analysis
that ascertained the number, location, and branch order of dendritic branch bifurcations.
Statistical significance was determined using the Wilcoxon rank-sign test. An adjusted α for
significance for multiple comparisons was used.

Dendritic spines were quantified on the terminal tip segments of the CA1 basilar trees. At a
magnification of 1,200×, using special long-working distance oil immersion lenses, dendritic
spines were counted directly from the microscope along four segments of the 30-μm long
terminal tip. These spine counts provide an accurate comparison of data between groups, but
underestimate the actual total numbers of spines since only flanking spines were counted.
(Spines directed either up toward the observer or away from the observer—on the underside
of the dendritic branch segment—would be partially obscured by the Golgi stain within the
branch).

In addition to total spine density, we also evaluated spine configurations. Spines may be
designated by shape into three basic morphological categories: (1) L-spines, which look like
a lollipop and have a well-defined spine head and a narrower definitive spine neck. These may
be further subdivided into Ls spines (with a small spine head) or LL spines (with a large spine
head). (The “L” type spine has also been designated by other investigators as an “M” spine for
its “mushroom”-like appearance.) (2) “N” (nubby) spines, which lack a definitive spine head
and typically have a thickened spine neck. (3) “D” (dimple) type spines, which are small and
have neither a well-defined head nor neck. Spine data was evaluated for statistical significance
using the unpaired Student's t-test.

Results
Spontaneous seizure activity in NPN2 KO mice

Initial experiments were observational and appreciated general activity and behavior in these
animals. As reported previously, there were no appreciable differences in animal weight,
grooming behavior, or ambulatory characteristics of adult mice. Approximately 5% of 500
NPN2 KO heterozygous (+/−) and homozygous (−/−) mice exhibited random handling-induced
seizures (0 of 176 +/+ mice, 14 of 273 +/− mice, and 12 of 51 −/− mice) manifested as behavioral
arrest and generalized myoclonus (including tail extension, clonic facial twitching, and clonus
of the forelimbs). In some instances, NPN2 KO mice (+/− or −/−) were observed to die in
spontaneous SE between P7 and P21. Mice 4 months or older tended to exhibit more
spontaneous seizure activity, and some were observed to die in SE (data not shown).

Increased sensitivity to chemoconvulsants
After determining baseline seizure activity in this model, animals were challenged with two
chemoconvulsant protocols, KA-SE and PTZ (see Methods). For the KA-SE experiment, 2-
month-old (+/+) and (+/−), and (−/−) mice (n = 9/group) were given vehicle or KA (15 mg/kg)
injections every hour until SE was induced. The average seizure class was IV ± one for both
genotypes, although heterozygous mice showed a shorter latency to seize (Table 1). The
average duration of KA-SE was 100 min ± 8 min in (+/+) and 107 min ± 10 min (+/−) mice.
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Mortality 10 h post first KA injection was 10% for both (+/+) and (+/−) genotypes, however,
the KA-SE protocol was lethal to all nine (−/−) animals. Videotapes were analyzed of surviving
mice up to 8 months post KA-SE (80 h/mouse) by an experimenter blinded to genotype and
treatment. Interestingly, 7 of 9 KA-treated (+/−) mice developed at least two spontaneous
seizures (>Class III), qualifying as epilepsy (Fig. 1). In contrast, KA-SE (+/+) littermates and
vehicle-treated (+/+) and (+/−) mice did not develop observed spontaneous recurrent seizures
during the period of study over 8 months of video recording. At 240 days post KA-SE, no cell
loss was detected in KA- or vehicle-treated mice regardless of genotype (Supplementary Table
1). Stable hippocampal messenger RNA (mRNA) content of semaphorin/neuropilin gene
family (NPN2, Sema3F, NPN1, Sema3A, Sema4C) was found in KA- versus vehicle-treated
mice irrespective of genotypes (data not shown).

For the PTZ experiment, 2-month-old (+/−) and (+/+) littermates (n = 11/group) were
challenged with vehicle or PTZ (50 mg/kg). The (+/−) and (+/+) mice had similar numbers of
acute PTZ-induced seizures (data not shown). However, the latency to onset for PTZ seizures
was significantly shorter in (+/−) animals (Table 1).

