
Contents lists available at ScienceDirect

Epilepsy Research

journal homepage: www.elsevier.com/locate/epilepsyres

Deficiency of urokinase-type plasminogen activator and its receptor affects
social behavior and increases seizure susceptibility

Jenni Kyyriäinena, Tamuna Bolkvadzea, Hennariikka Koivistob, Anssi Lipponena,
Laura Oliva Péreza, Xavier Ekolle Ndode-Ekanea, Heikki Tanilab, Asla Pitkänena,⁎

a Epilepsy Research Laboratory, A. I. Virtanen Institute for Molecular Sciences, University of Eastern Finland, PO Box 1627, FI-70211 Kuopio, Finland
bNeurobiology of Memory Laboratory, A. I. Virtanen Institute for Molecular Sciences, University of Eastern Finland, PO Box 1627, FI-70211 Kuopio, Finland

A R T I C L E I N F O

Keywords:
Behavioral analysis
Double knockout
Pentylenetetrazol
Perineuronal nets
Seizure susceptibility

A B S T R A C T

Extracellular proteolysis initiated by the binding of urokinase-type plasminogen activator (uPA) to its receptor
(uPAR) regulates the development of inhibitory neuronal circuits in the cerebral cortex and tissue remodeling
after epileptogenic brain injury. To study the function of different components of the uPA-uPAR system on
behavior and epileptogenesis, and to complement our previous studies on naïve and injured mice deficient in the
uPA-encoding gene Plau or the uPAR-encoding gene Plaur, we analyzed the behavioral phenotype, seizure
susceptibility, and perineuronal nets surrounding parvalbumin-positive inhibitory interneurons in Plau and Plaur
(double knockout dKO) mice. In a climbing test, dKO mice showed reduced interest towards the environment as
compared with Wt mice (p < 0.01). In a social approach test, however, dKO mice spent more time than Wt mice
exploring the compartment containing a stranger mouse than the empty compartment (p < 0.05). Moreover, in
a social interaction test, dKO mice exhibited increased contact time (p < 0.01). Compared with Wt mice, the
dKO mice also had a longer single contact duration (p < 0.001) with the stranger mouse. In the elevated plus-
maze, grooming, and marble burying tests, the anxiety level of dKO mice did not differ from that of Wt mice.
Rearing time in an exploratory activity test, and spatial learning and memory in the Morris swim navigation task
were also comparable between dKO and Wt mice. In the pentylenetetrazol (PTZ) seizure-susceptibility test, dKO
mice had a shorter latency to the first epileptiform spike (p= 0.0001) and a greater total number of spikes
(p < 0.001) than Wt mice. The dKO genotype did not affect the number of cortical perineuronal nets. Our
findings indicate that Plau/Plaur-deficiency leads to a more social phenotype toward other mice with diminished
interest in the surrounding environment, and increased seizure susceptibility.

1. Introduction

Urokinase-type plasminogen activator receptor (uPAR) is a glyco-
protein linked to the cell membrane by a glycosylphosphatidylinositol
anchor (Ploug et al., 1991; Smith and Marshall, 2010). It exerts extra-
cellular proteolytic activity by binding to its ligand, urokinase-type
plasminogen activator (uPA) (Ellis et al., 1989; Sato et al., 2002). Be-
cause uPAR lacks an intracellular domain, it must interact with adjacent
membrane receptors, such as platelet-derived growth factor receptor β,
and integrins to initiate intracellular signaling (Eden et al., 2011). uPAR
together with its membrane receptors and extracellular ligands, in-
cluding uPA, vitronectin, and sushi-repeat protein X-linked 2, form the
uPAR interactome, which regulates the plasticity of the extracellular
matrix during development and after brain injury (Dityatev et al.,
2014), as well as cellular proliferation, migration, and invasion (Smith

and Marshall, 2010).
PLAUR, a gene encoding uPAR, is a risk gene for autism spectrum

disorders (Campbell et al., 2008). Plaur-deficient mice develop nor-
mally but have a reduced number of parvalbumin-positive (PARV+)
interneurons in the cingulate and parietal cortex (Powell et al., 2003;
Eagleson et al., 2005). Further, Plaur-deficient mice exhibit increased
anxiety, impaired social behavior, increased seizure susceptibility, and
even spontaneous seizures, depending on the genetic background
(Powell et al., 2003; Levitt, 2005; Bae et al., 2010; Bolkvadze et al.,
2016). These observations link the Plaur gene to autism and genetic
epilepsy.

The expression of uPAR and uPA is normally low in neurons, mi-
croglia, astrocytes, and vascular cells, but becomes robustly upregu-
lated after epileptogenic brain injury in both experimental models
(Lahtinen et al., 2006, 2009) and humans (Liu et al., 2010; Iyer et al.,
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2010). Mice with Plau or Plaur deficiency have impaired post-injury
recovery (Morales et al., 2006; Lahtinen et al., 2010; Ndode-Ekane and
Pitkanen, 2013; Rantala et al., 2015; Bolkvadze et al., 2015, 2016).
Moreover, the brain tissue of patients with drug-refractory epilepsy
exhibits increased uPA and/or uPAR expression (Liu et al., 2010; Iyer
et al., 2010). These data show that, in addition to genetically-driven
brain disorders, the uPA-uPAR interactome contributes to the post-in-
jury tissue recovery and functional outcome, possibly including ac-
quired epileptogenesis.