Enhanced excitability and altered short-term plasticity in the hippocampus of NPN2 KO mice
Our initial data suggested that NPN2 KO mice were more sensitive than their wild-type
littermates to chemoconvulsant exposure. Therefore, we next investigated the impact of a
deficit in NPN2 signaling on synaptic circuitry in the hippocampus. Population spikes elicited
by synaptic stimulation in field CA1 of the hippocampus (Fig. 2A) in heterozygous and wild-
type NPN2 KO animals (n = 3–4 animals/group and 3–4 slices per animal) using a slice
recording preparation (see Methods). No significant differences in basic synaptic parameters
were observed, although there was a trend towards lowered excitability thresholds in NPN2
KO animals (Table 2). I/O analysis (Fig. 2B) revealed that PS amplitude increased with fiber
volley to a greater extent in (+/−) mice, with a significant effect of genotype (unpaired Student's
t-test; p < 0.01) (Fig. 2C). Thus, the relative amount of excitation, as inferred by PS amplitude,
was increased in the (+/−) animals.

In a second set of experiments performed on the same tissue, a short-term plasticity measure
(FF; see Methods) (Thibault et al., 2001) was assessed in order to appreciate the consequences
of a NPN2 deficit on the response of excitable cells to a train of action potentials. There was
no difference between groups in the degree of primary PS facilitation during 7 Hz synaptic
stimulation train (Fig. 3A). Surprisingly, facilitation of the secondary PS elicited during the 7
Hz stimulation train significantly decreased in (+/−) mice [one-ANOVA repeated measures;
F(1,47) = 4.545; p < 0.05] (Fig. 3B). There was also no difference between groups with respect
to the onset of the occurrence of the secondary PS. In summary, sensitivity to stimulation was
greater in NPN2 KO animals, while short-term synaptic throughput, at least for the secondary
PS in CA1 pyramidal cells, was markedly reduced.

Selective loss of GABAergic cells in the hippocampus of NPN2 KO mice
After determining behavioral activity, response to chemical challenge, and electrophysiologic
properties of hippocampal circuits, we examined the microanatomy of the hippocampus. To
ascertain the morphologic effects of genetic NPN2 lesioning, we analyzed the major cellular
populations of the mouse hippocampus. Because the entire hippocampus was not sampled,
stereological procedures were not used, and the cell counting method used here (see Methods)
is considered semiquantitative. The principal cell numbers counted in the cell layers of cresyl
violet-stained sections [DG region, NPN2 (+/+) 185 ± 25 of 200 μm2 versus NPN2 (−/−) 174
± 32 of 200 μm2; CA3 region, NPN2 (+/+) 123 ± 17 of 200 μm2 versus NPN2 (−/−) 113 ± 22
of 200 μm2; CA1 region, NPN2 (+/+) 115 ± 14/200 μm2 versus NPN2 (−/−) 109 ± 19 of 200
μm2] of hippocampus were not significantly different (Fig. 4A versus 4B and Supplementary
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Table 1). However, using immunocytochemical protocols (see Methods), a major decrease in
GABA+ interneuron populations (67% in DG/H region, 63% in CA3 region, and 77% in CA1
region) of (−/−) mice compared to wild-type littermates (Fig. 4C versus 4D, and Table 3) was
revealed. On closer inspection of cresyl violet-stained sections, a major decrease (40%–53%)
in nissl-stained large nuclei outside the principal cell layers in hippocampal subregions
(Supplementary Table 2) was observed in (−/−) mice compared to wild-type littermates.

Altered protein profile in NPN2 KO synapses and synaptosomes
In the NPN2 (−/−) mice, reverse transcription PCR (RT-PCR) analysis (Yang et al. 2005)
revealed a 90% decrease in total hippocampal NPN2 mRNA (Fig. 4E), and this change was
validated at the protein level in synaptosomal preparations. We counted the number of GAB-
Aergic synapses around CA3b pyramidal cells in sections. The number of Parv+ [NPN2 (+/+)
30 ± 2/cell versus NPN2 (−/−) 17 ± 2/cell, p < 0.007] or GAD-65+ punctata [NPN2 (+/+) 42
± 2/cell versus NPN2 (−/−) 23 ± 2/cell, p < 001] was significantly decreased (Supplementary
Fig. 3A–3F) as well as the percent co-labeling [NPN2 (+/+) 65% ± 4% versus NPN2 (−/−)
29% ± 3%, p < 0.006] in the NPN2 KO mouse. The percent colabeling between parvalbumin
and the GABAA receptor α1 protein [NPN2 (+/+) 66% ± 5% versus NPN2 (−/−) 31% ± 3%]
on presumed interneurons in the CA3b region was also significant decreased (p < 0.001,
Supplementary Fig. 3G–3L) in the NPN2 KO mouse. We investigated the synaptic protein
content in biochemical experiments on synaptosomes isolated from (+/+), (+/−), and (−/−) mice
using immunoblots. Hippocampal synaptosomes of (−/−) mice contained approximately 75%
less NPN2 protein (Fig. 4F, lanes 3 and 4) as compared to (+/+) mice (lane 1). Interestingly,
despite the decrease in total number of hippocampal GABA+ interneurons and GAD-65+
punctata/pyramidal cell (presumed synapses), synaptosomes from these same mice (Fig. 4F)
showed a 50% increase in GAD-67 and GAT-1 plus a 30% increase in GABAA receptor β 2/3
immunoreactive protein, but did not reveal differences in other proteins (GluR1, PSD-95,
NMDAR 2A/2B, Fyn, synapsin I, and β-tubulin) (Fig. 4F, lanes 1–4). However, as expected,
the total number of GAD-67+ cells had a 30%–67% decrease in the NPN2 KO mouse,
depending on the hippocampal subregion (Supplementary Fig. 4 and Supplementary Table 3).