We previously characterized the neurophenotype of Plau- and Plaur-
deficient mice and their response to epileptogenic brain injury
(Lahtinen et al., 2010; Ndode-Ekane and Pitkanen, 2013; Rantala et al.,
2015; Bolkvadze et al., 2015, 2016). To further elucidate the involve-
ment of individual components of the uPAR interactome in normal
behavior and the response to stimuli, we performed extensive beha-
vioral testing of double knockout mice (dKO) lacking both Plau and
Plaur in exploratory activity, social interaction, and anxiety, as well as
learning and memory tests. To assess the epileptogenicity of the dKO
mice, video-encephalography (EEG) monitoring was performed to de-
tect spontaneous seizures and the pentylenetetrazol (PTZ) test was
performed to assess seizure susceptibility. Finally, im-
munohistochemistry using a lectin for Wisteria Floribunda was per-
formed on mouse brain tissue to evaluate the cortical perineuronal nets
that surround and modify the excitability of PARV+ inhibitory inter-
neurons in the cerebral cortex (Wintergerst et al., 1996).

2. Materials and methods

2.1. Animals and genotyping

Adult female and male wild-type (Wt) mice, as well as female and
male double knockout (dKO) mice deficient for both the Plau and Plaur
genes were used. All mice were of a C57BL/6 JOlaHsd background.
uPA−/− mice [B6.129S2-Plautm1Mlg/J; the Jackson Laboratory, Bar
Harbor, USA (Carmeliet et al., 1994)], lacking exons 3–11, were
backcrossed to uPAR−/− mice [B6.129P2-Plaurtm1Jld/J; originally from
the Jackson Laboratory (Bugge et al., 1995)], lacking exon 3, for at least
eight generations. The genotype was confirmed by polymerase chain
reaction analysis of an ear punch sample. Wt and dKO mice used were
from the same generation.

To confirm Plau deficiency in the dKO mice, we used oIMR0432 (5′
TCTGGAGGACCGCTTATCTG-3′), oIMR0433 (5′CTCTTCTCCAATGTGG
GATTG-3′), and oIMR2060 (5′CACGAGACTAGTGAGACGTG-3′) pri-
mers (stock number: 002509, Jackson Laboratory). The PCR reaction
master mix contained 0.0825 μM oIMR2060, 0.0825 μM oIMR0432,
0.165 μM oIMR0433, and 0.2 mM of each dNTP, 1X DynaZyme reaction
buffer containing 1.5 mM MgCl2 and DynaZyme II polymerase (0.03 U/
μl, #F-501 L, Thermo Fisher, Waltham, MA, USA). The PCR conditions
were as follows: 94 °C for 3min, 94 °C for 30 s, 60 °C for 1min, and
72 °C for 1min using 35 cycles, followed by 72 °C for 2min. PCR
fragments were verified in 1.5 % agarose gels.

To confirm Plaur deficiency in the dKO mice, we used Plaur primer 1
(5′TATTACCAGTGAATCTTTGTCAGCAGTTCCC-3′), Plaur primer 2 (5′
AGAGCTCCGGGTTCTCTCTC-3′), and Plaur primer 3 (5´ GGGAGGAA
GGAACTCCACTC-3′) (Farris et al., 2011). The PCR reaction master mix
contained: 0.0825 μM Plaur primer 1, 0.0825 μM Plaur primer 3, 0.165
μM Plaur primer 2, and 0.2mM of each dNTP, 1x reaction buffer,
2.0 mM MgCl2, and DreamTaq DNA polymerase (EP0701, Thermo
Fisher). The PCR conditions for Plaur were as follows: 95 °C for 2min,
95 °C for 30 s, 64 °C for 30 s, and 72 °C for 30 s using 10 cycles by
lowering the annealing temperature 1 °C/cycle, followed by 95 °C for
30 s, 54 °C for 30 s, and 72 °C for 30 s using 40 cycles, and then 72 °C for
5min. To identify the genotype, PCR fragments were verified in 1.5 %
agarose gels.

The mice were housed in a controlled environment (temperature
22 ± 1 °C, humidity 50 %–60 %, light-dark cycle from 07.00 to 19.00)

with free access to food and water. All animal procedures were ap-
proved by the Animal Ethics Committee of the Provincial Government
of Southern Finland, and performed in accordance with the guidelines
of the European Community Council Directives 2010/63/EU.

2.2. Behavioral analysis

Behavioral differences between Wt (n= 13; 6 females, 7 males) and
dKO (n= 10; 4 females, 6 males) mice were assessed using an extensive
battery of behavioral tests of exploratory activity, social interaction,
anxiety, and learning and memory. For all the tests, the rater was blind
to the mouse genotype.

2.2.1. Exploratory activity
TruScan® (Coulbourn Instruments, Allentown, PA, USA) automated

activity monitoring based on detection of breaks of infrared photo-
beams was used to assess spontaneous locomotion and exploratory
activity, as previously described (Rantala et al., 2015). In brief, the
system comprises an observation cage with white walls (26 cm×26 cm
× 39 cm) and two rings of photobeam detectors to monitor horizontal
and vertical movements. Free exploration was recorded for 10min. The
analyzed parameters included the following: ambulatory distance
(gross horizontal locomotion), stereotypy time (time engaged in
movements that repeatedly break adjacent beams at least three times),
time in the cage center, and vertical time (rearing).

2.2.2. Social approach
Social approach tests measure the exploratory activity and social

contact of the animal. The test was performed as previously described
by Kaidanovich-Beilin et al. (2011) with minor modifications. The test
was performed in a home cage (40 cm×24 cm × 15 cm) with bedding
and two cylindrical cages (height 9 cm, diameter 8 cm, weighted down
by a half-filled 60ml glass beaker on the top) on the opposite ends of
the cage. The cylindrical cages were separated by an opaque plastic
wall with a mouse-size opening at the bottom of the center of the wall.
After a 10-min habituation period, a stranger mouse (same sex as the
study mouse) was placed in one of the cylindrical cages. The test was
10-min long and video-recorded. The number of nose contacts with the
cylindrical cages and the time spent sniffing were measured from the
recording.

2.2.3. Social interaction
The social interaction test was performed as previously described by

Sallinen et al. (2013) by adapting the rat protocol to mice. The test was
performed in a rectangular arena (79 cm×57 cm × 20 cm) made of
white opaque plastic. The study mouse and a stranger mouse (same sex
as the study mouse) were placed on opposite sides of the test arena, and
the number and length of contacts between them were monitored and
video-recorded for 10min. The stranger mouse had its back colored
white with titanium oxide to allow for identification in the video re-
cording. The test was run twice with a 12-day interval and the stranger
mouse was different each time. The number and duration of contacts
that the study mouse initiated (sniffing of the rump and other contacts)
were calculated off-line from the video separately for the first and last
5-min periods.

2.2.4. Grooming and climbing test
Each mouse was placed individually into a standard mouse cage

containing only bedding material. After a 10-min habituation period,
the spontaneous behavior of the mouse was video-recorded for 10min.
The time spent grooming and climbing on the lid of the cage were
analyzed from the recording.

2.2.5. Elevated plus maze
The elevated plus maze test is a widely used measure of anxiety. The

maze comprised four arms (30 cm×5 cm) radiating from a central
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platform (5 cm×5 cm) 40 cm above the floor. Two of the arms had no
walls on any side (Open) and two had a 14-cm high wall on all sides
except at the center of the platform (Closed). The maze was made of
black plastic, but the arms were covered with white plastic mat to
provide contrast with the mouse for the video image. The mouse was
placed on the central platform and video-recorded for 5min. The
number of transitions between the arms and the time spent in the open
and closed arms were calculated, and the percentage of the total time
spent on the open arms was analyzed.

2.2.6. Marble burying test
The marble burying test measures object neophobia. We adopted

the version of marble burying test that was shown to be sensitive to the
anxiety component in C57Bl/6 J mice (Nicolas et al., 2006). Nine glass
marbles (1 cm diameter) were placed overnight in a 3× 3 array cov-
ering half of the cage floor on double the usual amount of fresh bed-
ding. The number of completely covered marbles the next morning was
used as an index of anxiety.

2.2.7. Morris swim navigation task
The Morris swim navigation task was used to measure spatial

learning and memory. The apparatus was a white plastic wading pool
with a diameter of 120 cmA transparent glass platform (14× 14 cm)
was placed 1.0 cm below the water surface. The temperature of the
water was maintained at 20 ± 0.5 °C throughout the experiment, and a
short recovery period in a warm cage was provided between trials. The
mice were first pretrained during two days to find and climb onto the
submerged platform by guiding them within a walled alley. In the ac-
tual test phase (days 1–4), the mice were given five trials/day with a
10-min rest between trials. On day 5, the platform was removed for the
first and last trials to determine the search bias. The platform location
was kept constant, but the starting position varied amoung four con-
stant locations at the pool rim, with all mice starting from the same
position in any single trial. If the mouse failed to find the escape plat-
form within 60 s, it was placed on the platform for 10 s by the experi-
menter. The task was video-recorded with a camera mounted on the
ceiling. The escape latency and swimming speed were calculated for
each trial and then averaged across all 5 days of task acquisition. The
search bias during the probe trial was measured by calculating the time
the mouse spent within 30 cm from the center of the former platform
position.

2.2.8. Passive avoidance
Fear conditioning was tested using the passive avoidance test. The

test was performed in a two-compartment light-dark box (42 cm×32
cm × 22 cm, Med Associates Inc., Fairfax, VA, USA). On the first day,
the mouse was allowed to explore the test arena for 5min. When the
mouse entered the dark compartment with all four paws, a sliding door
on the dividing wall that contained a mouse-sized hole was closed, and
the mouse was confined in the dark compartment for 30 s. The time the
mouse took to enter the dark compartment was recorded. The mouse
received two mild electric shocks (0.30mA, 2 s) and was then returned
to its home cage. On test day three (48 h later), the mouse was again
placed in the lighted side of the two-compartment box. After 30 s, the
sliding door was opened and the latency until the mouse entered the
dark compartment (all four paws inside) was measured. The mouse was
returned to its home cage after entering the dark compartment or when
the total test time of 3min had elapsed.