Other interneurons subtypes are selectively reduced in NPN2 KO animals
After determining that GABAergic neuron numbers are reduced in association with deficits in
NPN2 expression (Fig. 4), we examined other interneuron populations in the hippocampus,
including parvalbumin (Parv+), calretinin (CR+), neuropeptide Y (NPY+), and somatostatin
(SS+) positive cells (Danglot et al., 2006). Parv+ neurons in the CA3 region of dorsal
hippocampus in (−/−) mice were decreased by 42% (p = 0.02) (Fig. 5C versus 5B, black arrows,
and Table 3). In CA3, there was a 45% reduction (p = 0.008) in staining in stratum lucidum
and stratum oriens (Fig. 5C versus 5D, and Table 4). However, Parv+ neurons but not
immunoreactive Parv+ fibers were decreased by 28% [NPN2 (+/+), 37 ± 3 versus NPN2 (−/
−), 27 ± 2] within all CA1 subregions (Fig. 6E versus 6F, and Tables 3 and 4).

NPY+ neurons were located in stratum lucidum moleculaire (SLM), stratum rafiatum (SR),
and stratum oriens (SO) of the CA3 region in (+/+) mice (Fig. 5E). Immunoreactive NPY fibers
were also noted in the pyramidal cell layer (Fig. 5E, black arrows). In contrast, there was a
marked 71% decrease (p = 0.003) in NPY+ neurons (via cell counts) as well as immunoreactive
NPY fibers (34% decrease, p = 0.008) in the CA3 regions of (−/−) mice (Fig. 5E versus 5F,
and Tables 3 and 4). Cell counts of NPY+ neurons in the CA1 region of dorsal hippocampus
in (−/−) mice were decreased by 56% (p = 0.003) in SR/SO/SLM (Fig. 6C versus 6D, black
arrows, and Table 3). O.D. analyses in CA1 revealed there was a 54% reduction (p = 0.007)
in SL and SO of CA1, as well as a similar reduction in the SLM (Fig. 6C versus 6D, and Table
4) in (−/−) mice compared to (+/+) mice.
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SS+ neurons as well as immunoreactive SS fibers were present in similar numbers [NPN2 (+/
+), 26 ± 2 versus NPN2 (−/−), 32 ± 2] within all CA3 subregions in both (+/+) and (−/−) mice
(Supplementary Fig. 2A versus 2B, and Tables 3 and 4). SS+ neurons as well as
immunoreactive SS fibers were present in similar numbers [NPN2 (+/+), 32 ± 3 versus NPN2
(−/−), 40 ± 3] within all CA1 subregions in both (+/+) and (−/−) mice (Supplementary Fig. 2C
versus 2D, and Table 3). CR+ neurons as well as immunoreactive CR fibers were present in
similar numbers [NPN2 (+/+), 30 ± 3 versus NPN2 (−/−), 41 ± 3] within all regions
(Supplementary Fig. 2E versus 2F, and Tables 3 and 4).

In the DG/H region of (−/−) mice (Fig. 6A versus 6B, and Tables 3 and 4), cell counts of NPY
+ neurons in the DG/H region of were decreased by 70% (p < 0.001) (Fig. 6C versus 6D, black
arrows, and Table 3). O.D. analyses in DG/H revealed there was a 45% reduction of NPY+
staining fibers (p = 0.006) in molecular layer (ML) and hilar regions (Fig. 6C versus 6D, and
Table 4) in NPN2. All other interneuron subtypes and fibers were similar across genotype
(Tables 3 and 4 and Supplementary Fig. 2). Taken together, these data indicate that a deficit
in NPN2 signaling is associated with a loss of subpopulations of interneurons in the
hippocampus.