2.3. Assessment of spontaneous epileptiform activity

2.3.1. Implantation of electrodes
The Wt (n= 13; 6 females, 7 males) and dKO mice (n=10; 4 fe-

males, 6 males) were deeply anesthetized with sodium pentobarbital
(60mg/kg, intraperitoneally [i.p.]) and placed into a stereotaxic frame.
A stainless steel screw electrode (E363/96/2.4/SPC Plastics One Inc.,

Roanoke, VA, USA; 1mm in diameter) was inserted into the skull bi-
laterally above the parietal cortex (AP −1.10mm; ML ± 2.5mm
bregma as a reference point). A reference electrode was inserted into
the skull above the right frontal cortex. A ground electrode was inserted
into the occipital bone over the cerebellum. All electrodes were con-
nected to a plastic pedestal (MS 363 Plastics One, Inc.), which was
cemented onto the skull with dental acrylic. The mice were allowed to
recover for at least 1 wk before starting the recordings. The acute
surgery-related mortality was 15% (2/13 mice) in Wt and 10% (1/10
mice) in dKO.

2.3.2. Video-EEG monitoring
The 1-week (24/7) video-EEG monitoring was started 1 wk after

electrode implantation as previously described by Nissinen et al. (2017)
with adaptation of the rat protocol for mice. Briefly, Wt and dKO mice
were placed in Plexiglas cages (size 30× 18×21 cm) in which they
could move freely (one mouse per cage), and connected to the re-
cording system via a commutator (SL6C, Plastics One Inc, USA). EEG
was recorded using the Nicolet One EEG (ver. 5.71) recording system
connected to a M40 amplifier (Taugagreining, Iceland) and filtered
(high-pass filter cut-off 0.3 Hz, low-pass filter cut-off 100 Hz). The be-
havior of the mice was recorded using a WV-BP330/GE video camera
(Panasonic, wide angle-lens) that was positioned in front of the cages. A
wide-angle lens permitted simultaneous videotaping of up to eight
mice. EX12LED-3BD-9W infrared light (Bosch, Canada) was used at
night to allow for continuous 24 h/d video monitoring.

2.3.3. Analysis of video-EEG
Digital EEG files were analyzed manually by browsing the entire file

on the computer screen. An electroencephalographic seizure was de-
fined as a high-amplitude rhythmic discharge that clearly represented
an atypical EEG pattern (repetitive spikes, spike-and-wave discharges,
and slow waves) and lasted more than 5 s. An electrographic epilepti-
form discharge (ED) was defined as rhythmic transients (≥1 s, but<
5 s) containing spikes and uniform sharp-waves.

2.3.4. Assessment of seizure-susceptibility with the pentylenetetrazol (PTZ)
test

A PTZ-test was performed after the 1-wk video-EEG monitoring to
define the genotype or sex effects on seizure susceptibility. We ad-
ministered a subconvulsant dose (50mg/kg, i.p.) of PTZ (1.5-penta-
methylenetetrazole, 98%, Sigma-Aldrich YA-Kemia Oy, Finland) that
was dissolved in sterile 0.9% saline (Bolkvadze et al., 2012). Each
mouse received a single injection of PTZ.

The outcome measures included the latency to the first spike, total
number of spikes, latency to the first electrographic seizure, seizure
occurrence (% of mice that seized), and mortality (%) for 60min after
PTZ administration. Spikes were defined as high-amplitude (twice the
baseline) sharply contoured waveforms lasting 20–70 msec. For statis-
tical analysis of the number of spikes, we included only those animals
that survived at least 60min after the PTZ injection. The total number
of spikes did not include the electrographic seizure events.

2.4. Histology

2.4.1. Fixation and processing of samples
For histology, the mice were deeply anesthetized with sodium

pentobarbital (60mg/kg, i.p.) and then transcardially perfused with 0.9
% saline (5ml/min, 4 °C, for 2min) followed by 4% paraformaldehyde
(PFA) in 0.1 M sodium phosphate buffer (PB), pH 7.4 (5ml/min, 4 °C,
for 20min). The brains were removed from the skull, post-fixed in 4 %
PFA for 4 h (4 °C), cryoprotected (20 % glycerol in 0.02M potassium
phosphate-buffered saline (KPBS), pH 7.4) for 24 h, frozen in dry ice,
and stored at −70 °C until sectioning.

Coronal sections were cut (1-in-6 series, 25-μm thick) with a sliding
microtome. The first series of sections was stored in 10 % formalin at
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room temperature (RT) for thionin staining. The other series of sections
were collected in tissue-collecting solution (30 % ethylene glycol, 25 %
glycerol in 0.05M PB) and stored at −20 °C until further processing.

2.4.2. Nissl staining
To assess the cytoarchitectonic areas of different brain areas, the

first series of sections was stained with thionin, cleared in xylene, and
cover-slipped using Depex® (BDH Chemical, Poole, UK) as a mounting
medium.