Dendrite and spine analyses of CA1 pyramidal neurons in the NPN2 KO mice
Given the apparent increased excitability of CA3-CA1 circuitry and the apparent decrease in
GABAergic interneurons seen with NPN2 KO allele, we further examined the potential
ultrastructural alterations of CA1 pyramidal cells. Previous experiments have already
established that there is an increased length of the infrapyramidal bundle of mossy fiber axons
in this transgenic strain of NPN2 (−/−) mice (Walz et al., 2002). Therefore, we analyzed the
dendritic morphology/structure within field CA1 of the hippocampus in NPN2 KO mice.
Brains isolated from 12-week-old naive (+/+) mice and (+/−) mice (n = 7/genotype) underwent
the rapid Golgi staining protocol (Valverde, 1976), performed in a manner blinded to genotype.
Using camera lucida drawings of the hippocampal CA1 dendrites, dendritic branching was
evaluated for estimated total dendritic length and complexity. A moderate decrease in dendritic
branching (p < 0.001) and total dendritic length of CA1 pyramidal cells (18% decrease, p <
0.01) was detected in the (+/−) mice (Fig. 7). Further, N type and D type spines in NPN2 (+/
−) mice were significantly increased 11% (p-values of p < 0.01 and p < 0.05, respectively)
compared to CA1 neurons from (+/+) mice (Table 5). The total spine density of NPN2 (+/−)
CA1 pyramidal cells showed a trend towards increased density (11%, p = 0.10). Whether the
synapses on the excess spines are excitatory or inhibitory in nature is unknown.

Discussion
The present work provides a comprehensive overview of hippocampal structure and function
in mice with a deficit in NPN2 expression. Although it is tempting to conclude that these
findings are a direct result of NPN2 manipulation, it is important to keep in mind, particularly
when dealing with molecules such as NPN2 that are so heavily implicated in
neurodevelopment, that indirect compensatory responses by the biological system may also
contribute importantly to these findings. Results from this animal model may contribute
importantly to our understanding of NPN2's role in development and maintenance of a normal
excitatory/inhibitory network in the hippocampus, and how perturbations in this signaling
system might affect susceptibility to epilepsy. Further, based on recent work, this model may
be highly relevant for the study of autism (Wu et al., 2007). Here, we show for the first time:
(1) gene-dose-dependent expression of hippocampal NPN2 mRNA and synaptosomal NPN2
protein, validating this model for studies of NPN2 deficits in signaling; (2) heightened
sensitivity to chemical challenge with KA and PTZ, suggesting a lower seizure threshold in
NPN2-deficient mice; (3) increased excitability in field CA1, manifested as an increased slope

Gant et al. Page 10

Epilepsia. Author manuscript; available in PMC 2010 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the I/O curve, along with an apparent reduction in FF-induced short-term synaptic throughput
(Landfield et al., 1978, 1986; Thibault et al., 2001); (4) a dramatic and subtype selective
decrease in interneuron cell counts in multiple hippocampal regions, while principal cell
numbers in the CA and DG layers are preserved; and (5) reduced dendritic length, complexity,
and spine numbers in CA1 neurons of NPN2 deficient animals.

Protein expression in synaptosomes of NPN2 deficient animals
Loss of NPN2 expression was gene-dose-dependent, with heterozygous animals showing an
intermediate level of expression. Further, mRNA and protein levels showed highly correlated
changes in expression. Interestingly, mRNA expression levels for the homozygous KO animals
were reduced by 90% compared to their wild-type littermates. Ostensibly, detection of NPN2
mRNA in homozygous KO animals should have been reduced 100%. Thus, this 10% difference
between what was expected and what was measured may indicate that, at least with the mRNA
quantification system used, there is some uncompensated background noise, cross-
hybridization, or lack of specificity contributing to these measures.

Other proteins measured in the synaptosomal preparation, including those related to structure
and synaptic elements (β-tubulin, synapsin I, PSD-95), as well as those related to excitatory
neurotransmission (NMDAR 2A/2B, Glur1) were apparently unaffected by NPN2 deletion,
suggesting that synapse number as well as excitatory protein content were maintained.

Surprisingly, there was an increase in synaptic protein levels for gene products related to
GABAergic function, and this occurred in the face of a robust decrease in the number of
GABAergic interneurons and GABAergic synapses. GABAA receptors increased
significantly, and this increase may reflect a “denervation supersensitivity” adaptation in which
postsynaptic excitatory neurons, deprived of their normal inhibitory tone, upregulate
expression in an attempt to enhance inhibitory tone. If true, this mechanism could have
important consequences regarding the treatment of seizure disorders in which increased
GABAergic receptor expression is present (Scheffer & Berkovic, 2003). Further, GAD-67 (the
rate-limiting enzyme in the synthesis of GABA) and GAT-1 (the presynaptic GABA reuptake
transporter that plays a role in terminating GABA signaling) were both highly upregulated.
These results suggest the intriguing possibility that despite a loss of GABAergic interneurons,
there is an increase in presynaptic GABAergic terminals, which would further suggest an
increase in branching and complexity of the remaining GABAergic neurons in NPN2 deficient
animals. However, at least on CA3b pyramidal cells, the number of presynaptic GABAergic
terminals is decreased in NPN2 deficient animals. It is also possible that, at least in the case of
GAT-1, glial cells increased expression in order to scavenge GABA for the few remaining
overworked GABA interneurons. Intriguingly, these findings also may indicate that the
GABAergic interneurons are exhibiting an immature phenotype (Powell et al., 2003; Levitt et
al., 2004). These possibilities suggest future studies and hint at new approaches to therapeutic
intervention.