2.4.3. Immunohistochemistry and stereological analysis of perineuronal
nets positive cells

Every other section from the 1-in-6 series (300 μm apart) of both
genotypes (Wt: n= 5, 3 females, 2 males; dKO: n=5 dKO, 1 female, 4
males) was stained for perineuronal nets, a marker of parvalbumin in-
terneurons (Franklin and Paxinos, 2008). Coronal sections between the
anteroposterior levels +2.8 and −4.24 relative to bregma (mouse
brain atlas of Franklin and Paxinos, 2008) were selected for analysis.
Immunohistochemical staining was performed as previously described
by Huusko et al. (2015). Sections were washed three times (10min
each) in 0.02M KPBS and endogenous peroxidase was removed by in-
cubating in 1% H2O2 in 0.02M KPBS at RT for 15min. After washing
six times in 0.02M KPBS, sections were blocked in 10% normal horse
serum (NHS) and 0.5% Triton X-100 (TX-100) in 0.02M KPBS at RT for
2 h. Thereafter, sections were incubated with a biotin-conjugated lectin
from Wisteria Floribunda (1:4000, PV235, Sigma L-1516, Saint Louis,
MO, USA). After washing three times in 0.02M KPBS, the sections were
then incubated in avidin-biotin solution for one hour at RT (Vector
Laboratories, Burlingame, CA, USA). Subsequently, they were washed
three times in 0.02M KPBS, and the antigen was visualized by in-
cubation for 2min in 0.1 % 3′,3′-diaminobenzidine (Pierce Chemicals,
Rockford, IL) solution containing 0.04 % H2O2 and 0.02M KPBS. The
sections were washed one time in 0.02M KPBS and two times in 0.1 M
PB, and mounted on gelatin-coated microscope slides.

2.4.4. Stereological analysis of perineuronal nets positive cells
Immuno-positive perineuronal net-covered cells were counted

throughout the entire cortex of the right hemisphere using unbiased
stereology. The analysis included every other section from a 1-in-6
series, starting from bregma level +2.8 to −4.24 rosto-caudally
(15–18 sections). The cells were counted using the optical fractionator
method as previously described (Kyyriainen et al., 2017). A sampling

grid of 300 μm (x-axis) by 300 μm (y-axis) and a counting frame of
60 μm (x-axis) by 30 μm (y-axis) was used. The area sampling fraction
(asf) was 0.02, the section sampling fraction (ssf) was 12 and the tissue
sampling faction (tsf) was 1. The total number of cells was estimated
using the formular: Ntot = ΣQ x 1/ssf x 1/asf x 1/tsf, where Ntot is the
total number and ΣQ is the combined cell number.

2.5. Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (v.23).
The normal distribution of the data was tested with Kolmogorov-
Smirnov test. In cases with no normal distribution, we used nonpara-
metric tests. Normally distributed data was analyzed using two-way
ANOVA or repeated measure ANOVA. The nonparametric
Kruskal–Wallis test was used to analyze differences between groups in
behavioral data, followed by post hoc analysis with the Mann–Whitney
U test. Differences in mortality and number of mice developing epi-
leptiform activity during the PTZ-test were assessed with the χ2-test.
Data are presented as mean ± standard deviation (SD). A p value of
less than 0.05 was considered statistically significant.

3. Results

3.1. Behavioral testing

To investigate whether the Plau/Plaur genetic deficiency affected
behavior, Wt and dKO mice were subjected to an extensive battery of
behavioral tests aimed at elucidating genotype differences in anxiety,
activity, social interactions, and learning and memory. The results are
summarized in Table 1.

3.1.1. Anxiety
Anxiety-related behavior was analyzed using the elevated plus

maze, marble burying (object neophobia), and self-grooming tests.
Elevated plus maze. We found no genotype effect as the time spent

in the open arms did not differ between the Wt and dKO mice
(p > 0.05; Table 1).

Grooming test. There was no genotype difference in grooming
duration between genotypes (p > 0.05; Table 1).

Marble burying test. The number of unburied marbles was not
different between genotypes (p > 0.05; Table 1).

Table 1
Neurophenotype of Plau/Plaur double knockout mice (dKO).

Behavioral test Wt (13) dKO (10) p-value

Exploratory activity *F center time (s) 116 ± 41 179 ± 63 <0.01
Exploratory activity stereotypy time (s) 56 ± 21 54 ± 15 n.s.
Exploratory activity rearing time (s) 52 ± 14 50 ± 15 n.s.
Exploratory activity *M ambulatory distance (cm) 1468 ± 384 1392 ± 245 n.s.
Social approach stranger mouse (s) 353 ± 64 423 ± 60 <0.05
Social interaction rump sniff time (s) 2 ± 1 5 ± 6 n.s.
Social interaction *F total contact time (s) 32 ± 12 53 ± 19 <0.01
Social interaction *M contact duration (s) 2 ± 0.4 4 ± 1 <0.001
Grooming (s) 16 ± 13 26 ± 17 n.s.
Climbing (s) *F 223 ± 58 151 ± 46 <0.01
Elevated plus maze open arm (s) 38 ± 38 23 ± 10 n.s.
Elevated plus maze closed arm (s) 146 ± 55 166 ± 36 n.s.
Elevated plus maze center (s) 108 ± 50 110 ± 31 n.s.
Marble burying *M visible marbles 7 ± 2 5 ± 3 n.s.
Morris swim navigation task swim speed (d1-d5, cm/s) 20 ± 1 21 ± 3 n.s.
Morris swim navigation task escape latency (d1-d5, s) 25 ± 7 26 ± 6 n.s.
Morris swim navigation task mean distance to platform center (probe d5, cm) 37 ± 5 36 ± 6 n.s.
Passive avoidance freezing (d2, s) 83 ± 64 75 ± 58 n.s.