Sensitivity to chemical challenge
As reported in the Methods section, the homozygous KOs represented 10% of the 2-month-
old population, suggesting that the gene deletion was not 100% lethal. However, our dose of
KA across all animals was selectively lethal for the homozygous KO animals. While this
rendered any downstream analysis moot, it did strongly suggest that the homozygous KO mice
were more sensitive to the chemical challenge. Further, the heterozygous mice also showed a
facilitated response with ensuing apparent epileptogenesis. This could be due genomic
elements or spontaneous seizures of hetereozygous mice “primed” cells for subsequent KA-
induced epileptogenesis. Further, a separate cohort of heterozygous mice also showed a
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decreased latency to PTZ-induced seizures, supporting the idea that NPN2 deficiency during
development leads to a lowered seizure threshold.

Electrophysiology
The chemical challenge studies pointed to lowered seizure thresholds in NPN2 KO animals.
To take a closer look at the performance of brain circuitry in drug naive animals with NPN2
deficits, we used the hippocampal slice preparation to examine I/O relationships in the field
CA1 (Schaeffer collateral) pathway. The steeper I/O curves indicated that the CA1 somatic
layer of NPN2 deficient animals yielded a greater response, suggesting increased excitability.
In the frequency facilitation model of short-term synaptic plasticity (Landfield et al., 1978,
1986; Thibault et al., 2001), NPN2 KO animals exhibited deficient synaptic throughput with
fewer maintained second spikes. This could reflect a compensatory mechanism whereby in the
face of increased excitability (I/O data), cells try to dampen signaling by decreasing synaptic
throughput. However, changes in excitatory, as well as inhibitory pathways could mediate this
phenotype either alone or in concert, and further experiments with pharmacological GABA
blockade and/or selective stimulation (i.e., antidromic versus orthodromic) protocols are
needed to address these issues.

Loss of interneurons
The behavioral increase in susceptibility to systemically applied drugs could have been due to
a number of factors, including altered metabolism or blood flow. However, subsequent
electrophysiologic studies did support a local perturbation in at least one of the excitatory
pathways of the hippocampus. Here again, multiple hypotheses could account for these
changes, including facilitated excitatory or reduced inhibitory activity. Thus, we used
immunocytochemical approaches to label and count, using a semiquantitative approach,
different excitatory and inhibitory neuronal populations within the hippocampus. While this
approach may over- or underestimate actual changes as assessed stereologically, the direction
and relative magnitude of change across different cell subtypes should be more reliable. We
found no differences in excitatory cell body counts within the principal cell body layers (CA
and DG). However, one of the more robust findings reported here was a profound loss of
interneurons. Neuropeptide Y (Npy+) interneurons were significantly reduced in all regions,
and changes in Npy expression levels have recently been associated with seizure activity
(Kharlamov et al., 2007). In mouse hippocampus, NPY+ interneurons and SS+ interneurons
accounted for 33% and 17% of the immunoreactive GABAergic neurons (Jinno & Kosaka,
2003), respectively. Interestingly, NPY+ and SST+ positive interneurons have a highly
overlapping (52%) distribution (Jinno & Kosaka, 2003), yet we observed a relatively selective
loss of NPY+/SST- interneurons. NPY+/SST- interneurons are 48% of the NPY
subpopulations based on stereological measurements in mouse hippocampus. This suggests
that the SST expressing interneurons are relatively spared (and in fact show a trend towards
increasing cell numbers), with NPN2 KO. It may be interesting to examine in future studies
whether the NPY+/SST+ interneurons are spared themselves, or if this represents an increase
in NPY-/SST+ interneurons. Subclasses of GABA+ interneurons originate from distinct parts
of the ganglionic eminence (GE). Parv+, SS+, and NPY+ interneurons develop and migrate
from the median GE (MGE), whereas Calretinin (CR+) cells develop and migrate from the
caudal GE (CGE). Our data suggest defects in NPN2 signaling affects interneurons derived
from MGE but not CGE (Pleasure et al., 2000).