Abbreviations: dKO, double knockout (Plau/Plaur-deficient); n.s., statistically not significant; s, seconds; Wt, wild-type. Data are shown as mean±SD. Number of
mice is in parentheses. Statistical significances compared with corresponding genotype (two-way ANOVA; Kruskal-Wallis test followed by Mann-Whitney U test). *
Indicates genotype effect within the same sex (F = in females; M = in males).
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3.1.2. Exploratory activity and climbing
Spontaneous exploratory activity in a new cage was assessed by

calculating ambulatory distance (gross horizontal locomotion), time
spent performing stereotypic movements, time spent in the cage center,
and rearing time.

Ambulatory distance (p > 0.05; Table 1) and the time spent per-
forming stereotypic movements did not differ between genotypes
(p > 0.05). The time spent in the center of the cage was different be-
tween genotypes as dKO mice spent more time in the center of the cage
than Wt mice (179 ± 63 s vs. 116 ± 41 s, p < 0.01; Table 1). Rearing
time did not differ between genotypes (p > 0.05). In the additional
climbing test, dKO mice spent less time climbing than Wt mice
(151 ± 46 s vs. 223 ± 58 s, p < 0.01; Table 1).

3.1.3. Social behavior
Social behavior was analyzed using social approach and social in-

teraction tests, where the number and duration of contacts with the
stranger mouse were calculated.

In the social approach test, we found an overall genotype effect as
dKO mice spent more time exploring the stranger mouse in the cage (vs.
the empty cage) than Wt mice (423 ± 60 s vs. 353 ± 64 s, p < 0.05;
Table 1).

In the social interaction test, we found an overall genotype effect as
dKO mice had more contact time with the stranger mouse than Wt mice
(53 ± 19 s vs. 32 ± 12 s, p < 0.01). Furthermore, the average
duration of a single contact was longer for dKO than Wt mice (4 ± 1 s
vs. 2 ± 0.4 s, p < 0.001). Sniffing time was comparable between
genotypes (p > 0.05).

3.1.4. Learning and memory
Learning and memory were assessed using passive avoidance and

Morris swim navigation task.
Passive avoidance. The time to enter the dark compartment after

conditioning did not differ between genotypes (Wt 83 ± 64 s vs. dKO
75 ± 58 s, p > 0.05; Table 1).

Morris swim navigation task. Supplementary Fig. 1 shows the
learning curve (latency to find the platform) for Wt and dKO mice. The
average escape latency across the 5 days of task acquisition (Wt

25 ± 7 s vs. dKO 26 ± 6 s) or the average swimming speed revealed
no genotype difference (Wt 20 ± 1 cm/s vs. dKO 21 ± 3 cm/s). Also,
the probe test on day 5 to measure search bias as the time spent in the
vicinity of the former platform location revealed no genotype differ-
ences (by quadrants, SE: Wt 23 ± 6 s vs. dKO 23 ± 8 s; SW: Wt
15 ± 6 s vs. dKO 18 ± 10 s; NW: Wt 10 ± 5 s vs. dKO 9 ± 5 s; NE:
Wt 11 ± 5 s vs. dKO 10 ± 5 s; all, p > 0.05).

3.2. Video-EEG monitoring and seizure susceptibility test

To assess whether Plau and Plaur double-deficiency predisposes to
spontaneous epileptiform events, Wt and dKO mice were monitored
with video-EEG prior to the PTZ seizure-susceptibility test. None of the
Wt or dKO mice had spontaneous seizures during the 1-wk video-EEG
monitoring period. A summary of the results is shown in Table 2.

The mortality related to status epilepticus following PTZ adminis-
tration was 18 % (2/11 mice) in Wt and 33 % (3/9 mice) in dKO
(p > 0.05, χ2-test). In the whole group of mice, the total mortality rate
(surgery related and after PTZ administration) did not differ between
Wt (31 %, 4 of 13) and dKO mice (40 %, 4 of 10; p > 0.05, χ2-test).

Latency to the 1st epileptiform spike. We found a genotype effect
on the latency to the 1st epileptiform spike, as it was shorter in dKO
mice than in Wt mice (96 ± 26 s vs. 217 ± 58 s, p= 0.0001).

Number of epileptiform spikes within 60min after PTZ injec-
tion. We found a genotype effect, as dKO mice had a greater number of
epileptiform spikes than Wt mice (222 ± 68 vs. 65 ± 26, p < 0.001).

Latency to the 1st electrographic seizure. We found a genotype
effect, as the latency to the first electrographic seizure after PTZ ad-
ministration was shorter in dKO mice than in Wt mice (195 ± 37 s vs.
388 ± 175 s, p < 0.05).

Other. No genotype effect was observed in the percentage of mice
with electrographic seizures, seizure duration, latency to the first epi-
leptiform discharge (ED), or number of EDs (p > 0.05) (Table 2).