Alternatively, decreases in cells immunoreactive for parvalbumin, calretinin, calbindin, and
somatostatin have been reported in human epileptic tissue (temporal lobe) and animal models
of epilepsy (Gruber et al., 1994; Spreafico et al., 2000; Andre et al., 2001; Sundstrom et al.,
2001), and seizure-induced release of neuropeptide Y and somatostatin (reviewed in Sperk et
al., 2007; Tallent & Qiu, 2007) has been reported. However, mice null for these proteins do
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not have spontaneous seizures or increased vulnerability to KA-induced seizures. The
spontaneous seizures may have affected the neuropeptide profile in interneurons (Andre et al.,
2001). Further, neuropeptide Y expression is well known to increase in response to seizure
activity, albeit this work usually focuses on excitatory cell layers (e.g., Kharlamov et al.,
2007; Sperk et al., 2007).

Numbers of GABAergic interneurons were significantly reduced in all areas of the
hippocampus (Supplementary Table 3), supporting earlier work implicating the semaphorin-
neuropilin signaling system in GABAergic migration and differentiation (Marin et al., 2001)
as well as formation, stability, and function of excitatory and GABAergic synapses (Sahay et
al., 2005). Regarding migration, NPN2 is expressed in migrating GABAergic neurons
(Tamamaki et al., 2003), its deficiency impairs GABAergic migration (Marin et al., 2001), and
its ligand (Sema3F), is expressed during development along the cortical/hippocampal
GABAergic neuron migratory pathway (Pleasure et al., 2000). Further, Sema3F's ectopic
expression can alter GABAergic neuron migration (Tamamaki et al., 2003). Thus, cell
migration during development may at least in part account for the reduced number of
GABAergic interneurons seen in NPN2 deficient mice.

GABAergic differentiation is mediated by a variety of signaling mechanisms including
Sema3A/NPN1, fibroblast growth factor 2 (FGF-2), brain derived neurotrophic factor (BDNF),
neurotrophin 3 (NT-3), and hepatocyte growth factor/scatter factor (HGF/SF) (Pappas &
Parnavelas, 1998; Fiumelli et al., 2000; Korhonen et al., 2000; Marin et al., 2001; Powell et
al., 2001). Similar to Slit/Robo signaling in cultured hippocampal neurons (Sang et al.,
2002), reductions of Parv+ and NPY+ fibers along the apical and basilar dendritic layers of
CA3 and CA1 regions in NPN2 KO mice could imply that proper GABAergic neuritic
extension is altered (Figs. 5 and 6 and Tables 3 and 4), consistent with the deletion of NPN2
signaling in excitatory pyramidal cells and DG neurons leading to improper extension of spines
on dendrites (Fig. 7) and extension of axons (Sahay et al., 2005). A similar hypothesis has been
proposed for hippocampal parvalbumin+ interneurons in mice deficient of C-Met oncogene
(MET) hepatocyte growth factor (HGF) signaling (Martins et al., 2007). Several mechanisms
are possible, including (1) abnormal extension of neurites or (2) mistargeting to wrong cell
types or incorrect subcellular localization. However, the lack of GABA+ neurons alone could
account for these observations.

Morphometry
Based on the altered excitability of field CA1 and the loss of innervating inhibitory
interneurons, we examined the structure of CA1 pyramidal cells, especially dendritic arbors
and synaptic spines. Decreased dendritic complexity, multisynaptic inputs, filopodia, and
increased density of immature spines were observed (Liu et al., 2005; Sahay et al., 2005;
Faulkner et al., 2007) (Fig. 7 and Table 5), suggesting that synapse formation is immature in
NPN2 deficient animals. In development, interneurons receive synaptic input first from other
GABAergic neurons and then pyramidal cells (Ben-Ari et al., 2004). Only interneurons of
sufficient morphological maturity receive functional synaptic input, suggesting that
GABAergic synaptogenesis is governed by the degree of maturation of the postsynaptic neuron
(Danglot et al., 2006).