3.3. Genotype effect on perineuronal nets

To determine whether the increased susceptibility of dKO mice to
PTZ-induced seizures was related to the number and/or functionality of

Fig. 1. Lack of genotype effect on the number of peri-
neuronal nets. Lectin from Wisteria Floribunda showing
the distribution and density of the perineuronal nets in the
cingulate cortex (bregma level 0.14mm according to the
mouse brain atlas of Franklin and Paxinos, 2008 (A) in a
wild-type (Wt) mouse and (B) a Plau/Plaur deficient
mouse (dKO). (C) A high-magnification photomicrograph
showing the morphology of perineuronal nets in a Wt
mouse. (D) Estimation of the total number of perineuronal
nets, labelled with lectin for Wisteria Floribunda (WFA; y-
axis) in the cerebral cortex in Wt (n= 5) and dKO (n= 5)
mice (levels AP 2.8 to -4.24, according to the mouse brain
atlas of Franklin and Paxinos, 2008). No genotype effect
on the total number of perineuronal nets was detected
(closed dots – males; open dots – females). (E) No geno-
type effect on the number of perineuronal nets (y-axis) was
detected along the rostrocaudal axis (x-axis) of the cere-
bral cortex in Wt and dKO mice. Data are presented as
mean ± SD. Scale bars: 100 μm in panels A and B, 50 μm
in panel C.
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PARV+ interneurons, we estimated the number of perineuronal nets in
the cerebral cortex (Hartig et al., 1992; Wintergerst et al., 1996; Kwok
et al., 2011). Perineuronal net immunostaining was used as an indirect
method of assessing PARV+ interneurons, since perineuronal nets are
primarily found around GABAergic positive parvalbumin interneuron
(Sorg et al., 2016).

In the whole group of animals, there was no genotype effect on the
total number of perineuronal nets (Wt 141,120 ± 32,117 vs. dKO
173,040 ± 38,600, p > 0.05; Fig. 1A–D). Also, analysis of the rostro-
caudal distribution of perineuronal net-positive cells in the cerebral
cortex did not reveal any genotype difference between Wt and dKO
mice (p > 0.05; Fig. 1E).

4. Discussion

The aim of the present study was to evaluate the neurophenotype of
mice deficient for both the Plau and Plaur genes. We hypothesized that
the phenotype of dKO mice would combine the previously described,
somewhat different, phenotypes of Plau-deficient mice and Plaur-defi-
cient mice.

4.1. dKO mice are more interested in other mice and less interested in the
environment than Wt mice, but exhibit no major difference in anxiety, motor
activity, or spatial learning and memory

Single nucleotide polymorphisms in the PLAUR gene predispose to
autism spectrum disorder characterized by deficits in social interaction
(Campbell et al., 2008). Accordingly, Plaur-deficient animals demon-
strate anxiety-like behavior in elevated plus-maze and light-dark
avoidance tests (Powell et al., 2003). We have previously reported non-
anxious phenotype in Plau-deficient mice (Rantala et al., 2015). Similar
to Plau-deficiency, dKO phenotype can be interpreted as non-anxious or
active.

It has been suggested that due to increased anxiety, Plaur-deficient
mice show impaired social behavior in social interaction test, spending
less time interacting with a stranger mouse compared with Wt mice
(Levitt, 2005). Unexpectedly, however, dKO mice were more social
than Wt mice in the social approach and social interaction tests. Since
no studies of social behavior in Plau-deficient animals are available, one
can speculate that a double-deficiency (Plau and Plaur) can result in an
erasure of some of the phenotypic features seen in the single KO mice. It
remains to be explored whether other mechanisms compensate the
lacking ligand and/or receptor function.

We found some indications of reduced interest among dKO mice to
explore their environment in the different tests consistent with Plau-
deficient mice, which we previously reported to be nonchalant towards
the environment (Rantala et al., 2015). Our preliminary observations
on possible sex differences need to be confirmed in larger animal po-
pulations.

The performance of dKO mice in the Morris swim navigation task

and the passive avoidance tests was consistent with previous data from
Bissonette et al. (2014), who reported unaltered spatial learning in
Plaur-deficient mice in the Morris swim navigation task. In agreement
with previous reports on Plau or Plaur-deficient mice, dKO mice ex-
hibited no obvious impairment in motor function (Powell et al., 2003;
Rantala et al., 2015). We consider it unlikely that the reduced climbing
activity of dKO mice relates to impaired motor function because the
swimming speed in Morris swim navigation task and rearing time
during spontaneous exploration of the new cage did not differ from that
of Wt mice.

Taken together, the neurophenotype of dKO mice differed from that
of Plaur-deficient mice, suggesting that deletion of the expression of the
uPAR extracellular ligand uPA contributes to the development of the
behavioral phenotype.

4.2. dKO mice show increased susceptibility to PTZ-induced seizures

Previous studies demonstrated that approximately 5 % of Plaur-
deficient mice exhibit spontaneous seizures (Powell et al., 2003). To
date, Plau-deficiency has not been associated with the occurrence of
spontaneous seizures (Rantala et al., 2015; Bolkvadze et al., 2016). Our
1-wk continuous video-EEG monitoring did not reveal any spontaneous
epileptiform activity in dKO mice. As previous studies suggested that
the occurrence of epilepsy in Plaur-deficient mice may depend on the
genetic background (Eagleson et al., 2005; Ndode-Ekane and Pitkanen,
2013; Bolkvadze et al., 2016), it remains to be explored whether the
lack of spontaneous seizures in our Plau/Plaur-deficient mice also re-
lates to the genetic background.

However, dKO mice had a clearly increased susceptibility to PTZ-
induced seizures as both the latency to the first spike and to the 1st

electrographic seizure was decreased, and the number of induced sei-
zures during a 60-min follow-up was increased. Our observations are
consistent with the data by Powell et al. (2003), who demonstrated a
comparable decrease in the latency to seizures, and an increase in sei-
zure severity in Plaur-deficient mice. So far, Plau-deficiency has not
been associated with genetic or acquired seizure susceptibility (Rantala
et al., 2015; Bolkvadze et al., 2016).

Taken together, our data indicate that like Plaur-deficient mice, dKO
mice have increased seizure susceptibility, emphasizing the possible
role of uPAR expression in genetic epilepsies.

4.3. Plau/Plaur-deficiency did not affect the number of perineuronal nets in
the cerebral cortex

Previous studies demonstrated that uPAR is necessary for the
normal development of GABAergic neurons, particularly those expres-
sing PARV (Eagleson et al., 2005). Our data show that the dKO mice
exhibited increased seizure susceptibility, which could relate to
PARV+ interneuronopathy (Price et al., 2009; Katsarou et al., 2017).
Several studies have shown that PARV+neurons are surrounded by

Table 2
Effect of genotype on the pentylenetetrazol (PTZ) seizure susceptibility test.

Parameter analyzed Wt dKO p-value

Latency to the 1st epileptiform spike (s) *F,M 217 ± 58 (10) 96 ± 26 (9) =0.0001
Latency to the 1st electrographic seizure (s) 388 ± 175 (4) 195 ± 37 (3) < 0.05
Latency to the 1st electrographic ED (s) 526 ± 482 (2) 123 ± 43 (2) n.s.
Number of spikes (during 60min) *F,M 65 ± 26 (9) 222 ± 68 (6) < 0.001
Number of EDs (during 60min) 1 ± 0 (2) 1 ± 0 (2) n.s.
% of mice with PTZ-induced electrographic seizures 36% (4/11) 33% (3/9) n.s.
Mean duration of induced seizure (s) 19 ± 3 (4) 23 ± 2 (3) n.s.
PTZ-test related mortality 18% (2/11) 33% (3/9) n.s.

Abbreviations: dKO, double knockout (Plau/Plaur-deficient); ED, epileptiform discharge; n.s., statistically not significant; PTZ, pentylenetetrazol; s, seconds; Wt,
wild-type. Data are shown as mean±SD. Number of mice is in parentheses. Statistical significance compared with corresponding genotype (Mann-Whitney U test;
χ2-test). * Indicates genotype effect within the same sex (F=within females; M=within males).

J. Kyyriäinen, et al. Epilepsy Research 151 (2019) 67–74

72



perineuronal nets, the integrity of perineuronal nets is a sensitive
marker for PARV+neuron function, the perineuronal nets are sensitive
to injury, and that the perineuronal nets involved in neuronal and
cortical plasticity after stroke and TBI (Hobohm et al., 2005; Kwok
et al., 2011; Madinier et al., 2014; Wiley et al., 2016; Hsieh et al., 2017;
Hartig et al., 2017; Kim et al., 2017). Therefore, we next assessed the
genotype effect on perineuronal nets as a surrogate marker for
PARV+neuronal numbers and function. As the loss of PARV-expres-
sing cells in Plaur-deficient mice was specifically reported in the cin-
gulate and parietal cortex, rather than more caudally (Powell et al.,
2003; Eagleson et al., 2005), we also assessed the rostro-caudal gradient
in the number of perineuronal nets.

Our visual or quantitative analyses revealed no genotype effects on
perineuronal nets. It remains to be explored whether the inability to
demonstrate reduced numbers of perineuronal nets in dKO mice relates
to the difference in the genetic background compared with studies in
Plaur-deficient mice. Interestingly, Plaur-deficient mice maintained on a
C57BL/6 J/129 Sv background had up to 90 % PARV+neuronal loss
(Powell et al., 2003), whereas Plaur-deficient mice with a C57BL/6 J
background were reported to have a 50 % loss (Eagleson et al., 2005).
Another difference between the studies relates to the type of mutation.
Our mice were generated by deleting the genomic sequence compro-
mising exon 3 (Bugge et al., 1995), whereas the mice phenotyped by
Powell et al. (2003) had deletions of exons 2 through 5 of the Plaur gene
(Dewerchin et al., 1996). Finally, our data with limited animal number
did not suggest even a trend to sex difference in the number of
WFA+elements.

5. Conclusion

To our knowledge, this is the first study to evaluate the neurophe-
notype related to deficient Plau/Plaur genotype. Our findings revealed
that Plau/Plaur-deficiency results in genotype effects, in particular, dKO
mice exhibited increased social behavior. Moreover, dKO mice showed
a clear increase in seizure susceptibility. Unexpectedly, dKO mice did
not exhibit an anxious phenotype in the elevated plus-maze or marble
burying tests. These data expand previous observations, and support the
role of the uPAR-interactome in behavioral and seizure disorders.
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