Summary
NPN2 deficient animals show an apparent lower seizure threshold, enhanced excitability, and
altered short-term synaptic throughput. Further, they have reduced numbers of interneurons
and altered dendritic branching and dendritic spine counts in excitatory neurons of the CA1
field. These findings could be accounted for by pleiotropic effects on cell migration, synaptic
localization, and assembly or stability of synaptic content, thereby affecting synaptic
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physiology, plasticity, and neuronal excitability (Contractor et al., 2002; Henkemeyer et al.,
2003). Interestingly, polymorphic alleles of the human NPN2 gene are associated with the
clinical expression of autism (a disease of GABAergic deficiency associated with seizures) in
Chinese populations (Wu et al., 2007). Thus, this animal model may have broader applications
as a model for some aspects of autism, just as Reeler mice can serve as models for both epilepsy
and psychosis (Patrylo et al., 2006). Conditional deletions of Sema3F signaling, either via
inducible KOs, pharmacologic agents, or other approaches (e.g., small interfering RNA or
siRNA) will provide an experimental basis to dissect the molecular pathways responsible for
interneuron migration, excitatory and inhibitory neuritogenesis, and subsequent synaptic
connectivity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Facilitation of KA-induced epileptogenesis in NPN2 (+/−) mice. NPN2 (+/+) and (+/−) mice
were subjected to equivalent duration and severity of KA-SE and then videotaped a consecutive
10 h (10 a.m. to 6 p.m.)/month for 8 months. Spontaneous seizures were only detected in the
KA-treated (+/−) mice but not KA-treated (+/+) mice.
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Figure 2.
Measures of excitability obtained through synaptic stimulation of CA3-CA1 axonal pathway.
(A) Typical examples of extracellular response recorded in the CA1 pyramidal layer at a
stimulus intensity of 50% of maximal population spike (PS). (B) Slope measures derived from
the linear fit of the fiber volley/PS relationship. (C) A significant difference (p < 0.01) was
observed for (+/+) versus (+/−) mice. Averages ± SEM reported. Asterisks (*) indicates
significant difference from respective wild-type control (p = 0.01).
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Figure 3.
Comparison of frequency facilitation (FF) measures from wild-type and NPN2 (+/−) mice.
(A) No significant difference was found in FF of primary (1°) population spike (PS) between
wild-type and (+/−) mice. (B) Secondary (2°) PS (arrows) during FF was significantly
decreased at all time points (p < 0.05). Averages ± SEM reported. Ranked 2-way ANOVA on
repeated measures was used for statistical tests (see Methods section).
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Figure 4.
Deletion of NPN2 signaling leads to hippocampal GABAergic deficiency. The initial overall
look of the cytoarchitecture of hippocampus was very similar using cresyl violet staining in
both (−/−) and (+/+) littermates (panel A versus B). However, analysis of the GABA+
interneuron populations revealed a major decrease of in the DG/H region, CA3 region, and in
CA1 region of (−/−) mice compared to wild-type littermates (panel C versus D). In panel E,
RT-PCR of total cellular hippocampal RNA indicated a 90% reduction in NPN2 mRNA content
in (−/−) mice compared to (+/+) mice. In panel F, hippocampal synaptosomes of (−/−) mice
contained 75% less NPN2 protein (lane 3 and 4) compared to (+/+) mice (lane 1). Synaptosomes
from these same mice (lanes 3 and 4) contained a 50% increase in GAD-67 and GAT-1 plus
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a 30% increase in GABAA receptor β 2/3 immunoreactive protein relative to (+/+) mice (lane
1) without any differences in excitatory synaptic protein content. The number to the right of
each blot is the optical density (O.D.) measurements (n = 3 experiments), which is the O.D.
ratio of NPN2 (−/−) to NPN2 (+/+) protein.
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Figure 5.
Decreased parvalbumin and neuropeptide Y neurons in the CA3 regions of NPN2 (−/−) mice.
Forty-micron sections from NPN2 (+/+) (n = 9) or NPN2 (−/−) (n = 9) mice were subjected to
immunocytochemistry using the GABA (panel A versus B), Parvalbumin (panel C versus D),
neuropeptide Y (panel E versus F) antibodies. The number of GABA+ neurons was decreased
by 63% in both subregions of CA3 (panel A versus B). Cell counts of Parv+ neurons in the
CA3 region were decreased by 42% (panel C versus D, black arrows). There was a remarkable
71% decrease in NPY+ neurons in the CA3 region of (−/−) mice (panel E versus F).
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Figure 6.
Decreased neuropeptide Y neurons in the CA1 and dentate gyrus/hilar regions of NPN2 (−/−)
mice. Forty-micron sections from NPN2 (+/+) (n = 9) or NPN2 (−/−) (n = 9) mice were
subjected to immunocytochemistry using the GABA (panel A versus B), neuropeptide Y (panel
C versus D), or parvalbumin (panel E versus F) antibodies. The number of GABA+ neurons
was decreased by 77% in the CA1 and 67% in the DG/H regions of the (−/−) mice (panel A
versus B). Cell counts of NPY+ neurons in the CA1 and H/DG regions were decreased by 56%
and 71%, respectively compared to (+/+) mice (panel C versus D, black arrows). Cell counts
of Parv+ cells decreased by 28% (panel E versus F) in the CA1 of (−/−) mice but no changes
were noted in the H/DG regions of both genotypes.
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Figure 7.
Decreased dendritic complexity of CA1 pyramidal cells in hippocampus of NPN2 KO mice.
Rapid Golgi staining of brains from (+/+) and (+/−) mice revealed consistent differences in
dendritic complexity of CA1 pyramidal cells from (+/+) versus (+/−) mice. As shown in panels
A and B, dendritic branching of CA1 pyramidal cells was less in (+/−) mice compared to (+/
+) littermates (p = 0.001). Consistent with the Sholl's analyses, the total dendritic length in (+/
−) mice was 18% less than (+/+) littermates (panel C, p = 0.01).
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Table 1
Seizure induction by KA and PTZ

Experiment Seizure type Genotype Latency to seizure

KA-SE SE +/+ 47 ± 7 min

+/− 23 ± 2a min

PTZ (wild-type) Class I +/+ 240 ± 25 s

Class II 180 ± 21 s

Class III 400 ± 80 s

PTZ (NPN2 Het) Class I +/− 140 ± 21b s

Class II 180 ± 52 s

Class III 268 ± 37b s

a
p < 0.008 by Mann–Whitney test.

b
p < 0.0001 by ANOVA.
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Table 2
Basic synaptic parameters in CA1 neurons of all test groups

+/+
n = 12

+/−
n = 9 p-value

Stimulus intensity at 50% max (mA) 13.20 ± 1.56 12.00 ± 0.99 0.20

Fiber potential amplitude (mV) 0.17 ± 0.05 0.15 ± 0.02 0.51

Estimated minimum fiber potential (mV) 0.17 ± 0.05 0.09 ± 0.02 0.11

Values are mean ± SEM. Stimulus intensity at 50% max (mA) required to elicit half-maximal population spikes (PS) were derived from stimulus
voltage at the stimulator. Fiber potential amplitudes were measured as noted in the Methods section, and estimated minimum fiber potential was
derived from the x-axis intercepts in the I/O analysis (see the Methods section).
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Table 3
Mean cell counts of interneurons in hippocampal subregions

+/+
n = 9

+/−
n = 9

−/−
n = 9 p-value

GABA+

 CA3 27 ± 4 11 ± 3 10 ± 2 0.006

 CA1 30 ± 4 14 ± 4 7 ± 1 0.009

 DG/hilus 12 ± 2 5 ± 2 4 ± 1 0.009

Neuropeptide Y+

 CA3 28 ± 2 12 ± 2 8 ± 2 0.003

 CA1 25 ± 3 14 ± 2 11 ± 2 0.003

 DG/hilus 20 ± 2 10 ± 2 6 ± 1 0.001

Parvalbumin+

 CA3 36 ± 4 27 ± 3 21 ± 1 0.020

 CA1 37 ± 3 28 ± 4 27 ± 2 0.050

 DG/hilus 12 ± 1 9 ± 1 10 ± 1 0.150

Calretinin+

 CA3 32 ± 6 35 ± 7 41 ± 3 0.340

 CA1 41 ± 3 40 ± 5 38 ± 3 0.870

 DG/hilus 25 ± 2 27 ± 3 22 ± 3 0.620

Somatostatin+

 CA3 26 ± 2 30 ± 4 32 ± 2 0.070

 CA1 32 ± 3 35 ± 4 40 ± 3 0.160

 DG/hilus 15 ± 1 14 ± 3 15 ± 2 0.530

All values are mean ± SEM. The values are an average total number of interneurons per hippocampal subregion as described in the Methods section.
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Table 4
O.D. measurements of immunoreactive fibers in hippocampal interneuron subpopulations

+/+
n = 9

−/−
n = 9 p-value

Neuropeptide Y+

 CA1 1.62 ± 0.12 0.76 ± 0.24 0.007

 CA3 1.34 ± 0.05 0.80 ± 0.15 0.008

 DG/hilus 1.45 ± 0.10 0.80 ± 0.24 0.006

Parvalbumin+

 CA1 0.78 ± 0.05 0.68 ± 0.06 0.170

 CA3 1.32 ± 0.10 0.73 ± 0.13 0.008

 DG/hilus 0.67 ± 0.10 0.78 ± 0.06 0.690

Values are mean ± SEM.
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Table 5
Spine density analyses of wild-type and NPN2 KO mice

Parameter +/+ +/− p-value

Total spines 42.6 ± 2.6 46.8 ± 1.0 0.10

LL type spines 13.8 ± 1.1 15.3 ± 0.6 0.20

LS type spines 12.6 ± 0.8 12.9 ± 0.5 0.98

D type spines 3.87 ± 0.2 4.77 ± 0.2 0.01a

N type spines 12.2 ± 0.7 13.8 ± 0.4 0.05a

a
Significant by unpaired Student's t-test.
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